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To our students and to our teachers,
from whom we continue to learn,

and to our famil ies, for their support,
encouragement, and love





I n writing the sixth edition of Molecular Cell Biology

I we have incorporated many of the spectacular advances
I made over the past four years in biomedical science, driven
in part by new experimental technologies that have revolu-
tionized many fields. High-velocity techniques for sequenc-
ing DNA, for example, have generated the complete sequence
of dozens of eukaryotic genomes; these in turn have led to
important discoveries about the organization of the human
genome and regulation of gene expression, as well as novel
insights into the evolution of life-forms and the functions of
individual members of multiprotein families. New imaging
techniques have generated profound revelations about cell
organization and movement, and new molecular structures
have greatly increased our understanding of life processes
such as cell-cell signaling, photosynthesis, gene transcrip-
tion, and chromatin structure.

New Author Team
Two new authors have been instrumental in refocusing this
book toward these exciting new developments. Anthony
Bretscher of Cornell University is known for identifying and
characterizing new components of the actin cytoskeleton and
elucidating their biological functions in relation to cell polarity
and membrane traffic. Hidde Ploegh, of the Massachusetts
Institute of Technologg has made major contributions to our
understanding of immune system behavior, particularly in
regard to the various tactics that viruses employ to evade our
immune responses and the ways our immune system responds.
Both authors are widely recognized for their research as well
as their classroom teaching abilities.

'We 
are grateful to Paul Matsudaira, Jim Darnell, Larry

ZipurskS and David Baltimore for their exceptional contri-
butions to the previous editions of Molecular Cell Biology.
Much of their vision and insight is apparent at many places
in this book.

Experimental Emphasis
The hallmark of Molecular Cell Biology has always been the
use of experiments to teach students how we have learned

PREFACE

what we know. A number of experimental organisms, from
yeasts to worms to mice, are used throughout so the student

can see how discoveries made with a "lower organism" can
Iead directly to insights even about human biology and dis-

ease. This experimental approach, evident in the text itself,

has also been thoroughly integrated into the pedagogical

framework. For example:

r Experimental Figures lead students through important

experimental results.

r Classic Experiments essays focus on historically impor-

tant and Nobel Prize-winning experiments.

r New and revised Analyze the Data problems at the end

of each chapter require the student to synthesize real ex-
perimental data to answer a series of questions.

r Updated Perspectives for the Future essays explore

potential applications of future discoveries and unanswered
questions that lie ahead in research.

Fluorescence microscopy shows the location of DNA and multiple
proteins within the same cell. lFrom B N G Giepmans et al , 2006, Science
3'12:217 |
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New Discoveries, New Methodologies
Methodological advances continue to expand and enrich
our knowledge of molecular cell biology and lead to new
understanding. Following are just a selection of the new
experimental methodologies and cutting-edge science intro-
duced in this edition:

r Expanded coverage of proteomics, including organelle
proteome profiling and advances in mass spectroscopy
(Chapter 3)

r Expanded coverage of RNAi, including the use of shRNAs
to inhibit any gene of interest in a cultured cell or organism
(Chapters 5, 8)

r Updated discussions of chromatin, including structure and
condensation (Chapter 6), control of gene expression by chro-
matin remodeling (Chapter 71, and chromatin-remodeling
proteins and tumor development (Chapter 25)

r Evolution of chromosomes and the mitochondrion
(Chapter 6)

r New molecular models, including pre-initiation complex
and mediator complex (Chapter 7); annular phospholipids
(Chapter 1,0); Caz* ATPase (Chapter 11); rhodopsin, trans-
ducin, and protein kinase A (Chapter 15); and myosin
ATPase (Chapter 17)

r Latest advances in light and electron microscopy, includ-
ing cryoelectron tomography (Chapter 9)

r Reactive oxygen species (ROS) (Chapter 12)

r Role of supercomplexes in electron transport (Chapter 12)

r Human epidermal growth factor receptors (HERs) and
treatment of cancer (Chapter 16)

r Myosin ATPase cycle (Chapter 17)

r Kinesin-1 MPase cycle (Chapter 18)

r Use of retrovirus infection for tracing cell lineage
(Chapter 21)

r Axon guidance molecules (Chapter 23)

r Somatic gene rearrangement in immune cells (Chapter 24)

r Cancer stem cells (Chapter 25)

r Use of DNA microarray analysis in tumor typing
(Chapter 25)

( + )

[ rue* forward head releases ADB
^ trail ing head hydrolyzesATP
V and releases P.

Figure 18-22 Kinesin-1 uses ATP to "walk" down a microtubule

vi l l PREFACE



XIl)vl tud

'JPalre^o 
PunoJ 0q UEJ uonrpo

qxrs oql ur seldr.uExe IEJrpau arll Jo rsII aleldruoJ v 
.luau

-uorr^uo rElnllotrErlxe rrar{l ur selErpdqoqfff, pup surelord ol
puB sllor reqlo ol sllal lreuuof, pu? .usrloqElou alEurprooJ
'uorldtrcsuerl 

VNC alelnSor 'slueulelour 
1ac ezdptec leql

saxalduroc-sy1ao ur saxalduroc ulolo.rdrrpur Jo Surpuelsrapun
polrerop e uo e8urq suonecqdde osaql Jo dueyrg .8urureo1

ere doql eruerrs f,rseq eql ;o suonecrldde leolurp oql roJ
uorlerca.rdde up stuepnls errr8 ol eleudordde a;aqm sreldeqr
eqt lnoq8norql uo^ol\ e.re selduexe lelrperu esaql .sossasrp

ueunq luecrlruSrs Joqro pu€ JafupJ Jo' sluauleeJl ,/\^.ou ol pel
azreq lSolorq relntalol'u puE rEFIIel Jrs?q ur secuelpu due141

a)uenelau le)tpaw

'Iuolsds eunrurur olprgalra^ aqf or dSolorq IIar Jeln
-relotrr ;o soldrcur.rd sarldde (y7 nlderla) .,d3oyounurur1,, r

'uorldaf,ar drosuas pue Surpur; r{l?d Ipuoxe ur sef,uE^pp lso
-tel agr Surpnycur 's11ac pazrpnods aseql ;o dSolorq [e] aqr

1o aSerairoc perJrun seprrrord (97 raldeq3) ..slle] e^raN,, r

'tuaurdole,rep uErI?luruEru
uo snJoJ paseerf,ur r{lr^,\ (uorlptu.ro; u.raued q8norql uorlezr
-lrlroJ uro{ luerudola,rep Jo sleluoruppunJ or{l sruaso.rd (77
;erdBr{J) ,.luarudola,taq ;o dSolorg IIaJ relnreloW ar{J" r

:sraldeqr rvrau
eerqt sepnlrur KSoTotg ila) nlrcapw Jo uourpe qrxrs aql

sraldeq) /naN

I p]eog prpMv uosltN Upuual aq-L ]o Isa]Jnofl
'talrnuord eleuJa] pue a1eu.r 6ulnnoqs 11ar 66a ueunq paztltyal

Ie]nltlsul q)-teosau le)pauotg uo]sog 'uaq) 
[ pue uosraur]

3 1o IsaynoSl sllol al)snu't olut slla) (lselqo^Lu) a]tllales asnou.l
fueurrd ]o arnllnl ur uotlerluola]]lC 0€-6 eln611 lelueuuedxS

'uorl€ruJoJur

IEuorlrpPP r.lfnru ot srolfnJlsur pue sluapnls Darrp leql selr
-ru? ^\erleJ e,Lrsueqa.rduroJ pu€ serpnls {reurpuel Jo sef,ue
-raJeJ Jo rsrl olep-ot-dn uE spr{ retdeqr r{leg 'lprralpru ̂\au

to uorrrppp aqt roJ uoor e>lerrr ol sn Surlgeue .sretdeqc

Iereles SurzrueS.roa.r ,tg scrdol Iueur ;o a8ereloc pasnf,ol

Pu? peulluparls osle ql{r 'sesJnof, lsoru Jo uorlBzrue8ro
eql rorrru PUE IErraleu polplor alrun 01 slueluoJ Jo elqBl
aql pasr^al a^pq o^\ 'drlunoo agl punoJ€ ruor; dSoyorq

IIel to srossayord 691 ue{r erotu r{tr^. uorlellnsuof, uI

uollezrue6lg nnel

reldeqr qlee Jo derupeor peor-ol-dsea
ue eprrrord mou sEurpeeq patuauo-ldeJuoJ JEOIJ 'alqrssod

Jaleregl\ uo8rel Sur;rourer's8urpvaq pue ]xel aqr par;qdurs
osle e^Eq 3/N 'Oruof, 01 sr lpq^{ Jot uorlEpunoJ pllos e epr^
-ord pue arnlrrd 8rq eqr stuapnls e,rr8 deql teql aJns Sur4rur
'sarerlrJeao ralduqc aql parrordurr aAEq olt ,relncrlred u1
'olqrssalJe arotu sluar.urradxa pue sldaruoc eqr qroq Sunleru
ol luerullturuor Jno porJrsuolur alerl e.ry\ pue 'sleluaurepun;

eql Jo suorleueldxe reelJ roJ poau .sluepnls qlr^\ sluaurdo
-la^ap lrJnuaps lselel eql;o a8eraloJ Jno arueleq ol peln
o^prl o/N 'alqeqceordde aJoru sluopnls ro; Sullunep eg uEf,
leqt Ierraleru o{pru ol op uer'sluepnls alenper8 pue olen
-perS.rapun qloq to srer.{Jeal paruarredxe sE ,er\,r. req^ pe)se
pue IJEq dels e ualel a^Er{ olr uorlrpo qlxrs eql 3ur1r.rm u1

f1r;rqrssa))V pue [1r.re11 poseat)ul



OVtt 
'd) dlr,rr1ce eseroruolel pue puotselqornaN

ftttt'd) sluaurt?eJl reJuef, ls?arfl
(Ogtt 'd) sarderaql raruer raqlo pue le^ealC

(Stf t 
'd) seuroqdrudl pue srsdleue derreonrly'q

(gttf 'd) sarderaqt ref,uef, se suralord lernlBu 3_ursn
(rrrro)

sllol ruels reJuef, d;puepr ot posn ore stsot uorletuBldsuerl
(tOtt 'd) sourrre1

(f eOt 'd) uorssarddnsounuul
(geOt 'd) ssouJEOC

(ezord)
s.rat.rodsuerl Jret{l pup sJeDrrusuEJlornau taBrel s8n.rq

kZOt 
'd) srsoldcoxa Jotlrusu?JtoJneu pue rusrlntog

(Sf Ot 
'd) urladur leraqdrrad laS.rel seseesrp eunuurolnv

(ltOt 'd) srsorelf,s a1drrp7,q

GSe 
'd) snsrelul snlls pue dl4rualur a1ery

6Ze 
'd) sllar ruets pue slueldsupn ,,trrorreru ouog

(Ste 'd) spuno^,\ uDIs IEeq sllel J leturaprda rrlrrpua6l

ftte 
'dl sller ruots 1o asn rnnederogl

(eeg 'd) reJu€r pue slurod>paqe apdc-1ya3
(te S 

'd) surelord .rosserddns-rorunl
(ZSS 'd) sertrleurouqe

leluaurdola,rap pup JeJueJ sosnpf uorlcunlsrp-uop
(ZgS'd) euolselqourler .,(retrpa.ra11

(qqS 'd) saseasrp aldrrynur esnef, suorlelnru VNW-I
( ggS'd) .,(cuercr;ap uorsaqpe-eldrolne-I

(ses 'd)
,(qdo.rrsdp Jelnf,snu ouuoglnq pue 'uolela4sordc 'p,q3g_ eq1

Uze'a)
sarqdonsdp rplnf,sntu lelrue8uoc osner suortetnu ua8e11o3

gZg 'd) stlaJap ensslt-elllrouuoo pup d,Lrncg

kZe'dl ernlreJ

IPuer ot PEel spaJaP auErgrueu luouosEq rElnreuolc
(e tS 

'd) sos€osrp upunq rq8ra rseel t? esner seue8 utxauuo3
(Sf S 

'd) eseosrp pue uodsuun relnllerered
(gf S 

'd) oseasrp urIS pue urelSoursap uIreI{p€J

Ge t'd) saseosrp dueu asnec suorletnur ururel y-add1
(OSZ 'd) sreprosrp drosuas esner slJOJep erlrc dreurtr4

Ogt'd) osposrp leel ot ullnqru roage s8nrq

6w'a)
sarqtedodtuorprer rrqdorlraddq asnec suoll€lnru ulelord

fitt' d) dqdorrsdp rplnf,snlu ouuel{f,nq
(OgZ 'd) serrueue crldroraqd5

GOt'd) IorelsalollJ pue slsoralf,soreqtv

9O t' a) aseesrp s(rer.ureqzlv
gOt'd) aspasrp ueaq pue ref,uer lrotlp saseetord WVCy
(OOZ 'd) sDOJOp r{lrrq osnef, suolletntu Surleu8rs Soqe8pag

(Ug 'd) rof,uet ueunq pue eua8 NEId
(SSS 'd) rerupl upunq pue suralord se6 ueIIEIuLu€t{

ftSg 
'dl eua8 Tagg eql Io uorrprr;r1drue pu€ reruer lseerg

Gtg 
'd) strods ecuernpue pup unarodorqldrg

lZtg 
'd) dde.raqr

raf,uef, pup (JSI-C) rorce; Surrelnurrls-duoloc ailoolnuerg

fttg 
'd) srorunt upunq pue uortrqlqur qrmor8 'gg1

l)vl I ud

rc99'd) seleq?Ic
(SSS 'd) eur8ue pue uuac.{y3orlr51

G* 
'd) sutalo.rd .C pue sulxol IEIJelreg

(tEg 'd) (ggE) .rolcel qr.to.r8 prlaqrrda PUP reruer lseorg

GZg 
.d) luetulEert Erullrsv

(sog'o)
Ioralsalor.{r'ICI'I pue (g4) enualo.ralseloqrraddq IETTnUEJ

ftOg 
'd) ses€oslp aSerols leurososdl

(SeS 'd) srsorqr; rrrsd3
(SSS'd) sellllelurouqe

IerretoruprJ ot peel uec dlquresse aurostxored e^Illoleq
(SSS 'd) 3urp1o;snu utalord pue eruas,{qdurg

(eOS 'd) sarpoular luqreq pue dlr,rtloe relrodtluB dCV/dIV
(ZOS 'd) rrxol dlq8rq eq uer (595) sercads ua8dxo a^Ilreeg

(Set 'd) uotlertdsar relnllol sllgil{ul aprued3

fiw 
'd) uorrerpdqap pur Eraloq3

QgV'dl suollJeJluor elJsnlu uPOq PUE asEdIV *Y*3N
(SSl 'd) sISorqIJ orlsdc pue suralord 3gy

GVV'd) snpldrsur saloqelP pue'utsserdosezr'utrodenby

k* 
'dl 

loretsalol{r PUE srsorelrsorol{lv

0n.' d) aseesrP sqre5-de1
(SSg 'd) sroruef, uelunq pue dezngred UOIUI

OVt.'d) (ng) snrr,r' dcuarcrlepounulul uelunH

\Vt. 
'd) eltuessel€ql

(OlE 'd) soseeslp lectSolornau pue suot8ar salIIIel€sorJIW
(ggg 'd) dqdorre elrsnlu leurds pue Surddrls uoxg

(S eZ' d) auro.rpuds s,eu,,{e1co3 PuE ulnsoluou8rd euraporay

6eZ'd) rarueJ sesnet saua8 ut &r.Lrpe rossardar Jo oluosqv

ftgZ'd) refuef, leart ol srollqlqul oseJetuolol ueunq Surs;1

G. VZ' d) slsoleruorqlJornoN

ftVZ'd) sasEOSIP asnel VN(lluI uI suollelnry

6VZ' d) souosoqlr orlosotdr

puE lErJPuoqf,olltu uo slleJJe ruereJllP e^EI{ sJIloIqIluV

fttZ 
'd) sespeslp cueua8 dueru sasnec sluatualo 11 ;o lrrrtqolN

GZZ'dl seseoslp relnJsntuorneu osner selIIIelEsorf,I6

(SOZ'd) srsorqlt crlsdr dpnls ol POSn are erllu lno{rou)
(Se f 'd) seseaslp ueunq esnel salalp luelnry

Get 
'd) sasn cnnaderaqr qtt A

suralord ueunq azrseqluds senbruqcal VNC lueulqluofeg
(ee rd)

eunrperrl uI slool crtsou8erp p;raltod a.le sdel.leo.rc1u VNCI
Itgt'd)

Erreletu pue EItuouE IIel-oPIlIs llotte solelle urqolSouleg

(fSt 'd) sller rno IrElrE AdH pue AIH sE t{f,ns sasnrl1

(Stt 'd) raf,uef, uDls PuE urelsds rredal-uotstcxo aPuoollnN
(Slt 'd) raf,uer uolo3

(ZS 'd) dde.raqloueqf, uI POSn are sJollqlqul auoseetord
(lS 'd) dllrtlce utalord llqgul uec s8n.rq

(tt'd) 8urp1o;sru utalord Jo soseeslq
(gg 'O) uorlef,Ipeu uI sretuosloorols

:erer.rdordde sE lxal oql ul

readde suorleleJJof, IEJIurll JaJeIJq IEUoIIIpPV 
'xel eql

ur uortecrldde I€f,IuIIr e Jo lrels eql sleu8rs uorl sIr{I

sNorlv)llddv 1v)lNll)



MEDIA AND SUPPLEMENTS

For Students

Companion Web Site
www.whfreeman. com,/lodish5e

NEW: Podcasts narrated by the authors give students
a deeper understanding of key figures in the text and
a sense of the thrill of discovery.

r NEW: Now available for your MP3 player or personal com-
puter, more than 1,25 animations and research videos show the
dynamic nature of key cellular processes and important ex-
perimental techniques. The animations were storyboarded by
the textbook authors in conjunction with BioStudio, Inc., and
programmed by Sumanas, Inc.

r Classic Experiment essays focus on classic groundbreak-
ing experiments and explore the investigative process.

r Online Quizzing is provided, including multiple-choice
and short answer questions.

Student Solutions Manual (ISBN:1-4292-01.27 -4), written
by Brian Storrie, Eric A. 

'Wong, 
Richard Walker, Glenda

Gillaspn and Jill Sible of Virginia Polytechnic Institute
and State University and updated by Cindy Klevickis of

James Madison University and Greg M. Kelly of the
University of Western Ontario, contains complete worked-
out solutions to all the end-of-chapter problems in the
textbook.

NEW: eBook (ISBN: 1,-4292-0955-0) New to the sixth edi-
tion, this customizable eBook fully integrates the complete
contents of the text and its interactive media in a format
that features a variety of helpful study tools, including full-
text searching, note-taking, bookmarking, highlighting, and
more. Easily accessible on any Internet-connected computer
via a standard rWeb browser, the eBook enables students to
take an active approach to their learning in an intuitive, easy-

to-use format. Visit http://ebooks.bfwpub.com to learn

more.

For Instructors

Companion Web Site
www.whfreeman.com/lodish6e

All the student resources, plus:

r All figures and tables from the book in ipeg and layered

PowerPoint formats, which instructors can edit or project

section by section, allowing students to follow underlying

concepts. Optimized for lecture-hall presentation' including

enhanced colors, enlarged labels, and boldface rype.

r Test Bank in editable Microsoft'Word format now featur-

ingnetu and reuised questions for every chapter. The test bank

is written by Brian Storrie of the University of Arkansas for

Medical Sciences and Eric A. Wong, Richard Walker, Glenda

GillaspS and Jill Sible of Virginia Polytechnic Institute and

State University and revised by Cindy Klevickis of James Madi-

son University and Greg M. Kelly of the University of Ontario.

r Additional Analyze the Data problems are available in

PDF format.

r NEW: Lecture-ready Personal Response System "clicker"
questions are available as Microsoft'Word files and Microsoft

PowerPoint slides.

Instructor's Resource CD-ROM (ISBN: 1'-4292-0126-6) in-

cludes all the instructor's resources from the Web site' including

all the illustrations from the text, animations, videos, test bank

files, clicker questions, and the solutions manual files.

Overhead tansparency Set (ISBN: 'l'-4292-0477-X) con-

tains 250 key illustrations from the text' optimized for

lecture-hall presentation.

17 ,7 ,L Cell Mlgra:1jon Coordlnates Fore Gen.radon wlth Cell
Adheslon and M€mbdne Rccvdlng

eBook
http://ebooks. bfwpu b.com

I I

FlWre L7,38, tu9 4,

4.

I

w,P" : :l9Y t !i,'Pn.by yl:-'-'l].y? )a :99 -,

! i{r

Ela@'o@f ' *dq

t 6. att lLrt t.6. l.^.lltpo4t. .dh.t. b
6. rlb,bdh be foalrdh.tto^t (2) ftr
6. b ^ 6. att bodr
Aott dol d6. t..t d

PREFACE '



ACKNOWLEDGMENTS

In updating, revising and rewriting this book, we were given
invaluable help by many colleagues. 

'We 
thank the following

people who generously gave of their time and expertise by making
contributions to specific chapters in their areas of interest, pro-
viding us with detailed information about their courses, or by
reading and commenting on one or more chapters:

Steven Ackerman, (Jniuersity of Massacbusetts, Boston
Richard AdIe4 IJniuersity of Michigan, Dearborn
Karen Aguirre, Coastal Carolina lJniuersity

Jeff Bachant, Uniuersity of California, Riuerside
Kenneth Balazovich, Uniuersity of Michigan
Ben A. Barres, Stanford Uniuersity
Karen K. Bernd, Dauidson College
Sanford Bernstein, San Diego State (Jniuersity

Doug Black, Howard Hughes Medical Institute and (Jniuersity

of California, Los Angeles
Richard L. Blanton, North Carolina State (Jniuersny

Justin Blau, New York [Jniuersity
Steven Block, Stanford IJniuersity

Jonathan E. Boyson, Uniuersity of Vermont

Janet Braam. Rice Uniuersity
Roger Bradleg Montana State Uniuersity
IilTilliam S. Bradshaq Brigham Young (Jniuersity

Gregory G. Brown, McGill (Jniuersity

\Tilliam J. Brown, Cornell IJniuersity
Max M. Burger, Friedrich Miescher Institute for Biomedical

Research, Basel, Switzerland
David Burgess, Boston College
Robin K. Cameron, McMaster [Jniuersity
\7. Zacheus Cande, (Jniuersity of California, Berkeley
Steven A. Carr, Broad lnstitute of Haruard (Jniuersity and

Massacbusetts Institute of Technology
Alice Y. Cheung, IJniuersity of Massacbusetts, Amberst
Dennis O. Clegg, Uniuersity of California, Santa Barbara
Paul Clifton, Utah State IJniuersity
Randy \7. Cohen, California State [Jniuersity, Northridge
Richard Dickerson, (Jniuersity of California, Los Angeles
Patrick J. DiMario, Louisiana State Uniuersity
Santosh R. D'Mello, [Jniuersity of Texas, Dallas
Chris Doe, HHMI and [Jniuersity of Oregon
Robert S. Dotson, Tulane [Jniuersity
'Sfilliam 

Dowhan, IJ niuersity of Texas-Houston
Medical School

Gerald B. Downes, (Jniuersity of Massachusetts, Amherst
Erastus C. Dudley, Huntingdon College
Susan Dutcher, V/ashington (Jniuersity School of Medicine
Matt Elrod-Erickson, Middle Tennessee State Uniuersity
Susan Ely, Cornell Uniuersity
Charles P. Emerson Jr., Boston Biomedical Research Institute
Irene M. Evans, Rochester Institute of Technology

James G. Evans,.Whitehead Institute Bio Imaging Center,
Massachusetts Institute of Technology

Marilyn Gist Farquhar, Uniuersity of California, San Diego

Xavier Fernandez-Busquets, Bioengineering Institute of
Catalonia, Uniuersitat de Barcelona, Spain

Terrence G. Frey, San Diego State Uniuersity
Margaret T. Fuller, Stanford Uniuersity School of Medicine
Kendra J. Golden, Wbitman College
David S. Goldfarb, Rochester Uniuersity
Martha J. Grossel, Connecticut College
Lawrence I. Grossman, Wayne State Uniuersity School of Medicine
Michael Grunstein, Uniuersity of California, Los Angeles,

School of Medicine
Barry M. Gumbiner, Uniuersity of Virginia
'Wei 

Guo, Uniuersity of Pennsyluarua
Leah Haimo, Uniuersity of California, Riuerside
Heidi E. Hamm, Vanderbilt (Jniuersity Medical School
Craig M. Hart, Louisiana State Uniuersity
Merill B. Hille, Uniuersity of Washington

Jerry E. Honts, Drake Uniuersity
H. Robert Horvitz, Massachusetts Institute of Technology
Richard Hynes, Massachusetts lnstitute of Technology and

Howard Hughes Medical Inshtute
Harry Itagaki, Kenyon College
Elizabeth R. Jamieson, Smitb College
Marie A. Janicke, State Uniuersity of New York, Buffalo
Bradley'W. Jones, Uniuersity of Mississippi
Mark Kainz, Colgate Uniuersity
Naohiro Kato, Louisiana State Uniuersity
Amy E. Keating, Massachusetts lnstitute of Technology
Charles H. Keith, Uniuersity of Georgia
Thomas C. S. Keller lll, Florida State Uniuersity
Greg M. Kelly, Uniuersity of 

'V/estern 
Ontario

Stephen Kendall, California State Uniuersity, Fullerton
Felipe Kierszenbaum, Michigan State Uniuersity
Cindy Klevickis, James Madison lJniuersity
Brian Kobilka, Stanford Uniuersity Medical School.
Martina Koniger, Wellesley Uniuersfiy
Catherine Koo, Caldwell College
Keith G. Kozminski, Uniuersity of Virginia
Steven I(. IJHernault, Emory Uruuerstty
Douglas Lauffenburge r, Massacbusetts Institute of Tecbnolo gy
Robert J. Lefkowitz, HHMI and Duke Uniuersity Medical School
R. L. Levine, McGill Uniuersity
Fang Ju Ltn, Coastal Carolina [Jniuersity
Elizabeth Lord, Uniuersity of California, Riuerside
Liqun Luo, Stanford Uniuersity
Grant MacGregor, Uniuersity of California, Iruine
Jennifer O. Manilay, IJniuersity of California, Merced
Barry Margul ies, Tow s on U niu er stty
C. William McCurdy, Uniuersity of California, Dauis,

and Lawrence Berkeley National Laboratory
Dennis \il/. McGee, State Uniuersity of New York, Binghamton
James McGrath, Rochester School of Medicine
David D. McKemy, Uniuersity of Southern California
Roderick MacKinnon, Rockefeller (Jniuersity

James A. McNew, Rice Uniuersity

X PR E FACE



Xl)vl lud

'uoqey{ auuv eJr.^ A,tt (qBaop applfl:raqelN snel) pue
reslp) elpq 'V sresl^pe pue 'e1rrE pue rpraH s.rorq8nep pue acruef
e;rrrr dru (nqtslatg ftuoqluy) :rnpred no1 .fue141 rasr^pe pue
';dolssralX er1Jsnq '11oo5 re1a4 'uor5 erlnf 'loc5 ulorurl te11ng
(*rttnt) lare8rey,q (nocg '4 maqtlpw\ fre8err; enqsof pue 'reSorry

ueqreuof te8err;4 perpllry ta8arry ,(e['1 te8arry lcueg Qa8auy
{,1uoyl :lltaN,O dqrel e;r.u f,ut (nsruy 'V sltqJ) :d;eq5 1q4 pue
'uorde13 pr,req 'grrur5 euqe8uy '1rag dalrrqg '>1rag .furaf t1e5
a;rrrr dru (4ng plouty) qooq sqt Jo suorlrpa lsrrJ erll uo Surler
-oqpllor ro; IIeureC urrf pue erourlleg pr^pq osle pue lreuuerg
.,{aupd5 prre :epur.Z uolroN srolurur :l.poqea4 trlor1 pup f,pEsI pu€
'dpoqea4 ernrg 'qsrpol arueqdar5 pue lqsrpol s€rqoJ pue 'engsof
'erqdo5 pue 'rpreqlS urlsrr)',{rpo'I uruery lgaurat5 .4aerpuv pse
?ururg pue traurets rrrg pup rpraH uerplrrllpuerS pue uarppqc lur
f e1aue4 'e;r.tr du (tls1pol Kan,wyfl :^\oul e.tr terl^{ Jo qcnu sn 3ut
-qJeat pue serpnls rno ur sn SurSernocue roJ sresrlpe pue sJolueu
Jno ol pue looq E r{Jns uo lJolr\ ol selet tr eurt eqt sn Surluer8
roJ pue sn Surrrdsur roJ sarTnupt rno ot slueql lercads Alleurg

^rolEroqEl IoJS aql to sreq
-ueru pup 'qs1e16 qog 'uostelN qrr51 te11er1X blcmg 'rg8ru; aqnf
'srue8our41o; a8roeg 'sue,rg sauref'3uE 1ore3 

'uerrouoq auuy
d.re141 'qsng auerq 'unoJueurg d1e5 :t1els u,^,o rno ot slueqf

'u^ers glnu PUP orroilr^rQ eruos AIIPIT
-adsa luorlrpe srql ur af,uenltur ol enurluof, uonrpe qry$ eqt ot suon
-nqrrluof, Ferrp esor{.4a esoqr a8pal,v'oulre ol eIq pFo.{\ erN

'ue.r8ord lre aql Surcuequa pue 8urdo1e,r,ap ur >lro^r rag
ro; (ruoc'srrqderC3flW'.{\^\rrr) scrqderg f,{IW Jo epeog EruE pue
slapou rplnrelou InJrrnpaq ;o tuaudola,rep srq pue rq8rsur lerr
-So8epad srq ro; Sragurels ruepv 'H or palgepur oslp are elN

'uoItIPe slql uI euoP arr.no.,{ 1Ie ro; nod IUPqJ
'srotrpo olqeireuer are daql 'a)r5 qtaqezrTg pue 'tsorg sa8etu€d
eJuE 'zouoluol .e\aquew 'sJotrpa lxel Jno to lueulruruof,
pu? tuelel egr a8pal-rnouTre.or eIII plno.4 a^4. 'relnctlred u1

^e.t\  JeAe ur slarxe reqr {ooq 3 elnP
-ord ot eruruelo lJo.ry\ ol sseu8uqp.Lr Jrer{t JoJ pue Joqel rreql JoJ
urel[ uesns pue 'seren eqrca3 'o1zcouil1 

1c151 
'suturutl uesn5

'tauoql qeuueH'lauuel ere5'>1aqcse1 uare;tr'udetg qrna'pa51.g

IIIS 
'IerlIN purlsrrrl3 'ue3o1 a>1e19 'uago3 Eqsrery'are13 atqqeq

'prdg esrnol .fue1aq tqy ete) Tueqr e26 dueduro3 pup uerueerC
'H 'lA. tE sraulred Surqsqqnd rno Jo uolleroqellor paDrluurof, pue

IntereJ aqt rnoqtr- a alqrssod uaeq a^Eq tou plno^\ uolllpa sIqI
'stseJpod pue sluarurredxg Jrss?l3 er{t to lueur

-do1a.rap rar{ roJ euozrrv Jo drrsra^run er{t Jo apueze1 psl.1 or InJ
-ater8 osye ar€ elN'sualgord Surzzrn| euIIuO egt to uolsl^er req
.ro; dlrsralrun elels pue elnlrlsul cruqcat.(1o4 erur8rrn to elqls illf
ot pue 'suorlsanb 

4ueg lsel pue sruelqo;d sldacuo3 erll -t\el^a1
^\eu tuallaf,xe 1o drgsroqtne rrer{t JoJ oIJEtuO 1o llrsre.,rrun
aql 1o 1.11a; 'yq Sarg pue dtrsrerrrun uosrpery seuef ;o sDlrl^el)
,(pur3 or 'suralqord eteq eqt ezlleuy .treu }o tuaurdola.tap
Jer{ JoJ 'aprsra,rrg 'erurotrle3 

;o ,{trs:a,rrun er{l Jo ourreH qee'I ol
uorlercerdde pue apnlrter8 rno sserdxa ol aIrT osle pFo.a.r el6

otuol.uv uos 1p
nrua) qqpaH soxal Jo Kysnnrun aqa'neS aauaU A

KSolouqcal ]o ainfl$ul s$asnq)ossow'uJ" 'g 
IOeIITIIAJ

hplnog 'opo.to!o) 
]o r("trsnmug'eny Sutq

Klrsnntup umotg'1assa15 'yq dreS

Kltsnnru1 sur4 dog suqo ['pue1pue16 .{lrerrag

r(4o1ouqta1 Jo aluttsul silasnq)pssow puu IWHH'uoury elqa8uy
Klts n nru I auorpul'1ezr1e16 erte13
Knstanrun ilaurc)'r3on 1 rello1

uoleuoq8utg '4to7 mayl ]o K"ysnmu1 ata75 '>1rtlsng ue1 'C uegod
puolCtoytg Jo K11stanr.u2 teuqsre4 qqetlurv

a8a11o2 a,Lowqupms'ua11en qlaq€zllg
oluona Jo Klts.tantun'adadorl luorul1

Klr s.t a nt u n q qo a muo LuLu 02 o r.utB trll'saqurol'W lreq oU
puvpaz ma y7' uo13u41a1yt

'uo13ur11ary 
Jo tlrsnnrun or.to::r1'a1rrrd5-alepsaeI In€d

oBarq uog 'otu.to]ttp) 
/o ftqstamu1 pup IWHH to1.{e1 'S uesns

a ur n t 1' o ru t o Jt 1o 2 ] o Klr s n nr'u n' e nda8eel aule 3
autntl 'orutoJtlo2 

]o Kysnntu1 'ur1ten43 euIlsIrLIJ
K7ls n nr.u 2 auu)tpaua g'qretu11el5 ef, Iuore1

Knsnruu7 stnoj lutos'reruad5 uesn5

autxpaytr Jo poqzs i('1rsnntu1 stno7 luros',{rl.us 'S dro8arg

sala&uy so7'pxutoJllp3 Jo t("xtstantu4 'a1eu5 '1 ueqder5

aprshntd 'o1u.toJ11o3 
Jo K|rstantu1'ItP"lS 'W sef,urq

Krysnntu7 uolSutqsoly uh$a6 tpun3-q8ut5 nuy

qun Jo.Klrs'tantug'nrq5 qleqeztlg 3ut1-ue1
lvtshntun anp.tnd'uerureqs'v slno'I

KSolouqtal ]o anr$ul silasnq)ossory'3uag5 ue8ro141
Kyuantug a1ol5 uol8urqsrr11 'uap1aq5 'V llrg

ouatpul uta qwo 5 ]o r(1ts n ntu 2'zvret15 eualreyq
[.to1,rtr ,g Luollllg Jo a8a11o3'sa1eq5 euetq

K1ts.tanru1 uospw a8nag'ore5 pleuoq
K4snnr.un 4rcI maN'ouellqf,f,If,S 'V pl^e(

KTlsnntun ptoJuolg'roPIeuqrS PI^€Q
auotpayl Jo pozps {4rsnntun uo1Sutqsayt te;aeqc5 ueaf

K1r s.ta nt u n a w I g otuo n1 rts uua 7' AtueS' J eulerro'I

Kysnntun umola8toag'plemuasoa'C auuy

KSolouqcal Jo ag1t1su1 silasnq)psspry'Srequesog 'Q rreqog
auntpayy ]o loo.Ps Kltsnnrun p.toJuolS'r8reqoa lelea

sllodzuolPul Jo Kltsnntug'a4rtg '; dre141
Kpsnntu 2 ploJuolg'tlol€d retlreg I€I

Kqsn nru I ilautoJ'eudnr4 przreq
K4snu.un axpis ouptstnoT SaJFd uelsrl)

xnaq'aru.toJlp) Jo r(puanr.u2 {1s1e,rtr4 uruetr J
aBa11o3 lsnqutv'etlJo4 f,IuIuoC

Iooqzs lwtpaw plPnrPH'tuou8t4 EJsef,uerC

Kala4ng'otutoJuo1 ]o KlrsnntuJl PuP IWHH'1ale4 
'11 uredrp

Kltsnntu n p.toJuolg'org duoqtuy

pnnw 'orutoJno3 
]o K'ltsnuun'snlclg 'W 

P1r'eC
Kystanr.u 2 p toluoqS'assn51 leog

uosxpow 'utsuocst6 
Jo tbrs,lanrun'IqurelN 'y'q sauref

ouoztty Jo rtpstantun 'uroq8r51 uely

uB t p dt up q) - oup q I n 
( s t outll I o K1t s t a,u u n'>1reur.la'a51 dt11tq4

Kysnruug 3uno7 utaqSt.tg'leun1A1 ';tr uordg

uoualrytr 1a t4snntu7 a1o1g oru'tolr1o3 'derrn141 ueg

po q?S PzrPaW pn/t.tt2H'egloo141 tsure4

rtp. s n n t u n a p 7 5 o t uo n 1 Ks uu a 4' 11eqtl1tl1 el etu e d
KTts n nru n pt qtunp) SellIW qFqEzIIE

aunrpaYg Jo loops
K1t s t a ntu 2 p toJualS P uP IW H H'ctrro1ua1t141 eue [1t [1

oBatq uog 'otutoJllo) 
]o Kttsnnrup Jeyq erueqdel5



CONTENTS IN BRIEF

Chemical and Molecular Foundations 1
Life Begins wi th Cel ls 1
Chemical  Foundat ions 31
Protein Structure and Function 63

Genetics and Molecular Biology 111
Bas ic  Mo lecu la r  Genet ic  Mechan isms 111
Molecular Genet ic Techniques 1G5
Genes, Genomics,  and Chromosomes 215
Transcriptional Control of Gene Expression 269
Post-transcriptional Gene Control 323

Cefl Structure and Function 371
Visual iz ing,  Fract ionat ing,  and Cultur ing Cel ls 371
Biomembrane Structure 409
Transmembrane Transport of lons and small Molecures 437
Cel lu lar  Energet ics 479
Moving Proteins into Membranes and Organel les 533
Vesicular Traffic, Secretion, and Endocytosis 579
Cel l  Signal ing l :  Signal  Transduct ion and Short-Term Cel lu lar  Responses 623
cel l  s ignal ing l l :  s ignal ing Pathways That control  Gene Act iv i ty 665
Cel l  Organizat ion and Movement l :  Microf i laments 713
Cel l  Organizat ion and Movement l l :  Microtubules and Intermediate Fi laments 157
Integrat ing Cel ls into Tissues 801

Cell Growth and Development 847
Regulating the Eukaryotic Cell Cycle 847
Cel l  Bir th,  L ineage, and Death 905
The Molecular Cel l  Biology of  Development g4g
Nerve Cel ls 1001
lmmuno logy  1055
Cancer 1107

Part I
1.
2 .

3 .

Part l l

4.
5 .
6 .
7 .
8.

Part l l l

9 .
10 .
11 .
12.
13 .
14 .
15 .
16 .
17 .
18 .
19 .

Part lV
20.
21.
22.
23.
24.
25.



CONTENTS

Part I Chemical and Molecular Foundations

1 L IFE BEGINS WITH CELLS
Cel ls  Grow and Div ide 18

Cells Die from Aggravated Assault or an Internal Program 19

E The Diversity and Commonality
!!| Investigating Cells and Their Parts 20

of Cells

All Cells Are Prokaryotic or Eukaryotic

Unicel lu lar  Organisms Help and Hurt  Us

Viruses Are the Ultimate Parasites

Changes in Cel ls  Under l ie  Evolut ion

Even Single Cells Can Have Sex

We Develop from a Single Cell

Stem Cells, Fundamental to Forming Tissues
and Organs, Offer Medical Opportunities

@The Molecu les  o f  a  ce l l

Small Molecules Carry Energy, Transmit Signals,
and Are L inked into Macromolecules

Proteins Give Cells Structure and Perform
Most Cellular Tasks

Nucleic Acids Carry Coded Information for Making
Proteins at the Right Time and Place

The Genome ls Packaged into Chromosomes and
Repl icated Dur ing Cel l  Div is ion

Mutations May Be Good, Bad, or lndifferent

E The work of cells

Cel ls  Bui ld  and Degrade Numerous Molecules
and Structures

Animal Cells Produce Their Own External
Envi ronment  and Glues

Cells Change Shape and Move

Cells Sense and Send Information

Cells Regulate Their Gene Expression to
Meet  Changing Needs

1

1

4

6

6

7

8

Cell Biology Reveals the Size, Shape, Location,
and Movements of Cell Components 20

Biochemistry and Biophysics Reveal the Molecular
Structure and Chemistry of Purified Cell Constituents 21

Genetics Reveals the Consequences of Damaged Genes 22

Genomics Reveals Differences in the Structure
and Expression of Entire Genomes 23

Developmental Biology Reveals Changes in the
Properties of Cells as They Specialize 23

Choosing the Right Experimental Organism for the Job 25

The Most Successful Biological Studies Use Multiple
Approaches 27

1 0

'  
s| A Genome Perspective on Evolution 28

Metabolic Proteins, the Genetic Code, and Organelle

Structures Are NearlY Universal

Darwin's ldeas About the Evolution of Whole Animals
Are Relevant to Genes

Many Genes Controll ing Development Are Remarkably

Simi lar  in  Humans and Other  Animals

Human Medicine ls Informed by Research on Other

Organisms

2 CHEMICAL FOUNDATIONS

![ covalent Bonds and Noncovalent
lnteractions 32

The Electronic Structure of an Atom Determines the
Number and Geometry of Covalent Bonds lt Can Make 33

28
' t1

1 2

1 3

1 4

1 5

1 6

1 6

1 6

1 7

28

29

31

CONTENTS .



Electrons May Be Shared Equal ly  or  Unequal ly
in Covalent  Bonds

Covalent Bonds Are Much Stronger and More
Stable Than Noncovalent Interactions

lonic Interactions Are Attractions between Oppositely
Charged lons

Hydrogen Bonds Determine the Water Solubil ity
of  Uncharged Molecules

Van der Waals Interactions Are Caused by
Transient  Diooles

The Hydrophobic Effect Causes Nonpolar
Molecules to Adhere to One Another

Molecular  Complementar i ty  Mediated v ia
Noncovalent Interactions permits Tight,
Highly Speci f ic  Binding of  Biomolecules

@ Chemical  Bui ld ing Blocks of  Cei ls
Amino Acids Di f fer ing Only in  Their  Side Chains

Compose Proteins

Five Different Nucleotides Are Used to Build
Nucle ic  Acids

Monosaccharides Joined by Glycosidic Bonds
Form Linear and Branched polysaccharides

Phospholipids Associate Noncovalently to Form
the Basic Bilayer Structure of Biomembranes

! [  Chemical  Equi l ibr ium

Equilibrium Constants Reflect the Extent of a
Chemical Reaction

Chemical Reactions in Cells Are at Steady State

Dissociation Constants of Binding Reactions Reflect
the Affinity of Interacting Molecules

Biological Fluids Have Characteristic pH Values

Hydrogen lons Are Released by Acids and
Taken Up by Bases

Buf fers Mainta in the pH of  In t racel lu lar  and
Extracel lu lar  F lu ids

@ Biochemical  Energet ics

Several Forms of Energy Are lmportant in
Biological Systems

Cells Can Transform One Type of Energy into Another
The Change in Free Energy Determines the Direction

of a Chemical Reaction

The AG'' of a Reaction Can Be Calculated
from lts K"o

The Rate of a Reaction Depends on the Activation
Energy Necessary to Energize the Reactants into
a Transition State

5734
Li fe Depends on the Coupl ing of  Unfavorable Chemical

Reactions with Energetically Favorable Reactions

Hydrolysis of ATP Releases Substantial Free Energy
and Drives Many Cellular Processes

ATP ls Generated During Photosynthesis and Respiration

NAD- and FAD Couple Many Bio logical  Oxidat ion
and Reduction Reactions

3 PROTEIN STRUCTURE AND
FUNCTION

![ Protein Folding

Planar Pept ide Bonds L imi t  the Shapes into
Which Proteins Can Fold

Informat ion Direct ing a Prote in 's  Fold ing ls
Encoded in l ts  Amino Acid Sequence

Folding of Proteins in Vivo ls Promoted by Chaperones

Alternatively Folded Proteins Are lmplicated in Diseases

!f, Protein Function
Speci f ic  Binding of  L igands Under l ies the

Functions of Most Proteins 7g

Enzymes Are Highly Efficient and Specific Catalysts 79

An Enzyme's Active Site Binds Substrates and
Carries Out Catalysis g0

Serine Proteases Demonstrate How an
Enzyme's Active Site Works g1

Enzymes in a Common Pathway Are Often physically
Associated with One Another g4

57

59

63

36

37

37

38

40

41

44

3e ![ Hierarchical Structure of proteins 64

49

The Primary Structure of a Protein ls lts Linear
Arrangement of Amino Acids

Secondary Structures Are the Core Elements
of Protein Architecture

Overall Folding of a Polypeptide Chain Yields
Its Tertiary Structure

Different Ways of Depicting the Conformation of
Proteins Convey Different Types of Information

Structural Motifs Are Regular Combinations of
Secondary and Tertiary Structures

Structura l  and Funct ional  Domains Are Modules
of Tertiary Structure

Proteins Associate into Multimeric Structures and
Macromolecular  Assembl ies

Members of Protein Families Have a Common
Evolutionary Ancestor50

50

50

5 1

52

52

54

54

55

55

56

56

65

66

67

68

68

70

72

72

74

74

74

75

77

78

xvi .  coNTENTs



Enzymes Called Molecular Motors Convert Energy
into Motion

! E -  r . r

! l |  Regulating Protein Function l:
Protein Degradation

Regulated Synthesis and Degradation of Proteins
is a Fundamental Property of Cells

The Proteasome ls a Complex Molecular Machine
Used to Degrade Proteins

Ubiquitin Marks Cytosolic Proteins for Degradation
in Proteasomes

Regulating Protein Function ll:
Noncovalent and Covalent
Modifications

Noncovalent Binding Permits Allosteric,
or Cooperative, Regulation of Proteins

Noncovalent Binding of Calcium and GTP Are Widely
Used As Allosteric Switches to Control Protein Activity

Phosphorylation and Dephosphorylation Covalently
Regulate Protein ActivitY

Proteolytic Cleavage lrreversibly Activates or
lnactivates Some Proteins

Higher-Order Regulation Includes Control of Protein
Location and Concentration

Part ll Genetics and

4 BASIC MOLECULAR GENETIC
MECHANISMS 111

@ structure of Nucleic Acids

A Nucleic Acid Strand ls a Linear Polymer with
End-to-End Directionality

Nat ive DNA ls  a Double Hel ix  of  Complementary
Ant ipara l le l  Strands

DNA Can Undergo Reversible Strand Separation

Torsional Stress in DNA ls Relieved by Enzymes

Different Types of RNA Exhibit Various
Conformations Related to Their Functions

@Transcr ipt ion of  Protein-Coding
Genes and Formation of Functional
MRNA

A Template DNA Strand ls Transcribed into a
Complementary RNA Chain by RNA Polymerase

92

94

96

98

99

1 0 1

103

85

86

86

88

88

89

90

9 1

9 1

92

Purifying, Detecting, and
Characterizing Proteins

Centrifugation Can Separate Particles and
Molecules That Differ in Mass or Density

Electrophoresis Separates Molecules on the Basis

of Their Charge-to-Mass Ratio

Liquid Chromatography Resolves Proteins by

Mass, Charge, or Binding AffinitY

Highly Specific Enzyme and Antibody Assays Can

Detect Individual Proteins

Radioisotopes Are Indispensable Tools for Detecting

Bio logical  Molecules

Mass Spectrometry Can Determine the Mass

and Sequence of Proteins

Protein Primary Structure Can Be Determined by

Chemical Methods and from Gene Sequences

Protein Conformation ls Determined by Sophisticated
Physical Methods

g Proteomics

Proteomics ls the Study of All or a Large Subset

of Proteins in a Biological SYstem

Advanced Techniques in Mass Spectrometry Are

Critical to Proteomic AnalYsis

Molecular BiologY

Organization of Genes Differs in Prokaryotic and

Eukaryotic DNA

Eukaryotic Precursor mRNAs Are Processed to

Form Funct ional  mRNAs

Alternative RNA Splicing lncreases the Number of

Proteins Expressed from a Single Eukaryotic Gene

Ribosomes Are Protein-Synthesizing Machines

92

103

105

105

106

122

125

127

123

113

1 1 3

114

1 1 5

117

1 1 8

120

120

@ The Decoding of mRNA bY tRNAs

Messenger RNA Carries Information from DNA in a

Three-Letter Genetic Code 127

The Folded Structure of IRNA Promotes lts Decoding

Functions 129

Nonstandard Base Pairing Often Occurs Between

Codons and Ant icodons 130

Amino Acids Become Activated When Covalently

L inked to tRNAs 131

@ Stepwise Synthesis of Proteins
on Rabosomes 132

132

XVI ICONTENTS



Methionyl-tRNA,ttt Recognizes the AUG Start Codon
Translat ion In i t ia t ion Usual ly  Occurs at  the Fi rs t

AUG from the 5 '  End of  an mRNA

Dur ing Chain Elongat ion Each lncoming
Aminoacyl-tRNA Moves Through Three
Ribosomal Sites

Translation ls Terminated by Release Factors
When a Stop Codon ls Reached

Polysomes and Rapid Ribosome Recycling Increase
the Efficiency of Translation

!f| DNA Reptication
DNA Polymerases Require a pr imer to In i t ia te

Repl icat ion

Duplex DNA ls Unwound and Daughter Strands Are
Formed at the DNA Replication Fork

Several Proteins Participate in DNA Replication
DNA Repl icat ion Usual ly  Occurs Bid i rect ional ly  f rom

Each Or ig in

! ! |  DNA Repair  and Recombinat ion
DNA Polymerases Introduce Copying Errors

and Also Correct Them

Chemical  and Radiat ion Damage to DNA Can
Lead to Mutations

High-Fidel i ty  DNA Excis ion-Repair  Systems
Recognize and Repair  Damage

Base Excis ion Repairs  T.G Mismatches and
Damaged Bases

Mismatch Excision Repairs Other Mismatches and
Smal l  Inser t ions and Delet ions

Nucleotide Excision Repairs Chemical Adducts
That Distort Normal DNA Shape

Two Systems Util ize Recombination to Repair
Double-Strand Breaks in  DNA

Homologous Recombinat ion Can Reoair  DNA
Damage and Generate Genet ic  Divers i ty

@Viruses: parasi tes of  the Cel lu lar
Genetic System

Most Viral Host Ranges Are Narrow
Viral Capsids Are Regular Arrays of One or a

Few Types of protein

Viruses Can Be Cloned and Counted in plaque Assays
Lytic Viral Growth Cycles Lead to the Death of Host Cells
Viral DNA ls Integrated into the Host-Cell Genome

in Some Nonlytic Viral Growth Cycles

133

137

154

154

154

1 5 5

155

1 5 8

1 3 3

1 3 5

5 MOLECULAR GENETTC TECHNTQUES 16s

E! Genetic Analysis of Mutations to
ldent i fy and Study Genes 166

Recessive and Dominant  Mutant  Al le les General ly
Have Opposite Effects on Gene Function 166

Segregation of Mutations in Breeding Experiments
Reveals Their Dominance or Recessivity 167

Conditional Mutations Can Be Used to Study
Essential Genes in Yeast EO

Recessive Lethal Mutations in Diploids Can Be
ldent i f ied by Inbreeding and Mainta ined in
Heterozygotes

Complementation Tests Determine Whether Different
Recessive Mutations Are in the Same Gene

Double Mutants Are Useful in Assessing the Order
in Which Proteins Function

Genetic Suppression and Synthetic Lethality Can
Reveal Interacting or Redundant proteins

Genes Can Be ldentif ied by Their Map position
on the Chromosome

1 3 8

139

140

' t41

141

143

145

145

145

147

147

147

148

149

1 5 0

171

' t7 1

171

173

174

p| DNA Cloning and Character izat ion 176
Restriction Enzymes and DNA Ligases Allow

Insertion of DNA Fragments into Cloning Vectors

E. coli Plasmid Vectors Are Suitable for Cloning
lsolated DNA Fragments

cDNA Libraries Represent the Sequences of
Protein-Coding Genes

cDNAs Prepared by Reverse Transcription of Cellular
mRNAs Can Be Cloned to Generate cDNA Libraries

DNA Libraries Can Be Screened by Hybridization
to an Ol igonucleot ide probe

Yeast Genomic Libraries Can Be Constructed with
Shuttle Vectors and Screened by Functionar
Complementat ion

Gel Electrophoresis Allows Separation of Vector
DNA from Cloned Fragments

Cloned DNA Molecules Are Sequenced Rapidly
by the Dideoxy Chain-Termination Methoc

The Polymerase Chain Reaction Amplif ies a Specific
DNA Sequence from a Complex Mixture

ff| Using Cloned DNA Fragments
to Study Gene Expression

Hybridization Techniques permit Detection
of Specific DNA Fragments and mRNAs

DNA Microarrays Can Be Used to Evaluate the
Expression of Many Genes at One Time

176

178

179

1 8 1

1 8 1

182

184

188

187

191

't91

192

XVI I I  '  CONTENTS



Cluster Analysis of Multiple Expression Experiments
ldentif ies Co-regulated Genes

E. coli Expression Systems Can Produce Large
Quantit ies of Proteins from Cloned Genes

Plasmid Expression Vectors Can Be Designed for
Use in Animal  Cel ls

f [  ldent i fy ing and Locat ing Human
Disease Genes

Many Inherited Diseases Show One of Three Major
Patterns of Inheritance

DNA Polymorphisms Are Used in L inkage-Mapping
Human Mutat ions

Linkage Studies Can Map Disease Genes with a
Resolution of About 1 Centimorgan

Further Analysis ls Needed to Locate a Disease Gene
in Cloned DNA

Many Inher i ted Diseases Resul t  f rom Mul t ip le Genet ic
Defects

ff l  Inactivating the Function of
Speci f ic  Genes in Eukaryotes

Normal Yeast Genes Can Be Replaced with Mutant
Al le les by Homologous Recombinat ion

Transcription of Genes Ligated to a Regulated
Promoter Can Be Controlled Experimentally

Specific Genes Can Be Permanently Inactivated in
the Germ Line of  Mice

Somatic Cell Recombination Can Inactivate Genes
in Specific Tissues

Dominant-Negat ive Al le les Can Funct ional ly
lnhib i t  Some Genes

RNA Interference Causes Gene Inactivation by
Destroy ing the Corresponding mRNA

6 GENES,  GENOMICS,  AND
CHROMOSOMES

][ Eukaryotic Gene Structure

Most Eukaryotic Genes Contain Introns and Produce
mRNAs Encoding Single Prote ins

Simple and Complex Transcr ipt ion Uni ts
Are Found in Eukaryot ic  Genomes

Prote in-Coding Genes May Be Sol i tary or  Belong
to a Gene Fami ly

Heavily Used Gene Products Are Encoded by Multiple
Copies of Genes

1 9 3

1 9 6

Nonprote in-Coding Genes Encode Funct ional
RNAs

Event Involving a Rickettsia-l ike Bacterium

Mitochondrial Genetic Codes Differ from the

Standard Nuclear Code

Mutations in Mitochondrial DNA Cause Several

Genet ic  Diseases in  Humans

Chloroplasts Contain Large DNAs Often Encoding
More Than a Hundred Prote ins

222

225

225

226

226

227

229

240

198

199

200

201

202

203

Chromosomal Organizat ion
of Genes and Noncoding DNA 223

Genomes of  Many Organisms Conta in Much
Nonfunct ional  DNA

Most Simple-Sequence DNAs Are Concentrated
in Specific Chromosomal Locations

DNA Fingerprinting Depends on Differences
in Length of SimPle-Sequence DNAs

Unclassified Spacer DNA Occupies a Significant
Portion of the Genome

]f| Transposable (Mobile) DNA
Elements

Movement of Mobile Elements Involves a
DNA or  an RNA Intermediate

DNA Transposons Are Present in Prokaryotes
and Eukaryotes

LTR Retrotransposons Behave Like Intracellular
Retroviruses

Non-LTR Retrotransposons Transpose by a Distinct
Mechanism 230

Other Retrotransposed RNAs Are Found in Genomic
DNA 234

Mobi le DNA Elements Have Signi f icant ly  In f luenced
Evolution 234

236

Mitochondr ia Conta in Mul t ip le mtDNA Molecules 237

mtDNA ls Inherited Cytoplasmically 237

The Size, Structure, and Coding Capacity of mtDNA

Vary Considerably Between Organisms 238

Products of Mitochondrial Genes Are Not Exported 240

Mitochondr ia Evolved f rom a Single Endosymbiot ic

224

204

205

207

210

215

217

2 1 7

2 1 7

219

221

240

242

Genomics:  Genome-wide AnalYsis
of Gene Structure and Expression 243

Stored Sequences Suggest Functions of Newly
ldentif ied Genes and Proteins 243

208 
@ organel le DNAs

CONTENTS xtx



Comparison of Related Sequences from Different
Species Can Give Clues to Evolutionary
Relationships Among proteins

Genes Can Be ldent i f ied With in Genomic DNA
Sequences

The Number of  Prote in-Coding Genes in an
Organism's Genome ls  Not  Di rect ly  Related
to lts Biological Complexity

Single Nucleot ide Polymorphisms and Gene Copy-
Number Variation Are lmportant Determinants
of Differences Between Individuals of a Species

] [  Structural  Organizat ion
of Eukaryotic Chromosomes

Chromatin Exists in Extended and Condensed Forms

Modifications of Histone Tails Control Chromatin
Condensation and Function

Nonhistone Proteins Provide a Structural Scaffold
for Long Chromatin Loops

Addi t ional  Nonhistone prote ins Regulate
Transcription and Replication

and Stable Inher i tance of  Chromosomes

Centromere Sequences Vary Greatly in Length
Addition of Telomeric Sequences by Telomerase

Prevents Shortening of Chromosomes

7 TRANSCRIPTIONALCONTROL
OF GENE EXPRESSION

W Control of Gene Expression in
Bacteria

Transcription Init iation by Bacterial RNA polymerase
Requires Association with a Sigma Factor

Init iation of /ac Operon Transcription Can Be
Repressed and Activated

XX O  CONTENTS

Transcription Init iation from Some Promoters
Requires Alternative Sigma Factors 273

Transcription by osa-RNA Polymerase ls Controlled
by Activators That Bind Far from the Promoter 274

Many Bacterial Responses Are Controlled by
Two-Component Regulatory Systems 275

@ overview of Eukaryotic Gene

Smal l  Molecules Regulate Expression of  Many
Bacterial Genes via DNA-Binding Repressors
and Activators

Control and RNA Polymerases

Regulatory Elements in Eukaryotic DNA Are Found
Both Close to and Many Kilobases Away from
Transcription Start Sites

Three Eukaryotic Polymerases Catalyze Formation
of Different RNAs

The Largest Subunit in RNA Polymerase ll Has an
Essential Carboxyl-Terminal Repeat

RNA Polymerase ll Init iates Transcription at DNA
Sequences Corresponding to the 5' Cap of mRNAs

E Regulatory sequences in protein-
Coding Genes

The TATA Box, Init iators, and CpG lslands Function
as Promoters in Eukaryotic DNA

Promoter-Proximal Elements Help Regulate
Eukaryotic Genes

D istant Enhancers Often Stim u late Tra nscri ption
by RNA Polymerase ll

Most Eukaryotic Genes Are Regulated by Multiple
Transcription-Control Elements

@Activators and Repressors of
Transcription

Footprinting and Gel-Shift Assays Detect protein-DNA
Interactions

Activators Are Modular Proteins Composed
of Distinct Functional Domains and promote
Transcription

Repressors Inhibit Transcription and Are the
Functional Converse of Activators

DNA-Binding Domains Can Be Classi f ied in to
Numerous Structural Types

Structurally Diverse Activation and Repression
Domains Regulate Transcription

Transcription Factor Interactions Increase
Gene-Control Options

Mul t iprote in Complexes Form on Enhancers

244

244

246

247

248

250

254

2s6

261

263

263

273

276

276

278

279

280

282

282

284

@ Morphology and Funct ional  Elements
of Eukaryot ic Chromosomes 257

Chromosome Number; Size, and Shape at Metaphase
Are Species-Specific 257

During Metaphase, Chromosomes Can Be
Dist inguished by Banding pat terns and
Chromosome Paint ing 25g

Chromosome Paint ing and DNA Sequencing Reveal
the Evolution of Chromosomes 259

Interphase Polytene Chromosomes Arise by DNA
Ampl i f  icat ion 260

Three Functional Elements Are Required for Replication

282

269

286

286

288

290

290

293

294

295

271

2 7 1

2 7 1



Transcription Init iation by RNA
Polymerase ll

General Transcription Factors Position RNA
Polymerase ll at Start Sites and Assist in Init iation

Sequential Assembly of Proteins Forms the Pol l l
Transcription Preinit iation Complex in Vitro

In Vivo Transcription Init iation by Pol l l  Requires
Additional Proteins

![ Regulated Elongation and
Termination of Transcription

Transcription of the HIV Genome ls Regulated by
an Antitermination Mechanism

Promoter-Proximal Pausing of RNA Polymerase ll
Occurs in Some Rapidly Induced Genes

@ other Eukaryotic Transcription
Systems

Transcription Init iation by Pol I and Pol l l l  ls
Analogous to That by Pol l l

296

296

298

Mitochondrial and Chloroplast DNAs Are
Transcribed by Organelle-Specific RNA
Polymerases

8 POST-TRANSCRIPTIONAL GENE
CONTROL

Nuclear Pore Complexes Control lmport and Export

from the Nucleus

Pre-mRNAs in Spliceosomes Are Not Exported from

the Nucleus

HIV Rev Protein Regulates the Transport of Unspliced

Viral mRNAs

]f| Transport of mRNA Across the
Nuclear EnveloPe

317

323

@ Molecular Mechanisms of  Transcr ipt ion
Repression and Activation 299

Formation of Heterochromatin Silences Gene
Expression at Telomeres, Near Centromeres,
and in Other Regions 299

Repressors Can Direct Histone Deacetylation and
Methylation at Specific Genes 303

Activators Can Direct Histone Acetylation and
Methylation at Specific Genes 305

Chromatin-Remodeling Factors Help Activate or
Repress Transcription 306

Histone Modifications Vary Greatly in Their Stabil it ies 307

The Mediator Complex Forms a Molecular Bridge
Between Activation Domains and Pol l l  307

Transcription of Many Genes Requires Ordered Binding
and Function of Activators and Co-activators 308

The Yeast Two-Hybrid System Exploits Activator Flexibil i ty
to Detect cDNAs That Encode Interacting Proteins 310

E Regulation of Transcription-Factor
Activity 311

All Nuclear Receptors Share a Common Domain
Structure 312

Nuclear-Receptor Response Elements Contain Inverted
or Direct Repeats 313

Hormone Binding to a Nuclear Receptor Regulates lts
Activity as a Transcription Factor 313

f[ Processing of Eukaryotic Pre-mRNA 325

The 5' Cap ls Added to Nascent RNAs Shortly After
Transcription Init iation

A Diverse Set of Proteins with Conserved RNA-B|nding
Domains Associate with Pre-mRNAs

Splicing Occurs at Short, Conserved Sequences in

Pre-mRNAs via Two Transesterification Reactions

During Splicing, snRNAs Base-Pair with Pre-mRNA

Spliceosomes, Assembled from snRNPs and a
Pre-mRNA, Carry Out SPlicing

Chain Elongat ion by RNA Polymerase l l  ls  Coupled
to the Presence of RNA-Processing Factors

SR Proteins Contribute to Exon Definit ion in Long
Pre-mRNAs

Self-Splicing Group ll Introns Provide Clues to the
Evolution of snRNAs

3' Cleavage and Polyadenylation of Pre-mRNAs
Are Tightly CouPled

Nuclear Exonucleases Degrade RNA That ls Processed

Out of Pre-mRNAs

Regulation of Pre-mRNA
Processing

325

329

330

333

335

326

330

334

336

Alternative Splicing ls the Primary Mechanism for

Regulating mRNA Processing 337

A Cascade of Regulated RNA Splicing Controls
Drosophila Sexual Differentiation 338

Splicing Repressors and Activators Control Splicing

at Alternative Sites 339

RNA Editing Alters the Sequences of
Some Pre-mRNAs 340

337

341

342

345

346

xxi

314

3 1 5

3 1 6

315

3 1 6

CONTENTS '



f!| Cytoplasmic Mechanisms of post-
transcriptional Control

Micro RNAs Repress Translation of Specific mRNAs

RNA Interference Induces Degradation of precisely
Complementary mRNAs

Cytoplasmic Polyadenylation promotes Translation
of Some mRNAs

Degradation of mRNAs in the Cytoplasm Occurs
by Several Mechanisms

Protein Synthesis Can Be Globally Regulated

Sequence-Specific RNA-Binding proteins Control
Specific mRNA Translation

Surveil lance Mechanisms prevent Translation of
lmproperly Processed mRNAs

9 VISUALIZING, FRACTIONATING,
AND CULTURING CELLS

lll Organelles of the Eukaryotic Cell
The Plasma Membrane Has Many Common Funct ions

in Al l  Cel ls

Endosomes Take Up 5oluble Macromolecules from
the Cell Exterior

Lysosomes Are Acidic Organelles That Contain a
Battery of Degradative Enzymes

Peroxisomes Degrade Fatty Acids and Toxic Compounds
The Endoplasmic Reticulum ls a Network of

Interconnected Internal Membranes

The Golgi Complex Processes and Sorts Secreted
and Membrane prote ins

Plant  Vacuoles Store Smal l  Molecules and Enable a
Cel l  to  Elongate Rapid ly

The Nucleus Conta ins the DNA Genome, RNA
Synthetic Apparatus, and a Fibrous Matrix

Mitochondria Are the Principal Sites of ATp
Production in Aerobic Nonphotosynthetic Cells

Chloroplasts Contain Internal Compartments in
Which Photosynthesis Takes place

g Light Microscopy: v isual iz ing Cel l
Structure and Localizing proteins
Within Cel ls

The Resolution of the Light Microscope ls About
0.2 pm

347

347

349

3 5 1

352

353

356

357

Localization of mRNAs Permits Production of
Proteins at Specific Regions Within the
Cytoplasm

f[ Processing of rRNA and IRNA

Pre-rRNA Genes Function as Nucleolar Organizers
and Are Simi lar  in  Al l  Eukaryotes 359

Small Nucleolar RNAs Assist in Processing Pre-rRNAs 360

Self-Splicing Group I Introns Were the First
Examples of Catalytic RNA 363

Pre-tRNAs Undergo Extensive Modification in the
Nucleus 363

Nuclear  Bodies Are Funct ional ly  Specia l ized Nuclear
Domains 3G4

357

358

382

38s

386

Part lll Cell Structure and Function

Phase-Contrast and Differential lnterference Contrast
Microscopy Visualize Unstained Living Cells

Fluorescence Microscopy Can Localize and euantify
Speci f ic  Molecules in  L ive Cel ls

lmaging Subcel lu lar  Deta i ls  Of ten Requires that  the
Samples Be Fixed, Sectioned, and Stained

lmmunofluorescence Microscopy Can Detect Specific
Proteins in Fixed Cells

Confocal and Deconvolution Microscopy Enable
Visualization of Three-Dimensional Objects

Graphics and lnformatics Have Transformed
Modern Microscopy

381
371

372

372

372

373

374

375

376

377

378

378

379

Eil Electron Microscopy: Methods
and Appl icat ions 388

Resolution of Transmission Electron Microscopy is
Vastly Greater Than That of Light Microscopy 3gg

Cryoelectron Microscopy Allows Visualization of
Particles Without Fixation or Staining 399

Electron Microscopy of Metal-Coated Specimens
Can Reveal Surface Features of Cells and Their
Components 390

!!| Purif ication of Cell Organelles

Disruption of Cells Releases Their Organelles
and Other Contents

Centrifugation Can Separate Many Types of
Organel les

Organelle-Specific Antibodies Are Useful in
Prepar ing Highly Pur i f ied Organel les

380

391

391

392

393

xxi i  .  coNTENrs

381



lsolat ion,  Cul ture,  and
of Metazoan Cells

Differentiation

Flow Cytometry Separates Different CellTypes

Cul ture of  Animal  Cel ls  Requires Nutr ient-Rich
Media and Specia l  Sol id  Sur faces

Pr imary Cel l  Cul tures Can Be Used to Study Cel l
Differentiation

Pr imary Cel l  Cul tures and Cel l  Stra ins Have a Fin i te
Li fe Span

Transformed Cells Can Grow Indefinitely in Culture

Some Cell Lines Undergo Differentiation in Culture

Hybr id Cel ls  Cal led Hybr idomas Produce Abundant
Monoclonal  Ant ibodies

HAT Medium ls Commonlv Used to lsolate
Hybrid Cells

Cnsstc ExprRturrur 9.1 separating organelles

Lip id-Binding Mot i fs  Help Target  Per ipheral
Proteins to the Membrane 427

Proteins Can Be Removed from Membranes
by Detergents or High-Salt Solutions 427

$f, Phospholipids, sphingolipids,
and Cholesterol:  SYnthesis
and Intracel lular Movement 429

Fatty Acids Synthesis ls Mediated by Several
lmportant Enzymes 430

Small Cytosolic Proteins Facil itate Movement of
Fatty Acids 430

Incorporation of Fatty Acids into Membrane Lipids
Takes Place on Organelle Membranes 431

Fl ippases Move Phosphol ip ids f rom One Membrane
Leaflet to the Opposite Leaflet 431

Cholesterol ls Synthesized by Enzymes in the Cytosol
and ER Membrane 432

Cholesterol a nd Phosphol i pids Are Transported
Between Organelles by Several Mechanisms

11 TRANSMEMBRANE TRANSPORT
OF IONS AND SMALL MOLECULES 437

394

394

395

396

396

397

398

400

402

407

433
1O BIOMEMBRANE STRUCTURE 409

s[ Biomembranes: Lipid Composi t ion
and Structural  Organizat ion

Phosphol ip ids Spontaneously Form Bi layers

Phosphol ip id Bi layers Form a Sealed Compartment
Surrounding an Internal  Aqueous Space

Biomembranes Conta in Three Pr inc ipal  Classes
of  L ip ids

Most  L ip ids and Many Prote ins Are Latera l ly  Mobi le
in Biomembranes

Lip id Composi t ion Inf luences the Physical
Properties of Membranes

Lipid Composition ls Different in the Exoplasmic
and Cytosolic Leaflets

Cholestero l  and Sphingol ip ids Cluster  wi th Speci f ic
Prote ins in  Membrane Microdomains

Proteins Interact with Membranes in Three
Different Ways

Most Transmembrane Proteins Have
Membrane-Spanning a Hel ices

Mul t ip le B Strands in  Por ins Form
Membrane-Spanning "  Barre ls"

Covalently Attached Hydrocarbon Chains Anchor
Some Proteins to Membranes

Al l  Transmembrane Prote ins and Glycol ip ids Are
Asymmetr ica l ly  Or iented in  the Bi layer

E overview of Membrane
Transport

Only Smal l  Hydrophobic Molecules Cross Membranes

by Simple Di f fus ion 438

Membrane Proteins Mediate Transport of
Most Molecules and All lons Across
Biomembranes 439

@ uniport Transport of Glucose
and Water

411

411

411

415

416

4 1 8

419

420

438

441

44'l

442

443

443

4M

4M

xxi i i

$[| Biomembranes: Protein Components
and Basic Functions 421

Several Features Distinguish Uniport Transport from

Simple Di f fus ion

GLUT1 Uniporter Transports Glucose into Most
Mammal ian Cel ls

The Human Genome Encodes a Fami ly  of  Sugar-
Transporting GLUT Protetns

Transport Proteins Can Be Enriched Within Artif icial

Membranes and Cel ls

Osmotic Pressure Causes Water to Move Across

Membranes

Aquaporins Increase the Water Permeabil ity of Cell

Membranes

421

424

424

CONTENTS O



@ ATP-powered pumps and the
Intracel lu lar  lonic Environment

Different Classes of Pumps Exhibit Characteristic
Structural and Functional properties

ATP-Powered lon Pumps Generate and
Mainta in lonic  Gradients Across Cel lu lar
Membranes

Muscle Relaxation Depends on Ca2* ATpases That
Pump Ca" from the Cytosol into the
Sarcoplasmic Ret icu ium

Calmodulin Regulates the plasma Membrane
Ca'* Pumps That Control Cytosolic Ca2+
Concentrations

Na-/K-  ATPase Mainta ins the Int racel lu lar  Na*
and K* Concentrat ions in  Animal  Cel ls

V-Class H* ATPases Maintain the Acidity of
Lysosomes and Vacuoles

Bacterial Permeases Are ABC proteins That
lmport a Variety of Nutrients from the
Environment

The Approximately 50 Mammalian ABC Transporters
Play Diverse and lmportant Roles in Cell and
Organ Physio logy

Certa in ABC Prote ins "F l ip ' ,  phosphol ip ids
and Other Lipid-Soluble Substrates from
One Membrane Leaflet to the Opposite
Leaflet

El Nongated ton Channels and the
Resting Membrane potential

Selective Movement of lons Creates a
Transmembrane Electric potential
Difference

The Membrane Potent ia l  in  Animal  Cel ls  Depends
Largely on Potassium lon Movements Through
Open Rest ing K+ Channels

lon Channels Contain a Selectivity Filter Formed
from Conserved Transmembrane Segments

Patch Clamps Permit Measurement of lon
Movements Through Single Channels

Novel lon Channels Can Be Characterized by a
Combination of Oocyte Expression and
Patch Clamping

Na- Entry in to Mammal ian Cel ls  Has a Negat ive
Change in Free Energy (AG)

@| Cotransport by symporters and
Antiporters

Na*-Linked Symporters lmport  Amino Acids and
Glucose into Animal  Cel ls  Against  High
Concentration Gradients

xxiv . coNTENTs

447

447

448

449

451

452

453

454

455

Bacterial Symporter Structure Reveals the
Mechanism of Substrate Binding

Na*-Linked Ca2* Antiporter Exports Ca2* from
Cardiac Muscle Cel ls

Several Cotransporters Regulate
Cytosolic pH

A Putative Cation Exchange Protein Plays a
Key Role in  Evolut ion of  Human Skin
Pigmentation

Numerous Transport Proteins Enable Plant
Vacuoles to Accumulate Metabolites and lons

@ First Steps of Glucose and Fatty
Acid Catabol ism: Glycolysis
and the Citric Acid €ycle

During Glycolysis (Stage l), Cytosolic Enzymes
Convert Glucose to Pyruvate

The Rate of Glycolysis ls Adjusted to Meet
the Cell 's Need for ATP

Glucose ls Fermented Under Anaerobic Conditions

Under Aerobic Condi t ions,  Mi tochondr ia
Ef f  ic ient ly  Oxid ize Pyruvate and Generate
ATP (Stages l l- lV)

Mitochondria Are Dynamic Organelles with Two
Structurally and Functionally Distinct Membranes

In Stage ll, Pyruvate ls Oxidized to CO2 and High-
Energy Electrons Stored in Reduced Coenzymes

Transporters in the Inner Mitochondrial Membrane
Help Mainta in Appropr iate Cytosol ic  and Matr ix
Concentrations of NAD* and NADH

Mitochondrial Oxidation of Fatty Acids Generates
ATP

Peroxisomal Oxidation of Fatty Acids Generates
No ATP

468

469

467

469

470ft| Transeprrnerar Transporr
Multiple Transport Proteins Are Needed to

Move Glucose and Amino Acids Across
Epi thel ia  471

Simple Rehydration Therapy Depends on the
Osmotic Gradient Created by Absorption
of  Glucose and Na+ 411

Parietal Cells Acidify the Stomach Contents While
Mainta in ing a Neutra l  Cytosol ic  pH 472

Cusslc ExprntueruT 11.1 stumbting Upon
Active Transport 477

12 CELLULAR ENERGETICS 479

456

458

458

460

461

463

464

464

481

480

483

485

485

485

487

465

466 491



@The Electron Transport  chain and
Generation of the Proton-Motive
Force

Stepwise Electron Transport Efficiently Releases the
Energy Stored in NADH and FADH2

Electron Transport in Mitochondria ls Coupled to
Proton Pumping

Electrons Flow from FADH2 and NADH to 02
Through Four Multiprotein Complexes

Reduction Potentials of Electron Carriers Favor
Electron Flow from NADH to 02

Experiments Using Purif ied Complexes Established
the Stoichiometry of Proton Pumping

The Q Cycle Increases the Number of Protons
Translocated as Electrons Flow Through
Complex l l l

The Proton-Motive Force in Mitochondria ls Due
Largely to a Voltage Gradient Across the Inner
Membrane

Toxic By-products of Electron Transport Can
Damage Cel ls

[[ Harnessing the Proton-Motive
Force for Energy-Requir ing
Processes

The Mechanism of ATP Synthesis ls Shared
Among Bacteria, Mitochondria, and Chloroplasts

ATP Synthase Comprises Two Multiprotein
Complexes Termed Fe and F1

Rotation of the Ft 1 Subunit, Driven by
Proton Movement Through F6, Powers
ATP Synthesis

ATP-ADP Exchange Across the Inner Mitochondrial
Membrane ls Powered by the Proton-Motive
Force

Rate of  Mi tochondr ia l  Oxidat ion Normal ly  Depends
on ADP Levels

Brown-Fat Mitochondria Use the Proton-Motive
Force to Generate Heat

Photoelectron Transport from Energized Reaction-
Center Chlorophyll a Produces a Charge
Separation

Internal  Antenna and L ight-Harvest ing
Complexes Increase the Ef f ic iency of
Photosynthesis

Rubisco Fixes CO2 in the Chloroplast Stroma

Synthesis of Sucrose Using Fixed CO2 ls Completed
in the Cytosol

Light and Rubisco Activase Stimulate CO2
Fixat ion

Photorespiration, Which Competes with
Photosynthesis, ls Reduced in Plants That Fix
CO2 by the C4 PathwaY

13 MOVING PROTEINS INTO
MEMBRANES AND ORGANELLES

A Hydrophobic N-Terminal Signal Sequence Targets
Nascent Secretory Proteins to the ER

Cotranslational Translocation ls lnit iated by Two
GTP-Hydrolyzing Proteins

Passage of Growing Polypeptides Through the
Translocon ls Driven by Energy Released During
Translation

514
493

493

493

494

499

499

500

502

502

Molecular Analysis of
Photosystems

The Single Photosystem of Purple Bacteria
Generates a Proton-Motive Force but No 02

Linear Electron Flow Through Both Plant Photosystems,
PSll and PSl, Generates a Proton-Motive Force,
02,  and NADPH 519

An Oxygen-Evolv ing Complex ls  Located on
the Luminal  Sur face of  the PSl l  React ion
Center 520

Cells Use Multiple Mechanisms to Protect Against
Damage from Reactive Oxygen Species During
Photoelectron TransPort 521

Cyclic Electron Flow Through PSI Generates a
Proton-Motive Force but No NADPH or 02 522

Relative Activit ies of Photosystems I and ll Are
Regulated 523

[[l co2 Metabolism During
Photosynthesis

5 1 5

517

517

503

505

505

506

s09

5 1 0

5 1 0

524

525

525

525

527

s33

@ Photosynthesis and Light-Absorbing
Pigments

Thylakoid Membranes in Chloroplasts Are the Sites
of Photosynthesis in Plants

Three of the Four Stages in Photosynthesis Occur
Only Dur ing l l luminat ion

Each Photon of Light Has a Defined Amount
of Energy

Photosystems Comprise a Reaction Center and
Associated Light-Harvesting Complexes

511

5 1 1

5 1 1

5 1 3

514

$[ Translocation of secretory Proteins
Across the ER Membrane 535

536

537

539

. XXVCONTENTS



ATP Hydrolysis Powers Post-translational
Translocation of Some Secretory Proteins in yeast 540

$[ Insertion of proteins into the
ER Membrane

Several Topological Classes of Integral Membrane
Proteins Are Synthesized on the ER

Internal Stop-Transfer and Signal-Anchor Sequences
Determine Topology of Single-Pass proteins 544

Mul t ipass Prote ins Have Mul t ip le Internal
Topogenic Sequences

A Phosphol ip id Anchor Tethers Some Cel l -Sur face
Proteins to the Membrane

The Topology of a Membrane Protein Often Can
Be Deduced from lts Sequence

s[ Protein Modif icat ions,  Folding,
and Qual i ty  Contro l  in  the ER 549

A Preformed /V-Linked Oligosaccharide ls Added to
Many Prote ins in  the Rough ER

Ol igosacchar ide Side Chains May promote Fold ing
and Stabil ity of Glycoproteins

Disul f ide Bonds Are Formed and Rearranged by
Prote ins in  the ER Lumen

Chaperones and Other  ER prote ins Faci l i ta te Fold ing
and Assembly of Proteins

Unassembled or  Misfo lded Prote ins in  the ER Are
Often Transported to the Cytosol for
Degradation

Cytosolic Receptor Targets Proteins with an SKL
Sequence at the C-Terminus into the Peroxisomal
Matr ix

542 Peroxisomal  Membrane and Matr ix  Prote ins Are
Incorporated by Different Pathways

543

s[ Transport into and out of the
Nuc leus 569

546 Large and Small Molecules Enter and Leave the
Nucleus via Nuclear Pore Complexes 570

547 lmportins Transport Proteins Containing Nuclear-
Local izat ion Signals in to the Nucleus 571

547 Export insTransportProte insContain ingNuclear-Export
Signals out  of  the Nucleus 573

Most mRNAs Are Exported from the Nucleus by a
Ran- lndependent  Mechanism 573

550
14 VESICULAR TRAFFIC,  SECRETION,

ss2 AND ENDOCYTOSIS 579

552

![ Techniques for Studying the
ss2 Secretory Pathway s80

Yeast Mutants Define Major Stages and Many
Components in Vesicular Transport

556 Cell-Free Transport Assays Allow Dissection of
Indiv idual  Steps in  Vesicular  Transport  585

s[ Sorting of Peroxisomal Proteins sG7

s68

lmproperly Folded Proteins in the ER lnduce Transport of a protein Through the Secretory
Expression of Protein-Folding Catalysts 555 pathway Can Be Assayed in tiving Cells 5g2

584

E!| Sorting of Proteins to Mitochondria
and Chloroplasts 557 @ Molecular Mechanisms of

Amphipath ic  N-Terminal  Signal  Sequences Direct  Vesicular  Traf f ic  585
Proteins to the Mitochondrial Matrix 558 Assembry of a protein coat Drives Vesicle

Mi tochondr ia l  Prote in lmport  Requires Outer-Membrane Format ion and Select ion of  Cargo
Receptors and Translocons in  Both Membranes 559 Molecules 5g6

Studies with Chimeric Proteins Demonstrate lmportant A Conserved Set of GTPase Switch proteins Controls
Features of Mitochondrial lmport 550 Assembly of Different Vesicle Coats 5g7

Three Energy Inputs Are Needed to lmport  Prote ins Target ing Sequences on Cargo prote ins Make
into Mi tochondr ia 501 Speci f ic  Molecular  Contacts wi th Coat

Multiple Signals and Pathways Target Proteins to Proteins 588
Submitochondrial Compartments 561 Rab GTPases Control Docking of Vesicles on Target

Target ing of  Chloroplast  Stromal  Prote ins ls  Simi lar  to  Membranes 589
lmport of Mitochondrial Matrix Proteins 565 Paired Sets of SNARE proteins Mediate Fusion of

Proteins Are Targeted to Thylakoids by Mechanisms Vesicles with Target Membranes 591
Related to Translocation Across the Bacterial Dissociation of SNARE Complexes After Membrane
Inner Membrane 565 Fusion ls  Dr iven by ATP Hydrolys is  5g1

xxvi . coNTENTs



@ Early Stages of the Secretory
Pathway

COPII Vesicles Mediate Transport from the ER
to the Golg i

COPI Vesicles Mediate Retrograde Transport within
the Golg i  and f rom the Golg i to the ER

Anterograde Transport Through the Golgi Occurs
by Cisternal Maturation

@ Later stages of the secretory
Pathway

Vesicles Coated with Clathrin and/or Adapter Proteins
Mediate Several Transport Steps

Dynamin ls  Required for  Pinching Of f  of  Clathr in
Vesicles

Mannose 6-Phosphate Residues Target Soluble
Proteins to Lysosomes

Study of Lysosomal Storage Diseases Revealed Key
Components of the Lysosomal Sorting Pathway

Protein Aggregation in the trans-Golgi May Function
in Sorting Proteins to Regulated Secretory Vesicles

Some Proteins Undergo Proteolytic Processing
After Leaving the trans-Golgi

Several Pathways Sort Membrane Proteins to the
Apical or Basolateral Region of Polarized Cells

!f| Receptor-Mediated Endocytosis

Cells Take Up Lipids from the Blood in the Form of
Large, Well-Def ined Lipoprotein Complexes

Receptors for Low-Density Lipoprotein and Other
Ligands Contain Sorting Signals That Target
Them for Endocytosis

The Acidic pH of Late Endosomes Causes Most
Receptor-Ligand Complexes to Dissociate

The Endocytic Pathway Delivers lron to Cells without
Dissociation of the Receptor-Transferrin Complex
in Endosomes

[!| Directing Membrane Proteins
and Cytosolic Materials to the
Lysosome

Multivesicular Endosomes Segregate Membrane
Proteins Destined for the Lysosomal
Membrane from Proteins Destined for
Lysosomal Degradation

592
15 CELL S IGNALING l :  S IGNAL

TRANSDUCTION AND SHORT-TERM
CELLULAR RESPONSES 623

625

625

626

627

627

628

628

629

631

631

631

s!| General Elements of G Protein-
Coupled RecePtor SYstems

ss4 [[ From Extracellular Signal to cellular
Response 625

595
Signal ing Cel ls  Produce and Release Signal ing

Molecules

Signaling Molecules Can Act Locally or at a Distance

Binding of  Signal ing Molecules Act ivates
Receptors on Target Cells

$[ studying cell-Surface
Receptors

Receptor Proteins Bind Ligands Specifically

The Dissociation Constant ls a Measure of the
Affinity of a Receptor for lts Ligand

Binding Assays Are Used to Detect Receptors and
Determine Their Affinit ies for Ligands

Maximal Cellular Response to a Signaling Molecule
Usually Does Not Require Activation of All
Receptors

Sensitivity of a Cell to External Signals ls Determined
by the Number of Surface Receptors and Their
Affinity for Ligand

Receptors Can Be Purif ied by Affinity Techniques

Receptors Are Frequently Expressed from Cloned Genes

Highly Conserved ComPonents
of Intracellular Signal-Transduction
Pathways 632

GTP-Binding Proteins Are Frequently Used As On/Off
Switches 633

Protein Kinases and Phosphatases are Employed in
Virtually All Signaling Pathways 634

Second Messengers Carry and Amplify Signals from
Many Receptors 634

597

598

599

600

602

602

603

604

606

606

608

6 1 0

6 1 1

612

612

Retroviruses Bud from the Plasma Membrane by a Process
Similar to Formation of Multivesicular Endosomes 614

Cnsstc ExprRturruT 14.1 Following a Protein
out of the cell 621

G Protein-Coupled Receptors Are a Large and Diverse
Family with a Common Structure and Function

G Protein-Coupled Receptors Activate Exchange of
GTP for  GDP on the a Subuni t  o f  a Tr imer ic  G

Protein

Different G Proteins Are Activated by Different GPCRs
and ln Turn Regulate Different Effector Proteins

535

635

637

539

xxviiCONTENTS .



[f| G Protein-Coupled Receptors
That Regulate lon Channels

Acetylcholine Receptors in the Heart Muscle
Activate a G Protein That Opens K+ Channels

Light Activates G..-Coupled Rhodopsins

Activation of Rhodopsin Induces Closing of
cGMP-Gated Cation Channels

Rod Cells Adapt to Varying Levels of Ambient Light
Because of Opsin Phosphorylation and Binding
of Arrestin

sfl G Protein-coupled Receptors That
Activate Phospholipase C

Phosphorylated Derivatives of Inositol Are
lmportant Second Messengers

Calc ium lon Release f rom the Endoplasmic
Reticulum is Triggered by lp3

The Ca2*/Calmodulin Complex Mediates Many
Cellular Responses to External Signals

Diacylglycerol (DAG) Activates protein Kinase C,
Which Regulates Many Other proteins

Signal-lnduced Relaxation of Vascular Smooth
Muscle ls Mediated by cGMp-Activated
Protein Kinase G

$f| Integrating Responses of cells
to Environmental  Inf luences

Integration of Multiple Second Messengers Regulates
Glycogenolysis

640

641

641

642

644

646

646

646

547

648

649

550

651

Insul in  and Glucagon Work Together  to Mainta in a
Stable Blood Glucose Level

Clnsstc ExprnlveruT 15.1 The Infancy of signal
Transduction-GTP Stimulation of cAMP Synthesis 663

15 CELL-SIGNALING
PATHWAYS THAT
ACTIVITY

l l :  S IGNALING
CONTROL GENE

$!| G Protein-Goupled Receptors That
sl| TGFF Receptors and the DirectActivate or Inhibit Adenylyl

Cyclase

Adenylyl Cyclase ls Stimulated and Inhibited
by Different Receptor-Ligand Complexes

Structural Studies Established How G,,.GTp Binds
to and Activates Adenylyl Cyclase

cAMP Activates Protein Kinase A by Releasing
Catalytic Subunits

Glycogen Metabolism ls Regulated by
Hormone-lnduced Activation of Protein Kinase A

cAMP-Mediated Activation of Protein Kinase A
Produces Diverse Responses in Different Cell Types

Signal  Ampl i f icat ion Commonly Occurs in  Many
Signaling Pathways

Several  Mechanisms Down-Regulate Signal ing
from G Protein-Coupled Receptors

Anchoring Proteins Localize Effects of cAMp to
Specific Regions of the Cell

Activation of Smads

Signal ing

66s

668

A TGFB Signaling Molecule ls Formed by Cleavage
of an Inactive Precursor 668

Radioactive Tagging Was Used to ldentify TGFp
Receptors 669

Activated TGFB Receptors Phosphorylate Smad
Transcription Factors 670

Negative Feedback Loops Regulate TGFB/Smad
671

Loss of TGFB Signaling Plays a Key Role
in Cancer 671

553

654

654

655

6s6

656

657

557

sf| cytokine Receptors and the
JAK/STAT Pathway

Cytokines Influence Development of Many Cell
Types

Cytokine Receptors Have Similar Structures and
Activate Similar Signaling Pathways

JAK Kinases Activate STAT Transcription Factors

Complementation Genetics Revealed That
JAK and STAT Proteins Transduce Cytokine
S igna l s

Signaling from Cytokine Receptors ls Regulated
by Negative Signals

Mutant Erythropoietin Receptor That Cannot Be
Turned Off Leads to Increased Numbers of
Erythrocytes

s[ Recepror Tyrosrne Krnases

Ligand Binding Leads to Phosphory lat ion and
Activation of Intrinsic Kinase in RTKs

Overexpression of HER2, a Receptor
Tyrosine Kinase, Occurs in Some Breast
Cancers

672

672

673

674

677

678

679

679

680

680

XXVI I I  '  CONTENTS



Conserved Domains Are lmportant  for  Binding Signal -
Transduction Proteins to Activated Receptors

Down-regulation of RTK Signaling Occurs by
Endocytosis and Lysosomal Degradation

@Activat ion of  Ras and MAP Kinase
Pathways

Ras, a GTPase Switch Protein, Cycles Between Active
and Inactive States

Receptor Tyrosine Kinases Are Linked to Ras by
Adapter Proteins

Genetic Studies in Drosophila ldentif ied Key
Signal-Transducing Proteins in the Ras/MAP
Kinase Pathway

Binding of Sos Protein to Inactive Ras Causes a
Conformational Change That Activates Ras

Signals Pass from Activated Ras to a Cascade of
Protein Kinases

MAP Kinase Regulates the Activity of Many Transcription
Factors Controlling Early-Response Genes 690

G Protein-Coupled Receptors Transmit Signals to
MAP Kinase in Yeast Mating Pathways 691

Scaffold Proteins Separate Multiple MAP Kinase
Pathways in Eukaryotic Cells

The Ras/MAP Kinase Pathway Can Induce Diverse
Cel lu lar  Responses

sf| Phosphoinositides as signal
Transducers

Phospholipase C" ls Activated by Some RTKs and
Cytokine Receptors

Recruitment of Pl-3 Kinase to Hormone-Stimulated
Receptors Leads to Synthesis of Phosphorylated
Phosphatidyl inositols

Accumulation of Pl 3-Phosphates in the Plasma
Membrane Leads to Activation of Several Kinases

Activated Protein Kinase B Induces Many
Cellular Responses

The Pl-3 Kinase Pathway ls Negatively Regulated
by PTEN Phosphatase

s!| Activation of Gene Transcription
by Seven-spanning Cel l-Surface
Receptors

CREB Links cAMP and Protein Kinase A to Activation
of Gene Transcription

GPCR-Bound Arrestin Activates Several Kinase Cascades

Wnt Signals Trigger Release of a Transcription
Factor from Cytosolic Protein Complex

6e4 
@ Dynamics of Actin Filaments

Hedgehog Signaling Relieves Repression of Target
Genes

Degradation of an Inhibitor Protein Activates the
NF-rB Transcription Factors

Ligand-Activated Notch ls Cleaved Twice, Releasing
a Transcription Factor

Matrix Metalloproteases Catalyze Cleavage of Many
Signal ing Prote ins f rom the Cel l  Sur face

Inappropriate Cleavage of Amyloid Precursor Protein
Can Lead to Alzheimer's Disease

Regulated Intramembrane Proteolysis of SREBP
Releases a Transcription Factor That Acts to
Maintain Phospholipid and Cholesterol Levels

@ Microfi laments and Actin
Structures

Actin ls Ancient, Abundant, and Highly Conserved

G-Actin Monomers Assemble into Long, Helical
F-Actin Polymers

F-Actin Has Structural and Functional Polarity

Actin Polymerization in Vitro Proceeds in Three Steps

Actin Filaments Grow Faster at (+) Ends Than at
( - )  Ends

Actin Filament Treadmill ing ls Accelerated by
Prof i l in  and Cof i l in

Thymosin-B4 Provides a Reservoir of Actin for
Polymerization

Capping Proteins Block Assembly and Disassembly
at  Act in  F i lament  Ends

Formins Assemble Unbranched Fi laments

The Arp2/3 Complex Nucleates Branched Filament
Assembly

lntracellular Movements Can Be Powered by Actin

Polymerization

@ Mechanisms of Actin Filament
697 AssemblY

700

683

@ Pathways That Involve Signal- lnduced
Protein Cleavage 703

584

68s

685

685

587

688

692

693

694

695

696

698

698

703

705

706

17 CELL ORGANIZATION AND
MOVEMENT l :  MICROFILAMENTS 713

715

7 1 7

7 1 7

718

718

719

720

721

722

722

723

723

724

726

xxixCONTENTS



Toxins That Perturb the Pool of Actin Monomers
Are Useful for Studying Actin Dynamics

@ Myosin-powered Movements

Myosin Thick Fi laments and Act in  Thin Fi laments
in Skeleta l  Muscle Sl ide Past  One Another
Dur ing Contract ion

Skeleta l  Muscle ls  Structured by Stabi l iz ing and
Scaffolding Proteins

Contraction of Skeletal Muscle ls Regulated by Ca2*
and Act in-Binding Prote ins

Actin and Myosin l l Form Contracti le Bundles in
Nonmuscle Cel ls

Myosin-Dependent Mechanisms Regulate
Contract ion in  Smooth Muscle and Nonmuscle Cel ls

Myosin-V-Bound Vesicles Are Carried Along
Act in F i laments

@ ce l l  M igra t ion :  s igna l ing  and
Chemotaxis

Cel l  Migrat ion Coordinates Force Generat ion wi th
Cel l  Adhesion and Membrane Recycl ing

The Small GTP-Binding Proteins Cdc42, Rac, and Rho
Control Actin Organization

Cel l  Migrat ion Involves the Coordinate Regulat ion
of Cdc42, Rac, and Rho

Migrating Cells Are Steered by Chemotactic
Molecules

XXX .  CONTENTS

Chemotactic Gradients Induce Altered Phosphoinositide
726 Levels Between the Front and Back of a Cell 750

Cnsstc ExpenlvlrruT 17.1 Looking at Muscle
Contraction 755@ organizat ion of  Act in-Based cel lu lar

Structures

Cross-L ink ing Prote ins Organize Act in  F i laments in to
Bundles or Networks

Adaptor Proteins Link Actin Filaments to
Membranes

fif l Myosins: Actin-Based Motor
Proteins

Myosins Have Head,  Neck,  and Tai l  Domains wi th
Distinct Functions

Myosins Make Up a Large Fami ly  of
Mechanochemical Motor proteins

Conformat ional  Changes in the Myosin Head
Couple ATP Hydrolysis to Movement

Myosin Heads Take Discrete Steps Along
Act in F i laments

Myosin V Walks Hand Over Hand Down an Actin
Fi lament

728

728

728

731

732

733

736

736

737

738

740

742

743

18 CELL ORGANIZATION AND
MOVEMENT l l :  MICROTUBULES
AND INTERMEDIATE FILAMENTS 757

[[  Microtubule Structure and
Organizat ion

Microtubule Walls Are Polarized Structures Built
f rom aB-Tubul in  Dimers

Microtubules Are Assembled from MTOCs to
Generate Diverse Organizations

ftf| Microtubule Dynamics
Microtubules Are Dynamic Structures Due to

Kinetic Differences at Their Ends

Indiv idual  Microtubules Exhib i t  Dynamic Instabi  I  i ty

LocaI ized Assembly and "Search-and-Capture"
Help Organize Microtubules

Drugs Affecting Tubulin Polymerization Are Useful
Experimentally and to Treat Diseases

758

758

760

762

763

763

766

766

738

740
[f! Regulation of Microtubule Structure

and Dynamics

Microtubules Are Stabil ized by Side- and
End-Binding Prote ins

Microtubules Are Disassembled by End Binding
and Severing Proteins

@ Kinesins and Dyneins:  Microtubule-

Funct ions

Kinesin-l ls a Highly Processive Motor

Dynein Motors Transport Organelles Toward the (-)
End of  Microtubules 774

Kinesins and Dyneins Cooperate in the Transport
of  Organel les Throughout  the Cel l  715

741

767

767

768

Based Motor Proteins

Organelles in Axons Are Transported Along
Microtubules in Both Directions

Kinesin-1 Powers Anterograde Transport of
Vesicles Down Axons Toward the (+) End of
Microtubules 770

Kinesins Form a Large Protein Family with Diverse

769

769

771

772

745

745

747

748

750



f i f l  Ci l ia and Flagel la: Microtubule-
Based Surface Structures

Eukaryot ic  Ci l ia  and Flagel la  Conta in Long Doublet
Microtubules Bridged by Dynein Motors

Ci l iary and Flagel lar  Beat ing Are Produced by
Contro l led Sl id ing of  Outer  Doublet
Microtubules

Intraflagellar Transport Moves Material Up and
Down Ci l ia  and Flagel la

Defects in Intraflagellar Transport Cause Disease
by Affecting Sensory Primary Cil ia

$!| Mitosis
Mitosis Can Be Divided into Six Phases

Centrosomes Dupl icate Ear ly  in  the Cel l  Cycle in
Preparation for Mitosis

The Mitotic Spindle Contains Three Classes of
Microtubules

Microtubule Dynamics Increases Dramat ica l ly
in  Mi tos is

Microtubules Treadmi l l  Dur ing Mi tos is

The Kinetochore Captures and Helps Transport
Chromosomes

Duplicated Chromosomes Are Aligned by Motors
and Treadmi l l ing Microtubules

Anaphase A Moves Chromosomes to Poles by
Microtubu le Shortening

Anaphase B Separates Poles by the Combined
Act ion of  Kinesins and Dynein

Addi t ional  Mechanisms Contr ibute to SDindle
Formation

Cytokinesis Splits the Duplicated Cell in Two

Plant  Cel ls  Reorganize Their  Microtubules and
Bu i l d  a  New Ce l lWa l l  i n  M i tos i s

$fl Intermediate Filaments

Intermediate Filaments Are Assembled from
Subuni t  Dimers

I ntermed iate Fi laments Protei ns Are Expressed
in a Tissue-Specific Manner

Intermediate Fi laments Are Dynamic

Defects in Lamins and Keratins Cause Manv Diseases

777

777

778

779

780

781

782

783

784

784

785

786

788

789

789

789

789

790

791

792

792

795

795

796

796

Microfi laments and Microtubules Cooperate to
Transport Melanosomes

Cdc42 Coord i nates M icrotubu les and M icrof i laments
Dur ing Cel l  Migrat ion

19 INTEGRATING CELLS INTO
TISSUES

Cel l -Adhesion Molecules Bind to One Another  and
to Int racel lu lar  Prote ins

The Extracellular Matrix Participates in Adhesion,
Signal ing,  and Other  Funct ions

The Evolution of Multifaceted Adhesion Molecules
Enabled the Evolution of Diverse Animal Tissues

The Basal  Lamina Provides a Foundat ion for
Assembly of Cells into Tissues

Laminin,  a Mul t iadhesive Matr ix  Prote in,  Helps
Cross-link Components of the Basal Lamina

Sheet-Forming Type lV Collagen ls a Major Structural
Component  of  the Basal  Lamina

Perlecan, a Proteoglycan, Cross-links Components
of the Basal Lamina and Cell-Surface Receptors

797

801

803

805

807

820

820

821

821

824

[[ coordination and cooperation @The Ext race l lu la r  Mat r ix  l l :
Connective and Other Tissuesbetween Cytoskeletal Elements

lntermediate Filament-Associated Proteins
Contr ibute to Cel lu lar  Organizat ion

825

Fibr i l lar  Col lagens Are the Major  F ibrous Prote ins
in the ECM of Connective Tissues 825

$[ cel l -cel l  and cel l -Matr ix Adhesion:
An Overview 803

@ cel l -cel l  and cel I -ECM Junct ions
and Their  Adhesion Molecules 808

Epi thel ia l  Cel ls  Have Dist inct  Apical ,  Latera l ,  and
Basal Surfaces 808

Three Types of Junctions Mediate Many Cell-Cell
and Cell-ECM Interactions 809

Cadher ins Mediate Cel l -Cel l  Adhesions in  Adherens
Junct ions and Desmosomes 810

Tight Junctions Seal Off Body Cavities and Restrict
Di f fus ion of  Membrane Components 814

Integrins Mediate CelI-ECM Adhesions in Epithelial Cells 816

Gap Junct ions Composed of  Connexins Al low Smal l
Molecules to Pass Directly Between Adjacent Cells 817

The Extracel lu lar  Matr ix l :
The Basal  Lamina

CONTENTS XXXI



Fibr i l lar  Col lagen ls  Secreted and Assembled into
Fibri ls Outside of the Cell 926

Type I  and l l  Col lagens Associate wi th Nonf ibr i l lar
Collagens to Form Diverse Structures 826

Proteoglycans and Their Constituent GAGs Play
Diverse Roles in the ECM 827

Hyaluronan Resists Compression, Facil itates Cell Migration,
and Gives Carti lage lts Gel-l ike Properties 829

Fibronectins Interconnect Cells and Matrix, Influencing
Cell Shape, Differentiation, and Movement 830

[[ Adhesive Interactions in Motile
and Nonmoti le Cel ls

In tegr ins Relay Signals Between Cel ls  and Their
Three-Dimensional  Envi ronment

Regulation of Integrin-Mediated Adhesion and
Signal ing Contro ls  Cel l  Movement

20 REGULATING THE EUKARYOTIC
CELL CYCLE 847

833

Part lV Cell Growth and Development

Connections Between the ECM and Cytoskeleton
Are Defective in Muscular Dystrophy

lgCAMs Mediate Cel l -Cel lAdhesion in  Neuronal
and Other Tissues

Leukocyte Movement into Tissues ls Orchestrated
by a Precisely Timed Sequence of Adhesive
Interactions

p[ Ptant Tissues

The Plant  Cel l  Wal l  ls  a Laminate of  Cel lu lose Fibr i ls
in a Matrix of Glycoproteins

Loosening of the Cell Wall Permits Plant Cell
Growth

Plasmodesmata Directly Connect the Cytosols of
Adjacent  Cel ls  in  Higher Plants

Only a Few Adhesive Molecules Have Been
ldentif ied in Plants

Regulating Mitotic Events

Phosphorylation of Nuclear Lamins and Other
Proteins Promotes Early Mitotic Events

Unl ink ing of  Sis ter  Chromat ids In i t ia tes Anaphase

Chromosome Decondensation and Reassembly of the
Nuclear Envelope Depend on Dephosphorylation
of MPF Substrates

!!f| Cyclin-cDK and Ubiquitin-protein
Ligase Control of S phase

A Cyclin-Dependent Kinase (CDK) ls Crit ical for
S-Phase Entry in S. cerevisiae

Three G1 Cyclins Associate with 5. cerevrsrae CDK
to Form S-Phase-Promoting Factors

833

835

836

837

839

840

862

864

864

867

841

E[ Overview of the Cell Cycle
and lts Control

The Cell Cycle ls an Ordered Series of Events
Leading to Cel l  Repl icat ion

Regulated Protein Phosphorylation and
Degradation Control Passage Through the
Cell Cycle

Diverse Experimental Systems Have Been Used to
ldentify and lsolate Cell-Cycle Control proteins

![f l  Cyclin-Dependent Kinase Regulation
During Mitosis 8s9

MPF Components Are Conserved Between Lower
and Higher Eukaryotes 860

Phosphorylation of the CDK Subunit Regulates the
Kinase Activity of MPF

Conformational Changes Induced by Cyclin
Binding and Phosphorylation Increase
MPF Activity

@ Molecular Mechanisms for

849

849

849

853

854

856

8s6

8s8

851

851

@ Control of Mitosis by Cyclins and
MPF Activity

Maturation-Promoting Factor (MpF) Stimulates
Meiotic Maturation in Oocytes and Mitosis
in Somat ic  Cel ls

Mitotic Cyclin Was First ldentif ied in Earlv Sea
Urchin Embryos

Cyclin B Levels and Kinase Activity of Mitosis-
Promoting Factor (MPF) Change Together in
Cycling Xenopus Egg Extracts

Anaphase-Promoting Complex (APC/C) Controls
Degradation of Mitotic Cyclins and Exit from
Mitosis

870

872

872

874

.  CONTENTS



Degradation of the S-Phase Inhibitor Triggers DNA
Replication

Multiple Cyclins Regulate the Kinase Activity of
5. cerevisiae CDK During Different Cell-Cycle Phases

Repl icat ion at  Each Or ig in ls  In i t ia ted Only Once
During the Cell Cycle

!fi l cell-cycle control in Mammalian
Cells 879

Mammal ian Restr ic t ion Point  ls  Analogous to
START in Yeast Cells 880

Multiple CDKs and Cyclins Regulate Passage of
Mammal ian Cel ls  Through the Cel l  Cycle 881

Regulated Expression of Two Classes of Genes
Returns Ge Mammal ian Cel ls  to  the Cel l  Cycle 881

Passage Through the Restriction Point Depends on
Phosphorylation of the Tumor-Suppressor Rb Protein 882

Cycl in  A ls  Required for  DNA Synthesis  and CDK1
for Entry into Mitosis 883

Two Types of Cyclin-CDK Inhibitors Contribute to
Cell-Cycle Control in Mammals 883

!![ Checkpoints in cell-Cycle
Regulation 884

The Presence of Unreplicated DNA Prevents Entry
into Mitosis 888

lmproper Assembly of the Mitotic Spindle Prevents
the Init iation of Anaphase 888

Proper Segregation of Daughter Chromosomes ls
Monitored by the Mitotic Exit Network 889

Cell-Cycle Arrest of Cells with Damaged DNA Depends
on Tumor Suppressors 891

!![ Meiosis: A special Type of cell
Division 892

Key Features Distinguish Meiosis from Mitosis 892

Repression of G1 Cyclins and a Meiosis-Specific Protein
Kinase Promote Premeiotic 5 Phase 895

Recombination and a Meiosis-Specific Cohesin Subunit
Are Necessary for the Specialized Chromosome
Segregation in Meiosis | 895

Special Properties of Rec8 Regulate lts Cleavage in
Meiosis  I  and l l  896

The Monopolin Complex Co-orients Sister
Kinetochores in Meiosis | 898

Tension on Spindle Microtubules Contributes to
Proper Spindle Attachment 898

Cnsstc ExpenlueruT 20.1 cel l  Biology Emerging
from the Sea: The Discovery of Cyclins 903

21 CELL BIRTH,  L INEAGE,  AND
DEATH 90s

877

877 |ffirhe Birth of cells: Stem cells,
Niches,  and L ineage

Embryonic Somites Give Rise to Myoblasts

Yeast Mating-Type Switching Depends upon
Asymmetric Cell Division

905

Stem Cells Give Rise to Both Stem Cells and
Differentiating Cells 906

Cell Fates Are Progressively Restricted During
Development 907

The Complete Cell Lineage of C. elegans ls Known 908

Heterochronic Mutants Provide Clues About Control
of Cell Lineage 909

Cultured Embryonic Stem Cells Can Differentiate into
Var ious Cel l  Types 911

Adult Stem Cells for Different Animal Tissues Occupy
Susta in ing Niches 912

Meristems Are Niches for Stem Cells in Postnatal
Plants 92O

@ cell-Type specification in Yeast

Mati ng-Type Transcri ption Factors Specify
Cell Types

MCMl and a1-MCM1 Complexes Activate Gene
Transcription

a2-MCMI and cr2-a1 Complexes Repress Transcription

Pheromones Induce Mating of ct and a Cells to
Generate a Thi rd Cel lTYPe

!!| Specification and Differentiation
of Muscle

921

922

923

923

923

Myogenic Genes Were First ldentif ied in Studies with
Cultured Fibroblasts 925

Two Classes of Regulatory Factors Act in Concert to
Guide Production of Muscle Cells 926

Differentiation of Myoblasts ls Under Positive and
Negative Control 927

Cell-Cell Signals Are Crucial for Determination and
Migration of Myoblasts 928

bHLH Regulatory Proteins Function in Creation of
Other Tissues 929

@ Regulation of Asymmetric
Cel l  Div is ion

924

925

930

930

xxxiiiCONTENTS '



Proteins That Regulate Asymmetry Are Localized at
Opposite Ends of Dividing Neuroblasts in Drosophila

!@ cell Death and tts Regulation

Programmed Cell Death Occurs Through Apoptosis

Neurotrophins promote Survival of Neurons

A Cascade of Caspase Proteins Functions in One
Apoptotic Pathway

Pro-Apoptotic Regulators Permit Caspase Activation
in the Absence of Trophic Factors

Some Trophic Factors Induce Inactivation of
a Pro-Apoptotic Regulator

Tumor Necrosis Factor and Related Death Signals
Promote Cell Murder by Activating Caspases

22 THE MOLECULAR CELL BIOLOGY
OF DEVELOPMENT

@ Highl ights of  Development

Development Progresses from Egg and Sperm
to an Early Embryo

As the Embryo Develops, Cell Layers Become Tissues
and Organs

Genes That Regulate Development Are at the
Heart of Evolution

931

936

937

937

938

941

942

943

Control of Body Segmentation:
Themes and Variations in Insects
and Vertebrates

Early Drosophila Development ls an Exercise in Speed

Transcriptional Control Specifies the Embryo's
Anterior and Posterior

Translation Inhibitors Reinforce Anterior-Posterior
Patterning

Insect Segmentation ls Controlled by a Cascade
of Tra nscription Factors

Vertebrate Segmentation ls Controlled by Cyclical
Expression of Regulatory Genes

Differences Between Segments Are Controlled by
Hox Genes

Hox-Gene Expression ls Maintained by a Variety
of Mechanisms

Flower Development Requires Spatially Regulated
Production of Transcription Factors

!![ cell-Type Specification in Early
Neural Development

Neurulat ion Begins Format ion of  the Brain and
Spinal Cord

Signal Gradients and Transcription Factors Specify Cell
Types in the Neural Tube and Somites

Most Neurons in the Brain Arise in the Innermost
Neural Tube and Migrate Outward

Lateral Inhibit ion Mediated by Notch Signaling
Causes Early Neural Cells to Become Different

969

970

971

973

974

977

978

982

983

949

950

9s0

951

952

985

986

987

988

988

@ Gametogenesis and Ferti l ization g53

Germ-l ine Cel ls  Are Al l  That  We Inher i t

Ferti l ization Unifies the Genome

Genomic lmprinting Controls Gene Activation
According to Maternal or Paternal Chromosome
Or ig in

Too Much of a Good Thing: The X Chromosome ls
Regulated by Dosage Compensation

!f, cell Diversity and patterning
in Early Vertebrate Embryos

Cleavage Leads to the First Differentiation Events

The Genomes of Most Somatic Cells Are Complete

Gastrulation Creates Multiple Tissue Layers, Which
Become Polarized

Signal Gradients May Induce Different Cell Fates

Signal Antagonists Influence Cell Fates and Tissue
Induction

A Cascade of Signals Distinguishes Left from Right

xxxiv . coNTENTs

953

955

958

958

959

960

961

961

963

965

956

!![ Growth and Patterning of Limbs 990

Hox Genes Determine the Right Places for
Limbs to Grow

Limb Development Depends on Integration
of  Mul t ip le Extracel lu lar  Signal  Gradients

Hox Genes Also Control Fine Patterning
of Limb Structures

So Fa[ So Good

Cussrc ExprRlueruT 22.1 Using Lethal
Mutations to Study Development

23 NERVE CELLS 1001

!f l  Neurons and Glia: Bui lding
Blocks of the Nervous System lOOz

Information Flows Through Neurons from Dendrites
to Axons 1003

991

990

992

994

999



NXXX

z90L

650 I

650 I

. slNliNo)

urnl ol euo)
qlmorg eql asne) saln)alonj a)ueptng uoxv

suoxv aprng os;y uo1e1n6ey ;elueuldo;ana6
saln)alonj

e)ueprn9 uoxv j|'o satltuel Jnol elv aJeql

suotpauuo) uoxv +o uep{5
paJeprg ue polee^au deyl ;epaloulleu aql

ornpnJls a)ueplng
{.rosua5 pazuo}on e sl euo) qwoJg oql

6ur1e6le1 pue qlmoJg uoxv

uorlepel6eq {q paleurulal s; sasdeu{5 1e 6ur;eu6r5

ZZ0l auerqruolA eu,tseld aql qllm sal)tsen rgtdeu{5
+o uotsnl sale;n6ag utalold 6urpurg-unr:;e1 y

ZZOLsJellil,usueJloJnoN

,to esealag s.ra66rl1 +ze) +o xnl+ul

0z0l auelqual^ eruseld oql Jeeu peztle)o'l alv
lalll,usuetlolnaN qllm pepeo'l sal)tsan rrldeu{5

6t0l sutelold 1.rodr1uy pelu!'l-+H {q sa;:rsel
rrldeu{5 olur papodsue4 aJV sJe}}l,usuel}olnaN

sornllnJls :r1deu{s1so6 pue trldeu{set6
1o {lquassy selrnbeg sasdeu{5 }o uotleruJoJ

sosdeu^S le uollet!unuuo) fl!|

sasdeu{5 pue sq}eaqs ur;aIy1 e)npold etlg

suoxv paleur;a{y1 ur
opoN ol apoN LlJol+ ,,dr.un;,, sletlualod uotpv

uotpnpuo)
as;ndul ;o fir:o;a4 eql saseaJ)u; uorleur;a{61

rlrtolJ uol el)olg elod uedg oql olul
1uaur6a5 6urlenrpeu;-leuueq) aql 'to luaue^ol

uorlezue;odeq auelquanj ot
esuodseg ur o^ol4 se)tleH n y5 6ursua5-a6e11o4

sernpnJls
Jelruls e^eH slauueLl) uol poleg-e6e11on 1;y

600t dIV +o a)uesqv aql u!
sletlualod uotpv {ue61 pnpuo) ue) slle) o^JaN

leuueq) uol eLll ol alnqtlluol loyderag
aur;oq:;{1ary )tut}o)tN aq} u! s}!unqnS o^tJ llV

uotpeJluo) al)snlA ol speel
slau u eq) uorle) pale g-au I lor1tl{1e:y rro 6u r uad g

sol)rsan :r1deu{5
epl(rag louue) urueu{q 6urpel s1ue1ny1 {;3

sJellil.usueJloJneN +o a)eldnou Jo

uorlnururc lnoqll^
{;;euorpelrprul palebedoJd e.tv slet}ue}od uotpv

sletluelod
uorpv alelouag slouueq) *) pue +eN peleg

-a6e1;o4;o 6urso11 pue 6uruedg ;erluenbe5

"tJ ol

suoJneN a;dr1;n61 ;o pasodtuol
slrn)r) 6ur;eu6r5 sesl urals{5 sno^JoN eql

sasdeu{5
er^ suolnaN uaa/V\lag s/v\olJ uotletuJolul

slerluelod uotl)v
polle) ̂/\oll uol +o soslnd se sa^olN uotleLuro+ul

I1r:r;rrad5 sllqlqxlvzol

EZol

EZOL

€20 r

'asualaq 
+o aur-l pJtqI aql ,{lrunurur; anrldepy

tgot Iyunr.uur; anrldepy pue aleuul qlog sesseduo:u3
1eq1 funtul o1 esuodsag xa;duol e sl uotleuuel+ul

possoJ) eJV siaureg
le)ruaq) pue le)tueq)a[ Jauv asue+ac ]o

aurl puo)es e sapt^oJd {lrunulur; eleuul

sua6oqle6 }sure6y esualac ,ro lar{e1 p.rr3 e
rurol sauepunog le)tuaq) pup le)tueq)al

LS1L sapol qdu{1 pue sonssrl ut a)uaprseu d1 a1e1
pue r{pog aq} }noq6nolql a}eln)lt) say{:o1na1

LSgl salts luaJa#tq 1e a1e:r;dag pue selnou
luala#tC q6notql {pog eqr la1u3 sue6oq1e4

LSOIsosualao lsoH lo /na!rua^o @

ss0rA9o]oNnwNt vz

LVOL

gVOL

EtO I

zvll

0t0 r

0t0r

9€0 r
vgol

Z€OI

t€0r

6Z0L

820 r
LZOI

8r0t

8t0t

vt0L
€t0t

€ t0t

Et0t

t t0t

600 r 6ur;;o.r1uo) :ssa))n5 ol qled aql ]!!|

slopo pola6 slolderag +o eJoqlold V
png elsel q)el ul

slla) +o slasqns r{q pesua5 eJV sa}sel ,{leuur.16 anrl

uotlow pue punos pelao slla) Jel Jauul

aJnsseJd pue'q)nol
'plo) 'leaH 'uted palaq s1;a1 fuosuesoueq)al4

plro4 aql ;o sa6eur; sturoJ slla)
uor ; 6u e9 a;dr11 n yr1 uloJ+ uotleu.ro;u I palet 6a1u1

fuo1sr11 fueuorln;on3 pa;rrag sa{3

slla) a^JeN anrlrsue5-1q6tl saJnleal a{3 aq1

asol) sl lerlualod uorl)V aql +o apnlru6eyl aql

900t slla) o^raN ut sletlualod
uotl)v lo uolle6edol6 eql pue

slouueq) uot paleg-a6ellon 
@

600 r

/00 t

900t

s00 I

s00 r

€00 r

LZOI 6ut;;eru5 pue ,6utlsel ,6u!lpaH
'6ur;aa3'6u;aa5 :slle) leuotlesuas ]ftfl

SZgL ole)tunwuo) ol suoJnaN lvtollV oslv suorpunp de9

SZOI lerlualod uorl)V ue eleJaueD
o] uotst)ec ouoN-lo-llv ue e)ey! sllo) o^JeN



tltrslassan pool8 MaN

+o uorleruJoJ sal|nbeu qwoJg rotunl

t t t t uorlelndod {1r.roury1; e ag ue) slle) uie}S Je)ue)

0l I I s;;a1 burlera+rlord ur aleur6r.rg fi;;ens1 sJe)ue)

G0t t peard5 ue) pue a^rse^ul aJV slla) Jorunl lrlelselal4

60t tJa)ue) lo
lasuo aql pue slla) lounl Ell

LOLLulfNv) sz

S0l t saueg urlnqo;6ounururl ;o luaura6uereau )rleuos
:auo auoraS saua9 o/nl u'?z lNlwtuldxf )tss\n)

l0 t t sua6oqled 1o I1er.rel e
pure6y {ilunuu; o^rpa}ord lr)rll seur))en

660t slle) I pue I uaa/l^laS uolleroqello)
serrnbag sarpoqrluv firurgy-qbrp +o uorpnpord

660t sg;a3 6urluasel6-ue61luy +o uotle^rpv ol
speal s.rolda)au a)r'l-llol rro 1uer.ua6e6u3

L6Ol surauedreln)eloulor)et4pa^ueq-ue6oq1e6rto
{1aue1 e a^ralrad slolderag a)ll-llol

L6OL esuodseu e^rldepv aql ur slla)
uals^s-eunuul lo uolleroqellof @

saurlouraq) {q peprnor4
sen) )rpeloueq) ol asuodseg ur a^ol4 say{ro>;na1

sJeryel4 a)eynS ,ro uorsse:dx3 pue
uolpnpo.rd autloy{3 lteLl1 uo paseg

sessel) .rofe61 aarql olur pepr^rq arv slla) I tG)

slla) aunuul reqlo o1 s;eu615
apr^ord 1eq1 seurlop{1 ,ro {er.ry ue a)npord slle) I

6utt1> lo+ peztlet)ad5 aty pue
toldarel-o3 gC) eql fure1 s;1a3 I rrxolol{)

uorle^rpv llnl ro+

;eu6r5 ;o sed{.1 onnl elrnbag slla) I

uorpelas anrlebap pue
enrlrsod +o ssa)oJd e q6norql do;anaq

saln)elot 1961 6urzru6o)ag +o alqedel slla) I

slle)8pueI+o
uorlerluoJa#!c pue uorleJo+rloJd

sre66u1 s.roldareu rtltrad5-ua6rluv et^ 6ur1eu615

6801, s1uer.u6e5 auag f pue 'C 
h uaeMlaq suotpunf

eql u! pepo)ul sanplsau elqerren llaql ]|.o
^uen qllM esle^tc fua4 ery s-roldarag 1;a3-1

uabrtuv pue )HW .qL'ljEE

eleyrl laql
ur;nqo;bounuurl ;o adllosl aql q)llms ue) slla) I

61 pelana5
6ur1e61 o1 61 punog-auelqulal4 6ut1e61 uto.t;

q)llrvrs slla) I 'esuodseg enrldepy ue 6utlnq

rolda:eg lla) E-erd
e ruoJ+ lndul salrnbag luetudo;aneo lla)-g

salllul#v
panordutl qltm serpoqlluv 'to uolpoles pue

uorleJauog aql sMollV uorlelnur.rad{;1 >t1euo5

s1uau6a5 aue9 f Pue 
'q h

sa^lo^ul sn)ol uteq)-^^eeH aqt ;o luaula6uelleag

690t s1uar.u6a5 auag f Pue n lo
{;qrrassy saltnbag auag uleq)-}q6ll leuol}lunJ V

69Ot luaudola^ec lle)-g pue
flrsre^rc fpoqrluv lo uollereuag|fff|

SINIINO) . Inxxx

^emqled rrYbopu3 aql ol
pale^tloq sua6rluy sluasard ̂eMqled )HlA ll ssel)

suabgluv rr;osoy{1 s}uesaJd Aennqted )HtA I ssel)

a)e+rns lla) eql ol palsod pue sllnpoJd

)HlA r.llltvr pexa;duo3 e:y sluaulbeJl ulelord
q)lrl6 {q ssa:o.r6 oql sl uo!}eluesald uabtluy

loldarag lle)-I eql qltm pelalul pue
sua6gluv eprlde6 purg seln)elon )Hu\l

salnrolol4 )HtA +o sassel) putlstq onnl {q peplnD
aly saryadold leuorpunJ luale#tG qllm slla) I

papu5eu )Ht Pue r11;rad5
ua6gluv sl slla) r rxoloil),to firnrpy 6ut11t; aq1

s4e.r9 pelag to ]derrv o]
sat:ed5 aues aql lo slenPl^lPul

palelerun orvtl +o {rtttqv eq} seulura}a6 )HW eql

uo!leluaseJd

saryedol6 leuorpunl
sll sauruJelaq uot6ag luelsuo) s,urlnqol6ounulul uV

l{1r:r;rrad5
altsgnbx3 Jteql lol sluno)lv seln)eloy!

r{poqtluy }o alnpnJ}S leuolsuaulO-eaJqI eql

puog opr+lnslq e ̂q
pazrlrqels slaaqs $ orv'r1 'to pasodu.tol

plol )llslrepereq) e e^eH suleuoq urlnqo;6ounuul

ut;nqo16ounuu1
petnqtJlstq {11euo13r 'anbrul e se)npord llo) I q)el

suotpunl luaJe#tc qll/v\ qlel
'prx3 sad{1os; ur;nqo;6ounuull a;dt11nyr1

sureL{) rq6lt pue {aeag ;o 6ut}stsuo)
arnpnJls paruasuo) e e^eH sut;nqo;6ounuu.t1

uoll)unl pue
arnlrnrls :sullnqol60unuul

?80r

280 t

z80t

t80 t

6LOL

8/0 t

LLOI

9L0l,

960 r

960 r

s60 t

s60 I

v60l

t50 t

t60 t

880 r

880r

880t

sL0l

vL0l

ELOI

ELOL

LLOJ

890 r

LgOL

LgOL

990r

s90 I

€90 t

sauag urlnqol6ounulut;
ol Jelrurs ieuuel4 e ur pa6uerreag aJV saueg U)I

ur;nqolbounuurl ue +o uorpod (qe)l aqf
selqueseu .roldarau lla)-I aql lo alnpnrls aql

tueudola^ao lle)-I pue
'srolda)au lla)-I'slto) L@

€90t



@The Genet ic Basis of  cancer

1 1 1 3

1114

1 1 1 6

1 1 1 6

1119

Ga i n-of-Function M utations Convert Proto-oncogenes
into Oncogenes 1119

Cancer-Causing Viruses Contain Oncogenes or
Activate Cellular Proto-oncogenes 1121

Loss-of-Function Mutations in Tumor-Suppressor
Genes Are Oncogenic 1123

Inherited Mutations in Tumor-Suppressor Genes
1123lncrease Cancer Risk

Aberrations in Signaling Pathways That Control
Development Are Associated with Many Cancers 1124

!fl oncogenic Mutations in Growth-

Specific Mutations Transform Cultured Cells
into Tumor Cells

A Multi-hit Model of Cancer Induction ls Supported
by Several Lines of Evidence

Successive Oncogenic Mutations Can Be Traced
in Colon Cancers

DNA Microarray Analysis of Expression Patterns Can
Reveal Subtle Differences Between Tumor Cells

Promoting Proteins

Oncogenic Receptors Can Promote Proliferation in
the Absence of External Growth Factors

Viral Activators of Growth-Factor Receptors Act
as Oncoproteins

Many Oncogenes Encode Constitutively Active
Si g na l-Transduction Proteins

Inappropriate Production of Nuclear Transcription
Factors Can Induce Transformation

Molecular  Cel l  B io logy ls  Changing How Cancer
ls Treated

Mutations Causing Loss of
Growth- lnhibi t ing and
Cell-Cycle Controls

Mutations That Promote Unregulated Passage from
Gr to 5 Phase Are Oncogenic 1134

Loss-of-Function Mutations Affecting Chromatin-
Remodeling Proteins Contribute to Tumors 1135

Loss of p53 Abolishes the DNA-Damage Checkpoint 1 136

Apoptotic Genes Can Function as Proto-oncogenes
or Tumor-Suppressor Genes 1137

Failure of Cell-Cycle Checkpoints Often Leads to
Aneuplo idy in  Tumor Cel ls  1138

Carcinogens and Caretaker Genes
in Cancer 1  139

1  1 3 9Carcinogens Induce Cancer by Damaging DNA

Some Carcinogens Have Been Linked to
Specif ic Cancers 1 139

Loss of DNA-Repair Systems Can Lead to Cancer 1141

Telomerase Expression Contributes to
lmmortalization of Cancer Cells

GLOSSARY

INDEX

1134

1143

G-1

l -1

1127

1127

1128

1129

1  130

1132

CONTENTS . xxxvtl





8Z

0z

vl

o

I

uorlnlo^l uo a^tlledsJad atuouag v

sued Jraql pue slla) 6ur1e6r1sanu;

slla) +o )ro^ aqf

lla) e j|.o seln)alon aql

slla) +o Alleuourruol pue Ilrstenrq eq1

I N nrno

:suropSur>1 rnot apnlrur selodre{ng .rrlodre4ne pue rr}o
-dre4ord-s11ac yo sad& o^\t Jo stsrsuof, asrelrun pcrSolorq eq1

)llo^relnl ro )rlo^Jplord otv sllo) llv

'sllaf snorrB^ Jo
uorlf,unt puE ernlrnrls Oqt ur serlrrpFurs puE saJuereurp 0r{l
r{toq Jo srseq rplnlolotu aqt uo snrot IIr^ e_ry\ .>1ooq srqt tno
-q8norqr sploJun sllar to drols aqr sy de.u atues oqt dllecrseq
ur sassecord peretlldtuol dueur tno drrec pue sorntpal Iernl
-rnrls urPlref, Orpqs sllof, 11e 

'seruera;;rp rJqto snorerunu pue
asaqr alrdsaq 'poo; rse8rp sn dyeq pue seurtsolur rno ur e^rl
lerlt prretrpq eql ro rre eqt ruorJ uaSo.ltru trerlxe ol srueld
dlaq reqr Euatr€q oql op se 'sursrue8ro yo saddl reqto qlr.41r
uorlerfosse asolf, ur aArT Jo seruolof, tuJot sJar.{lo .uorlelosr

ur elrl stusrue8ro relnllarrun oruos q8noqrly .sllel reqlo qtr^{
pa^lo^ur dyateurrtur are srusrueS.ro relnllarrllnu ur sllar lsory
'sraqlo roJ luourarrnba.r alnlosqe ue sr lnq sllal atuos sllr>l
ua8dxg 'elgers,{llernlcnrts pue dreuouers dla8rel arp srer{tO

'sJaJrloJ pue seqeue to sarloru ur ees uef a.rl sE 'so;n1lnl1s

Sur8ueqc-lseJ e^eq pue dlprder e^ou aruos '(1-1 arn8r4)
sadeqs pup sezrs lo f,lBrrcr, Surzeute ue ur otuoJ sllaJ

slla) Io
f1r;euourruo) pue Alrsla^lq aql lU

's11ar Surdpnts to sdp.^a snorrel ar{l ruo{ urpel uef,
aA\ let{,ryr pup (suorlf,unJ 

IeJrtrrr pup sluenlrlsuoJ Jrsgq Jroql
's11ec 

;o dlrs.rallp aqt Surcnporrur dq rerdeqr anSolord srql
ur truls elrN 'slleJ 

Jo rltpJp pue 'ayr1 'qrrrg aqr 1o ,{lors petJceJ
-ulnru oqt 3ur,teo,n dgenper8 'splary asegt to IIE r.uory u,ry\pJp
saqreo.rdde lpluorurrodxa pue slq8rsur eqrrJsep 11r,u e,tt 'sral
-deqc SurrnolloJ er{r uI 'uorletuour.radxa;o a1d1s pue srseqd
-rua u^\o slr spq splort eseql Jo qre1 ',(8o1orq 

leluarudolo,r
-ep pue'eruerf,s relndruor tSolorsdqd'slrlaue8 1(docsonrur
iiSoyorq rplnf,oloru'sorsdqdorq'dtlsruaqcorq reqtoSol sBur.rq
lerll erualrs a,rrlBr8elut (qcr.r r sr lSolorq [e] JEInJOI6W

'puodsa; o1 sdem eleudordde tsotu oqt uo aprrep daqr moq
pue sllor q8no.rqr s^{olJ uorler.uro;ur ̂/rl,oq lnoqe dlrelnrrued
'peureal eg ol sureruoJ lunotup asuerurur ue '11115 'Joqlo qJEe
aJuenltur pu€ qrnot dagr ,vroq 'urEluoJ daqt sernlcnrls tEr{na
's11ac 

1o sluouodruor ar{t tnoqp Etep.ry\au;o uorsoldxa ue aJe!
o.tr 'suado d.rntuec tsrrJ-.{tue,v\t eqr sV 'aJII 

Jo lrun Ietueruep
-unt oql sr IIar eqr tpr{t SuneJrpul 'aJII yo sartradord >lreurller{
aqt IIe trqrqxo susrueS.ro rulnlloJrun aldurrs ua,lg '1ac epurs
e Jo lsrsuof, sulsrue8ro dueru 1nq 'salnlf,n.rls xalduror olur
pezrve8rc sllel Jo suor1lrrt ro suorllq ureluor srusrueSro re1
-NIIE]qFI.U JOTIIO PUP EII 'OJII OUIJEP SEIIITIqE OSAqI 'SUOIIJE

-eJ lef,rtuor1J lo AeJre Sur.zetue ue lno ,llrct pue'rlnurrls 1
ol puodsar 'uorleru.ro;ur ssecord 'aonpo.rder ?rro-r8 uer I
sarpoq rno urot teql sllel lenpr^rpur eql 'sa,rlesrno a>1r I

s't

v't

E't

z'r
t'L

[]ul 
'sraLtr)easau oioq6l {poq ueurnq p }o sllo) uotllu} 0L aq} astJe

1;rnn utads pue 66a up jo uotun eql uJoJj s1let a16urs osle a.te Ll)tqM
'urads qlrnn '66a ueunq aq] 'llo) (urrl) Jaloulol)tLU 667- al6urs y

Sll:l) HIIM
SN ID] B ]J II

IdVH) U]



uEeJo eqt w deaP selru / Puno} uoeq o^ErI sllel f,nodrElord
'3rl 

zr0l lnoqr to lelol e Surq8ra.n 'eggl X S' sr rltrea
uo ErratJeq Jo regrunu pelerurlse eqJ 'srusrueS.ro 

lenplrr
-lpul 

/r0I x t ueql ororu sluoserda.r srql 'lq8ram s(uprunq
e8erat'e aqr 1o 3>1 S'I-I pareurnse uE JoJ tunof,Je euetJpq
led '3 

or_0l x SZ rnoqe ;o rq8rerrt d;p e seq vJnr.nl)eq tpz
olq)tnq?sg el8urs y 'sseruorq s.r{trpa aql ;o ued a8nq e dn
a>1eru deqr tlenprzrrpur llptus erE salo,fue>1ord qSnoqlly

'uonezrueB

-Jo leuJalur 1o ecuese.rd aql Surlerrpur 'losoldr lo 'lorrolur

s'r]l) Hr-rA sNr938 lll'l I t urravul

snoenbB Jreql ur pazllelol dyasrcerd ere suralo.rd duetu tsluatu

-lredtuor papunog-euprgueu e^Eq tou oP sllal Ielrelleq
q8noqrly 'sller 

Jo suleql snotueru€llJ eq ro relnllorlun 0q

urc'ae31e uaarS-en1q ro'etrelcegouedo eql lsursrue8ro pa11ac
-apurs are setodre{ord;o adrb snoJetunu e'eualteg 'adfi sqr

Jo slleJJo lslsuof, salofrelord IV'FZ-I ern8rg) uooeztue8to

Ieuralur aldulrs dlalueler e seq PUE'snalcnu PouIleP € S>IJEI
'euelqtuatu euseld aqr dq Papunorrns sI letll luolulJedluol
pasolJ a18urs e Jo lslsuoJ s11ac crtodre>1ord 'Eorqtrre 

PUE Elrel
-l€q apnllu satodru>1or4'ststlord pue'r8un;'sleuttue'slueld

[ ]ul 'pa]rutlun slenst^,/qrqs ) pue lassa) pleqlru (q) Ued aur)rpay\ ]o looqls
{1rlenru61 uolourqseg'uoplog JJa[ (6) Ued []rstanrun pio]uets 'nelg n

ualaH (+) ]Jed )ul 'pa]rulrlul-1 s1ensrl7;e:r6o10rg eurlore) (a) ued lul 'pa]rurlun

slensrlTueqburuunl C uqo[ (p) Ued rul 'slaq)reasau o]oqd/HlN ()) Ued tul
'pa]rullun slensrn /uosurqou qdleu (q) Ued lul 'slaqlleasau oloqd 7ra16ne9

tueD (e) Uedl poo] pue taleM +o Uodsuet] lo] saqnl olur paurof
ore slla) aql uoaMlaq sered5 uo1ela)s asolnllel pr6u e Iq peyoddns

's1ue;d re;nrsen ur areld ur ,{1turr; paxr} ore slle) iueld (q) 'dol oq}
uror+ por..ls ore sllo) plo pue 'rllr^ aLl] Jo sasPq aql reau ,i;snonurluo:

r!ro] slla) nnel ,ipoq aq];o sped raqlo ol uodsue.rl ro} poolq
aql ol ]aaqs letlaqltde eq1 qonotqt pool pa5e6tp uloJ+ pailalsuer]

ale sluaulnN ]aaqs snonurluol e ur slla) IueLu sureluor 'sn;1n

e 'sllo) 
+o remol e1r1-ra6urJ q)el 'a.loq uMoqs aurlsalur q6norql arr;s

aql ur se 'leaqs 
ler;eqlrda ue urol ue) slla) (6) uro[oq eql ]e qlnq

eq1 sr {poq llo) oql lurolord luerseronl; e }o uorl)npo.r}ur {q a;qrsrn
apeur seM llo) aq1'salrrpuap ]o )roMlau paq)uerq aq1 qbnorql s1lar
raqlo qllM suot])auuo) ooo'00 t ueql arour ulro] uel leql ;1at e6re1

,{;qrperrur ue 'urnllaqara) aLl} }o uornau elurlrn4 el6urs y (+) slla)

{ueu ;o dn apeLu q)ee 'satuolo) talq6nep ale oplsul sasseu-r nno11e{
aql 'slop uaar6 to anlq se alqtst^ 'sllo) 

lenpt^tpur riuetu 1o dn apeu.t
are saraqds a6rel aqt 'snarne xo^loA'e61e uaet6 pa11el-e;6uts leluolo)

V (a) s60a rnesoutp paztltsso+ :s11ar a;6uts e6lel (p) punoM e le ]ol)
poolq a)eu o] sa)uplsqns eprnotd leq] slalaleld ole sllal uaal6 eql

pue 'u..orpa+ur lq6rl pue uuals{s aunLuu.tl aq};o ped ale (sa}l{ro)nal)
slla) poolq altqM aql 'seyilolqyire 0utleaq-uao^xo ole slla)

poolq par oqf rolo) oslej ut uMoqs 'slla) poolg ()) ̂ep6e6 oueqlaul

]o sJa]rl Og t< o] asr.i ant6 oltle) +o uaulnJ aql ut antl leql solfads
auros aueqlaLu o1 se6 ue6orp{q pue aptxotp uoqlel 6utpenuol

{q ,i6raua lraq} a)npold leq} (pul)/esoueqlanl) euapeqaeq)le }o
sseLu v (q) uaquaure] pue 'all8 'po;enbog se q)ns esaaq> a>npold

ol pasn ere q)tqM 's1)el srn)QoDe7 alP asaqf 's;;a> Outptntp
alou :euol)eqnl (e) satlt^t])e )tloqelau pue '(sllal lr1ofue1na snslan

rrlo,telord) uotleztue6lo lPulalul 
'o^oLll o] ̂lt1lqe ltaqt ul le]]lp

sllar ,{6oloqdroLu o} uol}lppe u1 'sqdelooloqd asaql ul pa}el}snlll
sr sllo) ]o ,ileuen ;e:roo;otldloul oq] jo auos 'sazls pue sadeqs

lo luauruosse 6ulpunolse ue ul auo) slla) l-l lunglJ V



(a )  Prokaryo t ic  ce l l

Per ip lasmic  space
and ce l l  wa l l

Outer  membrane Inner  (p lasma)
membrane

(b) Eukaryotic cel l

Nuc leo id

l u ' b t r m  I

Nuc lear  membrane

Lysosome

Plasma membrane

Golgi vesicles

Mitochondrion

Peroxisome

Lysosome

Periplasmic space

Outer membrane
Rough endop lasmic
re t icu lum

A FIGURE 1-2 Prokaryotic cells have a simpler internal
organization than eukaryotic cells. (a) Electron micrograph of a
thin section of Escherichia coli a common intestinal bacterium The
nucleoid, consisting of the bacterial DNA, is not enclosed within a
membrane E coli and some other bacterra are surrounded by two
membranes separated by the periplasmic space The thin cell wall is
adjacent to the inner membrane (b) Electron mrcrograph of a plasma
cell, a type of white blood cell that secretes antibodies Only a single
membrane (the plasma membrane) surrounds the cell, but the
interior contains many membrane-limited compartments, or
organelles. The defining characteristic of eukaryotic cells is

and 40 miles up in the atmosphere; they are quite adaptable!
The carbon stored in bacteria is nearly as much as the car-
bon stored in plants.

Eukaryotic cells, unlike prokaryotic cells, contain a de-
fined membrane-bound nucleus and extensive internal mem-
branes that enclose other compartments called organelles
(Figure 1-2b). The region of the cell lying between the plasma
membrane and the nucleus is the cytoplasm, comprising the
cytosol (aqueous phase) and the organelles. Eukaryotes com-
prise all members of the plant and animal kingdoms, including

segregation of the cellular DNA within a defined nucleus, which is
bounded by a double membrane The outer nuclear membrane is

continuous with the rough endoplasmic reticulum, a factory for
assembling proteins Golgi vesicles process and modify proteins,

mitochondria generate energy, lysosomes digest cell materials to
recycle them, peroxisomes process molecules using oxygen, and
secretory vesicles carry cell materials to the surface to release them

lPart (a)cour tesyof l  D J Burdet tandR G E Murray.Part (b) f romPC
Cross and K L Mercer, 1993, Cell and Tissue lJltrastructure: A Functional
Perspective, W H Freeman and Companyl

the fungi, which exist in both multicellular forms (molds) and

unicellular forms (yeasts), and the protozoans (proto, primi-

tive zoan, animal), which are exclusively unicellular. Eukary-

otic cells are commonly about 10-100 pm across' generally

much larger than bacteria. A typical human fibroblast, a con-

nective tissue cell, might be about 15 p,m across with a volume

and dry weight some thousands of times those of an E. coli

bacterial cell. An ameba, a single-celled protozoan, can be

more than 0.5 mm long. An ostrich egg begins as a single cell

that is even larger and is easily visible to the naked eye.

Golgi vesicles

Nuc leo id

Inner  (p lasma)  membrane

THE D IVERSITY  AND COMMONAL ITY  OF  CELLS



Animals

Cil iates

Microspor id ia
SI ime molds

EUBACTERIA
E. coli

B. subtilus

Thermotoga

Flavobacteria

Green su l fu r
bacteria

Plants

Fung i

Euglena
EUKARYOTA

Dip lomonads
(Giardia lamblia)

Sulfolobus
ARCHAEA

Thermococcus

Methanobacteriu m

Halococcus

Halobacterium

Methanococcus
jannaschii

All cells are thought to have evolved from a common
progenitor because the structures and molecules in all cells
have so many similarities. In recent years, detailed analysis
of the DNA sequences from a variety of prokaryotic organ-
isms has revealed two distinct types: the bacteria and the
archaea. Working on rhe assumption that organisms with
more similar genes evolved from a common progenitor more
recently than those with more dissimilar genes, researchers
have developed the evolutionary l ineage tree shown in
Figure 1-3. According to this tree, the archaea and the eu-
karyotes diverged from bacteria billions of years ago before
they diverged from each other. In addition to DNA sequence
distinctions that define the three groups of organisms,

archaea cell membranes have chemical properties that differ
dramatically from those of bacteria and eukaryotes.

Many archaeans grow in unusual, often extreme, environ-
ments that may resemble the ancient conditions that existed
when life first appeared on earth. For instance, halophiles
("salt loving") require high concentrations of salt to survive,
and thermoacidophiles ("heat and acid loving") grow in hot
(80' C) sulfur springs, where a pH of less than 2 is common.
Still other archaeans live in oxygen-free milieus and generate
methane (CH+) by combining water with carbon dioxide.

Unicel lu lar  Organisms Help and Hur t  Us
Bacteria and archaea, the most abundant single-celled or-
ganisms, are commonly 1-2 pm in size. Despite their small
size and simple architecture, they are remarkable biochemi-
cal factories, converting simple chemicals into complex bio-
logical molecules. Bacteria are critical to the earth's ecology,
but some cause major diseases: bubonic plague (Black
Death) from Yersinia pestis, strep throat from Streptomyces,
tuberculosis from Mycobacterium tubercwlosis, anthrax
from Bacillus anthracis, cholera from Vibrio cholerae, and
food poisoning from certain types of E. coli and Salmonella.

Humans are walking repositories of bacteria, as are all
plants and animals.'We provide food and shelter for a stag-
gering number of "bugs," with the greatest concentration in
our intestines. In return for the food and shelter that allow
them to reproduce, bacteria help us digest our food. One
common gut bacterium, E. coli, is also a favorite experimen-
tal organism. In response to signals from bacteria such as E.
coli, the intestinal cells form appropriate shapes to provide a
niche where bacteria can live, thus facilitating proper diges-
tion by the combined efforts of the bacterial and the intes-
tinal cells. Conversely, exposure to intestinal cells changes
the properties of the bacteria so that they participare more
effectively in human digestion. Such communication and re-
sponse is a common feature of cells.

The normal, peaceful mutualism of humans and bacteria is
sometimes violated by one or both parties. When bacteria be-
gin to grow where they are dangerous to us (e.g., in the blood-
stream or in a wound), the cells of our immune system fight
back, neutralizingor devouring the intruders. Powerful antibi-
otic medicines, which selectively poison prokaryotic cells, pro-
vide rapid assistance to our relatively slow-developing immune
response. Understanding the molecular biology of bacterial
cells leads to an understanding of how bacteria are normally
poisoned by antibiotics, how they become resistant to antibi-
otics, and what processes or structures present in bacterial but
not human cells might be usefully targeted by new drugs.

Like bacteria ) protozoa are usually beneficial members of
the food chain. They play key roles in the fertility of soil, con-
trolling bacterial populations and excreting nitrogenous and
phosphate compounds, and are key players in waste treatment
systems-both natural and man-made. These unicellular eu-
karyotes are also critical parts of marine ecosystems, consum-
ing large quantities of phytoplankton and harboring photo-
synthetic algae, which use sunlight to produce biologically
useful energy forms and small fuel molecules.

Borrelia
burgdorferi

Presumed common progen i to r
of al l  extant organisms

Presumed common progen i to r
of archaebacteria and eukaryotes

A FIGURE 1-3 All organisms from simple bacteria to complex
mammals probably evolved from a common, single-celled
progenitor. This family tree depicts the evolutionary relations among
the three major l ineages of organisms. The structure of the tree was
init ially ascertained from morphological criteria: creatures that look
alike were put close together More recently the sequences of DNA
and proteins have been examined as a more information-rich
criterion for assigning relationships The greater the similarit ies in
these macromolecular sequences, the more closely related organisms
are thought to be. The trees based on morphological comparisons
and the fossil record generally agree well with those based on
molecular data. Although all organisms in the eubacterial and
archaean lineages are prokaryotes, archaea are more similar to
eukaryotes than to eubacteria ("true" bacteria) in some respects For
instance, archaean and eukaryotic genomes encode homologous
histone proteins, which associate with DNA; in contrast, bacteria lack
histones Likewise, the RNA and protein components of archaean
ribosomes are more l ike those in eukaryotes than those in bacteria.

CHAPTER I  I  L IFE  BEGINS  WITH  CELLS



S' vid"o: Plasmodium Sporozoite Entering and Exiting a Liver Cell
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  FfGURE 1-4 Plasmodium organisms, the parasites that cause
malaria, are single-celled protozoans with a remarkable life
cycle. Many Plasmodium species are known, and they can infect a
varrety of animals, cycling between insect and vertebrate hosts. The
four species that cause malaria in humans undergo several dramatic
transformations within their human and mosquito hosts. (a) Diagram
of the l ife cycle Sporozoites enter a human host when an infected
Anopheles mosquito bites a person fl They migrate to the liver,
where they develop into merozoites, which are released into the
blood E. Merozortes differ substantially from sporozoites, so this
transformation is a metamorphosis (Greek, "to transform" or "many
shapes") Circulating merozoites invade red blood cells (RBCs) and
reproduce within them B Proteins produced by some Plasmodium
species move to the surface of infected RBCs, causing the cells to
adhere to the walls of blood vessels. Thrs prevents infected RBCs
from circulating to the spleen, where cells of the immune system
would destroy the RBCs and the Plasmodium organisms they harbor
After growing and reproducing in RBCs for a period of t ime
characteristic of each Plasmodium species, the merozoites suddenly

However, some protozoa do give us grief: Entamoeba
histolytica causes dysentery; Trichomonas uaginalis, vagini-
tis; and Trypanosoma brucei, sleeping sickness. Each year
the deadliest of the protozoa, Plasmodium falciparum and
related species, is the cause of more than 300 million new
cases of malaria, a disease that kills 1.5 to 3 million people
annually. These protozoans inhabit mammals and mosqui-
toes alternately, changing their morphology and behavior in
response to signals in each of these environments. They also
recognize receptors on the surfaces of the cells they infect.
The complex l ife cycle of Plasmodium dramatically
illustrates how a single cell can adapt to each new challenge
it encounters (Figure 1-4). All of the transformations in cell
type that occur during the Plasmodium Iife cycle are gov-

( 0;r"""Y"!

burst forth in synchrony from large numbers of infected cells 4. lt
is this event that brings on the fevers and shaking chil ls that are
the well-known symptoms of malaria Some of the released
merozoites infect additional RBCs, creating a cycle of production

and infection. Eventually, some merozoites develop into male and
female gametocytes 5, another metamorphosis. These cells,
which contain half the usual number of chromosomes, cannot
survive for long unless they are transferred in blood Io an Anopheles
mosquito. In the mosquito s stomach, the gametocytes are
transformed into sperm or eggs (gametes), yet another
metamorphosis marked by development of long hairlike flagella on
the sperm 6 Fusion of sperm and eggs generates zygotes Z,
which implant into the cells of the stomach wall and grow into
oocysts, essentially factories for producing sporozoites Rupture of
an oocyst releases thousands of sporozoites E; these migrate to the
salivary glands, setting the stage for infection of another human
host. (b) Scanning electron micrograph of mature oocysts and
emerging sporozoites. Oocysts abut the external sudace of stomach
wall cells and are encased within a membrane that protects them
from the host immune system. lPart (b) courtesy of R E Sinden ]

erned by instructions encoded in the genetic material of this

parasite and triggered by environmental inputs.

The other group of single-celled eukaryotes, the yeasts,

also have their good and bad points with respect to hu-

mans. as do their multicellular cousins, the molds. Yeasts

and molds, which collectively constitute the fungi, have an

important ecological role in breaking down plant and ani-

mal remains for reuse. They also make numerous antibi-

otics and are used in the manufacture of bread, beer, wine,

and cheese. Not so pleasant are fungal diseases' which

range from relatively innocuous skin infections such as
jock itch and athlete's foot to life-threatening Pneumocys-

tis carinii pneumonia, a common cause of death among

AIDS patients.
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Viruses Are the Ult imate Parasites
Not all microscopic pathogens are cells. The other most fa-
miliar disease-causing organisms are the viruses, which
make use of the machinery inside the cells they infect to copy
themselves. Virus-caused diseases are numerous and all too
familiar: chickenpox, influenza, some types of pneumonia,
polio, measles, rabies, hepatitis, the common cold, and many
others. Smallpox, once a worldwide scourge, was eradicated
by a decade-long global immunization effort beginning in
the mid-1960s. Mral infections in plants (e.g., dwarf mosaic
virus in corn) have a major economic impact on crop pro-
duction. Planting of virus-resistant varieties, developed by
traditional breeding methods and more recently by genetic-
engineering techniques, can reduce crop losses significantly.
Most viruses have a rather limited host range, infecting cer-
tain bacteria, plants, or animals (Figure 1-5).

Because viruses cannot grow or reproduce on their own,
they are in this sense not considered to be alive. To survive.
a virus must infect a host cell and take over its internal ma-
chinery to synthesize viral proteins and in some cases repli-
cate the viral genetic material. When newly made viruses are
released by budding from the cell membrane or when the in-
fected cell bursts, the cycle starts anew. Viruses are much
smaller than cells, on the order of 100 nanometer (nm) in di-
ameter; in comparison, bacterial cells are usually >1000 nm
(1 nm : 10-e meters). A virus is typically composed of a
protein coat that encloses a core containing the genetic ma-
terial, which carries the information for producing more
viruses (Chapter 4). The coat protects a virus from the envi-
ronment and allows it to stick to, or enter, specific host cells.
In some viruses, the protein coat is surrounded by an outer
membrane-like envelope.

The ability of viruses to rransport genetic material into
cells and tissues represents a medical menace and a medical

(a) T4 bacteriophage

opportunity. Viral infections can be devastatingly destruc-
tive, causing cells to break open and tissues to fall apart.
However, many methods for manipulating cells depend on
using viruses to convey genetic material into cells. To do this,
the portion of the viral genetic material that is potentially
harmful is replaced with other genetic material, including
human genes. The altered viruses, or vectors, still can enter
cells toting the introduced genes with them (Chapter 9). One
day, diseases caused by defective genes may be treated by us-
ing viral vectors to introduce a normal copy of a defective
gene into patients. Current research is dedicated to over-
coming the considerable obstacles to this approach, such as
getting the introduced genes to work at the right places and
trmes.

Changes in  Cel ls  Under l ie  Evolut ion
The most remarkable feature of organisms is their ability to
reproduce. Biological reproduction, combined with continu-
ing evolutionary selection for a highly functional body plan,
is why today's horseshoe crabs look much as they did 300
million years ago, a time span during which entire mountain
ranges have risen or fallen. The Teton Mountains in
S7yoming, now about 14,000 feet high and still growing, did
not exist a mere 10 million years ago. Yet horseshoe crabs,
with a life span of about 19 years, have faithfully reproduced
their ancient selves more than half a million times during
that period. The common impression that biological struc-
ture is transient and geological structure is stable is the exact
opposite of the truth. Despite the limited duration of our
individual lives, reproduction gives us a potential for im-
mortality that a mountain or a rock does not have.

Whereas some species have changed little over great
periods of time, other organisms have changed dramatically

(b) Tobacco mosaic virus

,  
5 0 n m  

,

A FIGURE 1-5 Viruses must infect a host cell to grow and
reproduce. These electron micrographs illustrate some of the
structural variety exhibited by viruses. (a) T4 bacteriophage (bracket)
attaches to a bacterial cell via a tail structure Viruses that infect
bacteria are called bacteriophages, or simply phages. (b) Tobacco
mosarc virus causes a mottl ing of the leaves of infected tobacco

(c) Adenovirus

plants and stunts therr growth. (c) Adenovirus causes eye and
respiratory tract rnfections in humans. This virus has an outer
membranous envelope from which long glycoprotein spikes protrude
[Part (a) from A Levine, 1991 , Viruses, Scientific American Library, p 20
Part (b) courtesy of R C Valentine Part (c) courtesy of Robley C Williams,
University of California l
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during the same period. The changes came in response to
pressures from the environment that caused increased sur-

vival of variant individuals. Both stasis and change are
possible because the machinery of cells does an amazingly
precise job of copying genetic material, yet its rare errors
introduce some variation. If environmental conditions
continue to select more or less the existing form, as in the

case of horseshoe crabs, the species wil l change litt le. If a

new variant has a survival advantage, perhaps because
conditions have changed, it may persist and replace the
old form.

Populations of bacteria exposed to antibiotics, for exam-
ple, change their properties dramatically to escape and live.

They do this because rare mutations, changes in the genetic

material that allow antibiotic resistance, keep some cells
alive while the cells without those mutations die. Most pop-

ulations of any single species have a large repertoire of ge-

netic alterations because there is a low but significant error
rate in copying the genes. That error rate increases in the
presence of radiation such as sunlight or certain chemical
poisons. Current genome proiects are exploring genetic vari-

ation among humans. "The" human genome sequence that

has been determined already is just one version among bil-

lions. Understanding variation is essential to learn how we

respond differently to certain infections or drugs and to ex-
ploring how our genetic heritage combines with our experi-
ence and learning to make each of us unique.

Underlying the reproduction of organisms is the copying
of cells, something that must be precise in order to control

the size, shape, and organization of animals and to prevent

unwanted growth, such as cancer. The cell is a machine that
can copy itself, unlike viruses, which cannot do so on their

own. As we will see in Chapters 20 and 21',the cell cycle-
from a single cell copying its own contents through division

into two cells-is controlled by a series of elegant switches

and cross-checking mechanisms. Reproducing cells accu-
rately is a matter of life and death.

Even Single Cells Can Have Sex

If genetic material was never shared or exchanged, each

individual would be the beginning of a new clone of indi-

viduals, and the members of a clone would share most of

the same genetic strengths and weaknesses. Sex is a

process of mingling genetic variation from two individu-

als, creating new individuals with a combination of prop-

erties unlike either parent and that may be beneficial for

survival and reproduction. Each chromosome except the

sex chromosomes is represented twice, one copy from the

father and one from the mother. Since each pair of chro-

mosomes trades pieces during the formation of eggs and

sperm, new combinations of genes are created and inher-

ited together in the next generation-variation is acceler-

ated. The other benefit of having two copies of each chro-

mosome is that a poorly functioning gene is backed up by

the other copy.
The common yeast used to make bread and beer,

Saccharomyces cereuisiae, appears fairly frequently in this

A FfGURE 1-6 The yeast Saccharomyces cerevisrae reproduces

sexually and asexually' (a) Two cells that differ in mating type'

called a and cr, can mate to form an a/a cell I l . The a and a cells are

haploid, meaning they contain a single copy of each yeast

chromosome, half the usual number' Mating yields a diploid a/ct cell

containing two copies of each chromosome. During vegetative

growth, diploid cells multiply by mitotic budding, an asexual process

E Under starvation conditions, diploid cells undergo meiosis, a

special type of cell division, to form haploid ascospores B. Rupture

of an ascus releases four haploid spores, which can germinate into

haploid cells 4. These also can multiply asexually E. (b) Scanning

electron micrograph of budding yeast cells. After each bud breaks

free, a scar is left at the budding site, so the number of previous buds

can be counted. The orange cells are bacteria [Part (b) M AbbeyA/isuals

Unlimited, lnc l

book because it has proven to be a great experimental

organism. Like many other unicellular organisms' yeasts

h"u. t*o mating types that are conceptually like the male

and female gametes (eggs and sperm) of higher organisms'

ubiquitous.

Budding lS. cerevi si ael
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We Develop from a Single Cell
In 1827, German physician Karl von Baer discovered that
mammals grow from eggs that come from the mother's
ovary. Ferti l ization of an egg by a sperm cell yields a
zygote, a visually unimpressive cell 200 pm in diameter.
Every human being begins as a zygote, which houses all the
necessary instructions for building a human body contain-
ing about 100 trillion (1014) cells, an amazing feat. Devel-
opment begins with the fertrlizedegg cell dividing into two,
four, then eight cells, forming the very early embryo (Figure
1-7). Continued cell proliferation and then differentiation

Chapters 16 and 22.
Making different kinds of cells-muscle, skin, bone, neu-

ron, blood cells-is not enough to produce the human body.
The cells must be properly arranged and organized into tis-
sues, organs, and appendages. Our two hands have the same
kinds of cells, yet their different arrangements-in a mirror
image-are critical for function. In addition, many cells ex-
hibit distinct functional and/or structural asymmetries, a
property often called polarity. From such polarized cells
arise asymmetric, polarized tissues such as the lining of the
intestines and structures such as hands and hearts. The fea-
tures that make some cells polarized and how they arise also
are covered in later chapters, including Chapter 21.

Video: Early Embryonic Development

Stem Cells, Fundamental to Forming Tissues
and Organs, Offer Medical Opportunit ies
The biology of stem cells, cells that can give rise to specific
cell types and tissues, has generate d, great interest. 

'We 
can

contrast stem cells to the simpler types of bacteria. 
'Sfhen 

a
bacterial E. coli cell divides, both daughter cells are pretty
much equivalent in content, size, and shape. In some other
bacteria and in many cases of eukaryotic cell division, the
two daughters differ in important ways. Although both will
have the same genetic material, the cells may differ in size,
shape, and contents. The cells may have different fates, that
is, they may become different types of differentiated cell. A
division that produces two different daughter cells is some-
times described as an asymmetric cell division.

Stem-cell divisions are a special case of asymmetric divi-
sion. One of the two daughter cells is identical to the parent
cell; the other follows a path of differentiation, such as be-
coming a blood cell. The parent cell, called a stem cell, can
go on reproducing itself at every division, at each division
also producing anorher blood cell. Mosr tissues in our bod-
ies form from stem cells. Blood, for example, is produced
from stem cells that reside in the bone marrow and continue
to produce new blood cells for our entire lives. This is the ba-
sis of the often successful bone marrow transplants that are
used to treat cancer patients who have had their blood stem
cells damaged by cancer treatments: what is being trans-
planted is stem cells. However, blood stem cells produce onlv
more of themselves and blood cells, not othir cell types.
Thus each tissue must have its own stem cells, at least during
the period of development when the tissue is formed. Stem
cells for each tissue arise from even more capable stem cells
that have the ability to form multiple stem cell types. The
first stem cells are found in early embryos, where all the cells
are capable of producing all cell types.

In mammals the ultimate stem cell is the fertilized egg,
which produces early embryo cells capable of forming all
the tissues of the body. This capability is illustrated by the
formation of identical twins, which occur naturally when
the mass of cells composing an early embryo divides into
two parts, each of which develops and grows into an indi-
vidual animal. This means that the cells cannor have di-
vided up their embryo-forming duties prior to the time of
embryo division. Each cell in an eight-cell-stage mouse em-
bryo has the potential to give rise to any part of the entire
animal. Cells with this capability are referred to as embry-
onic stem (ES) cells. As we will learn in Chapter 22, ES cells
can be grown in the laboratory (cultured) and will develop
into various types of differentiated cells under appropriate
conditions.

The ability to make and manipulate mammalian em-
bryos in the laboratory has led to new medical opportunities
as well as various social and ethical concerns. In vitro fertil-
ization, for instance, has allowed many otherwise infertile
couples to have children. One technique involves extractron
of nuclei from defective sperm incapable of normally fertiliz-
ing an egg, injection of the nuclei into eggs, and implantation
of the resulting fertilized eggs into the mother.

< FIGURE 1-7 The first few
cell divisions of a fertilized
egg set the stage for all
subsequent development. A
developing mouse embryo is
shown at (a) the two-cell, (b)
four-cell, and (c) eight-cell stages.
The embryo is surrounded by
supporting membranes. The
corresponding steps in human
development occur during the
first few days after fertilization.
IClaude Edelmann/Photo Researchers.
Inc l
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In recent years, nuclei taken from cells of adult animals
have been used to produce new animals. In this procedure'

the nucleus is removed from a body cell (e.g., skin or blood

cell) of a donor animal and introduced into an unfertilized
mammalian egg that has been deprived of its own nucleus. In

a step that has now been done with mice, cows, sheep,

mules, and some other animals, the egg with its donor nu-

cleus is implanted into a foster mother. The ability of such a

donor nucleus to direct the development of an entire animal

shows that all the information required for life is retained in

the nuclei of some adult cells. Since all the cells in an animal

produced in this way have the genes of the single original

donor cell, the new animal is a genetic clone of the donor
(Figure 1-8), though the animals may differ anyway due to

their distinct environments and experiences. Repeating the

process can give rise to many clones. Nuclei taken from ES

cells work especially well, whereas nuclei from other parts of

the body at later times in life work far less well. The major-

ity of embryos produced by this technique do not survive

due to birth defects, so the donor nuclei may not have all the

needed information or the nuclei may be damaged by the

cloning process. Even those animals that are born alive have

abnormalities, including accelerated aging. The "rooting" of

plants, in contrast, is a type of cloning that is readily accom-

plished by gardeners, farmers, and laboratory technicians.

Scientific interest in the cloning of humans is very lim-

ited. Virtually all scientists oppose it because of its high risk

to the embryo (also, most people don't believe there is a

a FIGURE 1-8 Five genetically identical cloned sheep. An early
sheep embryo was divided into five groups of cells and each was
separately implanted into a surrogate mother, much like the natural
process of twinning At an early stage the cells are able to adjust and
form an entire animal; later in development the cells become
progressively restricted and can no longer do so. An alternative way

to clone animals is to replace the nuclei of multiple single-celled
embryos with donor nuclei from cells of an adult sheep' Each embryo
will be genetically identical to the adult from which the nucleus was

obtained. Low percentages of embryos survive these procedures to
give healthy animals, and the full impact of the techniques on the

animals is not yet known. lGeoff Tompkinson/Science Photo Library/Photo
Researchers, Inc l

critical shortage of twins and triplets). Of much gteater

scientific and medical interest is the ability to generate spe-

cific cell types starting from embryonic or adult stem cells'

This procedure, somatic cell nuclear transfer (SCNT)' pro-

duces cells that are grown in culture and never turned into

If the cells are produced using a donor nucleus from a pa-

tient, the properties of the cells may allow them to escape re-

jection by the patient's immune system, opening new possi-

bilities for cell-transplant therapies.

E The Molecules of a Cell
Molecular cell biologists explore how all the remarkable

ture and function.

Small Molecules Carry Energy, Transmit Signals,

and Are Linked into Macromolecules

Much of the cell's content is a watery soup flavored with

small molecules (e.g., simple sugars' amino acids, vitamins)

and ions (e.g., sodium, chloride, calcium ions)' The locations

"nd 
conce.tirations of small molecules and ions within the

cell are controlled by numerous proteins inserted in cellular

membranes. These pumps' transporters, and ion channels

move nearly all small molecules and ions into or out of the

cell and its organelles (Chapter 11).

One of the best-known small molecules is adenosine

triphosphate (ATP), which stores readily available chemical

..r"rgy itt two of its chemical bonds (see Figure 2-31)' 
'When

cells"split apart these energy-rich bonds in AIP' the released

..r.rgy ."n b. harnessed to power an energy-requiring

pro..tt such as muscle contraction or protein biosynthesis'

To obtain energy for making ATR cells break down food

molecules. For instance, when sugar is degraded to carbon

dioxide and water, the energy stored in the original chemical

bonds is released and much of it can be "captured" in ATP

(Chapter 72).Bacterial, plant, and animal cells can all make

ATP ty this process. In addition, plants and a few other or-

ganisms can harvest energy from sunlight to form ATP in

photosynthesis.' 
Other small molecules act as signals both within and be-

tween cells; such signals direct numerous cellular activities

(Chapters iS uttd f e ;. fne powerful effect on our bodies of

a frightening event comes from the instantaneous flooding of
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the body with epinephrine, a small-molecule hormone that
mobil izes the "fight-or-fl ight" response. The movements
needed to fight or flee are triggered by nerve impulses that
flow from the brain to our muscles with the aid of neuro-
transmitters, another type of small-molecule signal that we
discuss in Chapter 23.

acids. Sugars, for example, are the monomers used to form
polysaccharides. These macromolecules are critical struc-
tural components of plant cell walls and insect skeletons. A
typical polysaccharide is a linear or branched chain of re-
peating identical sugar units. Such a chain carries informa-
tion: the number of units. However, if the units are not iden-
tical, then the order and type of units carry additional
information. As we will see in Chapter 6, some polysaccha-
rides exhibit the greater informational complexity associated
with a linear code made up of different units assembled in a
particular order. But this property is most typical of the two
other types of biological macromolecules-proteins and
nucleic acids.

Proteins Give Cells Structure and perform Most
Cellular Tasks
The varied, intricate structures of proteins enable them to
carry out numerous functions. Cells string together Z0 dif_
ferent amino acids in a linear chain to foim a protein (see
Figure 2-14).Proteins commonly range in length from 100

Lrturamtne synthetase Hemoglobin

  FIGURE 1-9 Proteins vary greatly in size, shape, and
function. These models of the water-accessible surface of some
representative proteins are drawn to a common scale and reveal the
numerous projections and crevices on the surface. Each protern has a
defined three-dimensional shape (conformation) that is stabil ized by
numerous chemrcal interactions discussed in Chapters 2 and 3. The
il lustrated proteins include enzymes (glutamine synthetase and

to 1000 amino acids, but some are much shorter and others
longer. We obtain amino acids either by synthesizing them
from other molecules or by breaking down proteins that we
eat. The "essential" amino acids, from a dietary standpoint,
are the eight that we cannot synthesize and must obtain from
food. Beans and corn together have all eight, making their
combination particularly nutritious. Once a chain of amino
acids is formed, it folds into a complex shape, conferring a
distinctive three-dimensional structure and function on each
protein (Figure 1-9).

Some proteins are similar to one another and therefore
can be considered members of a protein family. A few hun-
dred such families have been identified. Most proreins are
designed to work in particular places within a cell or to be
released into the extracellular (extra, "outside") space. Elab-
orate cellular pathways ensure that proteins are transported
to their proper intracellular (intra, "within") locations or se-
creted (Chapters 13 and14).

Proteins can serve as structural components of a cell. for
example, by forming an internal skeleton (Chapters tO, tZ,
and 18). They can be sensors that change shape as rempera-
ture, ion concentrations, or other properties of the cell
change. They can import and export substances across the
plasma membrane (Chapter 11). They can be enzymes, caus-
ing chemical reactions to occur much more rapidly than they
would without the aid of these protein catalysts (Chapter 3).
They can bind to a specific gene, turning it on or off (Chap-
ter 7). They can be extracellular signals, released from one
cell to communicate with other cells, or intracellular signals,
carrying information within the cell (Chapters 15 and 16).
They can be motors that move other molecules around, burn-
ing chemical energy (ATP) to do so (Chapters 17 and 1g).

adenylate kinase), an antibody ( immunoglobuiln), a hormone
(insul in), and the bloods oxygen carr ier (hemoglobin) Models of a
segment of the nucleic acid DNA and a small  region of the l ipid
bi layer that forms cel lular membranes (see Section 1.3) demonstrate
the relat ive width of these structures compared with that of tvpical
proteins. [Courtesy of Gareth White ]

Adeny la te
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  FIGURE 1-12 Chromosomes can be "painted" for easy
identif ication. A normal human has 23 pairs of morphologically
distinct chromosomes; one member of each pair is inherited from the
mother and the other member from the father (Left) A chromosome
spread from a human body cell midway through mitosis, when the
chromosomes are fully condensed This preparation was treated with
fluorescent-labeled staininq reaqents that allow each of the 22 pairs

Chapter 4. The molecular design of DNA and the remark-

able properties of the replisome ensure rapid, highly accu-

rate copying. Many DNA polymerase molecules work in

concert, each one copying part of a chromosome. The entire

genome of fruit flies, about 1.2 x 10o nucleotides long, can

be copied in three minutes! Because of the accuracy of DNA

replication, nearly all the cells in our bodies carry the same

genetic instructions, and we can inherit Mom's brown hair

and Dad's blue eyes.
A rather dramatic example of gene control involves inac-

tivation of an entire chromosome in human females. 
'Women

have two X chromosomes, whereas men have one X chro-

mosome and one Y chromosome, which has different genes

than the X chromosome. Yet the genes on the X chromo-

some must, for the most part, be equally active in female

cells (XX) and male cells (XY). To achieve this balance' one

of the X chromosomes in female cells is chemically modified

and condensed into a very small mass called a Barr body'

which is inactive and never transcribed.
Surprisingly, we inherit a small amount of genetic mate-

rial entirely and uniquely from our mothers. This is the cir-

cular DNA present in mitochondria' the organelles in eu-

karyotic cells that synthesize AIP using the energy released

by the breakdown of nutrients. Mitochondria contain multi-

ple copies of their own DNA genomes, which code for some

of the mitochondrial proteins (Chapter 6). Because each hu-

man inherits mitochondrial DNA only from his or her

mother (it comes with the egg but not the sperm), the

and the X and Y chromosomes to appear in a different color when

viewed in a fluorescence microscope This technique of multiplex

fluorescence in situ hybridization (M-FISH) sometimes is called

chromosome painting (Chapter 6) (RiSht) Chromosomes from the
preparation on the left arranged in pairs rn descending order of size,

an array called a karyotype. The presence of X and Y chromosomes

identif ies the sex of the individual as male [Courtesy of M R Speicher]

distinctive features of a particular mitochondrial DNA can

be used to trace maternal history. Chloroplasts, the or-

ganelles that carry out photosynthesis in plants' also have

Ih.i, o*tt circular genomes' Both mitochondria and chloro-

olasts are believed to be derived from endosymbionts, bacte-

ii" th"t took up residence inside eukaryotic cells in a mutu-

ally beneficial partnership. The mitochondrial and chloroplast

circular DNAs appeat to have originated as bacterial genomes'

which also are usually circular, though the organelle genomes

have lost most of the bacterial genes.

Mutations May Be Good, Bad, or Indifferent

Mistakes occasionally do occur spontaneously during DNA

replication, causing changes in the sequence of nucleotides'

Soch ch"ng.s, or mutations, also can arise from radiation

that causes damage to the nucleotide chain or from chemical

poisons, such as those in cigarette smoke, that lead to errors

iuring the DNA-copying process (Chapter 25)' Mutations

.o-.1., various forms: a simple swap of one nucleotide for

another; the deletion, insertion, or inversion of one to mil-

lions of nucleotides in the DNA of one chromosome; and

translocation of a stretch of DNA from one chromosome to

another.
In sexually reproducing animals such as ourselves, muta-

tions can be inherited only if they are present in cells that po-

tentially contribute to the formation of offspring' Such

germJine cells include eggs' sperm' and their precursor cells'
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Body cells that do not contribute to offspring are called so-
matic cells. Mutations that occur in these cells never are in-
herited, although they may contribute to the onset of cancer.
Plants have a less distinct division between somatic and
germ-line cells, since many plant cells can function in both
capacltres.

Mutated genes that encode altered proteins or that can-
not be controlled properly ."u.. .rurn..ous inherited dis-
eases. For example, sickle-cell disease is atributable to a sin-
gle nucleotide substitution in the hemoglobin gene, which
encodes the protein that carries oxygen in red blood cells.
The single amino acid change caused by the sickle cell muta-

Sequencing of the human genome has shown that a

transcription factors typically are only 70-12 nucleotides
long, a few single-nucleotide mutations might convert a non-
functional bit of DNA into a functional protein-binding
regulatory site.

Much of the nonessential DNA in both eukaryotes and
prokaryotes consists of highly repeated sequences that can
move from one place in the genome to another. These mo-
bile DNA elements can jump (transpose) inro genes, most
commonly damaging but sometimes activating them.
Jumping generally occurs rarely enough to avoid endanger-
ing the host organism. Mobile elements, which *... di.-
covered first in plants, are responsible for leaf color varie-
gation and the diverse beautiful color patterns of Indian
corn kernels. By jumping in and out of ge.res that control
prgmentation as plant development progresses, the mobile
elemenrs give rise to elaborate colorid putt...rr. Mobile el-
ements were later found in bacteria, in which they often
carry and, unfortunatelS disseminate genes for antibiotic
resrstance.

Now we understand that mobile elements have multi_
plied and slowly accumulated in genomes over evolutionary
time, becoming a universal property of genomes in preseni_
day_organisms. They account for an astounding 45 percent
of the human genome. Some of our own mobile DNA ele_
ments are copies-often highly mutated and damaged_of
genomes from viruses that spend part of their life iycle as
DNA segments inserted into host-cell DNA. Thus we carry
in our chromosomes the genetic residues of infections ac_
quired by our ancestors. Once viewed only as molecular par_
asites, mobile DNA elements are now thoueht to have ion_
tnbuted significantly to the evolution of higher organisms
(Chapter 6).
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IE The Work of Cetts
In essence, any cell is simply a compartment with a watery
interior that is separated from the external environment by a
surface membrane (the plasma membrane) that prevents the
free flow of molecules in and out. In addition, as we've
noted, eukaryotic cells have extensive internal membranes
that further subdivide the cell into various comparrmenrs,
the organelles. Each compartment has contents and proper-
ties, such as specialized proteins or a certain pH, suited to its
job. The plasma membrane and other cellular membranes
are composed primarily of two layers of phospholipid mole-
cules. These bipartite molecules have a "water-loving" (hy-
drophilic) end and a "water-hating" (hydrophobic) end. The
two phospholipid layers of a membrane are orienred with all
the hydrophilic ends directed toward the inner and outer
surfaces and the hydrophobic ends buried within the interior
(Figure 1-13). Smaller amounts of other l ipids, such as cho-
lesterol, and many kinds of proteins are inserted into the
phospholipid framework. The lipid molecules and some pro-
teins can float sidewise in the plane of the membrane, giving
membranes a fluid character. This fluidity allows cells to
change shape and even move. However, the attachment of
some membrane proteins to other molecules inside or out-
side the cell restricts their lateral movement. We will learn
more about membranes and how molecules cross them in
Chapters 10 and 11.

The cytosol and the internal spaces of organelles differ
from each other and from the cell exterior in terms of acid-
itg ionic composition, and protein contents. For example,
the composition of salts inside the cell is often drastically dif-
ferent from what is outside. Because of these different ,,mi-

croclimates," each cell compartment has its own assigned

Cholesterol
Water-seeking
head group

Water

  FIGURE 1-13 The watery interior of cells is surrounded by
the plasma membrane, a two-layered shell of phospholipids.
The phospholipid molecules are oriented with their fatty acyl chains
(black squiggly l ines) facing inward and their water-seeking head
groups (white spheres) facing outward. Thus both sides of the
membrane are l ined by head groups, mainly charged phosphates,
adjacent to the watery spaces tnside and outside the cell. All
biological membranes have the same basic phospholipid bilayer
structure Cholesterol (red) and various proteins (not shown) are
embedded in the bilayer. The interior space is actually much larger
relative to the volume of the plasma membrane depicted here.



tasks in the overall work of the cell (Chapters 10, L2, and

13). The unique functions and microclimates of the various

cell compartm€nts are due largely to the proteins that reside

in their membranes or interior.
'We 

can think of the entire cell compartment as a factory

dedicated to sustaining the well-being of the cell. Much cellu-

lar work is performed by molecular machines, some housed

in the cytosol, some attached to the cytoskeleton' and some in

various organelles. Here we quickly review the major tasks

that cells carry out in their pursuit of the good life.

Cells Build and Degrade Numerous
Molecules and Structures

As chemical factories, cells produce an enormous number of

complex molecules from simple chemical building blocks.

All of this synthetic work is powered by chemical energy ex-

tracted primarily from sugars and fats or sunlight, in the case

of plant cells, and stored primarily in ATP, the universal

"currency" of chemical energy (Figure 1-14). In animal and

plant cells, most ATP is produced by large molecular ma-

chines located in two organelles, mitochondria and chloro-

plasts. Similar machines for generating ATP are located in

the plasma membrane of bacterial cells. Both mitochondria

and chloroplasts are thought to have originated as bacteria

that took up residence inside eukaryotic cells and then be-

came welcome collaborators (Chapter 12). Directly or indi-

rectlS all of our food is created by plant cells using sunlight

to build complex macromolecules during photosynthesis.

Even underground oil supplies are derived from the decay of

plant material.

Cells need to break down worn-out or obsolete parts into

small molecules that can be discarded or recycled' This

housekeeping task is assigned largely to lysosomes, organelles

crammedwith degradative enzymes. The interior of a lyso-

some has a pH of about 5.0' roughly 100 times more acidic

than that of the surrounding cytosol. This aids in the break-

down of materials by lysosomal enzymes' which are specially

Most of the structural and functional properties of cells de-

cell and most membrane proteins, however' are made on ribo-

somes associated with the endoplasmic reticulum (ER)' This

organelle produces, processes' and ships out both proteins and

lipids. Prolein chains produced on the ER move to the Golgi

comple*, where they are further modified before being for-

*ari.d to their final destinations. Proteins that travel in this

way contain short sequences of amino acids or attached sugar

ch"itts (oligosaccharides) that serve as addresses for directing

them to their correct destinations. These addresses work be-

cause they arerecognized and bound by other proteins that do

the sorting and shipping in various cell compartments'

l l l l+ overview Animation: Biological E lnterconversions

Light (photosynthesis) or
compounds with high
potential energY ( resPirat ion )

Synthesis of Synthesis of other Cellular movements,
cel lular macro- cel lular consti tuents including muscle con-
molecules (DNA, (such as membrane tract ion, crawling move-
RNA, proteins, phospholipids and ments of entire cel ls,
polysaccharides) certain required and movement of

metaboli tes) chromosomes during
mitosis

A FIGURE 1-14 ATP is the most common molecule used by

cells to capture and transfer energy. ATP is formed from ADP and

inorganic phosphate (Pi) by photosynthesis in plants and by the

Transport of Generation of an Heat

moleculesagainst electr icpotential
a concentrat ion across a memDrane
gradient 

1fi..:.,;t;,", 
for nerve

breakdown of sugars and fats in most cells. The energy released by

the splitting (hydrolysis) of Pi from ATP drives many cellular processes
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lntermediate f ilaments Microtubules Microfilaments

  FIGURE 1-15 The three types of cytoskeletal filaments have
characteristic distributions within cells. Three views of the same
cell. A cultured fibroblast was treated with three different antibodv
preparations. Each antibody binds specifically to the protein
monomers forming one type of f i lament and is chemically l inked to a
differently colored fluorescent dye (green, blue, or red). Visualization

Animal  Cel ls  Produce Thei r  Own External
Envi ronment  and Glues
The simplest multicellular animals are sinsle cells embedded
in a jelly of proteins and polysaccharides ."ll.d th. extracel-
lular matrix. Cells themselves produce and secrete these ma-
terials, thus creating their own immediate environment
(Chapter 19). Collagen, the single most abundant protein in
the animal kingdom, is a major component of the extracel-
lular matrix in most tissues. In animals, the extracellular ma-
trix cushions and lubricates cells. A specialized, especially
tough matrix, the basal lamina, forms a supporting layer un_
derlying sheetlike cell layers and helps pr.u"rrt the cells from
rlppmg apart.

The cells in animal tissues are ..glued" togerher by cell_
adhesion molecules (CAMs) embedded in their surface mem_

Cel ls  Change Shape and Move
Cells change shape and move because their internal skeleton.
the cytoskeleton, exerts forces on the rest of the cell and its

attachments- Three types of protein filaments, organized
into networks and bundles, form the cytoskeleton within

16  .  cHAprER 1  |  L IFE  BEGtNs  w t rH  cELLs

of the stained cell in a fluorescence microscope reveals the location
of f i laments bound to a particular dye-antibody preparation In this
case, intermediate fi laments are stained green; microtubules, blue;
and microfilaments, red. All three fiber systems contribute to the
shape and movements of cells. lcourtesy of V Small ]

animal cells (Figure 1-15). The cytoskeleton prevents the
plasma membrane of animal cells from relaxing into a
sphere (Chapter 10); it also functions in cell locomotion and
the intracellular transport of vesicles, chromosomes, and
macromolecules (Chapters 17 and 18). The cytoskeleton can
be linked through the cell surface to the extracellular matrix
or to the cytoskeleton of other cells, thus helping to form tis-
sues (Chapter 19).

All cytoskeletal filaments are long polymers of protein
subunits. Elaborate systems regulate the assembly 

".rd 
dirur-

sembly of the cytoskeleton, thereby controlling cell shape. In
some cells the cytoskeleton is relatively stable, but in others
it changes shape continuously. Shrinkage of the cytoskeleton
in some parts of the cell and its growrh in other parts can
produce coordinated changes in shape that result in cell lo-
comotion. For instance, a cell can send out an extension that
attaches to a surface or to other cells and then retract the cell
body from the other end. As this process continues due to
coordinated changes in the cytoskeleton, the cell moves for-
ward. Cells can move at rates on the order of 20 pm./second.

largement but not movement of cells from one position to
another.

Cells Sense and Send Information
A living cell continuously monitors its surroundings and ad-
justs its own activities and composition accordingly. Cells
also communicate by deliberately sending signals that can be
received and interpreted by other cells. Such signals are com_
mon not only within an individual organism but also be_
tween organisms. For instance, the odor of a pear signals a
food source to us and other animals; consumption of the



pear by an animal aids in distributing the pear's seeds. Every-
one benefits! The signals employed by cells include simple
small chemicals, gases, proteins, l ight, and mechanical
movements. Cells possess numerous receptor proteins for

detecting signals and elaborate pathways for transmitting
them within the cell to evoke a response. At any time, a cell
may be able to sense only some of the signals around it, and
how a cell responds to a signal may change with time. In

some cases, receiving one signal primes a cell to respond to a
subsequent different signal in a particular way.

Both changes in the environment (e.g., an increase or de-
crease in a particular nutrient or the light level) and signals
received from other cells represent external information that
cells must process. The most rapid responses to such signals
generally involve changes in the location or activity of pre-

existing proteins. For instance, soon after you eat a carbo-
hydrate-rich meal, glucose pours into your bloodstream. The
rise in blood glucose is sensed by B cells in the pancreas,
which respond by releasing their stored supply of the protein

hormone insulin. The circulating insulin signal causes glu-

cose transporters in the cytoplasm of fat and muscle cells to
move to the cell surface, where they begin importing glucose.
Meanwhile, liver cells also are furiously taking in glucose via
a different glucose transporter. In both liver and muscle cells,
an intracellular signaling pathway triggered by binding of in-

sulin to cell-surface receptors activates a key enzyme needed

to make glycogen, a large glucose polymer (Figure 1-16a).
The net result of these cell responses is that your blood glu-

cose level falls and extra glucose is stored as glycogen, which
your cells can use as a glucose source when you skip a meal
to cram for a test.

The ability of cells to send and respond to signals is cru-
cial to development. Many developmentally important sig-

nals are secreted proteins produced by specific cells at spe-

cific times and places in a developing organism. Often a
receiving cell integrates multiple signals in deciding how to

behave, for example, to differentiate into a particular tissue
type, to extend a process, to die, to send back a confirming
signal  (yes,  I 'm here!) ,  or  to  migrate.

The functions of about half the proteins in humans,
roundworms, yeast, and several other eukaryotic organisms
have been predicted based on analyses of genomic sequences
(Chapter 6). Such analyses have revealed that at least 10-15
percent of the proteins in eukaryotes function as secreted ex-

tracellular signals, signal receptors, or intracellular signal-

transduction proteins, which pass along a signal through a

series of steps culminating in a particular cellular response
(e.g., increased glycogen synthesis). Clearly, signaling and

signal transduction are maior activities of cells.

Cells Regulate Their Gene Expression to Meet
Changing Needs

In addition to modulating the activities of existing proteins,

cells often respond to changing circumstances and to signals
from other cells by altering the amount or types of proteins

they contain. Gene expression, the overall process of selec-

tively reading and using genetic information, is commonly

#

lncreased transcri  pt ion
of specif ic genes

  FIGURE 1-16 External signals commonly cause a change in

the activity of preexisting proteins or in the amounts and

types of proteins that cells produce. (a) Binding of a hormone or

other signaling molecule to its specific receptors can trigger an

intracellular pathway that increases or decreases the activity of a
preexisting protein. For example, binding of insulin to receptors in

the plasma membrane of l iver and muscle cells leads to activation of

glycogen synthase, a key enzyme in the synthesis of glycogen from
glucose (b) The receptors for steroid hormones are located within

cells, not on the cell surface The hormone-receptor complexes

activate transcription of specific tarqet genes, leading to increased
production of the encoded proteins. Many signals that bind to

receptors on the cell surface also act, by more complex pathways, to

modulate gene exPression

controlled at the level of transcription, the first step in the

production of proteins. In this way cells can produce a par-

iicular mRNA only when the encoded protein is needed'

thus minimizing wasted energy. Producing an mRNA is,

however, only the first in a chain of regulated events that to-

gether determine whether an active protein product is pro-

duced from a particular gene.

Transcriptional control of gene expression was first deci-

sively demonstrated in the response of the gut bacterium

E. coli to different sugar sources. E. coli cells prefer glucose

as a sugar source, but they can survive on lactose in a pinch'

These bacteria use both a DNA-binding repressor protein

and a DNA-binding actiuator protein to change the rate of

transcription of three genes needed to metabolize lactose de-

pending on the relative amounts of glucose and lactose pres-

int (Chapter 4). Such dual positiveinegative control of gene

exoression fine-tunes the bacterial cell's enzymatic equip-

-..rt fo. the job at hand.
Like bacterial cells, unicellular eukaryotes may be sub-

jected to widely varying environmental conditions that

require extensive changes in cellular structures and function'
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For instance, in starvation conditions yeast cells stop growing
and form dormant spores (see Figure 1-6). In multicellular
organisms, however, the environment around most cells is
relatively constant. The major purpose of gene control in us
and in other complex organisms is to tailor the properties of
various cell types to the benefit of the entire animal or plant.

Control of gene activity in eukaryotic cells usually in-
volves a balance between the actions of transcriptional acti-
vators and repressors. Binding of activators to specific DNA
regulatory sequences called enhancers turns on transcrip-
tion, and binding of repressors to other regulatory sequences
called silencers turns off transcription. In Chapters 7 and 8,
we take a close look at transcriptional activators and repres-
sors and how they operate, as well as other mechanisms for
controlling gene expression. In an extreme case, expression
of a particular gene could occur only in part of the brain,
only during evening hours, only during a certain stage of de-
velopment, only after a large meal, and so forth.

Many external signals modify the activity of transcrip-
tional activators and repressors that control specific genes.
For example, lipid-soluble steroid hormones, such as estro-
gen and testosterone, can diffuse across the plasma mem-
brane and bind to their specific receptors located in the cy-
toplasm or nucleus (Figure 1-16b). Hormone binding changes

Overview Animation: Life Cycle of a Cell {lltt
Nond iv id ing
cel ls

the shape of the receptor so that it can bind to specific en-
hancer sequences in the DNA, thus turning the receptor into
a transcriptional activator. By this rather simple signal-
transduction pathway, steroid hormones cause cells to
change which genes they transcribe (Chapter 7). Since
steroid hormones can circulate in the bloodstream, they can
affect the properties of many or all cells in a temporally co-
ordinated manner. Binding of many other hormones and of
growth factors to receptors on the cell surface triggers dif-
ferent signal-transduction pathways that also lead to
changes in the transcription of specific genes (Chapters 15
and 16). Although these pathways involve multiple compo-
nents and are more complicated than those transducing
steroid hormone signals, the general idea is the same.

Cells Grow and Divide
As we have discussed, reproduction is at the heart of biol-
ogy; rocks don't do it. The reproduction of organisms de-
pends on the reproduction of cells. The simplest type of re-
production entails the division of a "parent" cell into two
"daughter" cells. This occurs as part of the cell cycle, a series
of events that prepares a cell to divide followed by the actual
division process, called mitosis. The eukaryotic cell cycle
commonly is represented as four stages (Figure 1-17). The
chromosomes and the DNA they carry are copied during
the S (synthesis) phase. The replicated chromosomes separare
during the M (mitotic) phase, with each daughter cell getting
a copy of each chromosome during cell division. The M and
S phases are separated by two gap stages, the G1 phase and
G2 phase, during which mRNAs and proteins are made. In
single-celled organisms, both daughter cells often (though not
always) resemble the parent cell. In multicellular organisms,
stem cells can give rise to two different cells, one that resem-
bles the parent cell and one that does not. Such asymmetric
cell division is critical to the generation of different cell types
in the body (Chapter 21).

During growth the cell cycle operates continuously with
newly formed daughter cells immediately embarking on
their own path ro mitosis. Under optimal conditions bacteria
can divide to form two daughter cells once every 30 minutes.
At this rate, in an hour one cell becomes four: in a day one
cell becomes more than 101a, which if dried would weigh
about 25 grams. Under normal circumstances, however,
growth cannot continue at this rate because the food supply
becomes limiting.

Most eukaryotic cells take considerably longer than bacte-
rial cells to grow and divide. Moreover, the cell cycle in adult
plants and animals normally is highly regulated (Chapter 20).
This tight control prevents imbalanced, excessive growth of
tissues while ensuring that worn-out or damaged cells are re-
placed and that additional cells are formed in response to new
circumstances or developmental needs. For instance, the pro-
liferation of red blood cells increases substantially when a per-
son ascends to a higher altitude and needs more capacity to
capture oxygen. Some highly specialized cells in adult animals,
such as nerve cells and striated muscle cells, rarely divide, if at
all. The fundamental defect in cancer is loss of the ability to

Resting
ce l l so

RNA and
protein
synthesis

G2

A FIGURE 1-17 During growth, eukaryotic cells continually
progress through the four stages of the cell cycle,
generating new daughter cells. In most proliferating cells, the
four phases of the cell cycle proceed successively, taking from
1 0-20 hours depending on cell type and developmental state
During interphase, which consists of the G,,, S, and G2 phases, the
cell roughly doubles its mass Replication of DNA durinq the S
phase leaves the cell with four copies of each type of
chromosome In the mitotic (M) phase, the chromosomes are
evenly partit ioned to two daughter cells, and the cytoplasm
divides roughly in half in most cases. Under certain conditions
such as starvation or when a tissue has reached its f inal size, cells
wil l stop cycling and remain in a waiting state called Gs Most cells
in Gs can reenter the cycle if conditions chanqe.
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control the growth and division of cells. In Chapter 25, we ex-
amine the molecular and cellular events that lead to inappro-
priate, uncontrolled proliferation of cells.

Mitosis is an asexual process since the daughter cells
carry the exact same genetic information as the parental cell.
ln sexwal reproduction, fusion of two cells produces a third
cell that contains genetic information from each parental
cell. Since such fusions would cause an ever-increasing num-
ber of chromosomes, sexual reproductive cycles employ a
special type of cell division, called meiosis, that reduces the
number of chromosomes in preparation for fusion (see Fig-
ure 5-3). Cells with a full set of chromosomes are called
diploid cells. During meiosis, a diploid cell replicates its
chromosomes as usual for mitosis but then divides twice
without copying the chromosomes in between. Each of the
resulting four daughter cells, which have only half the full
number of chromosomes, is said to be haploid.

Sexual reproduction occurs in animals and plants and
even in unicellular organisms such as yeasts (see Figure 1-5).
Animals spend considerable time and energy generating eggs
and sperm, the haploid cells, called gametes, which are used
for sexual reproduction. A human female will produce about
half a million eggs in a lifetime, all of these cells forming be-
fore she is born; a young human male produces about 100
million sperm each day. Gametes are formed from diploid
precursor germ-line cells, which in humans contain 46 chro-
mosomes. In humans the X and Y chromosomes are called
sex chromosomes because they determine whether an indi-
vidual is male or female. In human diploid cells, the 44 re-
maining chromosomes, called autosomes, occur as pairs of
22 different kinds. Through meiosis, a man produces sperm
that have 22 chromosomes plus either an X or a Y, and a
woman produces ova (unfertilized eggs) with 22 chromo-
somes plus an X. Fusion of an egg and sperm (fertilization)
yields a fertilized egg, the zygote,with46 chromosomes, one
pair of each of the 22 kinds and a pair of Xs in females or an
X and a Y in males (Figure 1-18). Errors during meiosis can
lead to disorders resulting from an abnormal number of
chromosomes. These include Down's syndrome, caused by
an extra chromosome 21, and Klinefelter's syndrome,
caused by an extra X chromosome.

Cells Die from Aggravated Assault or an
lnternal Program
'lfhen 

cells in multicellular organisms are badly damaged or
infected with a virus, they die. Cell death resulting from such
a traumatic event is messy and often releases potentially
toxic cell constituents that can damage surrounding cells.
Cells also may die when they fail to receive a life-maintaining
signal or when they receive a death signal. In this type of
programmed cell death, called apoptosis, a dying cell actu-
ally produces proteins necessary for self-destruction. Death
by apoptosis avoids the release of potentially toxic cell con-
stituents (Figure 1-19).

Programmed cell death is critical to the proper develop-
ment and functioning of our bodies (Chapter 21). During
fetal life, for instance, our hands initially develop with "web-

Diploid (2n)

  FIGURE 1-18 Dad made you a boy or girl. In animals, meiosis
of diploid precursor cells forms eggs and sperm (gametes). The male
parent produces two types of sperm and determines the sex of the
zygote In humans, as shown here, X and Y are the sex chromosomes;
the zygote must receive a Y chromosome from the male parent to
develop into a male A : autosomes (non-sex chromosomes).

bing" between the fingers; the cells in the webbing subse-

quently die in an orderly and precise pattern that leaves the

fingers and thumb free to play the piano. Nerve cells in the

brain soon die if they do not make proper or useful electrical

  FIGURE 1-19 ApoPtotic cells break apart without spewing
forth cell constituents that might harm neighboring cells.
White blood cells normally look l ike the cell on the left Cells
undergoing programmed cell death (apoptosis), l ike the cell on the
right, form numerous surface blebs that eventually are released The

cell is dying because it lacks certain growth signals. Apoptosis is

important to eliminate virus-infected cells, to remove cells where they

are not needed (l ike the webbing that disappears as fingers develop),
and to destroy immune system cells that would react with our own
bodies [Gopal Murti l/ isuals Unlimited, Inc ]
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connections with other cells. Some developing lymphocytes,
the immune-system cells intended to recognize foreign pro-
teins and polysaccharides, have the ability to reac against
our own tissues. Such self-reactive lymphocytes become pro-
grammed to die before they fully marure. If these cells are
not weeded out before reaching maturity, they can cause au-
toimmune diseases, in which our immune system destroys
the very tissues it is meant to protect.

IE Investigating Cells and Their Parts
To build an integrared understanding of how the various
molecular components that underlie cellular functions work
together in a living cell, we must draw on various perspec-
tives. Here, we look at how five disciplines-cell biology,
biochemistry and biophysics, genetics, genomics, and devel-
opmental biology-can conrribure to our knowledge of cell
structure and function. The experimental approaches of
each field probe the cell's inner workings in different ways,
allowing us to ask different types of questions about cells
and what they do. Cell division provides a good example to
illustrate the role of different perspectives in analyzing a
complex cellular process. Although we discuss the different
disciplines separately for clarity, in practice most biologists
use multiple approaches in concert. This is part of the fun of

cell biologg putting together genetics with microscopy or
enzymology with development.

The realm of biology ranges in scale more than a billion-
fold (Figure 1-20). Beyond that, it's ecology and earth sci-
ence at the "macro" end, chemistry and physics at the "mi-
cro" end. The visible plants and animals that surround us
are measured in meters (100-102 m). By looking closely, we
can see a biological world of mil l imeters (1 mm : 10-3 m)
and even tenths of millimeters (10-a m). Setting aside oddi-
ties l ike chicken eggs, most cells are 1-100 micrometers
(1 pm : 10-5 m) long and thus clearly visible only when mag-
nified. To see the structures within cells, we must go farther
down the size scale to 10-100 nanometers (1 nm : 10 v m).

Cell Biology Reveals the Size, Shape, Location,
and Movements of Cell  Components
The goal of cell biologists is to understand how a cell is able
to control its own shape and surface properties, transport
materials to the right locations, copy itself, and receive and
send signals. Cell biologists use several types of microscopy
to observe cells, while at the same time labeling specific cell
components and altering them to see what happens. Analy-
ses are generally done at the micrometer scale.

Actual observation of cells awaited development of the
first, crude microscopes in the early 1600s. A compound

MicrometersNanometers

Sma l l
molecules

Atoms

G lucose

C-C bond

1 0 1 0 m  1 0 s m

0.1 nm 1 nm

Assembl ies

Macro-
molecules

Ribosome

Cells

Bacterium

Mi tochondr ion

Mul t i ce l lu la r  o rgan isms

C. elegans Newborn human

BumblebeeHemoglob in

I
J

'1 0-7 m 10'6 m

100 nm 1 pm

  FIGURE 1-20 Biologists are interested in objects ranging in
size from small molecules to the tallest trees. A sampling of
biological objects aligned on a logarithmic scale (a) The DNA double
helix has a diameter of about 2 nm (b) Eight-cell-stage numan
embryo three days after ferti l ization, about 200 rr"m across (c) A wolf

spider, about 15 mm across (d) Emperor penguins are about 1 m tall.
[Part (a) Will and Deni Mclntyre Part (b) Yorgas Nikas/photo Researchers, Inc
Part (c) Gary Gauglerl / isuals Unlimited, Inc Part (d) Hugh S Rosefuisuals
Unlimited. lnc l
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microscope, the most useful type of l ight microscope, has
two lenses. The total magnifying power is the product of the
magnification by each lens. As better lenses were invented,
the magnifying power and the ability to distinguish closely
spaced objects, the resolution, increased greatly. Modern
cclmpound microscopes magnify the view about a thousand-
fold, so that a bacterium 1 micrometer (1 p-) long looks
like it 's a mill imeter long. Objects about 0.2 pm apart can be
discerned in these instruments.

Microscopy is most powerful when particular compo-
nents of the cell are stained or labeled specifically, enabling
them to be easily seen and located within the cell. A simple
example is staining with dyes that bind specifically to DNA
to visualize the chromosomes. Specific proteins can be de-
tected by harnessing the binding specificity of antibodies, the
proteins whose normal task is to help defend animals against
infection and foreign substances. In general, each type of an-
tibody binds to one protein or large polysaccharide and no
other (Chapter 3). Purif ied antibodies can be chemically
linked to a fluorescent molecule, which permits their detec-
tion in a special f luorescence microscope (Chapter 3). lf a
cell or t issue is treated with a detergent that partially dis-
solves cell membranes, f luorescent antibodies can drift in
and bind to the specific protein they recognize. When the
sample is viewed in the microscope, the bound fluorescent
antibodies identify the location of the target protein (see
Figure 1-15) .

Betrer still is pinpointing proteins in living cells with in-
tact membranes. One way of doing this is to introduce an
engineered gene that codes for a hybrid protein: part of the
hybrid protein is the cellular protein of interest; the other
part is a protein that fluoresces when struck by ultraviolet
light. A common fluorescent protein used for this purpose is
green fluorescent protein (GFP), a natural protein that
makes some iellyfish colorful and fluorescent. GFP
"tagging" could reveal, for instance, that a particular pro-
tein is first made on the endoplasmic reticulum and then is
moved by the cell into the lysosomes. In this case, f irst the
endoplasmic reticulum and later the lysosomes would glow
in the dark.

Chromosomes are visible in the l ight microscope only
during mitosis, when they become highly condensed. The ex-
traordinary behavior of chromosomes during mitosis first
was discovered using the improved compound microscopes
of the late 1800s. About halfway through mitosis, the repli-
cated chromosomes begin to move apart. Microtubules, one
of the three types of cytoskeletal filaments, participate in this
movement of chromosomes during mitosis. Fluorescent tag-
ging of tubulin, the protein subunit that polymerizes to form
microtubules, reveals structural details of cell division that
otherwise could not be seen and allows observation of chro-
mosome movement (Figure 1-21).

Electron miqroscopes use a focused beam of electrons in-
stead of a beam of l ight. In transmission electron mi-
croscopy, specimens are cut into very thin sections and
placed under a high vacuum, precluding examination of l iv-
ing cells. The resolution of transmission electron micro-

l l l l |  5e6ns Animation: Mitosis

A FIGURE 1-21 During the later stages of mitosis,

microtubules (red) pul l  the repl icated chromosomes (black)

toward the ends of a dividing cel l .  This plant cel l  is stained

with a DNA-binding dye (ethidium) to reveal chromosomes and

with f luorescent-tagged antibodies specif ic for tubul in to reveal

microtubules At this stage in mitosis, the two copies of each

repl icated chromosome (cal led chromatids) have separated and are

movinq awav f rom each other [Courtesy of Andrew Bajer ]

scopes, about 0.1 nm, permits fine structural details to be

distinguished, and their powerful magnification would make

a 1-pm-long bacterial cell look l ike a soccer ball. Most of the

organelles in eukaryotic cells and the double-layered

structure of the plasma membrane were first observed with

electron microscopes (Chapter 9). \fith new specialized elec-

tron microscopy techniques, three-dimensional models of

organelles and large protein complexes can be constructed

from multiple images. But to obtain a more detailed look at

the individual macromolecules within cells, we must turn to

techniques within the purview of biochemistry and bio-

physics.

Biochemist ry  and Biophysics Reveal  the
Molecular  St ructure and Chemist ry  of  Pur i f ied

Cell Constituents

Biochemists extract the contents of cells and separate the con-

stituents based on differences in their chemical or physical

properties, a process calledfractionation. The attention to in-

dividual molecules means operating at the nanometer scale.

Of particular interest are proteins, the workhorses of many

cellular processes. A typical fractionation scheme involves use

of various separation techniques in a sequential fashion. These

separation techniques commonly are based on differences in

the size of molecules or the electric charge on their surface

(Chapter 3). To purify a particular protein of interest, a

purification scheme is designed so that each step yields a
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  FIGURE 1-22 Biochemical purification of a protein from a
cell extract often requires several separation techniques. The
purif ication can be followed by gel electrophoresis of the starting
protein mixture and the fractions obtained from each purif ication
step In this procedure, a sample is applied to wells in the top of a
gelatin-l ike slab and an electric f ield is applied In the presence of
appropriate salt and detergent concentrations, the proteins move
through the fibers of the gel toward the anode, with larger proteins
moving more slowly through the gel than smaller ones (see Figure
3-35) When the gel is stained, separated proteins are visible as
distinct bands whose intensities are roughly proportional to the
protein concentration Shown here are schematic depictions of oels
for the starting mixture of proteins (lane 1) and samples taken aiter
each of several purification steps In the first step, salt f ractionation,
proteins that precipitated with a certain amount of salt were re-
dissolved; electrophoresis of this sample (lane 2) shows that it
contains fewer proteins than the original mixture The sample then
was subjected in succession to three types of column
chromatography that separate proteins by electrical charge, size, or
binding affinity for a particular small molecule (see Figure 3-37). The
final preparation is quite pure, as can be seen from the appearance
of just one protein band in lane 5 [AfterJ Berg etal ,2o02, Biochemistry
W H Freeman and Company, p 87 l

preparation with fewer and fewer contaminating proteins, un-
til finally only the protein of interest remains (Figure 1-22).

The initial purification of a protein of interest from a cell
extract often is a tedious, time-consuming task. Once a small
amount of purified protein is obtained, antibodies to it can
be produced by methods discussed in Chapter 19. For a bio-
chemist, antibodies are near-perfect tools for isolating larger
amounts of a protein of interest for further analysis. In ef-
fect, antibodies can "pluck out" the protein they specifically
recognize and bind from a semipure sample containing nu-
merous different proteins. An increasingly common alterna-

tive is to engineer a gene that encodes a protein of interest
with a small attached protein "tag," which can be used to
pull out the protein from whole cell extracts.

Purification of a protein is a necessary prelude to studies
on how it catalyzes a chemical reaction or carries out other
functions and how its activiry is regulated. Some enzymes are
made of multiple protein chains (subunits) with one chain cat-
alyzing a chemical reaction and other chains regulating when
and where that reaction occurs. The molecular machines that
perform many critical cell processes constitute even larger as-
semblies of proteins. By separating the individual proteins
composing such assemblies, their individual catalytic or other
activities can be assessed. For example, purification and study
of the activity of the individual proteins composing the DNA
replication machine provided clues about how they work to-
gether to replicate DNA during cell division (Chapter 4).

The folded, three-dimensional structure, or conformation,
of a protein is vital to its function. To understand the relation
between the function of a protein and its form, we need to
know both what it does and its detailed structure. The most
widely used method for determining the complex structures of
proteins, DNA, and RNA is x-ray crystallography, one of the
powerful tools of biophysics. Computer-assisted analysis of the
data often permits the location of every atom in a large, com-
plex molecule to be determined. The double-helix structure of
DNA, which is key to its role in herediry was first proposed
based on x-ray crystallographic studies. Throughout this book
you will encounter numerous examples of protein structures as
we zero in on how proteins work.

Genetics Reveals the Consequences
of Damaged Genes
Biochemical and crystallographic studies can tell us much
about an individual protein, but they cannot prove that it is
required for cell division or any other cell process. The im-
portance of a protein is demonstrated most firmly if a muta-
tion that prevents its synthesis or makes it nonfunctional
adversely affects the process under study.

!(/e define the genotype of an organism as its composi-
tion of genes; the term also is commonly used in reference to
different versions of a single gene or a small number of genes
of interest in an individual organism. A diploid organism
generally carries two versions (alleles) of each gene, one de-
rived from each parent. There are important exceptions,
such as the genes on the X and Y chromosomes in males of
some species, including our own. The phenotype is the visi-
ble outcome of a gene's action, such as blue eyes versus
brown eyes or the shapes of peas. In the early days of genet-
ics, the location and chemical identity of genes were un-
known; only the observable characteristics, the phenotypes,
could be followed. The concept that genes are like "beads"
on a long "string," the chromosome, was p,roposed early in
the 1900s based on genetic work with the fruit fly Drosophila.

In the classical genetics approach, mutants are isolated that
lack the ability to do something a normal organism can do.
Often large genetic "screens" are done to look for many dif-
ferent mutant individuals (e.g., fruit flies, yeast cells) that are
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unable to complete a certain process, such as cell division or
muscle formation. In experimental organisms or cultured cells,
mutations usually are produced by treatment with a mutagen,
a chemical or physical agent that promotes mutations in a
largely random fashion. But how can we isolate and maintain
mutant organisms or cells that are defective in some process,
such as cell division, that is necessary for survival? One way is
to look for organisms with a temperature-sensitive mutation.
These mutants are able to grow at one temperature, the permis-
siue temperature, but not at anothe5 usually higher tempera-
ture, the nonpermissiue temperature. Normal cells can grow at
either temperature. In most cases, a temperature-sensitive mu-
tant produces an altered protein that works at the permissive
temperature but unfolds and is nonfunctional at the nonpermis-
sive temperature. Temperature-sensitive screens are readily
done with viruses, bacteria, yeast, roundworms, and fruit flies.

By analyzing the effects of numerous different temperature-
sensitive mutations that altered cell division, geneticists dis-
covered all the genes necessary for cell division without know-
ing anything, initially, about which proteins they encode or
how these proteins participate in the process. The great power
of genetics is to reveal the existence and relevance of proteins
without prior knowledge of their biochemical identity or mo-
lecular function. Eventually these "mutation-defined" genes
were isolated and replicated (cloned) with recombinant DNA
techniques discussed in Chapter 5. \fith the isolated genes in
hand, the encoded proteins could be produced in the test tube
or in engineered bacteria or cultured cells. Then the bio-
chemists could investigate whether the proteins associate with
other proteins or DNA or catalyze particular chemical reac-
tions during cell division (Chapter 20).

The analysis of genome sequences from various organ-
isms during the past decade has identified many previously
unknown DNA regions that are likely to encode proteins
(i.e., protein-coding genes). The general function of the pro-
tein encoded by a sequence-identified gene may be deduced
by analogy with known proteins of similar sequence. Rather
than randomly isolating mutations in novel genes, several
techniques are now available for inactivating specific genes
by engineering mutations into them or destroying their
mRNA with interfering RNA molecules (Chapter 5). The ef-
fects of such deliberate gene-specific inactivation procedures
provide information about the role of the encoded proteins
in living organisms. This application of genetic techniques
starts with a gene/protein sequence and ends up with a mu-
tant phenotype; traditional genetics starts with a mutant
phenotype and ends up with a gene/protein sequence.

Genomics Reveals Differences in the Structure
and Expression of Entire Genomes

Biochemistry and genetics generally focus on one gene and
its encoded protein at a time. 

'$flhile 
powerful, these tradi-

tional approaches do not give a comprehensive view of the
structure and activity of an organism's genome, its entire set
of genes. The field of genomics does just that, encompassing
the molecular characterization of whole genomes and the de-
termination of global patterns of gene expression. The recent

completion of the genome sequences for more than 100

species of bacteria and several eukaryotes now permits com-

parisons of entire genomes from different species. The re-

sults provide overwhelming evidence of the molecular unity

of life and the evolutionary processes that made us what we

are (see Section 1.5). Genomics-based methods for compar-

ing thousands of pieces of DNA from different individuals

all at the same time are proving useful in tracing the history

and migrations of plants and animals and in following the

inheritance of diseases in human families.
DNA microarrays can simultaneously detect all the

mRNAs present in a cell, thereby indicating which genes are

being transcribed. Such global patterns of gene expression

clearly show that liver cells transcribe a quite different set of

genes than do white blood cells or skin cells. Changes in gene

expression also can be monitored during a disease process'

in response to drugs or other external signals' and during de-

velopment. For instance, the identification of all the mRNAs

present in cultured fibroblasts before, during' and after they

divide has given us an overall view of transcriptional
changes that occur during cell division (Figure 1-23). Cancet

diagnosis is being transformed because previously indistin-

guishable cancer cells have distinct gene expression patterns

and prognoses (Chapter 25). Similar studies with different

organisms and cell types are revealing what is universal

about the genes involved in cell division and what is specific

to particular organisms. To find out which genes are directly

regulated by a transcription factor, chromatin containing the

protein of interest can be purified with an antibody and the

associated DNA analyzed on microarrays, a procedure

called chromatin immunopreclpltatlon.
The entire complement of proteins in a cell, its proteome'

is controlled in part by changes in gene transcription. The reg-

ulated synthesis, processing, localization' and degradation of

specific proteins also play roles in determining the proteome

of a particular cell. Learning how proteins bind to other pro-

teins, often in large, multiprotein complexes, is providing a

comprehensive view of the molecular machines important for

cell functioning. The field of proteomics will advance dramat-

ically once high-throughput x-ray crystallography, currently

under development, permits researchers to rapidly determine

the structures of hundreds or thousands of proteins.

Developmental Biology Reveals Changes in

the Propert ies of Cells as They Special ize

Another approach to viewing cells comes from studying how

they change during development of a complex organism. Bac-

teria, algae, and unicellular eukaryotes (protozoans, yeasts)

often, but by no means always, can work solo. The concerted

actions of the trillions of cells that compose our bodies require

an enormous amount of communication and division of labor.

During the development of multicellular organisms, differen-

tiation processes form hundreds of cell types, each specialized

for a particular task: transmission of electric signals by neu-

rons, transport of oxygen by red blood cells, destruction of in-

fecting bacteria by macrophages' contraction by muscle cells,

chemical processing by liver cells, and so on.
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  EXPERIMENTAL FIGURE 1-23 Microarray analysis of normal
growing brain cells and brain tumor cells. An experiment l ike this
is a starting point for learning how tumor cells differ from normal
cells RNA was extracted from normal growing mouse brain cells
from the cerebellum and from a tumor of the cerebellum The RNA
from the tumor was labeled with a red dye, and RNA from the
normal, non-tumorous cerebellum was labeled with a green dye The
two RNA preparations were mixed and hybridized to a microarray
containing thousands of spots of DNA Each spot contains the DNA
sequence of one gene Unbound RNA was washed away and the
microarray was exposed to UV light, which causes the dyes to
fluoresce Spots that are green have bound mostly normal cerebellum
RNA, spots that are red have bound mostly tumor RNA, and spots
that are yellow have bound roughly equal amounts of each. The
faintly stained spots represent genes for which there is l i tt le RNA in
either sample The data indicate which genes have been transcribed
in tumors, normal cerebellum, or both Only part of the data is
shown here The entire data set requires analyzing the colors of more
than 25,000 spots, all of which can be fitted onto one microscope
slide. Precise measurements of color intensity are actually made by a
spectrophotometer, but looking by eye shows that many genes are
more highly expressed in normal or tumor cells. Some of these
differences are the consequence of the change into tumor cells, but
some may reveal gene expression changes that cause the tumors to
form In addition, proteins made exclusively in tumors, and perhaps
necessary for uncontrolled growth, may be candidate targets for
discovering anti-cancer drugs [Courtesy of Tal Raveh and l\y'atthew Scott,
Stanford University School of Medicine l

Many of the differences among differentiated cells are
due to production of specific sets of proteins needed to carry
out the unique functions of each cell type; that is, only a
subset of an organism's genes is transcribed at any given time
or in any given cell. Such differential gene expression at dif-
ferent times or in different cell types occurs in bacteria,
fungi, plants, animals, and even viruses. Differential gene

expression is readily apparent in an early fly embryo, in
which all the cells look alike until they are stained to detect
the proteins encoded by particular genes (Figure 1-24).
Transcription can change within one cell type in response to
an external signal or in accordance with a biological clock;
some genes, for instance, undergo a dalIy cycle between low
and high transcription rates.

Producing different kinds of cells is not enough to make
an organism, any more than collecting all the parts of a truck
in one pile gives you a truck. The various cell types must be
organized and assembled into all the tissues and organs.
Even more remarkable, these body parts must work almost
immediately after their formation and continue working
during the growth process. For instance, the human heart
begins to beat when it is less than 3 mm long, when we are
mere 23-day-old embryos, and continues beating as it grows
into a fist-size muscle. From a few hundred cells to billions,
and still ticking.

In the developing organism, cells grow and divide at
some times and not others, they assemble and communicate,
they prevent or repair errors in the developmental process,
and they coordinate each tissue with others. In the adult or-
ganism, cell division largely stops in most organs .If part of
an organ such as the liver is damaged or removed, cell divi-
sion resumes until the organ is regenerated. The legend goes
that Zets punished Prometheus for giving humans fire by

  FIGURE 1-24 Differential gene expression can be detected in
early fly embryos before cells are morphologically different.
An early Drosophila embryo has about 6000 cells covering its surface,
most of which are indistinguishable by simple l ight microscopy. lf the
embryo is made permeable to antibodies with a detergent that
partially dissolves membranes, the antibodies can find and bind to
the proteins they recognize In this embryo we see antibodies tagged
with a fluorescent label bound to proteins that are in the nuclei; each
small sphere corresponds to one nucleus. Three different antibodies
were used, each specific for a different protein and each giving a
distinct color (yellow, green, or blue) in a fluorescence microscope.
The red color is added to highlight overlaps between the yellow and
blue stains The locations of the different proteins show that the cells
are in fact different at this early stage, with particular genes turned
on in specific stripes of cells. These genes control the subdivision of
the body into repeating segments, l ike the black and yellow stripes of
a hornet. [Courtesy of Sean Carroll, University of Wisconsin ]
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chaining him to a rock and having an eagle eat his liver. The
punishment was eternal because, as the Greeks evidently
knew, the liver regenerates.

Developmental studies involve watching where, when,
and how different kinds of cells form, discovering which
signals trigger and coordinate developmental events, and
understanding the differential gene action that underlies dif-
ferentiation (Chapters 16 and 21). During development we
can see cells change in their normal context of other cells.
Cell biology, biochemistry, cell biology, genetics, and ge-
nomics approaches are all employed in studying cells during
development.

Choosing the Right  Exper imenta l  Organism
for  the Job
Our current understanding of the molecular functioning of
cells rests on studies with viruses, bacteria, yeast, protozoa,
slime molds, plants, frogs, sea urchins, worms, insects, fish,
chickens, mice, and humans. For various reasons, some
organisms are more appropriate than others for answering
particular questions. Because of the evolutionary conserva-
tion of genes, proteins, organelles, cell types, and so forth,
discoveries about biological structures and functions obtained
with one experimental organism often apply to others. Thus
researchers generally conduct studies with the organism that
is most suitable for rapidly and completely answering the
question being posed, knowing that the results obtained in
one organism are l ikely to be broadly applicable. Figure 1-25
summarizes the typical experimental uses of various organ-
isms whose genomes have been sequenced completely or
nearly so. The availability of the genome sequences for these
organisms makes them particularly useful for genetics and
genomics studies.

Bacteria have several advantages as experimental or-
ganisms: they grow rapidlS possess elegant mechanisms
for controll ing gene activity, and have powerful genetics.
This latter property relates to the small size of bacterial
genomes, the ease of obtaining mutants, the availabil ity of
techniques for transferring genes into bacteria, an enor-
mous wealth of knowledge about bacterial gene control
and protein functions, and the relative simplicity of map-
ping genes relative to one another in the genome. Single-
celled yeasts not only have some of the same advantages as
bacteria but also possess the cell organization, marked by
the presence of a nucleus and organelles, that is character-
istic of all eukaryotes.

Studies of cells in specialized tissues make use of animal
and plant "models," that is, experimental organisms with
attributes typical of many others. Nerve cells and muscle
cells, for instance, traditionally were studied in mammals
or in creatures with especially large or accessible cells, such
as the giant neural cells of the squid and sea hare or the
flight muscles of birds. More recently, muscle and nerve de-
velopment have been extensively studied in fruit f l ies
(Drosophila melanogaster), roundworms (Caenorhabditis

elegans), and zebrafish (Danio rerio), in which mutants can
be readily isolated. Organisms with large-celled embryos

that develop outside the mother (e.g.' frogs, sea urchins,

fish, and chickens) are extremely useful for tracing the fates

of cells as they form different tissues and for making ex-

tracts for biochemical studies. For instance, a key protein in

regulating mitosis was first identified in studies with frog

and sea urchin embryos and subsequently purified from ex-

tracts (Chapter 20lt.
Using recombinant DNA techniques, researchers can en-

gineer specific genes to contain mutations that inactivate or

increase production of their encoded proteins. Such genes can

be introduced into the embryos of worms, flies, frogs, sea

urchins, chickens, mice, a variety of plants, and other organ-

isms, permitting the effects of activating a gene abnormally or

inhibiting a normal gene function to be assessed. This ap-

proach is being used extensively to produce mouse versions

of human genetic diseases. Inactivating particular genes by

introducing short pieces of interfering RNA is allowing quick

tests of gene functions possible in many organisms. The ex-

pansion of genome proiects to critically important disease or-

ganisms, such as malaria, and to creatures that span the evo-

lutionary tree is bringing new options for medicine and new

insights into how living organisms have diversified to take

advantage of every possible ecological niche.
Mice have one enormous advantage over other experi-

mental organisms: they are the closest to humans of any an-

imal for which powerful genetic approaches are feasible. En-

gineered mouse genes carrying mutations similar to those

associated with a particular inherited disease in humans can

be introduced into mouse embryonic stem (ES) cells. These

cells can be injected into an early embryo, which is then im-

planted into a pseudopregnant female mouse (a mouse

treated with hormones to trigger physiological changes

needed for pregnancy) (Chapter 5). If the mice that develop

from the injected ES cells exhibit diseases similar to the hu-

man disease, then the link between the disease and muta-

tions in a particular gene or genes is supported. Once mouse

models of a human disease are available, further studies on

the molecular defects causing the disease can be done and

new treatments can be tested, thereby minimizing human ex-

posure to untested treatments. Large-scale genetic screens

are being done that take advantage of newly designed muta-

genic transposons. The transposons allow efficient genera-

tion of mouse mutants and rapid identification of the gene

that has been hit in each one.
A continuous unplanned genetic screen has been per-

formed on human populations for millennia. \What we mean

is that all sorts of human variations have arisen and have

been noticed, since they affect visible or noticeable human

characteristics. Thousands of inherited traits have been iden-

tified and, more recently, mapped to locations on the chro-

mosomes. Some of these traits are inherited propensities to

get a disease; others are eye color or other minor character-

istics. Genetic variations in virtually every aspect of cell biol-

ogy can be found in human populations, allowing studies of

normal and disease states and of variant cells in culture.

Less-common experimental organisms offer possibilities

for exploring unique or exotic properties of cells and for

studying standard properties of cells that are exaggerated in
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Podcast: Common Experimental Organisms

Viruses

Proteins involved in DNA, RNA,
protein synthesis

Gene regulat ion
Cancer and control of cel l

orol i ferat ion
Transport of proteins and

organelles inside cel ls
Infection and immunity
Possible gene therapy approaches

Yeast ( Saccha ro myce s ce rev i s i ael

Control of cel l  cycle and cel l  division
Protein secretion and membrane

biogenesis
Function of the cytoskeleton
Cell  dif ferentiat ion
Ag ing
Gene regulat ion and chromosome

structure

Fruit ffy (Drosoph i I a mel anoga sterl

Development of the body plan
Generation of dif ferentiated cel l

l i neages
Formation of the nervous system,

heart,  and musculature
Programmed cel l  death
Genetic control of behavior
Cancer genes and control of cel l

prol i ferat ion
Control of cel l  polarization
Effects of drugs, alcohol, pesticides

Mice, including cultured cel ls

Development of body t issues
Funct ion  o f  mammal ian  immune

system
Formation and function of brain

and nervous system
Models of cancers and other

human diseases
Gene regulat ion and inheritance
Infectious disease

Bacteria

Proteins involved in DNA, RNA,
protein synthesis,
metabolism

Gene regulat ion
Targets for new antibiot ics
Cell  cycle
S igna l ing

Roundworm I Caeno rh abd itis
elegansl

Development of the body plan
Cel l  l i neage
Formation and function of the

nervous system
Control of programmed cel l  death
Cell  prol i ferat ion and cancer genes
Ag ing
Behavior
Gene regulat ion and chromosome

structu re

Zebrafish

Development of vertebrate body
tissues

Formation and function of brain and
nervous syslem

Birth defects
Cancer

Plant (A ra b i d o ps i s th a I i a n al

Development and patterning of
t issues

Genetics of cel l  biology
Agricu l tural appl icat ions
Physiology
Gene regulat ion
lmmuni ty
Infectious disease
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< FIGURE 1-25 Each experimental organism used in cell
biology has advantages for certain types of studies. Viruses (a)
and bacteria (b) have small genomes amenable to genetic dissection
Many insights into gene control init ially came from studies with these
organisms The yeast Saccharomyces cerevisiae (c) has the cellular
organization of a eukaryote but is a relatively simple single-celled
organism that is easy to grow and to manipulate genetically. In the
nematode worm Caenorhabditis elegans (d), which has a small
number of cells arranged in a nearly identical way in every worm, the
formation of each individual cell can be traced The fruit f ly
Drosophila melanogaster (e), first used to discover the properties of
chromosomes, has been especially valuable in identifying genes that
control embryonic development Many of these genes are
evolutionarily conserved in humans The zebraf ish Danio rerio (f) is
used for rapid genetic screens to identify genes that control
development and organogenesis. Of the experimental animal
systems, mice (Mus musculus) (g) are evolutionarily the closest to
humans and have provided models for studying numerous human
genetic and infectious diseases. The mustard-family weed
Arabidopsis thaliana, sometimes described as the Drosophila of the
plant kingdom, has been used for genetic screens to identify genes
involved in nearly every aspect of plant l i fe Genome sequencing is
completed for many viruses and bacterial species, the yeast
Saccharomyces cerevisiae, the roundworm C. elegans, the f ruit fly
D. melanogaste4 humans, and the plantArabidopsis thaliana llis
mostly completed for mice and in progress for zebrafish Other
organisms, particularly frogs, sea urchins, chickens, and slime molds,
continue to be immensely valuable for cell biology research
Increasingly, a wide variety of other species are used, especially for
studies of evolution of cells and mechanisms [Part (a) Visuals Unlimited,
Inc Part (b) Kari Lountmaa/Science Photo Library/Photo Researchers, Inc Part
(c) ScimavPhoto Researchers, Inc Part (d) Photo Researchers, Inc Part (e)
Darwin Dale/Photo Researchers, Inc, Part (f) Inge Spencel'/isuals Unlimited, Inc
Part (g) J M Labavjancanatuisuals Unlimited, Inc Part (h) Darwin Dale/Photo
Researchers, Inc ]

a useful fashion in a particular animal. For example, the
ends of chromosomes, the telomeres, are extremely dilute in
most cells. Human cells typically contain 92 telomeres (46
chromosomes X 2 ends per chromosome). In contrast, some
protozoa with unusual "fragmented" chromosomes contain
mill ions of telomeres per cell. Taking advantage of the
unique properties of this well-chosen experimental organ-
ism has led to important recent discoveries about telomere
structure.

The Most Successful Biological Studies Use
Mul t ip le  Approaches

We have discussed five classes of approaches to biological
problems: cell biology biochemistry and biophysics, genet-
ics, genomics, and developmental biology. Each has its own
types of experiments, and most biological problems require
more than one approach in order to reach a satisfying un-
derstanding of mechanism. Now we will survey how these
approaches have been applied to the study of cell division
to emphasize how important it is to use multiple types of
experlments.

Cell division was viewed, and indeed discovered, by some
of the earliest users of microscopes. More recently a variety

of kinds of microscopy, including confocal and electron
microscopy and time-lapse imaging (Chapter 9), have been
used to characterize the steps of the cell cycle. Most biology
begins with this sort of observation, defining the mysteries

that must be tackled experimentally. Then manipulations be-
gin. Antibodies were made against proteins that play critical
roles in cell division both to detect proteins and in some
cases to interfere with the functions of those proteins. Key
proteins were fused to fluorescent proteins, starting with the

iellyfish green fluorescent protein (GFP), so that key proteins

could be followed in living cells. Questions about when and

where proteins work could be addressed and their functions
defined to an extent.

The apparatus of cell division, such as the mitotic spindle

and other protein complexes, was purified and analyzed us-
ing the approaches of biochemistry and biophysics. Each
protein had to be purified to find out whether it is part of a

complex of proteins bound together as a machine, and the
structures of key proteins were determined using x-ray crys-

tallography and other methods (Chapter 3). Previously un-

known enzymatic activities were detected in extracts using
assays such as measuring the attachment of phosphate

groups to cell division regulatory proteins by kinases, and

then the relevant kinases could be purified.
Finding a novel protein in a complex of proteins involved

in cell division makes it a good bet that the protein does

something important, a sort of "guilt by association," but it

does not provide proof that the protein matters. For that one

must turn to genetics. Genetics can be used to identify

mutants in the newly found protein. If cell division fails in a

living organism when the protein is not working, you know

the protein matters. Genetics is also a way to identify previ-

ously unknown genes and proteins since screens can be done
(especially in bacteria and yeast, but also in more complex

Iab organisms) to look for all the genes that are needed for

cell division. The newly discovered proteins can be incorpo-

rated into a complete picture of the mechanics of cell divi-

sion machinery.
Genomics provides another way to look for working

parts of the cell-division machine. Since it is often true that

mRNAs and proteins are produced only when they are

needed, using microarrays to look for all genes whose ex-
pression varies with the cell cycle is a powerful approach to

identify candidates for cell division regulators.
Having identified new genes that are required for cell di-

vision, one must find out how these genes' protein products

work. Simply knowing that a protein matters to cell division

is not enough to understand the mechanism. Thus it is nec-

essary to return to biochemical and biophysical approaches

to work out the molecular biology and to cell biology to

monitor protein locations and movements.
Finally, cell division does not happen in a vacuum; it

happens in the context of the life cycle of the organism. To

fully appreciate how the regulation works and is used, it is

important to use the approaches of developmental biology
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to reveal when and where cell division normally happens and
why. In these experiments the times and places of cell division
during the development of the organism are monitored, and
then the signals that stimulate or suppress cell division are
identified and studied. Errors in developmental control of
cell division, revealed by studying mutants, can cause organs
and tissues to be the wrong size or cancer.

The same kinds of approaches that work for cell division
can be applied to many other biological challenges, such as
Iearning how muscles form or how they work or how the
brain functions. Often it 's good to use every tool in the
toolkit.

tf,| A Genome Perspective
on Evolution
Comprehensive studies of genes and proteins from many
organisms are giving us an extraordinary documentation of
the history of l i fe. Nature is a laboratory that has been
conducting experiments for bil l ions of years, and some of
the most successful genomes that emerged are sti l l  with us.'We 

share with other eukaryotes thousands of individual
proteins, hundreds of macromolecular machines, and most
of our organelles, all as a result of our shared evolutionary
history. New insights into molecular cell biology arising
from genomics are leading to a fuller appreciation of rhe el-
egant molecular machines that arose during bil l ions of
years of genetic t inkering and evolutionary selection for the
most efficient, precise designs. Due ro alternative RNA
splicing, the number of proteins vastly exceeds the number
of genes, and the functions of many variant proteins and
assemblies of proteins remain to be discovered. Once a
more complete description of cells is in hand, we wil l be
ready to fully investigate the rippling, flowing dynamics of
l iving systems.

Metabolic Proteins, the Genetic Code,
and Organel le  St ructures Are Near ly  Universal
Even organisms that look incredibly different share many
biochemical properties. For instance, the enzymes that cat-
alyze degradation of sugars and many other simple chemi-
cal reactions in cells have similar structures and mecha-
nisms in most living things. The genetic code whereby the
nucleotide sequences of mRNA specifies the amino acid se-
quences of proteins can be read equally well by a bacterial
cell and a human cell. Because of the universal nature of the
genetic code, bacterial "factories" can be designed to man-
ufacture growth factors, insulin, clotting factors, and other
human proteins with therapeutic uses. The biochemical
similarities among organisms also extend to the organelles
found in eukaryotic cells. The basic structures and functions
of these subcellular components are largely conserved in all
eukaryotes.

Computer analysis of DNA sequence data, now avail-
able for numerous bacterial species and several eukaryotes,
can locate protein-coding genes within genomes. \fith the
aid of the genetic code, the amino acid sequences of pro-
teins can be deduced from the corresponding gene se-
quences. Although simple conceptually, "f inding" genes
and deducing the amino acid sequences of their encoded
proteins is complicated in practice because of the many
noncoding regions in eukaryotic DNA (Chapter 5). Despite
the difficulties and occasional ambiguities in analyzing
DNA sequences, comparisons of the genomes from a wide
range of organisms provide stunning, compelling evidence
for the conservation of the molecular mechanisms that
build and change organisms and for the common evolu-
t ionary h is tory of  a l l  species.

Darwin's ldeas About the Evolution of Whole
Animals Are Relevant  to  Genes
Darwin did not know that genes exist or how they change,
but we do: the DNA replication machine makes an error, or
a mutagen causes replacement of one nucleotide with an-
other or breakage of a chromosome. Some changes in the
genome are innocuous, some mildly harmful, some deadly; a
very few are beneficial. Mutations can change the sequence
of a gene in a way that modifies the activity of the encoded
protein or alters when, where, and in what amounts the pro-
tein is produced in the body.

Gene-sequence changes that are harmful wil l be lost
from a population of organisms because the affected indi-
viduals cannot survive as well as their relatives. This selec-
tion process is exactly what Darwin described without
knowing the underlying mechanisms that cause organisms
to vary. Thus the selection of whole organisms for survival
is really a selection of genes, or more accurately sets of
genes. A population of organisms often contains many vari-
ants that are all roughly equally well-suited to the prevailing
conditions. When conditions change-a fire, a flood, loss of
preferred food supply, climate shift-variants that are better
able to adapt will survive, and those less suited to the new
conditions will begin to die out. In this way, rhe genetic
composition of a population of organisms can change over
tlme.

Many Genes Contro l l ing Development
Are Remarkably  Simi lar  in  Humans
and Other  Animals
As humans, we probably have a biased and somewhat exag-
gerated view of our status in the animal kingdom. Pride in
our swollen forebrain and its associated mental capabilities
may blind us to the remarkably sophisticated abilities of
other species: navigation by birds, the sonar system of bats,
homing by salmon, or the flight of a fIy.

Despite all the evidence for evolutionary unity at the cel-
lular and physiological levels, everyone expected that genes
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Genes

( a )

regulating animal development would differ greatly from
one phylum to the next. After all, insects and sea urchins and
mammals look so different. \(e must have many unique
proteins to create a brain like ours . . . or must we? The fruits
of research in developmental genetics during the past two
decades reveal that insects and mammals, which have a com-
mon ancestor about half a billion years ago, possess many
similar development-regulating genes (Figure 1-26). Indeed,
a large number of these genes appear to be conserved in
many and perhaps all animals. Remarkably, the develop-
mental functions of the proteins encoded by these genes are
also often preserved. For instance, certain proteins involved
in eye development in insects are related to protein regula-
tors of eye development in mammals. Same for development
of the heart, gut, lungs, and capillaries and for placement of
body parts along the head-to-tail and back-to-front body
axes (Chapter 19).

This is not to say that all genes or proteins are evolution-
arily conserved. Many striking examples exist of proteins

< FIGURE 1-26 Similar genes, conserved during evolution,
regulate many developmental processes in diverse animals.
Insects and mammals are estimated to have had a common ancestor
about half a bil l ion years ago. They share genes that control similar
processes, such as growth of heart and eyes and organization of the
body plan, indicating conservation of function from ancient t imes.
(a) Hox genes are found in clusters on the chromosomes of most or
all animals Hox genes encode related proteins that control the
activit ies of other genes Hox genes direct the development of
different segments along the head-to-tail axis of many animals, as
indicated by corresponding colors. Each gene is activated
(transcriptionally) in a specific region along the head-to-tail axis and
controls the growth of t issues there For example, in mice the Hox
genes are responsible for the distinctive shapes of vertebrae
Mutations affecting Hox genes in fl ies cause body parts to form in
the wrong locations, such as legs in l ieu of antennae on the head.
These genes provide a head-to-tail address and serve to direct
formation of the right structures in the right places (b) Development
of the large compound eyes in fruit f l ies requires a gene called
eyeless (named for the mutant phenotype). (c) Flies with inactivated
eyeless genes lack eyes (d) Normal human eyes require the human
gene, called Pax6, that corresponds to eyeiess. (e) People lacking
adequate Pax6 function have the genetic disease anrrdia, a lack of
irises in the eyes Pax6 and eyeless encode highly related proteins
that regulate the activit ies of other genes and are descended from
the same ancestral gene lParts (b) and (c) Andreas Hefti, Interdepartmental
Electron Microscopy (lEM) Biocenter of the University of Basel Part (d)

@ Simon Fraser/Photo Researchers. Inc Part (e) Visuals Unlimitedl

that, as far as we can tell, are utterly absent from certain lin-

eages of animals. Plants, not surprisingly, exhibit many such

differences from animals after a billion-year separation in

their evolution. Yet certain DNA-binding proteins differ be-

tween peas and cows at only two amino acids out of 1'021

Human Medic ine ls  In formed by Research
on Other  Organisms

Mutations that occur in certain genes during the course of

our lives contribute to formation of various human cancers.

The normal, wild-type forms of such "cancer-causing" genes

generally encode proteins that help regulate cell proliferation

or death (Chapter 21').'We also can inherit from our parents

mutant copies of genes that cause all manner of genetic dis-

eases, such as cystic fibrosis, muscular dystrophy' sickle cell

anemia, and Huntington's disease. Happily we can also in-

herit genes that make us robustly resist disease. A remark-

able number of genes associated with cancer and other hu-

man diseases are present in evolutionarily distant animals.

For example, a recent study shows that more than three-
quarters of the known human disease genes are related to

genes found in the fruit fIy Drosophila.
Vith the identification of human disease genes in other

organisms, experimental studies in experimentally tractable

organisms should lead to rapid progress in understanding

Flv
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the normal functions of the disease-related genes and what
occurs when things go awry. ConverselS the disease states
themselves constitute a genetic analysis with well-studied
phenotypes. All the genes that can be altered to cause a cer-
tain disease may encode a group of functionally related pro-
teins. Thus clues about the normal cellular functions of pro-

teins come from human diseases and can be used to guide
initial research into mechanism. For instance, genes initially
identified because of their link to cancer in humans can be
studied in the context of normal development in various
model organisms, providing further insight about the func-
tions of their protein products.
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Polarized light microscopic image of crystals of ATB whose
hydrolysis is a primary source of energy that drives many cel lular
chemical reactions [Dr. Arthur M SiegelmaMr' isuals Unlimited ]

he life of a cell depends on thousands of chemical in-
teractions and reactions exquisitely coordinated with
one another in time and sDace and under the influence

of the cell's genetic instructions and its environment. By un-
derstanding at a molecular level these interactions and reac-
tions, we can begin to answer fundamental questions about
cellular life: How does a cell extract critical nutrients and in-
formation from its environment? How does a cell convert
the energy stored in nutrients into work (movement, synthe-
sis of critical components)? How does a cell transform nutri-
ents into the fundamental structures required for its survival
(cell wall, nucleus, nucleic acids, proteins, cytoskeleton)?
How does a cell link itself to other cells to form a tissue?
How do cells communicate with one another so that a com-
plex, efficiently functioning organism can develop and
thrive? One of the goals of Molecular Cell Biology is to pro-
vide answers to these and other questions about the struc-
ture and function of cells and organisms in terms of the
properties of individual molecules and ions.

For example, the properties of one such molecule, water,
have controlled and continue to control the evolution,
structure, and function of cells. You cannot understand bi-
ology without appreciating how the properties of water
control the chemistry of life. Life first arose in a watery en-
vironment. Constituting 70-80 percent by weight of most
cells, water is the most abundant molecule in biological sys-
tems. It is within this aqueous milieu that small molecules
and ions, which make up about 7 percent of the weight of
living matter, assemble into the larger macromolecules and
macromolecular aggregates that make up a cell's machinery
and architecture and so the remaining mass of organisms.

CHAPTER

CHEMICAL
FOUNDATIONS

These small molecules include amino acids (the building
blocks of proteins), nucleotides (the building blocks of
DNA and RNA), lipids (the building blocks of biomem-
branes), and sugars (the building blocks of starches and
cellulose).

Many biomolecules (e.g., sugars) readily dissolve in wa-
ter; these molecules are called hydrophilic (water liking).
Others (e.g., cholesterol) are oilS fatl ike substances that
shun water; these are said to be hydrophobic (water fear-
ing). Sti l l  other biomolecules (e.g., phospholipids) are a bit
schizophrenic, containing both hydrophilic and hydropho-
bic regions; these molecule are said to be amphipathic.
Phospholipids are used to build the flexible membranes
that form the wall-like boundaries of cells and their inter-
nal organelles. The smooth functioning of cells, t issues'

and organisms depends on all these molecules, from the
smallest to the largest. Indeed, the chemistry of the simple
proton (H*) can be as important to the survival of a hu-
man cell as that of each gigantic, genetic-code-carrying
DNA molecule (the mass of the DNA molecule in human
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A FIGURE 2-1 Chemistry of l i fe: four key concepts. (a) Molecular
complementari ty l ies at the heart of al l  biomolecular interactions, as
when two proteins with complementary shapes and chemical
propert ies come together to form a t ightly bound complex (b) Small
molecules serve as bui lding blocks for Iarger structures For example,
to generate the information-carrying macromolecule DNA, four small
nucleotide bui lding blocks are covalently l inked into long str ings
(polymers), which then wrap around each other to form the double
helix (c) Chemical reactions are reversible, and the distr ibution of the
chemicals between start ing reagents (/eft) and the products of the

chromosome 1is  8.6 x 10r0 t imes that  of  a proton!) .  The
chemical interactions of all of these molecules, large and
small, with water and with one anothet define the nature
of l i fe.

Luckily, although many types of biomolecules interacr
and react in numerous and complex pathways to form func-
tional cells and organisms, a relatively small number of
chemical principles are necessary to understand cellular
processes at the molecular level (Figure 2-l). ln this chapter
we review these key principles, some of which you already
know well. Sfe begin with the covalent bonds that connect
atoms into a molecule and the noncovalent forces that stabi-
lize groups of atoms into functional structures within and
between molecules. We then consider the key properties of
the basic chemical building blocks of macromolecules and
macromolecular assemblies. After reviewing those aspects of
chemical equil ibrium that are most relevant to biological
systems, we end the chapter with basic principles of bio-

kr

Kl

"H igh-energy"
phosphoa nhyd r ide
bonds

reactions (nght) depends on the rate constants of the forward (k1,
upper arrow) and reverse (k,, lower arrow) reactions The ratio of
these, K"o, provides an informative measure of the relative amounts
of products and reactants that wil l be present at equil ibrium (d) In
many cases, the source of energy for chemical reactions in cells is the
hydrolysis of the molecule ATP This energy is released when a high-
energy phosphoanhydride bond linking the B and y phosphates in
the ATP molecule (red) is broken by the addition of a water molecule,
T O r m l n O  A U I ' 3 1 1 O  l ' , .

chemical energetics, including the central role of ATP
(adenosine triphosphate) in capturing and transferring en-
ergy in cellular metabolism.

A Covalent Bonds and
Noncovalent Interactions
Strong and weak attractive forces between atoms are the
"glue" that holds them together in individual molecules and
permits interactions between different biomolecules. Strong
forces form a covalent bond when two atoms share one pair
of electrons ("single" bond) or multiple pairs of electrons
("double" bond, "triple" bond, etc.). The weak attractive
forces of noncovalent interactions are equally important in
determining the properties and functions of biomolecules
such as proteins, nucleic acids, carbohydrates, and lipids..We 

will first review covalent bonds and then discuss the four

K1

k, Adenos ine
tr iphosphate
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E lectrons Covalent bond

A FIGURE 2-2 Covalent bonds form by the sharing of electrons.
Covalent bonds, the strong forces that hold atoms together into
molecules, form when atoms share electrons from therr outermost
electron orbitals. Each atom forms a defined number and qeometrv
of covalent bonds

major types of noncovalent interactions: ionic bonds, hydro-
gen bonds, van der Waals interactions, and the hydrophobic
effect.

The Electronic Structure of an Atom
Determines the Number and Geometry
of Covalent Bonds lt  Can Make
Hydrogen, oxygen, carbon, nitrogen, phosphorus, and sul-
fur are the most abundant elements in biological molecules.
These atoms, which rarely exist as isolated entit ies, readily
form covalent bonds, using electrons in the outermost elec-
tron orbitals surrounding their nuclei (Figure 2-2\. As a
rule, each type of atom forms a characteristic number of co-
valent bonds with other atoms, with a well-defined geome-
try determined by the atom's size and by both the distribu-
tion of electrons around the nucleus and the number of
electrons that it can share. In some cases (e.g., carbon), the
number of stable covalent bonds formed is fixed; in other
cases (e.g., sulfur), different numbers of stable covalent
bonds are possible.

All the biological building blocks are organized around
the carbon atom, which normally forms four covalent bonds
with three or four other atoms. As illustrated in Figure 2-3a
for formaldehyde, carbon can bond to three atoms, all in a
common plane. The carbon atom forms two typical single
bonds with two atoms and a double bond (two shared elec-
tron pairs) with the third atom. In the absence of other con-
straints, atoms joined by a single bond generally can rotate
freely about the bond axis, whereas those connected by a
double bond cannot. The rigid planarity imposed by double
bonds has enormous significance for the shapes and flexibil-
ity of biomolecules such as phospholipids, proteins, and nu-
cleic acids.

Carbon can also bond to four rather than three atoms.
As illustrated by the methane (CHa) molecule, when carbon
is bonded to four other atoms, the angle between any two
bonds is 109.5' and the positions of bonded atoms define
the four points of a tetrahedron (Figure 2-3b). This geome-

try defines the structures of many biomolecules. A carbon
(or any other) atom bonded to four dissimilar atoms or
groups in a nonplanar configuration is said to be asymmet-
ric. The tetrahedral orientation of bonds formed by an asym-
metric carbon atom can be arranged in three-dimensional
space in two different ways, producing molecules that are
mirror images of each other, a property called chirality (from

the Greek word cheir, meaning "hand") (Figure 2-4). Such
molecules are called optical isomers, or stereoisomers. Many
molecules in cells contain at least one asymmetric carbon
atom, often called a chiral carbon atom. The different
stereoisomers of a molecule usually have completely differ-
ent biological activities because the arrangement of atoms
within their structures differs, yielding their unique abilities
to interact and chemically react with other molecules.

Some drugs are mixtures of the stereoisomers of small
molecules in which only one stereoisomer has the bio-

logical activity of interest. The use of a pure single stereoiso-
mer of the chemical in place of the mixture can result in a
more potent drug with reduced side effects. For example, one
stereoisomer of the antidepressant drug citalopram (Celexa) is

(al Formaldehyde

H

H

H

H

H
c:o

H

(b) Methane

H
I

H - C - H
I
H

Chemica l
structu re

Ball-and-st ick
mode l

Space-f i l l ing
model

A FIGURE 2-3 Geometry of bonds when carbon is covalently
linked to three or four other atoms. (a) A carbon atom can be
bonded to three atoms, as in formaldehyde (CHzO). In this case, the
carbon-bonding electrons participate in two single bonds and one
double bond,  which a l l  l ie  in  the same plane.  Unl ike atoms
connected by a single bond, which usually can rotate f reely about the
bond axis, those connected by a double bond cannot (b) When a
carbon atom forms four single bonds, as in methane (CH+), the
bonded atoms (all H in this case) are oriented in space in the form of
a tetrahedron. The letter representation on the left clearly indicates
the atomic composition of the molecule and the bonding pattern
The ball-and-stick model in the center i l lustrates the geometric
arrangement of the atoms and bonds, but the diameters of the balls
representing the atoms and their nonbonding electrons are
unrealistically small compared with the bond lengths The sizes of the
electron clouds in the space-fi l l ing model on the right more
accuratelv represent the structure in three dimensions
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  FIGURE 2-4 Stereoisomers. Many molecules in cells contain at
least one asymmetric carbon atom The tetrahedral orientation of
bonds formed by an asymmetric carbon atom can be arranged in
three-dimensional space in two different ways, producing molecules
that are mirror images, or stereoisomers, of each other. Shown here is
the common structure of an amino acid, with its central asymmetric
carbon and four attached groups, including the R group, discussed in
Section 2 2. Amino acids can exist in two mirror-image forms,
designated r and o. Although the chemical properties of such
stereoisomers are identical, their biological activit ies are distinct Only
r amino acids are found in oroterns

170 times more potent than the other. Some stereoisomers have
very different activities. Darvon is a pain reliever, whereas its
stereoisomer, Novrad (Daruon spelled backward), is a cough
suppressant. One stereoisomer of ketamine is an anesthetic,
whereas the other causes hallucinations. I

The number of covalent bonds formed by other common
atoms is shown in Table 2-1,. A hydrogen atom forms only
one covalent bond. An atom of oxygen usually forms only
two covalent bonds but has two additional pairs of electrons

that can participate in noncovalent interactions. Sulfur
forms two covalent bonds in hydrogen sulfide (H2S) but also
can accommodate six covalent bonds, as in sulfuric acid
(H2SO4) and its sulfate derivatives. Nitrogen and phospho-
rus each have five electrons to share. In ammonia (NH3), the
nitrogen atom forms three covalent bonds; the pair of elec-
trons around the atom not involved in a covalent bond can
take part in noncovalent interactions. In the ammonium ion
(NH+*), nitrogen forms four covalent bonds, which have a
tetrahedral geometry. Phosphorus commonly forms five co-
valent bonds, as in phosphoric acid (H3POa) and its phos-
phate derivatives, which form the backbone of nucleic acids.
Phosphate groups covalently attached to proteins play a key
role in regulating the activity of many proteins, and the cen-
tral molecule in cellular energetics, ATP, contains three phos-
phate groups (see Section 2.4). A summary of common co-
valent linkages and functional groups (portions of molecules
that confer distinctive chemical properties) is provided in
Table 2-2.

Electrons May Be Shared Equally
or  Unequal ly  in  Covalent  Bonds
The extent of an atom's ability to attract an electron is called
its electronegatiuity. ln a bond between atoms with identical
or similar electronegativities, the bonding electrons are es-
sentially shared equally between the two atoms, as is the case
for most C-C and C-H bonds. Such bonds are called non-
polar. In many molecules, the bonded atoms have different
electronegativities, resulting in unequal sharing of the elec-
trons. The bond between them is said to be polar.

One end of a polar bond has a partial negative charge
(6-), and the other end has a partial positive charge ( 6+).
In an O-H bond, for example, the greater electronegativ-
ity of the oxygen atom relative to hydrogen results in the
electrons spending more time around the oxygen atom
than the hydrogen. Thus the O-H bond possesses an elec-
tric dipole, a positive charge separated from an equal but
opposite negative charge. The amount of 6- charge on the
oxygen atom of a O-H dipole is approximately 25 per-
cent of that of an electron, with an equivalent 6+ charge
on the H atom. Because of its two O-H bonds that are nor
on exact opposite sides of the O atom, water molecules
(HzO) are dipoles (Figure 2-5) that form electrostatic, non-
covalent interactions with one another and with other mol-
ecules. These interactions play a crit ical role in almost
every biochemical interaction and so are fundamental to
cell biology.

The polarity of the O:P double bond in H3PO4 results
in a resonance hybrid, a structure between the two forms
shown below in which nonbonding electrons are shown as
pairs of dots:
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In the resonance hybrid on the right, one of the electrons
from the P:O double bond has accumulated around the O
atom, giving it a negative charge and leaving the P atom with
a positive charge. These charges are important in noncova-
lent interactions.

Covalent  Bonds Are Much Stronger
and More Stable Than Noncovalent Interactions

Covalent bonds are very stable (i.e., considered to be strong)
because the energies required to break them are much
greater than the thermal energy available at room tempera-
ture (25 "C) or body temperature (37'C). For example, the

H

A FIGURE 2-5 The dipole nature of a water molecule. The
symbol E represents a partial charge (a weaker charge than the one
on an electron or a proton) Because of the difference in the
electronegativit ies of H and O, each of the polar H-O bonds in
water is a dipole The sizes and directions of the dipoles of each of
the bonds determine the net drstance and amount of charqe
separation, or dipole moment, of the molecule

thermal energy at25 "C is approximately 0.6 kilocalorie per

mole (kcal/mol), whereas the energy required to break the

carbon-carbon single bond (C-C) in ethane is about 140

times larger (Figure 2-6). Consequently' at room tempera-

ture (25 "C), fewer than f. in 1012 ethane molecules is broken

into a pair of 'CH3 molecules, each containing an unpaired,

nonbonding electron (called a radical).
Covalent single bonds in biological molecules have ener-

gies similar to the energy of the C-C bond in ethane. Be-

cause more electrons are shared between atoms in double

bonds, they require more energy to break than single bonds.

For instance, it takes 84 kcal/mol to break a single C-O

bond but 170 kcal/mol to break a C:O double bond' The

most common double bonds in biological molecules are

C:O, C:N, C:C, and P:O.
In contrast, the energy required to break noncovalent

interactions is only 1-5 kcalimol, much less than the bond

energies of covalent bonds (see Figure 2-5). Indeed' nonco-

valent interactions are weak enough that they are con-

stantly being formed and broken at room temperature' Al-

though these interactions are weak and have a transient

existence at physiological temperatures (25-37 "C)' multi-

ple noncovalent interactions can, as we wil l see' act to-

gether to produce highly stable and specific associations

between different parts of alatge molecule or between dif-

ferent macromolecules. Below, we review the four main

types of noncovalent interactions and then consider their

roles in the binding of biomolecules to one another and to

other molecules.

o l
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> FIGURE 2-6 Relative energies of covalent
bonds and noncovalent interactions. Bond
energies are defined as the energy required to
break a particular type of l inkage Covalent
bonds,  inc luding those for  s ingle (C-C) and
double (C:C) carbon-carbon bonds. are one to
two powers of 10 stronger than noncovalent
interactions The latter are somewhat greater
than the thermal energy of the environment at
normal room temperature (25 "C) Many
biological processes are coupled to the energy
released during hydrolysis of a phosphoanhydride
bond in ATP

Noncovalent  interact ions Covalent bonds

Hydrogen
bonds

Thermal
energy

Hydrolysis of ATP
phosphoanhydr ide  bond c-c C=C

lonic Interactions Are Attractions
between Oppositely Charged lons
Ionic interactions result from the attraction of a positively
charged ion-a cation-for a negatively charged ion-an
anion. In sodium chloride (NaCl), for example, the bonding
electron contributed by the sodium atom is completely trans-
ferred to the chlorine arom. (Figure 2-7a). Unlike covalent
bonds, ionic interactions do not have fixed or specific geometric
orientations because the electrostatic field around an ion-its
attraction for an opposite charge-is uniform in all directions.
In solid NaCl, many ions pack tightly together in an alternating
pattern to permit opposite charges to align and thus form a
highly ordered crystalline array (salt crystals) (Figure 2-7b).

tVhen solid salts dissolve in water, the ions separate from
one another and are stabilized by their interactions with wa-
ter molecules. In aqueous solutions, simple ions of biological

240
kcal/mol

Increasing bond strength

significance, such as Na*, K*, Ca2*,Mg2* rand Cl-, are hy-
drated, surrounded by a stable shell of water molecules held
in place by ionic interactions between the central ion and the
oppositely charged end of the water dipole (Figure 2-7c).
Most ionic compounds dissolve readily in water because the
energy of hydration, the energy released when ions tightly
bind water molecules, is greater than the lattice energy that
stabilizes the crystal structure. Parts or all of the aqueous by-
dration shell must be removed from ions when they directly
interact with proteins. For example, water of hydration is
lost when ions pass through protein pores in the cell mem-
brane during nerve conduction.

The relative strength of the interaction between two ions,
A- and C-, depends on the concentration of other ions in a
solution. The higher the concentration of other ions (e.g.,
Na* and Cl-), the more opportunities A and C* have to

0.24

( a l

- >  
c l

- - - . +  C l

Donation of electron
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+ Hro
dissolv ing

+--
Crystall izing

dissolved in water, the ions separate and their charges, no longer
balanced by immediately adjacent ions of opposite charge, are
stabil ized by interactions with polar water Water molecules and the
ions are held together by electrostatic interactions between the
charges on the ion and the partial charges on the water's oxygen and
hydrogen atoms In aqueous solutions, all ions are surrounded by a
hydration shell of water molecules

l on ic
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U
A FIGURE 2-7 Electrostatic interactions of oppositely charged
ions of salt (NaCl) in crystals and in aqueous solution. (a) In
crystall ine table salt, sodium atoms are positively charged ions (Na+)
due to the loss of one electron each, whereas chloride atoms are
correspondingly negatively charged (Ct I 5U gaining one electron
each (b) In solid form, ionic compounds form neatly ordered arrays,
or crystals, of t ightly packed ions in which the positive and negatively
charged ions counterbalance each other. (c) When the crvstals are
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A FIGURE 2-8 Hydrogen bonding of water with itself and with
other compounds. Each pair of nonbonding outer electrons in an
oxygen or a nitrogen atom can accept a hydrogen atom in a hydrogen
bond The hydroxyl and the amino groups can also form hydrogen
bonds with water. (a) In l iquid water, each water molecule forms
transient hydrogen bonds with several others, creating a dynamic

interact ionically with these other ions and thus the lower
the energy required to break the interaction between A- and
C*. As a result, increasing the concentrations of salts such as
NaCl in a solution of biological molecules can weaken and
even disrupt the ionic interactions holding the biomolecules
together.

Hydrogen Bonds Determine the Water
Solubi l i ty  o f  Uncharged Molecules

A hydrogen bond is the interaction of a partially positively
charged hydrogen atom in a molecular dipole (e.9., water)
with unpaired electrons from another atom, either in the same
(intramolecular\ or different Untermolecular) molecule. Nor-
mall5 a hydrogen atom forms a covalent bond with only one
other atom. However, a hydrogen atom covalently bonded to
an electronegative donor atom D may form an additional
weak association, the hydrogen bond, with an acceptor atom
A, which must have a nonbonding pair of electrons available
for the interaction:

D6- -H6+  +  :  46 -  i -  D6 - -H6* : . . . . . : :  46 -

uyarolln uona

The length of the covalent D-H bond is a bit longer than it
would be if there were no hydrogen bond because the accep-
tor "pulls" the hydrogen away from the donor. An impor-
tant feature of all hydrogen bonds is directionality. In the
strongest hydrogen bonds, the donor atom, the hydrogen
atom, and the acceptor atom all lie in a straight line. Non-
linear hydrogen bonds are weaker than linear ones; sti l l ,
multiple nonlinear hydrogen bonds help to stabil ize the
three-dimensional structures of many proteins.

Hydrogen bonds are both longer and weaker than co-
valent bonds between the same atoms. In water, for exam-
ple, the distance between the nuclei of the hydrogen and
oxygen atoms of adjacent, hydrogen-bonded molecules is
about 0.27 nm, about twice the length of the covalent

: O - H
I
H

H
I

: N - C H s

H

Amine-water Peptide group-water Ester group-water

network of hydrogen-bonded molecules (b) Water also can form
hydrogen bonds with alcohols and amines, accounting for the high

solubil ity of these compounds (c) The peptide group and ester group,

which are present in many biomolecules, commonly participate in
hydrogen bonds with water or polar groups in other molecules.

O-H bonds within a single water molecule (Figure 2-8a).

The strength of a hydrogen bond between water molecules

(approximately 5 kcal/mol) is much weaker than a cova-

lent O-H bond (roughly 110 kcal/mol), although it is

greater than that for many other hydrogen bonds in bio-

logical molecules (t-2 kcall mol). The extensive hydrogen

bonding between water molecules accounts for many of

the key properties of this compound' including its unusu-

ally high melting and boil ing points and its abil ity to in-

teract with (e.g., dissolve) many other molecules.

The solubility of uncharged substances in an aqueous en-

vironment depends largely on their ability to form hydrogen

bonds with water. For instance, the hydroxyl group (-OH) in

an alcohol (XCH2OH) and the amino group (-NH2) in

amines (XCH2NH2) can form several hydrogen bonds with

water, enabling these molecules to dissolve in water to high

concentrations (Figure 2-8b). In general, molecules with polar

bonds that easily form hydrogen bonds with water' as well as

charged molecules and ions that interact with the dipole in

water, can readily dissolve in water; that is' they are

hydrophilic (water liking). Many biological molecules con-

tain, in addition to hydroxyl and amino groups' peptide and

ester groups, which form hydrogen bonds with water via oth-

erwise nonbonded electrons on their carbonyl oxygens (Figure

2-8c). X-ray crystallography combined with computational

analysis permits an accurate depiction of the distribution of

the outermost unbonded electrons of atoms as well as the elec-

trons in covalent bonds, as illustrated in Figure 2-9.

Van der Waals Interactions
Are Caused by Transient DiPoles

When any two atoms approach each other closel5 they cre-

ate a weak, nonspecific attractive force called a van der

Waals interaction. These nonspecific interactions result from

the momentary random fluctuations in the distribution of

the electrons of any atom' which give rise to a transtent
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A FIGURE 2-9 Distribution of bonding and outer nonbonding
electrons in the peptide group. Shown here is a peptide bond
linking two amino acids within a protein called crambin The black
lines represent the covalent bonds between atoms The red (negative)
and blue (positive) l ines represent contours of charge determined
using x-ray crystallography and computational methods. The greater
the number of contour l ines, the higher the charge. The high density
of red contour l ines between atoms represents the covalent bonds
(shared electron pairs). The two sets of red contour l ines emanating
from the oxygen (O) and not fall ing on a covalent bond (black l ine)
represent the two pairs of nonbonded electrons on the oxygen that
are available to participate in hydrogen bonding The high density of
blue contour l ines near the hydrogen (H) bonded to nitrogen (N)
represents a partial positive charge, indicating that this H can act as a
donor in hydrogen bonding. [From C Jelsch et al , 2000, proc Nat,t. Acad
Sci USA97.3171 CourtesyofM M Teeterl

unequal distribution of electrons. If two noncovalently
bonded atoms are close enough together, electrons of one
atom will perturb the electrons of the other. This perturba-
tion generates a transient dipole in the second atom, and the
two dipoles wil l attract each other weakly (Figure 2-10).
Similarly, a polar covalent bond in one molecule will attract
an oppositely oriented dipole in another.

Van der'Waals interactions, involving either transiently
induced or permanent electric dipoles, occur in all types of
molecules, both polar and nonpolar. In particular, van der
\Waals interactions are responsible for the cohesion between
nonpolar molecules such as heptane, CH3-(CH2)s-CH:,
that cannot form hydrogen bonds or ionic interactions with
other molecules. The strength of van der 

'Waals 
interactions

decreases rapidly with increasing distance; thus these nonco-
valent bonds can form only when atoms are quite close to one
another. However, if atoms get too close together, they be-
come repelled by the negative charges of their electrons.
\fhen the van der Waals attraction between rwo aroms ex-
actly balances the repulsion between their two electron

clouds, the atoms are said to be in van der $7aals contact. The
strength of the van der rWaals interaction is about 1 kcal/mol.
weaker than typical hydrogen bonds and only slightly higher
than the average thermal energy of molecules at 25 "C. Thus
multiple van der Waals interactions, a van der'Waals interac-
tion in conjunction with other noncovalent interactions, or
both are required to significantly influence the stability of in-
ter- and intramolecular conracrs.

The Hydrophobic Effect Causes Nonpolar
Molecules to Adhere to One Another
Because nonpolar molecules do not contain charged groups,
possess a dipole moment, or become hydrated, they are insoluble
or almost insoluble in water; that is, they are hydrophobic (water
fearing). The covalent bonds between two carbon atoms and be-
tween carbon and hydrogen atoms are the most common non-
polar bonds in biological systems. Hydrocarbons-molecules
made up only of carbon and hydrogen-are virtually insoluble
in water. Large triacylglycerols (or triglycerides), which make up
animal fats and vegetable oils, also are insoluble in water. As we
will see later, the major portion of these molecules consists of
long hydrocarbon chains. After being shaken in water, triacyl-
glycerols form a separate phase. A familiar example is the sepa-
ration of oil from the water-based vinegar in an oil-and-vinegar
salad dressing.

Nonpolar molecules or nonpolar portions of molecules
tend to aggregate in water owing to a phenomenon called
the hydrophobic effect. Because water molecules cannot
form hydrogen bonds with nonpolar substances, they tend
to form "cages" of relatiuely rigid hydrogen-bonded
pentagons and hexagons around nonpolar molecules

i<---->i k----t
Covalent van der Waals
radius radius
(0.062 nm) (0.14 nm)

A FIGURE 2-10 Two oxygen molecules in van der Waals
contact. ln this model, red indicates negative charge and blue
indicates positive charge Transient dipoles in the electron clouds of all
atoms give rise to weak attractive forces, called van der Waals
interactions. Each type of atom has a characteristic van der Waals
radius at which van der Waals interactions with other atoms are
optimal. Because atoms repel one another if they are close enough
together for their outer electrons to overlap without being shared in a
covalent bond, the van der Waals radius is a measure of the size of
the electron cloud surrounding an atom The covalent radrus indicated
here is for the double bond of O:O; the sinqle-bond covalent radius
of oxygen is slightly longer.
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Hydrophob ic
agg regation

@o
Lower entropy Higher entropy

  FIGURE 2-11 Schematic depiction of the hydrophobic effect'
Cages of water molecules that form around nonpolar molecules in
solution are more ordered than water molecules in the surrounding
bulk l iqu id Aggregat ion of  nonpolar  molecules reduces the number
of water molecules involved in highly ordered cages, resulting in a
h i gher-entropy, more energetical ly f avorable state (nErht) compared
with the unaggregated state (/eft)

(Figure 2-1I, Ieft). This state is energetically unfavorable
because it decreases the randomness (entropy) of the pop-

ulation of water molecules. (The role of entropy in chemi-
cal  systems is  d iscussed in a la ter  sect ion.)  I f  nonpolar
molecules in an aqueous environment aggregate with their
hydrophobic surfaces facing each other, the hydrophobic
sur face area exposed to water  is  reduced (Figure 2-11,

right). As a consequence, less water is needed to form the

cages surrounding the nonpolar molecules, and entropy
increases (an energetically more favorable state) relative to

the unaggregated state. In a sense, then, water squeezes
the nonpolar molecules into spontaneously forming aggre-
gates. Rather than constituting an attractive force such as

in hydrogen bonds, the hydrophobic effect results from an

avoidance of  an unstable state (extensive water  cages
around indiv idual  nonpolar  molecules) .

Nonpolar molecules can also associate, albeit weakly'

through van der Vaals interactions. The net result of the

hydrophobic and van der Waals interactions is a very pow-

erful tendency for hydrophobic molecules to interact with

one another, not with water. Simply put, l ike dissolues l ike'
Polar molecules dissolve in polar solvents such as water;
nonpolar molecules dissolve in nonpolar solvents such as

hexane.

Molecular  Complementar i ty  Mediated
via Noncovalent Interactions Permits Tight,
Highly  Speci f ic  B inding of  B iomolecules

Both inside and outside cells, ions and molecuies are con-

stantly bumping into one another. The greater the number of

copies of any two types of molecules per unit volume (i 'e.,

the higher their concentration)' the more likely they are to

encounter one another. Vhen two molecules encounter each

other, they most likely will simply bounce apart because the

noncovalent interactions that would bind them together are

weak and have a transient existence at physiological temper-

atures. However, molecules that exhibit molecular comple-

mentarity, a lock-and-key kind of fit between their shapes,

charges, or other physical properties, can form multiple non-

covalent interactions at close range. 
'$7hen 

two such struc-

turally complementary molecules bump into each other' they

can bind (stick) together.
Figure 2-12 tllustrates how multiple, different weak

bonds can bind two proteins together. Almost any other

arrangement of the same groups on the two surfaces would

not allow the molecules to bind so tightly. Such multiple,

specific interactions between complementary regions within

a orotein molecule allow it to fold into a unique three-

dimensional shape (Chapter 3) and hold the two chains of

DNA together in a double helix (Chapter 4)' Similar inter-

actions underlie the association of groups of more than two

molecules into multimolecular complexes, leading to for-

mation of muscle fibers' to the gluelike associations be-

tween cells in solid tissues, and to numerous other cellular

structures.
Depending on the number and strength of the noncova-

lent interactions between the two molecules and on their en-

vironment, their binding may be tight (strong) or loose

(weak) and, as a consequence, either long lasting or tran-

sient. The higher the affinity of two molecules for each other,

the better the molecular "fit" between them, the more non-

covalent interactions can form, and the tighter they can bind

Protein A Protein B

Stable complex

Protein A Protein C

Less stable comPlex

  FIGURE 2-12 Molecular complementarity and the binding of

proteins via multiple noncovalent interactions. The complementary

shapes, charges, polarity, and hydrophobicity of two protein surfaces

permrt multiple weak interactions, which in combination produce a

strong interaction and tight binding. Because deviations from molecular

complementarity substantially weaken binding, a parlicular surface

region of any given biomolecule usually can bind tightly to only one or a

very l imited number of other molecules The complementarity of the

two protein molecules on the left permits them to bind much more

tightly than the two noncomplementary proteins on the righi

COVALENT BONDS AND NONCOVALENT INTERACTIONS T  39

Nonpo lar
su bsta nce

High ly  o rdered
water  mo lecu les

Waters released into bulk
so lu t ion

\.t

\ \  o
o 'o o

o

- c H 3  |

- C H 3  H 3 (

,  _ c H 3  H 3 C _



together. An important quantitative measure of affinity is the
binding dissociation constant K6, described later.

As we discuss in Chapter 3, nearly all the chemical re-
actions that occur in cells also depend on the binding prop-
erties of enzymes. These proteins not only speed up, or cat-
aIyze, reactions but also do so with a high degree of
specificity, a reflection of their ability to bind tightly to
only one or a few related molecules. The specificity of in-
termolecular interactions and reactions, which depends on
molecular complementarity, is essential for many processes
crit ical to l i fe.

Covalent Bonds and Noncovalent Interactions

Covalent bonds, which bind the atoms composing a
olecule in a fixed orientation, consist of pairs of elec-

trons shared by two atoms. They are stable in biological
systems because the relatively high energies required to
break them (50-200 kcal/mol) are much larger than the
thermal kinetic energy available at room (25 .C) or body
(37 "C) temperatures.

r Many molecules in cells contain at least one asymmet-
ric carbon atom, which is bonded to four dissimilar
atoms. Such molecules can exist as optical isomers (mir-
ror images), designated n and r (see Figure 2-4), which
have different biological activit ies. In biological systems,
nearly all sugars are D isomers, whereas nearly all amino
acids are L isomers.

trons may be shared equally or unequally in covalent
Atoms that differ in electronegativity form polar co-
bonds in which the bonding electrons are distributed

unequally. One end of a polar bond has a partial positive
charge and the other end has a partial negative chaige (see
Figure 2-5).

r Noncovalent interactions between atoms are consider-
ably weaker than covalent bonds, with bond energles rang-
ing from about 1-5 kcal/mol (see Figure 2-6).

r Four main types of noncovalent interactions occur in bi-
ological systems: ionic bonds, hydrogen bonds, van der
\faals interactions, and interactions due to the hvdrooho-
bic effect.

r Ionic bonds result from the electrostatic attraction be-
tween the positive and negative charges of ions. In aqueous
solutions, all cations and anions are surrounded by a shell
of bound water molecules (see Figure Z-7c).Increasing the
salt (e.g., NaCl) concentrarion of a solution can weaken the
relative strength of and even break the ionic bonds between
biomolecules.

hydrogen bond, a hydrogen atom covalently bonded
electronegative atom associates with an accepror
whose nonbonding electrons attract the hydrogen
gure 2-8).

r Weak and relatively nonspecific van der'Sfaals interac-
tions are created whenever any two atoms approach each
other closely. They result from the attraction between
transient dipoles associated with all molecules (see Fig-
u re  2 -10 ) .

r In an aqueous environment, nonpolar molecules or non-
polar portions of larger molecules are driven together by
the hydrophobic effect, thereby reducing the exrent of their
direct contact with water molecules (see Figure 2-11).

r Molecular complementarity is the lock-and-key fit be-
tween molecules whose shapes, charges, and other physical
properties are complementary. Multiple noncovalent inter-
actions can form between complementary molecules, caus-
ing them to bind tightly (see Figure 2-12),but not between
molecules that are not complementary.

r The high degree of binding specificity that results from
molecular complementarity is one of the features that un-
derlies intermolecular interactions and thus is essential for
many processes critical to life.

E Chemical Building Blocks of Cells
A common theme in biology is the construction of large mol-
ecules (macromolecules) and structures by the covalent or
noncovalent association of many similar or identical smaller
molecules. The three most abundant classes of the critically
important biological macromolecules-proteins, nucleic
acids, and polysaccharides-are all polymers composed of
multiple covalently linked building block small molecules, or
monomers (Figure 2-13). Proteins are linear polymers con-
taining 10 to several thousand amino acids linked by peptide
bonds. Nucleic acids are linear polymers containing hun-
dreds to millions of nucleotides linked by phosphodiester
bonds. Polysaccharides are linear or branched polymers of
monosaccharides (sugars) such as glucose linked by glyco-
sidic bonds. Although the actual mechanisms by which co-
valent bonds between monomers form are complex and will
be discussed later, the formation of a covalent bond between
two monomer molecules usually involves the net loss of a
hydrogen (H) from one monomer and a hydroxyl (OH) from
the other monomer-or the net loss of one water-and can
therefore be thought of as a debydration reaction. These
bonds are stable under normal biological conditions (e.g.,
37"C, neutral pH), and so these biopolymers are stable and
can perform a wide variety of jobs in cells (store informa-
tion, catalyze chemical reactions, serve as structural ele-
ments in defining cell shape and movement, etc.).

Macromolecular structures can also be assembled using
noncovalent interactions. The macromolecular two-layered
(bilayer) structure of cellular membranes is built uo bv the
noncovalent assembly of many thousands of small molecules
called phospholipids (see Figure 2-13).In this chapter, we
will focus on the characteristics of the monomeric chemical
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  FIGURE 2-13 Overview of the cell 's principal chemical
buifding blocks. (Top)The three major types of biological
macromolecules are each assembled by the polymerization of
multiple small molecules (monomers) of a particular type: proteins

from amino acids (Chapter 3), nucleic acids from nucleotides

building blocks-amino acids, nucleotides, sugars' and phos-

pholipids. The structure, function, and assembly of proteins,

nucleic acids, polysaccharides, and biomembranes are dis-

cussed in subsequent chapters.

Amino Acids Di f fer ing Only  in  Thei r
Side Chains Compose Proteins

The monomeric building blocks of proteins ate 20 amino

acids, which when incorporated into a protein polymer are

sometimes called residues. All amino acids have a characteris-

tic structure consisting of a central alpha (cr) carbon atom (C')

bonded to four different chemical groups: an amino (NHz)

POLYMERS

H H O H H O H H O H H O
|  |  l l  |  |  l l  I  l  l l , l  L  l l

H-N-C-c iN -C-C  N-C-CrN-C-C-OH
I  l t  |  |  I  I
R ,  l "  R2  R3  I  R*

I
peptide bond

PolYPePtide

Nucleic acid

glYcosidic bond

(Chapter 4), and polysaccharides from monosaccharides (sugars) Each

monomer is covalently l inked into the polymer by a reaction whose

net result is loss of a water molecule (dehydration) (Boftom) In

contrast, phospholipid monomers noncovalently assemble into a bilayer

structure, which forms the basis of all cellular membranes (chapter 10)

group, a carboxylic acid or carboxyl (COOH) group (hence

Ih. *-. amino acid),a hydrogen (H) atom, and one variable

group, called a side chain or R group' Because the ct carbon

i.-n ali amino acids except glycine is asymmetric, these mole-

cules can exist in two mirror-image forms called by conven-

tion the I (dextro) and the r- (levo) isomers (see Figure 2-4)'

The two isomers cannot be interconverted (one made identi-

cal with the other) without breaking and then re-forming a

chemical bond in one of them. !7ith rare exceptions, only

the I- forms of amino acids are found in proteins'

To understand the three-dimensional structures and

functions of proteins' discussed in detail in Chapter 3, you

must be familiar with some of the distinctive properties of

Polysaccharide

I Hyoropr'irt.
J 

head group

Phospholipid
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HYDROPHOBIC AMINO ACIDS
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Acidic amino acids

coo-
I+ H . N - c - H- l

CH,

coo-
Aspartate
(Asp or Dl

coo-
I' H " N - C - H- l

CH,
I -
cH,
) '
coo-

Glutamate
(Glu or  E)

Polar amino acids with uncharged R groups

coo- coo-
t l* H 3 N - C - H  + H 3 N - C - H

r " l
C H ,  H - C - O H
t - i
oH cHs

Serine Threonine
(Ser or Sl (Thr orT)

SPECIAL AMINO ACIDS

Cysteine Glycine proline
(Cys or C) (Gty or G) (pro or p)

  FIGURE 2-14 The 20 common amino acids used to build
proteins. The side chain (R group; red) determines the characteristic
properties of each amino acid and is the basis for grouping amino
acids into three main categories: hydrophobic, hydrophil ic, and
special. Shown are the ionized forms that exist at the pH (=7) of the
cytosol In parentheses are the three-letter and one-letter
abbreviations for each amino acid.

tryptophan have large, bulky aromatic side chains. In later
chapters, we will see in detail how these hydrophobic side
chains under the influence of the hydrophobic effeci often pack
in the interior of proteins or line the surfaces of proteins that
are embedded within hydrophobic regions of biomembranes.

Amino acids with polar side chains are hydrophilic; the
most hydrophilic of these amino acids is the subset with side
chains that are charged (ionized) at the pH typical of biolog-
ical fluids (=7)-both inside and outside the cell (see Sectio-n
2.3). Arginine and lysine have positively charged side chains
and are called basic amino acids; aspartic acid and glutamic
acid have negatively charged side chains due to the car-
boxylic acid groups in their side chains (their charged forms
are called aspartate and glutamate) and are called acidic. A
fifth amino acid, histidine, has a side chain containing a ring

amino acids, which are determined in part by their side
chains. You need not memorize the detailed structure of each
type of side chain to understand how proteins work because
amino acids can be classified into several broad categories
based on the size, shape, charge, hydrophobicity (a measure
of water solubil ity), and chemical reactivity of the side
chains (Figure 2-74). However, you should be familiar with
the general properties of each category.

Amino acids with nonpolar side chains are hydrophobic
and so poorly soluble in water. The larger the nonpolar side
chain, the more hydrophobic-less water soluble-the amino
acid. The noncyclic side chains of alanine, ualine, leucine, and.
isoleucine (called aliphatic), as well as methionine, consisr en_
tirely of hydrocarbons, except for the one sulfur arom in me_
thionine, and all are nonpolar. phenylalanine, tyrosine, and.
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with two nitrogens, called imidazole, which can shift from

being positively charged to uncharged depending on small

changes in the acidity of its environment:

l l

pH 5.8 PH 7.8

The activities of many proteins are modulated by shifts

in environmental acidity through protonation or deprotona-
tion of histidine side chains. Asparagine and glutamine are

uncharged but have polar side chains containing amide

groups with extensive hydrogen-bonding capacities' Similarl5

serine and threonine are uncharged but have polar hydroxyl
groups, which also participate in hydrogen bonds with other

polar molecules.
Lastl5 cysteine, glycine, and proline exhibit special roles

in proteins because of the unique properties of their side

chains. The side chain of cysteine contains a reactive

sulfhydryl group (-SH), which can oxidize to form a cova-

lent disulfide bond (-S-S-/ to a second cysteine:

I
N - H
I

I
N - H
I

H-C-CH2-  SH +  HS-CH2q -H

l l
C : O  C : O
l l

t l

r ' ' l
H - N  N - H

l l
H - C -  C H 2  - S - S -  C H 2  -  c - H

l l
O : C  C : O

l l

Regions within a single protein chain (intramolecular) or

in separate chains (intermolecular) sometimes are cross-

linked through disulfide bonds. Disulfide bonds stabilize the

folded structure of some proteins. The smallest amino acid,

glycine, has a single hydrogen atom as its R group. Its small

size allows it to fit into tight spaces. Unlike the other common

amino acids, the side chain of proline bends around to form

a ring by covalently bonding to the nitrogen atom (amino

group) attached to the Co. As a result' proline is very rigid

and creates a fixed kink in a protein chain, limiting how a

protein can fold in the region of proline residues.

Some amino acids are more abundant in proteins than

others. Cysteine, tryptophan, and methionine are rare amino

acids: together they constitute approximately 5 percent of

the amino acids in a protein. Four amino acids-leucine, ser-

ine, lysine, and glutamic acid-are the most abundant amino

acids, totaling 32 percent of all the amino acid residues in a

typical protein. However, the amino acid composition of

proteins can vary widely from these values.
Although cells use the 20 amino acids shown in Figure 2-14

inthe initial synthesis of proteins' analysis of cellular proteins

I
Ace ty l  l y s i ne  CH3-C-N-CH2-CH2-CH2-CH" -CH-COO-- l

NH.-
o
tl-o-P o-cH2-cH-coo-
l l

O  NH"-

OH
I

H,9-9H
I I

H2C\ 
/ /CH-COO-* N H ,

H C : C - C H 2 - C H - C O O -
t r l

H3C-N-C- .N NH. -

H

-ooc
cH-cH"-cH-coo-' l-OOC 

ilH.*

Phosphoserine

3-Hydroxyproline

3-Methylhistidine

y-Carboxyglutamate

A FIGURE 2-15 €ommon modifications of amino acid side

chains in proteins. These modified residues and numerous others

are formed by addition of various chemical groups (red) to the amino

acid side chains during or after synthesis of a polypeptide chain

reveals that they contain upward of 100 different amino

acids. Chemical modifications of the amino acids account for

and plants but less studied-perhaps because of the relative

insta-bility of phosphorylated histidine-and apparently rare

in mammals. ltt. iia. chains of asparagine, serine, and thre-

onine are sites for glycosylation, the attachment of linear and

branched carbohydrate chains. Many secreted proteins and

membrane proteins contain glycosylated residues' Other

amino acid modifications found in selected proteins include

the hydroxylation of proline and lysine residues in collagen

(Chapter 19), the methylation of histidine residues in mem-

b."ne rec.ptors' and the 7 carboxylation of glutamate in

blood-clotting factors such as prothrombin'

Acetylation, addition of an acetyl group' to the amino

gro,rp oi the N-terminal residue, is the most common form

6f 
"-ino 

acid chemical modification, affecting an estimated

80 percent of all proteins:

o  R O
l l l l l

cH3- c-  ry-g-c-
l l
H H

Acetylated N-terminus
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This modification may play an important role in controlling
the life span of proteins within cells because nonacetylateJ
proteins are rapidly degraded.

Five Different Nucleotides
Are Used to Bui ld  Nucle ic  Ac ids
Two types of chemically similar nucleic acids, DNA (de-
oxyribonucleic acid) and RNA (ribonucleic acid). are the
principal genetic-information-carrying molecules of the cell.
The monomers from which DNA and RNA polymers are
built, called nucleotides, all have a common structure: a
phosphate group linked by a phosphoester bond to a pentose
(a five-carbon sugar molecule) that in turn is linked io a ni-
trogen- and carbon-containing ring structure commonly re-
ferred to as a base (Figure 2-16a).In RNA, the pentose is
ribose; in DNA, it is deoxyribose that at posirion 2, has a
proton rather than the hydroxyl group at that site in ribose

position 1 of a pyrimidine (N1). The acidic character of

PURINES

NH,  O
l t l

H H

Adenine (A) Guanine (Gl

PYRIMIDINES

i l
N H ,
t -

ru/?--cH
r " ^ t l

.r'"'ii"v l

H

Cytosine (C)

( a )  N h z
Adenine l

'-c'
N ; ,  6 ; c  \- 

daH
HC.1 :  1c s, /

-'N' N

  FIGURE 2-15 Common structure of nucleotides. (a) Adenosine
5' -monophosphate (AMp), a nucleotide present in RNA By convention,
the carbon atoms of the pentose sugar in nucleotides are numbered
with primes. In natural nucleotides, the 1 , carbon is joined by a B
linkage to the base (in this case adenine); both the base (blue) and
the phosphate on the 5, hydroxyl (red) extend above the plane of the
sugar ring. (b) Ribose and deoxyribose, the pentoses in RNA and
DNA, respectively
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A FIGURE 2-17 Chemical structures of the principal bases in
nucleic acids. ln nucleic acids and nucleotides, nitrogen 9 of purines
and nitrogen 1 of pyrimidines (red) are bonded to the 1, carbon of
ribose or deoxyribose U is only in RNA, and T is only in DNA Both
RNA and DNA conta in A,  G,  and C.

which form ionic interactions with the negatively charged
phosphates.

Cells and extracellular fluids in organisms contain small
concentrations of nucleosides, combinations of a base and a
sugar without a phosphate. Nucleotides are nucleosides that
have one, two, or three phosphate groups esterified at the
5' hydroxyl. Nucleoside monophosphates have a single
esterified phosphate (see Figure 2-16a); nucleoside diphos-
phates contain a pyrophosphate group:

oo
-o-l-o-A-o-

o- o-
Pyrophosphate

and nucleoside triphosphates have a third phosphate. Table 2-3
lists the names of the nucleosides and nucleotides in nucleic
acids and the various forms of nucleoside phosphates. The
nucleoside triphosphates are used in the synthesis of nucleic
acids, which we cover in Chapter 4. Among their other func-
tions in the cell, GTP participares in intracellular signaling
a_nd acts as an energy reservoir, particularly in protein syn-
thesis, and ATP, discussed later in this chapter, is the most
widely used biological energy carrier.

Monosacchar ides Jo ined by Glycosid ic  Bonds
Form Linear and Branched polysaccharides

The building blocks of the polysaccharides are rhe simple sug-
ars, or monosaccharides. Monosaccharides are carbohy_
drates, which are literally covalently bonded combinations of
carbon and water in a one-to-one ratio (CH2O),, where n
equals 3,  4,5,6,  or  7.  Hexoses (n :  6)  and pentoses (n:  5)
are the most common monosaccharides. All monosaccharides

(b )

5',
HOCH2

5',

o
-o -P-O

o-
Phosphate

5',-cH

2 '

OH
Ribose

Adenosine 5'-monophosphate
(AMP}

HOCH2

H

2-Deoxyribose



uBACrr(lJ)
cYT0srNt(q THYMINE(I)ADENINE(A) GUANINT(G}

Cytidine UridineAdenosine Guanosine

Nucleoside monophosphates

Nucieoside diphosphates

Nucleoside triphosphates

Deoxynucleoside mono-,
di-, and triphosphates

Jin 
nNe

t,,' o^o

f 
in nNe

Iin o*e

Deoxycytidine DeoxYthYmidine

Cytidylate UridYlate

Deoxyadenosine Deoxyguanosine

Adenylate Guanylate

Deoxycytidylate Deoxythymidylate

CMP UMP

CDP UDP

CTP UTP

dCMP, etc dTMP' etc.

Deoxyadenylate DeoxyguanYlate

AMP GMP

ADP GDP

ATP GTP

dAMP, etc. dGMP, etc'

contain hydroxyl (-OH) groups and either an aldehyde or

a keto group:

Many biologically important sugars are hexoses, includ-

ing glucose, mannose, and galactose (Figure 2-18). Mannose

is identical with glucose except that the orientation of the

groups bonded to carbon 2 is reversed. SimilarlS galactose,

another hexose, differs from glucose only in the orientation

of the groups attached to carbon 4. Interconversion of glu-

cose and mannose or galactose requires the breaking and

making of covalent bonds; such reactions are carried out by

enzymes caIIed ep imer as e s.
l-Glucose (C6H12O6) is the principal external source of

energy for most cells in higher organisms and can exist in

three different forms: a linear structure and two different

hemiacetal ring structures (Figure 2-18a).lf the aldehyde
group on carbon 1 reacts with the hydroxyl group on carbon

5, the resulting hemiacetal, o-glucopyranose' contains a six-

member ring. In the cr anomer of o-glucopyranose, the hy-

droxyl group attached to carbon 1 points "downward" from

the ring as shown in Figure 2-18a; in the B anomer, this hy-

droxyl points "upward." In aqueous solution the ct and B
anomers readily interconvert spontaneously; at equilibrium

there is about one-third ct anomer and two-thirds B, with

very little of the open-chain form. Because enzymes can dis-

tinguish between the ct and B anomers of n-glucose, these

forms have distinct bioloeical roles. Condensation of the

  FIGURE 2-18 Chemical structures of hexoses' All hexoses

have the same chemical formula (C6H1206) and contain an aldehyde

or a keto group. (a) The ring forms of o-glucose are generated from

the linear molecule by reaction of the aldehyde at carbon 1 with the

hydroxyl on carbon 5 or carbon 4. The three forms are readily

interconvertible, although the pyranose form (right) predominates in

biological systems. (b) In o-mannose and o-galactose, the

configuration of the H (green) and OH (blue) bound to one carbon

atom differs from that in glucose. These sugars, l ike glucose, exist

primarily as PYranoses.

oo
t i l  L f  l- c -c -H -c -c -c -
l l l

Aldehyde Keto
H O H

o-Glucofuranose
(rarel

Htt, 
rQ(-

n-J'-oH
HO-J.-H

< _  l o
H - C - O H

H-lLoH
o l-cH20H

o-Glucose

6

H O H

o-Glucopyranose
(common)

(b) H,r, rO(^.

Ho-l'?-H

HO- ILH

H-lLos
H-lu-os

ulr,,o,-,
o-Mannose

Ht , ro
(-

H-l '-oH

HO-ILH

HO-JLH

H-CLoH
ul*ro*

D-Galactose

H
1
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hydroxyl group on carbon 4 of the linear glucose with its
aldehyde group results in the formation of o-glucofuranose.
a hemiacetal containing a five-member ring. Although ali
three forms of n-glucose exist in biological systems, the
pyranose form is by far the most abundant.

The pyranose ring in Figure 2-18a is depicted as planar. In
fact, because of the tetrahedral geometry 

"rorrrd 
carbon

atoms, the most stable conformation of a pyranose ring has a
nonplanar, chairlike shape. In this conformation, each bond
from a ring carbon to a nonring atom (e.g., H or O) is either
nearly perpendicular to the ring, referred to as axial (a), or
nearly in the plane ofthe ring, referred to as equatorial (e):

t yranoses c_o-Glucopyranose

into common table sugar (Figure 2-19).
Larger polysaccharides, containing dozens to hundreds of

polymer of the B anomer of glucose. Human digestive en-
zymes can hydrolyze the c glycosidic bonds in starch but nor
the B glycosidic bonds in cellulose. Many species of plants,

H O H

Galactose

H

bacteria, and molds produce cellulose-degrading enzymes.
Cows and termites can break down cellulose because they
harbor cellulose-degrading bacteria in their gut.

The enzymes that make the glycosidic bonds linking
monosaccharides into polysaccharides are specific for the a
or B anomer of one sugar and a particular hydroxyl group
on the other. In principle, any two sugar molecules can be
linked in a variety of ways because each monosaccharide has
multiple hydroxyl groups that can participate in the forma-
tion of glycosidic bonds. Furthermore, any one monosaccha-
ride has the potential of being linked to more than two other
monosaccharides, thus generating a branch point and non-
linear polymers. Glycosidic bonds are usually formed be-
tween the growing polysaccharide chain and a covalently
modified form of a monosaccharide. Such modifications in-
clude a phosphate (e.g., glucose 6-phosphate) or a nucleotide
(e.g., UDP-galactose) :

Glucose 6-phosphate UDp-galactose

The epimerase enzymes that interconvert differenr monosac-
charides often do so using the nucleotide sugars rather than
the unsubstituted sugars.

Many complex polysaccharides contain modified sugars
that are covalently linked to various small groups, particu-
larly amino, sulfate, and acetyl groups. Such modifications
are abundant in glycosaminoglycans, major polysaccharide
components of the extracellular matrix that we describe in
Chapter 19.

Phospholipids Associate Noncovalently to Form
the Basic Bilayer Structure of Biomembranes
Biomembranes are large flexible sheets that serve as the
boundaries of cells and their intracellular organelles and

*o i

> FIGURE 2-19 Formation of
the disaccharides lactose and
sucrose. In any glycosidic Iinkage,
the anomeric carbon of one sugar
molecule (in either the o or B
conformation) is l inked to a
hydroxyl oxygen on another sugar
molecule The linkages are named
accordingly; thus lactose contains
a B(1 --+ 4) bond, and sucrose
contains an ct(1 -+ 2) bond

HO

H O H

Glucose

O H H

Fructose

\T
H O

1 ) a

OH

H O H

Glucose

Pyranoses

cHroH
):o
il \?' H

CH,OH

,f.o.
cH2oH
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Hydrophobic tai l

PHOSPHATIDYI.

  FIGURE 2-20 phosphatidylchol ine, a typical phosphoglyceride. of the fatty acyl side chains in a phosphoglyceride may be saturated

All  phosphoglycerides are amphipathic phospholipids, having a or unsaturated In phosphatidic acid (red), the simplest phospholipid,

hydrophobic tai l  (yel low) and a hydrophil ic head (blue) in which the phosphate is not l inked to an alcohol

glycerol is l inked via a phosphate group to an alcohol. Either or both

Fatty acid chains

form the outer surfaces of some viruses. Membranes literally

define what is a cell (the outer membrane and the contents
within the membrane) and what is not (the extracellular
space outside the membrane). Unlike the proteins, nucleic

acids, and polysaccharides, membranes are assembled by the
noncoualent association of their component building blocks.
The primary building blocks of all biomembranes are phos-
pholipids, whose physical properties are responsible for the

formation of the sheetlike structure of membranes. The

structures and functions of membranes, which include in ad-

dition to phospholipids a variety of other molecules (e.g' '

cholesterol, glycolipids, proteins), will be described in detail
in Chapter 10.

Phospholipids consist of two long-chain, nonpolar fatty

acid groups l inked (usually by an ester bond) to small,
highly polar groups, including a phosphate and a short or-
ganic molecule, such as glycerol (trihydroxy propanol)
(F igure 2-20) .

Fatty acids consist of a hydrocarbon chain attached to

a carboxyl group (-COOH)' Like glucose, fatty acids are

an important energy source for many cells (Chapter 12)'

They differ in length, although the predominant fatty acids

in cells have an even number of carbon atoms' usually 14,

16. 18. or 20. The maior fatty acids in phospholipids are

listed in Table 2-4. Fatty acids often are designated by the

abbreviation Cx:y, where x is the number of carbons in the

chain and y is the number of double bonds. Fatty acids

containing 12 or more carbon atoms are nearly insoluble in

aqueous solutions because of their long hydrophobic hy-

drocarbon chains.
Fatty acids with no carbon-carbon double bonds are

said to be saturated; those with at least one double bond are

unsaturated. Unsaturated fatty acids with more than one

carbon-carbon double bond are referred to as polyunsatu-

rated. Two "essential" polyunsaturated fatty acids, linoleic

acid (C18:2) and linolenic acid (C18:3), cannot be synthesized

COMMON NAME OF ACII) (IONIZEO T()RM IN PARENTHESES} ABBREVIATI()N

SATURATED FATTY ACIDS

Myristic (myristate)

Palmitic (palmitate)

Stearic (stearate)

C14:0

C |6 :0

C18 :0

cH3(cH2)12cooH

cH3(cH2)14cooH

cH3(cH2)15cooH

UNSATURMED FATTY ACIDS

Oleic (oleate)

Linoleic ( l inoleate)

Arachidonic (arachidonate)

C 1 8 : 1

C18:2

C20:4

CH3(CH2)7CH:CH(CHz)7COOH

CH3(CH2)4CH:CHCHzCH:CH(CHz)7COOH

CH3( CH2)4(CH:CHCHz):CH:CH(CH2)3COOH
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by mammals and must be supplied in their diet. Mammals can
synthesize other common fatty acids. Two stereoisomeric
configurations, cis and trans, are possible around each
carbon-carbon double bond:

(see Figure 2-20) and triacylglycerols, or triglycerides, which
contain three acyl groups esterfied to glycerol:

?
H3C-(CH2) , -C -O-CH2

o l
H3C-(CH2)" -C-O-CH

ol
H3C-(CH2), -C-O-CH'

Triacylglycerol

Fatty acyl groups also can be covalently linked to another
fatty molecule, cholesterol, to form cholesteryl esters.

Triglycerides and cholesteryl esters are extremely water-
insoluble compounds in which fatty acids and cholesterol are
either stored or transported. Tiiglycerides are the storage form
of fatty acids in the fat cells of adipose tissue and are the prin-
cipal components of dietary fats. Cholesteryl esters and triglyc-
erides are transported between tissues through the blood-
stream in specialized carriers called lipoproteins (Chapter 14).

In phosphoglycerides, one hydroxyl group of the glycerol
is esterified to phosphate while the other two normally are
esterified to fatty acids. The simplest phospholipid, phos-
phatidic acid, contains only these components. In most
phospholipids found in membranes, the phosphate group is
also esterified to a hydroxyl group on another hydrophilic
compound. In phosphatidylcholine, for example, choline is
attached to the phosphate (see Figure 2-20). The negative
charge on the phosphate as well as the charged or polar groups
esterified to it can interact strongly with water. The phosphate
and its associated esterified group, the "head" group of a phos-
pholipid, is hydrophilic, whereas the fatty acyl chains, the
"tails," are hydrophobic. (Other common phosphoglycerides
and associated head groups are shown in Table 2-5.) Molecules
such as phospholipids that have both hydrophobic and

Trans

A cis double bond introduces a rigid kink in the other-
wise flexible straight chain of afatty acid (Figure 2-21).

In general, the unsaturated fatty acids in biological systems
contain only cis double bonds. Saturated fatty acids without

solid margarine sticks) and other food producrs are not nat-
ural, arising from the catalytic process used for hydrogena-
tion. Saturated and trans fatty acids have similar physical
properties, and their consumption, relative to the consump-
tion of unsaturated fats, is associated with increased plasma
cholesterol levels.

Fatty acids can be covalently attached to another mole-
cule by a type of dehydration reaction called esterification,
in which the OH from the carboxyl group of the fatty acid
and a H from a hydroxyl group on the other molecule are
Iost. In the combined molecule formed by this reaction, the
portion derived from the fatty acid is called an acyl group, or
fatty acyl group. This is illustrated by the most common
form of phospholipids, phosphoglycerides, with two acyl
groups attached to rwo of the hydroxyl groups of glycerol

H H H H H H H H H H H H H H
t t l l l l l l l t ' t t t ' t z , oHsc -  g-  g-  g  -  g  -  q-c  -  c  _  c  _c_c_ c _ c  _ c  _ a _ c .
. t . . t .  t t t t l t l t L t i  i  

- \ ^_
H H H H H H H H H H H H U T i  U

Palmitate
(ionized form of palmitic acid)

  Ff GURE 2-21 The effect of a double bond on the shape of
fatty acids. Shown are chemical structures of the ionized form of
palmit ic acid, a saturated fatty acid with 16 C atoms, and oleic acid,
an unsaturated one with 18 C atoms In saturated fattv acids. the

Oleate
(ionized form of oleic acid)

hydrocarbon chain is often l inear; the cis double bond in oleate
creates a r igid kink in the hydrocarbon chain [After L Stryer, 1994,
Biochemistry,4th ed, W H Freeman and Company, p 265 l
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COMMON PHOSPHOGIYCERIOES HEAD GBOUP

Phosphatidylcholine

c H g  ̂, ,
|  , rung

o&N\cr.

Gholine

H
l . H

o&N\n

Ethanolamine

H
l r H

o---rN H
I

o4o

Serine

Phosphatidylethanolamine

Phosphatidylserine

Phosphatidylinositol

lnositol

hydrophilic regions are called amphipathic. In Chapter 10, we
will see how the amphipathic properties of phospholipids are
responsible for the assembly of phospholipids into sheetlike
bilayer biomembranes in which the fatty acyl tails point into
the center of the sheet and the head groups point outward
toward the aqueous environment (see Figure 2-13).a

Chemical  Bui ld ing Blocks of  Cel ls

r Three major biopolymers formed by polymerization reac-
tions (net dehydration) of basic chemical building blocks are
present in cells: proteins, composed of amino acids linked by
peptide bonds; nucleic acids, composed of nucleotides linked
by phosphodiester bonds; and polysaccharides, composed of
monosaccharides (sugars) linked by glycosidic bonds (see

Figure 2-13). Phospholipids, the fourth major chemical
building block, assemble noncovalently into biomembranes.

r Differences in the size, shape, charge, hydrophobicity,
and reactivity of the side chains of the 20 common amino
acids determine the chemical and structural properties of
proteins (see Figure 2-14).

r The bases in the nucleotides composing DNA and RNA

are carbon- and nitrogen-containing rings attached to a
pentose sugar. They form two groups: the purines-

adenine (A) and guanine (G)-and the pyrimidines-cyto-

sine (C), thymine (T), and uracil (U) (see Figure Z-17). A,

G, ! and C are in DNA, and A, G' U, and C are in RNA.

r Glucose and other hexoses can exist in three forms: an

open-chain l inear structure, a six-member (pyranose)

ring, and a five-member (furanose) ring (see Figure 2-18).

In biological systems, the pyranose form of l-glucose

predominates.

r Glycosidic bonds are formed between either the o or the

B anomer of one sugar and a hydroxyl group on another

sugar, leading to formation of disaccharides and other

polysaccharides (see Figure 2-L9).

r Phospholipids are amphipathic molecules with a hy-

drophobic tail (often two fatty acyl chains) connected by a

small organic molecule (often glycerol) to a hydrophilic

head (see Figure 2-20). The long hydrocarbon chain of a

fatty acid may contain no carbon-carbon double bond (sat-

urated) or one or more double bonds (unsaturated); a cis

double bond bends the chain'

E Chemical  Equi l ibr ium
We now shift our discussion to chemical reactions in which

bonds, primarily covalent bonds in reactant chemicals' are

broken and new bonds are formed to generate reaction

products. At any one time, several hundred different kinds of

chemical reactions are occurring simultaneously in every

cell, and many chemicals can, in principle' undergo multiple

chemical reactions. Both the extent to which reactions can

proceed and the rate at which they take place determine the

chemical composition of cells.
'$7hen 

reactants first mix together-before any products

have been formed-their rate of reaction to form products

(forward reaction) is determined in part by their initial concen-

trations, which determine the likelihood of reactants bumping

into one another and reacting (Figure 2-22). As the reaction

products accumulate' the concentration of each reactant de-

ir."r.r and so does the forward reaction rate. Meanwhile'

some of the product molecules begin to participate in the re-

verse reaction, which re-forms the reactants (the ability of a re-

action to go "backward" is called microscopic reuersibility).

This reverse reaction is slow at first but speeds up as the con-

centration ofproduct increases. Eventually, the rates ofthe for-

ward and reverse reactions become equal, so that the concen-

trations of reactants and products stop changing. The system is

then said to be in chemical equilibrium (plural: eqwilibria).

At equil ibrium, the ratio of products to reactants,

called the equilibrium constant' is a fixed value that is in-

dependent of the rate at which the reaction occurs. The

raie of a chemical reaction can be increased by a catalyst,

which accelerates the chemical transformation (making

and breaking of covalent bonds) but is not permanently

changed during a reaction (see Section 2.4)' ln this section,

we discuss several aspects of chemical equil ibria; in the

next section, we examine energy changes during reactions

and their relationship to equil ibria.
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Rate of forward reaction
(concentrat ion of reactants decreases)

Chemica l  eou i l ib r ium
(forward and reverse rates are
equa l ,  no  change in  concent ra t ion
of reactants and products)

Rate of  reverse react ion
(concentrat ion of  products increases)

When reactants are f irst mixed.
init ial  concentrat ion of products = 0

1
o

;
E
o

Time +

A FIGURE 2-22 Time dependence of the rates of a chemical
reaction. The forward and reverse rates of a reaction depend in oart
on the init ial concentrations of reactants and products. The net
forward reaction rate slows as the concentration of reactants
decreases, whereas the net reverse reaction rate increases as rne
concentration of products increases At equil ibrium, the rates of the
forward and reverse reactions are equal and the concentrations of
reactants and products remain constant

Equi l ibr ium Constants  Ref lect  the
Extent of a Chemical Reaction
The equilibrium constant K.o depends on the nature of the
reactants and products, the temperature, and the pressure
(particularly in reacrions involving gases). Under standard
physical conditions (25'C and 1 atm pressure for biological
systems), the K.o is always the same for a given reaction,
whether or not a catalyst is present.

For the general reaction with three reactants and three
products

aA + bB * cC ; . zZ + yY + xX (2_1)

where capital letters represent particular molecules or atoms
and lowercase letters represent the number of each in the re-
action formula, the equilibrium constant is given by

Rate."r"rr. : 1. By rearranging these equations, we can express
the equilibrium constant as the ratio of the rate consrants

K-^ t )  -1\

Chemical Reactions in Cells Are at Steady State
Under appropriate conditions and given sufficient time, indi-
vidual biochemical reactions carried out in a test tube even-
tually will reach equilibrium. Within cells, however, many
reactions are linked in pathways in which a product of one
reaction serves as a reactarft in another or is pumoed out of
the cell. In this more complex situation, when the iate of for-
mation of a substance is equal to the rate of its consumption,
the concentration of the substance remains constant, and the
system of linked reactions for producing and consuming that
substance is said to be in a steady state (Figure 2-23). One
consequence of such linked reactions is that they prevent the
accumulation of excess intermediates, protecting cells from
the harmful effects of intermediates that have the Dotential
of being toxic at high concentrations.

Dissociation Constants of Binding Reactions
Reflect the Aff inity of lnteracting Molecules
The concept of equilibrium also applies to the binding of one
molecule to another. Many important cellular processes de-
pend on such binding "reactions," which involve the making
and breaking of various noncovalent interactions rather than
covalent bonds, as discussed above. A common example is the
binding of a ligand (e.g., the hormone insulin or adrenaline) to
its receptor on the surface of a cell forming a multimolecular
assembly, or complex, that triggers a biological response. An-
other example is the binding of a protein to a specific sequence
of base pairs in a molecule of DNA, which frequently causes
the expression of a nearby gene to increase or decrease (Chap-
ter 7). lf the equilibrium constant for a binding reaction is

(a) Test tube equil ibr ium concentrat ions

B B B
A A A  =  - B B B

B B B

(b) Intracel lular steady-state concentrat ions

n n  - B B B  -  c C
_  B B B  _  C C

A FIGURE 2-23 Comparison of reactions at equi l ibr ium and
steady state. (a) ln the test tube, a biochemical reaction (A -+ B)
eventually will reach equilibrium, in which the rates of the fon,rard and
reverse reactions are equal (as indicated by the reaction arrows of equal
length). (b) In metabolic pathways within cells, the product B commonly
would be consumed, in this example by conversion to C. A pathway of
linked reactions is at steady state when the rate of formation of the
intermediates (e g , B) equals their rate of consumption. As indicated by
the unequal length of the arrows, the individual reversible reactions
constituting a metabolic pathway do not reach equilibrium Moreover,
the concentrations of the intermedrates at steady state can differ from
what they would be at eoui l ibr ium.

k1_T

where brackets denote the concentrations of the molecules at
equilibrium. The rate of the forward reaction (left to right in
Equation (2-1) is

Rare6o,* , ,6  :  kr lA l " l  B lb[C| .

where Ai is the rate constant for the forward reaction. Similarly,
the rate of the reverse reaction (right to left in Equation 2-1) is

Ra tereverse : k,[X]" [y lv [Z]"

where A, is the rate constant for the reverse reaction. At equi-
librium the forward and reverse rates are equal, so Rateso*..6/

(2-2)
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ff i  Rodcast: Macromolecules Can Bind Multiple Ligands
> FIGURE 2-24 Macromolecules can have distinct binding
sites for multiple l igands. A large macromolecule (e g , a protein,
blue) with three distinct binding sites (A-C) is shown; each binding
site exhibits molecular complementarity to three different binding
partners (l igands A-C) with distinct dissociation constants (KdA c)

known, the intracellular stability of the resulting complex can
be predicted. To illustrate the general approach for determin-
ing the concentration of noncovalently associated complexes,
we will calculate the extent to which a protein (P) is bound to
DNA (D)forming a protein-DNA complex (PD):

P + D . - P D

Most commonly, binding reactions are described in terms of
the dissociation constant K6, which is the reciprocal of the
equilibrium constant. For this binding reaction, the dissocia-
tion constant is given by

Mul t i l i gand b ind ing  macromolecu le  (e .9 . ,  p ro te in )

B ind ing  s i te  B  (K6s) Binding site A (K6a)

L igand B
(e .9 . ,  smal l
mo lecu le )

L igand A
(e .9 . ,  smal l  p ro te in )

L igand C
(e  9 . ,  po lysacchar ide)

16:\
Binding s i te  C (K66) 

d

(2-4)

Typical reactions in which a protein binds to a specific DNA se-
quence have a K6 of 10-10 M, where M symbolizes molariry or
moles per liter (mol/L). To relate the magnitude of this dissocia-
tion constant to the intracellular ratio of bound to unbound
DNA, let's consider the simple example of a bacterial cell hav-
ing a volume of 1.5 x 10 1s L and containing L molecule of
DNA and 10 molecules of the DNA-binding protein P. In this
case, given a Ka of 10-1 0 M, 99 percent of the time this specific
DNA sequence will have a molecule of protein bound to it and
1 percent of the time it will not, even though the cell contains
only 10 molecules of the protein! Clearly P and D bind very
tightly (have a high affinity), as reflected by the low value of the
dissociation constant for their binding reaction. For protein-
protein and protein-DNA binding, K6 values of <10 ' M
(nanomolar) are considered to be tight, -10 o M (micromolar)
modestly tight, and -10-' M (millimolar) relatively weak.

The large size of biological macromolecules, such as pro-
teins, can result in the availability of multiple surfaces for
complementary intermolecular interactions (Figure 2-24). As
a consequence, many macromolecules have the capacity to
bind several other molecules simultaneously. In some cases,
these binding reactions are independent, with their own dis-
tinct Ka values that are constant. In other cases, binding of a
molecule at one site on a macromolecule can change the three-
dimensional shape of a distant site, thus altering the binding
interactions of that distant site with some other molecule. This
is an important mechanism by which one molecule can alter
(regulate) the activity of a second molecule (e.g., a protein) by
changing its capacity to interact with a third molecule.'We ex-
amine this regulatory mechanism in more detail in Chapter 3.

RoshanKetab 021- 6 69 50 639

Bio logica l  F lu ids Have Character is t ic  pH Values

The solvent inside cells and in all extracellular fluids is water. An
important characteristic of any aqueous solution is the

concentration of positively charged hydrogen ions (H+ ) and neg-

atively charged hydroxyl ions (OH-). Because these ions are the

dissociation products of H2O, they are constituents of all living

systems, and they are liberated by many reactions that take place

between organic molecules within cells. These ions also can be

transported into or out of cells, as when highly acidic gastric
juice is secreted by cells lining the walls of the stomach.

\fhen a water molecule dissociates, one of its polar H-O

bonds breaks. The resulting hydrogen ion, often referred to as

a proton, has a short lifetime as a free ion and quickly com-

bines with a water molecule to form a hydronium ion

(HrO*). For convenience, however' we refer to the concentra-

tion of hydrogen ions in a solution, [H*], even though this re-

ally represents the concentration of hydronium ions, [H3O-].
Dissociation of H2O generates one OH- ion along with each

H*. The dissociation of water is a reversible reaction:

H 2 O : H * + O H -

At 25 'C, 
[H+][OH-]_: 1O-r4 M2, so that in pure water,

lH* l  : toH- l  :1o - 'M.
The concentration of hydrogen ions in a solution is ex-

pressed conventionally as its pH, defined as the negative log

of the hydrogen ion concentration. The pH of pure water at

25 'C is 7:

pH:  - log [H- ]  :  l "sEL :be+=- :z
l n j , J

It is important to keep in mind that a 1 unit difference in pH

represents a tenfold difference in the concentration of pro-

tons. On the pH scale, 7.0 is considered neutral: pH values

below 7.0 indicate acidic solutions (higher [H*]), and values

above 7.0 indicate basic (alkaline) solutions (Figure 2-25)'

For instance, gastric juice, which is rich in hydrochloric acid

tPIIDlro: TDi
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Inc reas ing ly  bas ic
( lower  H+ concent ra t ion)

pH sca le

14 Sodium hydroxide (1 N)

1 3
1 )  H o u s e h o l d  b l e a c h

A m m o n i a  ( 1  N )
1 1

8 In te r io r  o f  ce l l

j  Fert i l ized egg'  
Unfer t i l i zed  egg

6  U r i n e

In te r io r  o f  the  lysosome

Grapef ru i t  ju ice

Gast r i c  ju ice

Hydroch lo r ic  ac id  (1  N)

Increasingly  ac id ic
(g reater  H+ concentrat ion)

  Ff GURE 2-25 pH values of common solutions. The pH of an
aqueous solution is the negative log of the hydrogen ion concentratron
The pH values for most intracellular and extracellular biological f luids
are near 7 and are carefully regulated to permit the proper functioning
of cells, organelles, and cellular secretions

(HCl), has a pH of about 1. ks [H+] is roughly a mill ionfold
greater than that of cytoplasm with a pH of abort 7.2.

Although the cytosol of cells normally has a pH of about
7.2, the pH is much lower (about 4.5) in the interior of lyso,
somes, one type of organelle in eukaryotic cells (Chapter 9).
The many degradative enzymes within lysosomes function
optimally in an acidic environment, whereas their action is
inhibited in the near neurral environment of the cytoplasm.
This i l lustrates that mainrenance of a specific pH is essential
for proper functioning of some cellular strucrures. On the
other hand, dramatic shifts in cellular pH may play an im-
portant role in controll ing cellular activity. For example, the
pH of the cytoplasm of an unferti l ized egg of the sea urchin,
an aquatic animal, is 6.6. Within 1 minute of ferti l ization,
however, the pH rises to 7.2; that is, the [H+l decreases to
about one-fourth its original value, a change necessary for
subsequent growth and division of the egg.

Hydrogen lons Are Released by
Acids and Taken Up by Bases
In general, an acid is any molecule, ion, or chemical group
that tends to release a hydrogen ion (H+), such as hydrochlo-
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ric acid (HCl) or the carboxyl group (-COOH), which tends
to dissociate to form the negatively charged carboxylate ion
(-COO ). Likewise, a base is any molecule, ion, or chemical
group that readily combines with a H+, such as the hydroxyl
ion (OH-); ammonia (NH:), which forms an ammonium ion
(NH+-); or the amino group (-NH2).

rWhen acid is added to an aqueous solution, the [H+] in-
creases (the pH goes down). ConverselS when a base is
added to a solution, the [H+] decreases (the pH goes up). Be-
cause [H+][OH ] : 10-14M2, any increase in [H*] is cou-
pled with a commensurate decrease in [OH-] and vice versa.

Many biological molecules conrain both acidic and basic
groups. For example, in neutral solutions (pH : 7.0), many
amino acids exist predominantly in the doubly ionized form,
in which the carboxyl group has lost a proton and the amino
group has accepted one:

NH, *
t -

H-C-COO-

R

where R represents the uncharged side chain. Such a mole-
cule, containing an equal number of positive and negative
ions, is called a zwitterion. Zwitterions, having no net
charge, are neutral. At extreme pH values, only one of these
two ionizable groups of an amino acid will be charged.

The dissociation reaction for an acid (or acid group in a
larger molecule) HA can be wrirten as HA == H+ + A . The
equilibrium constant for this reaction, denoted K. (the subscript
d stands for "acid"), is defined as K" : [H*][A ]/lHAl. Taking
the logarithm of both sides and rearranging the result yields a
very useful relation between the equilibrium constant and pH:

pH : pK" + loe #l e-s)
l r 1A l

where pK" equals -log K".
From this expression, commonly known asthe Henderson-

HasselbaLch equation, it can be seen thar the pK. of any acid is
equal to the pH at which half the molecules are dissociated and
half are neutral (undissociated). This is because when [A-] :

[HA], then log ([A-]/[HA]) : O, and thus pK" : pH. The
Henderson-Hasselbalch equarion allows us to calculate the de-
gree of dissociation of an acid if both the pH of the solution
and the pK, of the acid are known. Experimentally, by meas,
uring the [A ] and [HA] as a function of the solution's pH, one
can calculate the pK. of the acid and thus the equilibrium con-
stant Ka for the dissociation reacion (Figure 2-26).

Buf fers  Mainta in the pH of  In t racel lu lar
and Extracel lu lar  F lu ids
A growing cell must maintain a consrant pH in the cyto-
plasm of about 7.2-7.4 despite the metabolic production of
many acids, such as lactic acid and carbon dioxide; the latter
reacts with water to form carbonic acid (H2CO3). Cells have
a reservoir of weak bases and weak acids, called buffers,
which ensure that the cell's pH remains relatively constant

101  ̂
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sea water



H 2 C O 3 : H C O 3 - + H *

H2C03

0 L
0 7.4  8

OH

A FfGURE 2-26 lhe relationship between pH, pKa, and the
dissociation of an acid. As the oH of a solution of carbonic acid
rises from 0 to 8 5, the percentage of the compound in the
undissociated, or un-ionized, form (HzCO:) decreases from 100
percent and that of the ionized form increases from 0 percent When
the pH (6.4) is equal to the acids pKa, half of the carbonic acid has
ionized When the pH rises to above 8, virtually all of the acid has
ionized to the bicarbonate form (HCOr )

despite small f luctuations in the amounts of H* or OH- be-
ing generated by metabolism or by the uptake or secretion of
molecules and ions by the cell. Buffers do this by "soaking
up" excess H* or OH when these ions are added to the cell
or are produced by metabolism.

If additional acid (or base) is added to a buffered solu-
tion whose pH is equal to the pK, of the buffer (tHAl :

[A ]), the pH of the solution changes, but it changes less
than it would if the buffer had not been present. This is be-
cause protons released by the added acid are taken up by the
ionized form of the buffer (A- ); likewise, hydroxyl ions gen-

er:ated by the addition of base are neutralized by protons re-
leased by the undissociated buffer (HA). The capacity of a
substance to release hydrogen ions or take them up depends
partly on the extent to which the substance has already
taken up or released protons, which in turn depends on the
pH of the solution relative to the pK" of the substance. The
ability of a buffer to minimize changes in pH, its buffering
capacity, depends on the concentration of the buffer and the
relationship between its pK" value and the pH, which is ex-
pressed by the Henderson-Hasselbalch equation.

The titration curve for acetic acid shown inFigure 2-27
illustrates the effect of pH on the fraction of molecules in the
un-ionized (HA) and ionized forms (A ). At one pH unit be-
low the pK" of an acid, 91 percent of the molecules are in the
HA form; at one pH unit above the pK^, 9L percent are in
the A form. At pH values more than one unit above or
below the pK", the buffering capacity of weak acids and

bases declines rapidly. In other words, the addition of the
same number of moles of acid to a solution containing a
mixture of HA and A that is at a pH near the pK" will cause
less of a pH change than it would if the HA and A- were not
present or if the pH were far from the pK. value.

All biological systems contain one or more buffers. Phos-
phate ions, the ionized forms of phosphoric acid, are present

in considerable quantities in cells and are an important factor

o 0.2 0.4 0.6 0 '8 1.0

Fraction of dissociated CH3COOH

Added OH- -----)

  FfGURE 2-27 The titration curve of the buffer acetic acid
(CH3COOH). The pK, for the dissocration of acetic acid to hydrogen

and acetate ions is 4 75 At this pH, half the acid molecules are

dissociated Because pH is measured on a logarithmic scale, the solution

changes from 91 percent CH3COOH at pH 3.75 to 9 percent CH3COOH

at pH 5 75. The acid has maximum buffering capacity in this pH range

in maintaining, or buffering, the pH of the cytoplasm. Phos-

phoric acid (H3POa) has three protons that are capable of

dissociating, but they do not dissociate simultaneously. Loss

of each proton can be described by a discrete dissociation re-

action and pKo, as shown in Figure 2-28.The titration curve

I
o_

Added OH- ----->

A FIGURE 2-28 The t i trat ion curve of phosphoric acid (H3PO4),

a common buffer in biological systems. This biological ly ubiquitous

molecule has three hydrogen atoms that dissociate at dif ferent pH

values; thus phosphoric acid has three pK" values, as noted on the

graph The shaded areas denote the pH ranges-within one pH unit

of the three pKu values-where the buffering capacity of phosphoric

acid is high In these regions, the addit ion of acid (or base) wil l  cause

relat ively small  changes in the PH
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PKa=2'1 H 3 P O 4 + H r P O f + H +
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for phosphoric acid shows that the pK" for the dissociation of
the second proton is 7.2. Thus at pH7.2, about 50 percent of
cellula^r phosphate is H2POa- and about 50 percent is
HPO4'- according to the Henderson-Hasselbalch equation.
For this reason, phosphate is an excellent buffer at pH values
around 7.2, the approximate pH of the cytoplasm of cells,
and at pH 7.4, the pH of human blood.

Chemical  Equi l ibr ium

r A chemical reaction is at equilibrium when the rate of
the forward reaction is equal to the rate of the reverse re-
action (no net change in the concentration of the reactants
or products).

The equilibrium constant K.o of a reaction reflects the
tio of products to reacrants ai equil ibrium and thus is a

measure of the extent of the reaction and the relative sta-
bilities of the reactants and products.

r The K.o depends on the temperature, pressure, and
chemical properties of the reactants and products but is
independent of the reaction rate and of the initial concen-
trations of reactants and products.

For any reaction, the equilibrium constant K.o equals the
tio of the forward rate constant to the reversi rate con-

stant (krl&r). The rates of conversion of reactants to prod-
ucts and vice versa depend on the rate constants and the
concentrations of the reactants or products.

r 
'Sfithin 

cells, the linked reactions in metabolic pathways
generally are at steady state, not equilibrium, at which rate
of formation of the intermediates equals their rate of con-
sumption (see Figure 2-23) and thus the concentrations of
the intermediates are not changing.

r The dissociation constant K6 for the noncovalent bind-
ing of two molecules is a measure of the stability of the
complex formed between the molecules (e.g., ligand-receptor
or protein-DNA complexes).

r The pH is the negative logarithm of the concentration of
hydrogen ions (-log [H+]). The pH of the cytoplasm is nor-
mally about 7.2-7.4, whereas the interior of lysosomes has
a pH of about 4.5.

r Acids release protons (H+) and bases bind them. In bio-
logical molecules, the carboxyl and phosphate groups are
the most common acidic groups; the amino group is the
most common basic group.

r Buffers are mixrures of a weak acid (HA) and its corre-
sponding base form (A ), which minimize the change in pH
of a solution when acid or alkali is added. Biological sys-
tems use various buffers to maintain their pH within a very
narrow range.

W Biochemical Energetics
The production of energy, its storage, and its use are central
to the economy of the cell. Energy may be defined as the
abil ity to do work, a concept applicable to automobile
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engines and electric power plants in our day-to-day world
and to cellular engines in the biological world. The energy
associated with chemical bonds can be harnessed to support
chemical work and the physical movements of cells.

Several Forms of Energy Are lmportant
in  Bio log ica l  Systems
There are two principal forms of energy: kinetic and poten-
tial. Kinetic energy is the energy of movement-the motion of
molecules, for example. The second form of energy, potential
energy, or stored energy, is particularly important in the
study of biological or chemical systems.

Thermal energy, or heat, is a form of kinetic energy-the
energy of the motion of molecules. For heat to do work, it
must flow from a region of higher temperature-where the
average speed of molecular motion is greater-to one of lower
temperature. Although differences in temperature can exist
between the internal and external environments of cells, these
thermal gradients do not usually serve as the source of energy
for cellular activities. The thermal energy in warm-blooded
animals, which have evolved a mechanism for thermoregula-
tion, is used chiefly to maintain constant organismic tempera-
tures. This is an important function because the rates of many
cellular activities are temperature-dependent. For example,
cooling mammalian cells from their normal body temperature
of 37 "C to 4 "C can virtually "freeze" or stop many cellular
processes (e.g., intracellular membrane movements).

Radiant energy is the kinetic energy of photons, or waves
of light, and is critical to biology. Radiant energy can be con-
verted to thermal energy, for instance when light is absorbed
by molecules and the energy is converted to molecular mo-
tion. Radiant energy absorbed by molecules can also change
the electronic structure of the molecules, moving electrons
into higher-energy states (orbitals), whence it can later be
recovered to perform work. For example, during photo-
synthesis, l ight energy absorbed by specialized molecules
(e.g., chlorophyll) is subsequently converted into the energy
of chemical bonds (Chapter 12).

Mechanical energy, a major form of kinetic energy in bi-
ology usually results from the conversion of stored chemical
energy. For example, changes in the lengths of cytoskeletal
filaments generate forces that push or pull on membranes
and organelles (Chapters 17 and 18).

Electric energy-the energy of moving electrons or other
charged particles-is yet another major form of kinetic energy.

Several forms of potential energy are biologically signifi-
cant. Central to biology is chemical potential energy, the energy
stored in the bonds connecting atoms in molecules. Indeed,
most of the biochemical reactions described in this book in-
volve the making or breaking of at least one covalent chemical
bond. 

'We 
recognize this energy when chemicals undergo

energy-releasing reactions. For example, the high potential
energy in the covalent bonds of glucose can be released by
controlled enzymatic combustion in cells (Chapter 12). This
energy is harnessed by the cell to do many kinds of work.

A second biologically important form of potential energy is
the energy in a concentration gradient. \X/hen the concentration



of a substance on one side of a barrier, such as a membrane, is
different from that on the other side, a concentration gradient
exists. All cells form concentration gradients between their
interior and the external fluids by selectively exchanging nutri-
ents, waste products, and ions with their surroundings. Also,
organelles within cells (e.g., mitochondria, lysosomes) fre-
quently contain different concentrations of ions and other mol-
ecules; the concentration of protons within a lysosome, as we
saw in the last section, is about 500 times that of the cytoplasm.

A third form of potential energy in cells is an electric
potential-the energy of charge separation. For instance,
there is a gradient of electric charge of =200,000 volts per
cm across the plasma membrane of virtually all cells. We dis-
cuss how concentration gradients and the potential differ-
ence across cell membranes are generated and maintained in
Chapter 11 and how they are converted to chemical poten-
tial energy in Chapter 12.

Cells Can Transform One Type
of Energy into Another
According to the first law of thermodynamics, energy is nei-
ther created nor destroyed but can be converted from one form
to another. (In nuclear reactions, mass is converted to energy,
but this is irrelevant to biological systems.) In photosynthesis,
for example, the radiant energy of light is transformed into the
chemical potential energy of the covalent bonds between the
atoms in a sucrose or starch molecule. In muscles and nerves,
chemical potential energy stored in covalent bonds is trans-
formed, respectively, into the kinetic energy of muscle contrac-
tion and the electric energy of nerve transmission. In all cells,
potential energy, released by breaking certain chemical bonds,
is used to generate potential energy in the form of concentra-
tion and electric potential gradients. Similarly, energy stored in
chemical concentration gradients or electric potential gradi-
ents is used to synthesize chemical bonds or to transport mol-
ecules from one side of a membrane to another to generate a
concentration gradient. The latter process occurs during the
transport of nutrients such as glucose into certain cells and
transport of many waste products out of cells.

Because all forms of energy are interconvertible, they can
be expressed in the same units of measurement. Although the
standard unit of energy is the joule, biochemists have tradi-
tionally used an alternative unit, the calorie (1 joule : 0.239
calorie). Throughout this book, we use the kilocalorie to
measure energy changes (1 kcal : 1000 cal).

The Change in Free Energy Determines
the Direction of a Chemical Reaction

Because biological systems are generally held at constant
temperature and pressure, it is possible to predict the direc-
tion of a chemical reaction from the change in the free energy
G, named after J. V. Gibbs, who showed that "all systems
change in such a way that free energy [G] is minimized." In
the case of a chemical reaction, reactants * products, the
free-energy change AG is given by

Endergonic

  FIGURE 2-29 Changes in the free energy (AG) of exergonic
and endergonic reactions. (a) In exergonic reactions, the free energy
of the products is lower than that of the reactants Consequently,
these reactions occur spontaneously and energy is released as the
reactions proceed (b) In endergonic reactions, the free energy of the
products is greater than that of the reactants and these reactions do
not occur spontaneously An external source of energy must be
supplied if the reactants are to be converted into products

The relation of AG to the direction of any chemical reaction

can be summarized in three statements:

r If AG is negative, the forward reaction will tend to occur

spontaneously and energy usually will be released as the re-

action takes place (exergonic reaction) (Figure2-291.

r If AG is positive, the forward reaction will not occur

spontaneously: energy will have to be added to the system in

order to force the reactants to become products (endergonic

reaction).

r If AG is zero, both forward and reverse reactions occur

at equal rates and there will be no spontaneous conversion

of reactants to products (or vice versa); the system is at

equil ibrium.

By convention, the standard free-energy change of a re-

action AGo' is the value of the change in free energy under

the conditions of 298 K (25 "C)' 1 atm pressure, pH 7.0 (as

in pure water), and initial concentrations of 1' M for all reac-

t"nts 
"nd 

proJucts except protons' which are kept at 10-7 M

(pH 7.0). Most biological reactions differ from standard

conditions, particularly in the concentrations of reactants'

which are normally less than 1 M.
The free energy of a chemical system can be defined as

G : H - TS, where H is the bond energy' or enthalpy' of the

system; 7 is its temperature in degrees Kelvin (K); and S is

the entropy, a measure of its randomness or disorder' If tem-

perature remains constant' a reaction proceeds sponta-

neously only if the free-energy change AG in the following

equation is negative:

A G :  A H -  T A S ( ) - 6 \

( a )
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AG : Goroaucts - Greactants
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In an exothermic reaction, the products contain less bond
energy than the reactanrs, the liberated energy is usually
converted to heat (the energy of molecular motion), and
AH is negative. In an endothermic reaction, the products
contain more bond energy than the reactants, heat is ab-
sorbed during the reaction, and AH is positive. The com-
bined effects of the changes in the enthalpy and entropy
determine if the AG for a reaction is positive or negarive.
An exothermic reaction (AH < 0) in which enrropy in-
creases (AS > 0) occurs spontaneously (AG < 0). An en-
dothermic reaction (AH > 0) wil l occur spontaneously if
AS increases enough so that the T AS term can overcome
the positive AH.

Many biological reactions lead to an increase in order
and thus a decrease in entropy (AS < 0). An obvious exam-
ple is the reaction that links amino acids to form a protein.
A solution of protein molecules has a lower entropy than
does a solution of the same amino acids unlinked because
the free movement of any amino acid in a protein is restricted
when it is bound into a long chain. Often cells compensate
for decreases in entropy by "coupling" such synthetic, entropy-
lowering reactions with independent reactions that have a
very highly negarive AG (see below). In this way cells can
convert sources of energy in their environment into the
building of highly organized structures and metabolic path-
ways that are essential for life.

The actual change in free energy AG during a reacrion is
influenced by temperature, pressure, and the initial concen-
trations of reactants and products and usually differs from
AG''. Most biological reactions-like others that take place
in aqueous solutions-also are affected by the pH of the so-
lurion. 

'We 
can estimate free-energy changes for different

temperatures and initial concentrations using the equation

A G :  A C . ' - r  R T l n  Q :  A C " ' +  R T l n  f p r o d u c t s ]  
Q - 7 )

I reacrantsl

where R is the gas constanr of 1.987 call(degree.mol), T is
the temperature (in degrees Kelvin), and Q is the initial rctio
of products to reactants. For a reaction A + B == C. in
which two molecules combine to form a third, e in Equa-
tion2-7 equals tcl/ lAltBl.In this case, an increase in the ini-
tial concentration of either [A] or [B] will result in a larger
negative value for AG and thus drive the reaction toward
more formation of C.

Regardless of the AG"' for a particular biochemical reac-
tion, it will proceed spontaneously within cells only if AG is
negative, given the intracellular concentrations of reactants
and products. For example, the conversion of glyceralde-
hyde 3-phosphate (G3P) to dihydroxyacetone phosphate
(DHAP), two inrermediates in the breakdown of glucose,

G3P .  . ^DHAP

has a AGo' of -1840 caVmol. If the initial concentrations of
G3P and DHAP are equal, then AG : AGo' because RT ln
1 : 0; in this situation, the reversible reaction G3P : DHAP
will proceed spontaneously in the direction of DHAp forma-
tion until equilibrium is reached. However, if the initial

[DHAP] is 0.1 M and the initial [G3P] is 0.001 M, with other
conditions standard, then Q in Equation 2-7 equals 0.1/0.001
: 100, giving a AG of *887 caVmol. Under these conditions,
the reaction will proceed in the direction of formation of G3P.

The AG for a reaction is independent of the reaction rare.
Indeed, under usual physiological conditions, few if any of the
biochemical reactions needed to sustain life would occur with-
out some mechanism for increasing reaction rates. As we de-
scribe below and in more detail in Chapter 3, the rates of reac-
tions in biological systems are usually determined by the activity
of enzymes, the protein catalysts that accelerate the formation
of products from reactants without altering the value of AG.

The Ad' of a Reaction Can Be
Galculated from lts K.o
A chemical mixture at equilibrium is in a stable state of
minimal free energy. For a system at equilibrium (AG : 0,
Q : K"o), we can write

A G o ' :  - 2 . 3 R T  l o g K . o :  - 1 3 6 2 l o g K . o  Q - 8 )

under standard conditions (note the change to base 10 loga-
rithms). Thus if we determine the concentrations of reactants
and products at equilibrium (i.e., the K.o), we can calculate
the value of AGo'. For example, the K.o for the inrerconver-
sion of glyceraldehyde 3-phosphate to dihydroxyacetone
phosphate (G3P : DHAP) is 22.2 under standard condi-
tions. Substituting this value into Equation 2-8, we can easily
calculate the AGo' for this reaction as - 1840 callmol.

By rearranging Equation 2-8 and taking the antiloga-
rithm, we obtain

Keq : 10-(aG"'/2'3RT) (2-e)

From this expression, it is clear that if AGo' is negative, the
exponent will be positive and hence K.o will be greater than
1. Therefore at equilibrium rhere will be more products than
reactants; in other words, the formation of products from
reactants is favored. Conversely, if AG'' is positive, the
exponent will be negative and K.o will be less than 1.

The Rate of a Reaction Depends on the
Activation Energy Necessary to Energize
the Reactants into a Transit ion State
As a chemical reaction proceeds, reactants approach each
otherl some bonds begin to form while others begin to
break. One way to think of the state of the molecules during
this transition is that there are strains in the electronic con-
figurations of the atoms and their bonds. In order for the
collection of atoms to move from the relatively stable state
of the reactants to this intermediate state during the reac-
tion, an introduction of energy is necessary. This is illus-
trated in the reaction energy diagram in Figure 2-30. Thus
the collection of atoms is transiently in a higher-energy srare
at some point during the course of the reaction. The state
during a chemical reaction at which the system is at its high-
est energy level is called the transition state or transition-
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Products

Progress of reaction ---->

A FIGURE 2-30 Activation energy of uncatalyzed and
catalyzed chemical reactions. This hypothetical reaction pathway
(blue) depicts the changes in free energy G as a reaction proceeds A
reaction wil l take place spontaneously if the free energy (G) of the
products is less than that of the reactants (AG < 0). However, all
chemical reactions proceed through one (shown here) or more high-
energy transition states, and the rate of a reaction is inversely
proportional to the activation energy (AG*), which is the difference in
free energy between the reactants and the transition state In a
catalyzed reaction (red), the free energies of the reactants and
products are unchanged but the free energy of the transition state is
lowered, thus increasing the velocity of the reaction

state intermediate. The energy needed to excite the reactants
to this higher-energy state is called the activation energy of
the reaction. The activation energy is usually represented by
AGt, analogous to the representation of the change in Gibbs
free energy (AG) already discussed. From the transition
state, the collection of atoms can either release energy as the
reaction products are formed or release energy as the atoms
go "backward" and re-form the original reactants. The ve-
locity (V) at which products are generated from reactants
during the reaction under a given set of conditions (temper-
ature, pressure, reactant concentrations) will depend on the
concentration of material in the transition state, which in
turn will depend on the activation energy and the character-
istic rate constant (z) at which the transition state ls con-
verted to products. The higher the activation energy, the
lower the fraction of reactants that reach the transition state
and the slower the overall rate of the reaction. The relation-
ship between the concentration of reactants, z and V is

v : u lreactants] x 10 (AG+/2 3RT)

From this equation, we can see that lowering the activation
energy-that is, decreasing the free energy of the transition
state AG+-leads to an acceleration of the overall reaction rate
V. A reduction in AGt of 1.36 kcal/mol leads to a tenfold
increase in the rate of the reaction, whereas a 2.72 kcal/mol
reduction increases the rate 100-fold. Thus relatively small
changes in AGt can lead to large changes in the overall rate
of the reaction.

Catalysts such as enzymes (Chapter 3) accelerate reaction

rates by lowering the relative energy of the transition state

and so the activation energy (see Figure 2-30). The relative

energies of reactants and products will determine if a reaction

is thermodynamically favorable (negative AG), whereas the

activation energy will determine how rapidly products form
(reaction kinetics). Thermodynamically favorable reactions

will not occur if the activation energies are too high.

Li fe  Depends on the Coupl ing of  Unfavorable
Chemical  React ions wi th  Energet ica l ly
Favorable Reactions

Many processes in cells are energetically unfavorable (AG > 0)

and will not proceed spontaneously. Examples include the syn-

thesis of DNA from nucleotides and transport of a substance

across the plasma membrane from a lower to a higher concen-

tration. Cells can carry out an energy-requiring, or endergonic,

reaction (AGr > 0) by coupling it to an energy-releasing, or ex-

ergonic, reaction (AGz < 0) if the sum of the two reactions has

an overall net negative AG.
Suppose, for example, that the reaction A = B + X has a

AG of + 5 kcaUmol and that the reaction X = Y + Zhas a L,G

of -10 kcal/mol:

( 1 )  A

(2\  x

B + X  A G : + S k c a l / m o l

Y + Z  A G : - 1 0 k c a l / m o l

S u m :  A .  
^ B + Y + Z  A G ' '  : - 5 k c a l / m o l

In the absence of the second reaction' there would be much

more A than B at equilibrium. However, because the conver-

sion of X to Y + Z is such a favorable reaction, it will pull

the first process toward the formation of B and the con-

sumption of A. Energetically unfavorable reactions in cells

often are coupled to the energy-releasing hydrolysis of ATP'

as we discuss next.

Hydrolysis of ATP Releases Substantial Free

Energy and Dr ives Many Cel lu lar  Processes

In almost all organisms, adenosine triphosphate, or AIP, is

the most important molecule for capturing' transiently stor-

ing, and subsequently transferring energy to perform work

(e.g., biosynthesis, mechanical motion). The useful energy in

an ATP molecule is contained in phosphoanhydride bonds,

which are covalent bonds formed from the condensation of

two molecules of phosphate by the loss of water:

O O
t i

o-  - i -on + Ho-P-o-  .  *
l l

o-

l l l l
o - -P-O-?-O-  +  H2O

+
I
I

Transit ion state
(u ncata lyzed)

Transit ion state
(catalyzed)
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A FIGURE 2-31 Adenosine triphosphate (ATP). The two
phosphoanhydride bonds (red) in ATP, which l ink the three phosphate
groups, each has a AG'of about -7 3 kcal/mol for hydrolysis
Hydrolysis of these bonds, especially the terminal one, rs rne source
of energy that drives many energy-requiring reactions in biological
systems.

An ATP molecule has two key phosphoanhydride (also
called phosphodiester) bonds (Figure 2-31). Hydrolysis of a
phosphoanhydride bond (-) in each of the following reac-
tions has a highly negative AG'' of about -7.3 kcal/mol:

Ap-p-p + H2O ----+ Ap-p + Pi + H+

(ATP) (ADP)

A p - p - p + H 2 O -  A p + P P i + H +

(ATP) (AMP)

Ap-p + H2O ----+ Ap + P; * H+

(ADP) (AMP)

In these reactions, Pi stands for inorganic phosphate (pO+, )
and PP; for inorganic pyrophosphate, two phosphate groups
linked by a phosphoanhydride bond. As the top two reac-
tions show, the removal of a phosphate or a pyrophosphate
group from ATP leaves adenosine diphosphate (ADp) or
adenosine monophosphate (AMP), respecively.

A phosphoanhydride bond or other high-energy bond
(commonly denoted by -) is not intrinsically different from
other covalent bonds. High-energy bonds simply release es-
pecially large amounts of energy when broken by addition of
water (hydrolyzed). For instance, the AG"' for hydrolysis of
a phosphoanhydride bond in ATP (-7.3 kcal/mol) is more
than three times the AGo' for hydrolysis of the phosphoester
bond (red) in glycerol 3-phosphate (-Z.2kcallmol):

ooH
Ho-p-o-cHr- lH -  cH2oH

I
U

Glycerol 3-phosphate

A principal reason for this difference is that ATp and its hy-
drolysis products ADP and P1 are highly charged at neutral

pH. During synthesis of ATP, a large input of energy is
required to force the negative charges in ADP and P1 to-
gether. ConverselS much energy is released when ATP is hy-
drolyzed to ADP and P;. In comparison, formation of the
phosphoester bond between an uncharged hydroxyl in glyc-
erol and P1 requires less energy, and less energy is released
when this bond is hydrolyzed.

Cells have evolved protein-mediated mechanisms for
transferring the free energy released by hydrolysis of phos-
phoanhydride bonds to other molecules, thereby driving
reactions that would otherwise be energetically unfavor-
able. For example, if the AG for the reaction B + C -+ D is
positive but less than the AG for hydrolysis of ATP, the re-
action can be driven to the right by coupling it to hydroly-
sis of the terminal phosphoanhydride bond in ATP. In one
common mechanism of such energy coupling, some of the
energy stored in this phosphoanhydride bond is transferred
to one of the reactants by breaking the bond in ATP and
forming a covalent bond between the released phosphate
group and one of the reactants. The phosphorylated inter-
mediate generated in this way can then react with C to
form D * P; in a reaction that has a negative AG:

B + A T P T B - p + A D P

B - p + C - + D + P ;

The overall reaction

B + C + A T P : - D + A D P + P .

is energetically favorable (AG < 0).
An alternative mechanism of energy coupling is to use

the energy released by ATP hydrolysis to change the confor-
mation of the molecule to an "energy-rich" stressed state. In
turn, the energy stored as conformational stress can be re-
leased as the molecule "relaxes" back into its unstressed
conformation. If this relaxation process can be mechanisti-
cally coupled to another reaction, the released energy can be
harnessed to drive important cellular processes.

As with many biosynthetic reactions, transport of mole-
cules into or out of the cell often has a positive AG and thus
requires an input of energy to proceed. Such simple trans-
port reactions do not directly involve the making or break-
ing of covalent bonds; thus the AGo' is 0. In the case of a
substance moving into a cell, Equation 2-7 becomes

\uP h o s p h o a n h y d r i d e  b o n d s

o to  to
i l | l | l- o - P - o - L P - O _ | . P - O -

t l l
oo -o

AG : Rr t"+."9* (2 -10)

where [C1"] is the initial concentration of the substance in-
side the cell and [Co",] is its concentration outside the cell.'We 

can see from Equation 2-10 that AG is positive for
transport of a substance into a cell against its concentration
gradient (when [Cr"] > [C"",]); the energy to drive such
"uphill" transport often is supplied by the hydrolysis of
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ATP. Conversely, when a substance moves down its concen-
tration gradient ([C",,] > [C,"] ), AG is negative. Such
"downhil l" transport releases energy that can be coupled to
an energy-requiring reaction, say, the movement of another
substance uphill across a membrane or the synthesis of ATP
itself (see Chapters 1I and 12).

ATP ls Generated During Photosynthesis
and Respi rat ion

Clearlg to continue functioning, cells must constantly replen-
ish their ATP supply. In nearly all cells, the initial energy source
whose energy is ultimately transformed into the phosphoanhy-
dride bonds of ATP and bonds in other compounds is sunlight.
In photosynthesis, plants and certain microorganisms can trap
the energy in light and use it to synthesize AIP from ADP and
P1. Much of the ATP produced in photosynthesis is hydrolyzed
to provide energy for the conversion of carbon dioxide to six-
carbon sugars, a process called carbon fixation:

ATP ADP + P.
6co2 + 6 Hro V c6H12o6 + o02

In animals, the free energy in sugars and other molecules
derived from food is released in the process of respiration.
All synthesis of ATP in animal cells and in nonphotosyn-
thetic microorganisms results from the chemical transforma-
tion of energy-rich compounds in the diet (e.g., glucose,
starch). We discuss the mechanisms of photosynthesis and
cellular respiration in Chapter 12.

The complete oxidation of glucose to yield carbon dioxide,

c6Flpo6 + 6 02 ---> 6 co2 + 6 H2o

has a AG'' of -686 kcal/mol and is the reverse of photosyn-
thetic carbon fixation. Cells employ an elaborate set of pro-
tein-mediated reactions to couple the oxidation of 1 mole-
cule of glucose to the synthesis of as many as 30 molecules of
ATP from 30 molecules of ADP. This oxygen-dependent
(aerobic) degradation (catabolism) of glucose is the major
pathway for generating ATP in all animal cells, nonphoto-
synthetic plant cells, and many bacterial cells. Catabolism of
fatty acids can also be an important source of ATP.

Light energy captured in photosynthesis is not the only
source of chemical energy for all cells. Certain microorgan-
isms that live in or around deep ocean vents, where adequate
sunlight is unavailable, derive the energy for converting ADP
and Pi into ATP from the oxidation of reduced inorganic
compounds. These reduced compounds originate deep in the
earth and are released at the vents.

NAD* and FAD Couple Many Bio log ica l
Oxidation and Reduction Reactions

In many chemical reactions, electrons are transferred from
one atom or molecule to another; this transfer may or may

not accompany the formation of new chemical bonds or the

release of energy that can be coupled to other reactions. The

loss of electrons from an atom or a molecule is called oxida-

tion, and the gain of electrons by an atom or a molecule is

called reduction. Because electrons are neither created nor

destroyed in a chemical reaction, if one atom or molecule is

oxidized, another must be reduced. For example' oxygen

draws electrons from ps2+ (ferrous) ions to form Fe3* (fer-

ric) ions, a reaction that occurs as part of the process by

which carbohydrates are degraded in mitochondria. Each

oxygen atom receives two electrons, one from each of two

Fe"- ions:

2 Fe2* + Yz oz --> 2 Fe3* + 02-

Thus Fe2* is oxidized, and 02 is reduced. Such reactions in

which one molecule is reduced and another oxidized often

are referred to as redox reactions. Oxygen is an electron

acceptor in many redox reactions in cells under aerobic

conditions.
Many biologically important oxidation and reduction re-

actions involve the removal or the addition of hydrogen

atoms (protons plus electrons) rather than the transfer of

isolated electrons on their own. The oxidation of succinate

to fumarate, which also occurs in mitochondria, is an exam-
ple (Figure 2-32). Protons are soluble in aqueous solutions
(as H3O+), but electrons are not and must be transferred
directly from one atom or molecule to another without a

water-dissolved intermediate. In this rype of oxidation reaction'

electrons often are transferred to small electron-carrying
molecules, sometimes referred to as coenzymes. The most

common of these electron carriers are NAD* (nicotinamide

adenine dinucleotide), which is reduced to NADH' and FAD
(flavin adenine dinucleotide), which is reduced to FADH2
(Figure 2-33). The reduced forms of these coenzymes can

transfer protons and electrons to other molecules, thereby

reducing them.

o

c -o -
I

H - C - H
| ---\----\---2

H - C - H  v  v
I  z e  2 H *
c-o-
o

Succinate

o
c-o
I
c -H

c - H
I
c -o

o
Fumarate

A FIGURE 2-32 Conversion of succinate to fumarate. In this
oxidation reaction, which occurs in mitochondria as part of the citric
acid cycle, succinate loses two electrons and two protons These are
transferred to FAD, reducing it to FADH2.
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  FIGURE 2-33 The electron-carrying coenzymes NAD+ and FAD.
(a) NAD* (nicotinamide adenine dinucleotide) is reduced to NADH by
the addition of two electrons and one proton simultaneously In
many biological redox reactions, a pair of hydrogen atoms (two
protons and two electrons) are removed from a molecule In some
cases, one of the protons and both electrons are transferred to
NAD-; the other proton is released into solution (b) FAD (flavin

To describe redox reactions, such as the reaction of fer-
rous ion (Fe2+) and oxygen (O2), it is easiest to divide them
into two half-reactions:

Oxidation of Fe2n : 2 Fez* --+ 2 Fe3* -t 2 e-

Reduction of 02: 2 e * 1/z 02 -- 02-

In this case, the reduced oxygen (O2-) readily reacts with
two protons to form one water molecule (HzO). The readi-
ness with which an atom or a molecule gains an electron is
its reduction potential E. The tendency to lose electrons, the
oxidation potential, has rhe same magnitude but opposite
sign as the reduction potential for the reverse reaction.

Reduction porentials are measured in volts (V) from an
arbitrary zero point set ar the reduction potential of the
following half-reaction under standard conditions (25 "C.
1 atm, and reactants at 1 M):

H+ + e- IY'Z *t,
oxidation

The value of E for a molecule or an atom under standard
conditions is its standard reduction potential, E'6 A mole-
cule or an ion with a positive E'e has a higher affinity for
electrons than the H* ion does under standard conditions.
Conversely, a molecule or ion with a negative E'6 has a
lower affinity for electrons than the H* ion does under stan-
dard conditions. Like the values of AGo', standard reduction
potentials may differ somewhat from those found under the
conditions in a cell because the concentrations of reactants
in a cell are not 1 M.

In a redox reaction, electrons move spontaneously toward
atoms or molecules having more positiue reduction porentials.
In other words, a compound having a more negative reduc-
tion potential can transfer electrons spontaneously to (i.e.,

F A D + 2 H -  + 2 e -  i -  F A D H 2

adenine dinucleotide) is reduced to FADH2 by the addition of two
electrons and two protons, as occurs when succinate is converted to
fumarate (see Figure 2-32) ln this two-step reaction, addition of one
electron together with one proton first generates a short-l ived
semiquinone intermediate (not shown), which then accepts a second
electron and proton.

reduce) a compound with a more positive reduction potential.
In this type of reaction, the change in electric potential AE is
the sum of the reduction and oxidation potentials for the two
half-reactions. The AE for a redox reaction is related to the
change in free energy AG by the following expression:

AG (callmol) : -n (23,064) AE (volts) (2-11)

where n is the number of electrons transferred. Note that a re-
dox reaction with a positive AE value will have a negative AG
and thus will tend to proceed spontaneously from left to right.

Biochemical Energetics

r The change in free energy AG is the most useful measure
for predicting the direction of chemical reactions in biolog-
ical systems. Chemical reactions tend to proceed sponta-
neously in the direction for which AG is negative. The mag-
nitude of AG is independent of the reaction rate.

r The chemical free-energy change AGo' equals -2.3 RT
log K.o. Thus the value of AGo' can be calculated from the
experimentally determined concentrations of reactants and
products at equilibrium.

r The rate of a reaction depends on the activation energy
needed to energize reactants to a rransition state. Catalysts
such as enzymes speed up reactions by lowering the activa-
tion energy of the transition state.

r A chemical reaction having a positive AG can proceed if
it is coupled with a reaction having a negarive AG of larger
magnitude.

r Many otherwise energetically unfavorable cellular
processes are driven by the hydrolysis of phosphoanhy-
dride bonds in ATP (see Figure 2-31).

60 C H A P T E R 2  I  C H E M I C A L F O U N D A T I O N S



r Directly or indirectlS light energy captured by photosyn-
thesis in plants and photosynthetic bacteria is the ultimate
source of chemical energy for almost all cells.

r An oxidation reaction (loss of electrons) is always cou-
pled with a reduction reaction (gain of electrons).

r Biological oxidation and reduction reactions often are
coupled by electron-carrying coenzymes such as NAD-
and FAD (see Figure 2-33).

r Oxidation-reduction reactions with a positive AE have a
negative AG and thus tend to proceed spontaneously.

Key Terms

containing fatty acylgroups, (c) in the cytosolic domain of the

protein, and (d) in the extracellular domain of the protein?

3. V-M-Y-F-E-N: This is the single-letter amino acid abbre-

viation for a peptide. What is the net charge of this peptide

at pH 7.0? An enzyme called a protein tyrosine kinase can

attach phosphates to the hydroxyl groups of tyrosine. 
'Sfhat

is the net charge of the peptide at pH 7.0 after it has been

phosphorylated by a tyrosine kinase? \What is the likely

source of phosphate utilized by the kinase for this reaction?

4. Disulfide bonds help to stabilize the three-dimensional

structure of proteins. What amino acids are involved in the

formation of disulfide bonds? Does the formation of a disul-

f ide bond increase or decrease entropy (AS)?

5. In the 1960s, the drug thalidomide was prescribed to

pregnant women to treat morning sickness. However'

thalidomide caused severe limb defects in the children of

some women who took the drug, and its use for morning

sickness was discontinued. It is now known that thalidomide

was administered as a mixture of two stereoisomeric com-

pounds, one of which relieved morning sickness and the

other of which was responsible for the birth defects' 
'Sfhat

are stereoisomers? Why might two such closely related com-

pounds have such different physiologic effects?

6. Name the compound shown below.

5',-o-  P-o-o-P-o-o-?-o-9Hz -o

acid 52

a carbon atom (C*) 41

amino acids 41

amphipathic 31

base 52

buffers 52

chemical potential energy 54

covalent bond 32

dehydration r eaction 4 0

AG (free-energy change) 55

disulfide bond 43

endergonic 55

endothermic 55

energy coupling 58

enthalpy (H) 55

entropy (S) 55

equil ibrium constant 49

exergonic 55

exothermic 56

fatty acids 47

hydrogen bond 37

hydrophil ic 31

Review the Concepts

hydrophobic 3 1

hydrophobic effect 38

ionic interactions 36

molecular
complementarity 39

monosaccharides 44

nucleosides 44

nucleotides 44

oxidation 59

pH 51

phosphoanhydr ide bonds 57

phospholipid btlayers 41

polar 34

polymer 40

redox reaction 59

reduction 59

saturated 47

steady state 50

stereoisomers 33

unsaturated 47

van der $0aals
interactions 37

o

I
o -

I
o-

I
o

1,. The gecko is a reptile with an amazing ability to climb
smooth surfaces, including glass. Recent discoveries indicate
that geckos stick to smooth surfaces via van der'lfaals inter-
actions between septae on their feet and the smooth surface.
How is this method of stickiness advantageous over covalent
interactions? Given that van der Sfaals forces are among the
weakest molecular interactions, how can the gecko's feet
stick so effectively?

2. The K* channel is an example of a transmembrane pro-
tein (a protein that spans the phospholipid bilayer of the
plasma membrane). What types of amino acids are likely to be
found (a) lining the channel through which K* passes, (b) in
contact with the hydrophobic core of the phospholipid bilayer

2',

Is this nucleotide a component of DNA, RNA, or both?

Name one other function of this compound.

7. The chemical basis of blood-group specificity resides in

the carbohydrates displayed on the surface of red blood cells.

Carbohydrates have the potential for great structural diver-

sity. Indeed, the structural complexity of the oligosaccharides

that can be formed from four sugars is greater than that for

oligopeptides from four amino acids. Sfhat properties of car-

bohydrates make this great structural diversity possible?

8. Ammonia (NH:) is a weak base that under acidic condi-

tions becomes protonated to the ammonium ion in the fol-

lowing reaction:

NH, + H- -+ NH+-

NH3 freely permeates biological membranes, including

those of lysosomes. The lysosome is a subcellular organelle

with a pH of about 4.5-5.0; the pH of cytoplasm is -7'0.
lWhat is the effect on the pH of the fluid content of lysosomes

OHOH

HrrriS)c-)x
l :  ; l l  e C Hl ,  ; l l  s i

Hrl',t-c\fi)c-i/

REVIEW THE CONCEPTS 6 1



when cells are exposed to ammonia? No/e: Protonated ammo-
nia does not diffuse freely across membranes.
9. Consider the binding reaction L + R -+ LR, where L is
a ligand and R is its receptor. 

'S7hen 
1 x 10 3 M L is added

to a solution containing 5 x 10-2 M R, 90% of the L binds
to form LR. rVhat is the K.o of this reaction? How will the
K.o be affected by the addition of a protein that catalyzes
this binding reaction? V/hat is the K6?
10. Vhat is the ionization state of phosphoric acid in the
cytoplasm? Vhy is phosphoric acid such a physiologically
important compound?

11.  The AGo' for  the react ion X + Y -+ XY is  -1000

callmol. What is the AG at 25 'C (298 Kelvin) starting with
0.01 M each X, I and XY? Suggest two ways one could
make this reaction energetically favorable.
12. According to health experts, saturated fatty acids, which
come from animal fats, are a major factor contributing to
coronary heart disease. What distinguishes a saturated fatty
acid from an unsaturated fatty acid, and to what does the
term saturated refer? RecentlS trans unsaturated fatty acids,
or trans fats, which raise total cholesterol levels in the bodv.
have also been implicated in heart disease. How does the cis
stereoisomer differ from the trans configuration, and what
effect does the cis configuration have on the structure of the
fatty acid chain?

13. Chemical modifications to amino acids contribute to the di-
versity and function of proteins. For instance, 7-carboxylation
of specific amino acids is required to make some proteins
biologically active. What particular amino acid undergoes
this modification, and what is the biological relevance? War-
farin, a derivative of coumarin, which is present in many
plants, inhibits 7-carboxylation of this amino acid and was
used in the past as a rat poison. At present, it is also used
clinically in humans. What patients might be prescribed war-
farin and whv?
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Ribbon diagram of a beta propeller domain from the human signaling
protein Keapl Ten water molecules (spheres) are bound to each of
the six blades of the propeller. lvlany proteins are built from multiple,
independently stable protein domains [From L J Beamet X Li, C A
Bottoms, and M Hannink, 2005, Acta Crystallogr D: Biol. Crystallogr
51(1 0):1 335-1 342 I Credit. Courtesy of Robert Hube[ Martinsried

roteins, which are polymers of amino acids, come in
many sizes and shapes. Their three-dimensional diversity
reflects underlying structural differences: principally

variations in their lengths and amino acid sequences, and in
some cases, differences also in the number of disulfide bonds
or the attachment of small molecules or ions to their amino
acid side chains. In general, the linear, unbranched polymer
of amino acids composing any protein will fold into only one
or a few closely related three-dimensional shapes-called
conformations. The conformation of a protein together with
the distinctive chemical properties of its amino acid side
chains determines its function. As a consequence, proteins
can perform a dazzling array of distinct functions inside and
outside of cells that either are essential for life or provide se-
lective evolutionary advantage to the cell or organism that
contains them. It is, therefore, not surprising that character-
izing the structures and activities of proteins is a fundamen-
tal prerequisite for understanding how cells work. Much of
this textbook is devoted to examining how proteins act to-
gether to enable cells to live and function properly.

Many proteins can be grouped into just a few broad func-
tional classes . Structural proteins, for example, determine the
shapes of cells and their extracellular environments, and serve
as guide wires or rails to direct the intracellular movement of
molecules and organelles. They usually are formed by the as-
sembly of multiple protein subunits into very large, long struc-
nres. Scaffold proteins bring other proteins together into

CHAPTER

PROTEIN STRUCTURE
AND FUNCTION

ordered arrays to perform specific functions more efficiently

than if those proteins were not assembled together. Enzymes

are proteins that catalyze chemical reactions. Membrane

transport proteins permit the flow of ions and molecules

across cellular membranes . Regulatory proteins act as siSnals'

sensors, and switches to control the activities of cells by alter-

ing the functions of other proteins and genes. These include

signaling proteins, such as hormones and cell-surface recep-

tors that transmit extracellular signals to the cell interior'
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Motor proteins are responsible for moving other proteins,
organelles, cells-even whole organisms. Any one protein can
be a member of more than one protein class, as is the case of
some cell-surface signaling receptors that are both enzymes
and regulator proteins because they transmit signals from
outside to inside cells by catalyztng chemical reactions. To
accomplish efficiently their diverse missions some proreins as-
semble into large complexes, often called molecular machines.

How do proteins mediate so many diverse functions? They
do this by exploiting a few simple activiries. Most fundamen-
tally, proteins bind-to one anorher, to other macromolecules,
such as DNA, and to small molecules and ions. In many cases
such binding can induce a conformational change in the pro-
tein and thus influence its activity. Binding is based on molec-
ular complementarity between a protein and its binding part-
ner, as described in Chapter 2. A second key activity is
enzymatic catalysis. Appropriate folding of a protein wil l
place some amino acid side chains and carboxyl and amino
groups of the backbone into positions that permit the cataly-
sis of covalent bond rearrangements. A third activity involves
folding into a channel or pore within a membrane through
which molecules and ions flow. Although these are especially
crucial protein activities, they are not the only ones. For ex-
ample, fish that live in frigid waters-rhe Antarctic borchs and
Arctic cods-have antifreeze proteins in their circulatory sys-
tems to prevent water crystallization at subzero temperatures.

A complete understanding of how proteins permit cells
to l ive and thrive requires the identif ication and characteri-
zation of all the proteins used by a cell. In a sense, molecu-
lar cell biologists want to compile a complete protein 'parts

list ' and consrruct an all- inclusive "users manual" that de-
scribes how these prclteins work. Compiling a comprehen-
sive protein parts l ist has become feasible in recent years
with the sequencing of entire genomes-complete sets of
genes-of  more and more organisms.  From a compurer
analysis of genome sequences, researchers can deduce the
number of amino acids and their sequence of most of the en-
coded proteins (Chapter 5). The rerrn proreome was coined
to refer to the entire protein complement of an organism. The
human genome conrains 20,000-25,000 genes (only four
times that of the single-cell yeast Saccharomyces cereuisiae).
However, it encodes about 33.000 different protein because
of variation in mRNA producrion (e.g.. alteinative splicing
(Chapter 8)). Even more variation is generared by 100 types
of protein modification that can produce hundreds of thou-
sands of distinct human proteins. By comparing protein se-
quences and structures of proteins of unknown function to
those of known function, scientists can often deduce much
about their functions. In the past, characterization of protein
function by genetic, biochemical, or physiological methods
often preceded the identification of particular proteins. In the
modern genomic and proteomic era, a protein is usually iden-
tified prior to determining its function.

In this chapter, we begin our study of how the structure of
a protein gives rise to its function, a theme that recurs through-
out this book (Figure 3-1). The first secrion examines how
chains of amino acid building blocks are arranged in a three-
dimensional structural hierarchy. The next section discusses

@

  FIGURE 3-1 Overview of protein structure and function.
(a) Proteins are assembled according to a hierarchy of structures A
polypept ide 's  l inear  sequence of  amino acids l inked by pept ide
bonds (primary structure) folds into local helices or sheets
(secondary structure) that pack rnto large (longer-range) complex
three-dimensional structures (tertiary structu re) Some individual
polypeptides associate into multichain complexes (quaternary
structure), which in some cases can be very large, consisting of tens to
hundreds of subunits (supramolecular assemblies) (b) Protein function
includes organization of the genome, other proteins, l ipid bilayer
membranes, and cytoplasm (structure); control of protein activity
(regulation), monitoring of the environment and transmitting resultant
information (signaling), f low of small molecules and ions across
membranes (transport); catalysis of chemical reactions (via enzymes);
and generation of force for movement (via motor proteins) These
functions and others arise from specifrc binding interactions and
conformatronal changes in the structure of a properly folded protein

how proteins fold into these structures. \(e then rurn to protein
function, focusing on enzymes, the special class of proteins that
catalyze chemical reactions. Various mechanisms that cells use
to control the activities and life spans of proteins are covered in
the next two sections. Next comes a section on commonly used
techniques in the biologist's tool kit for isolating proteins and
characterizing their properties. The chapter concludes with a
discussion of the burgeoning field of proteomics.

ff,t Hierarchical Structure of Proteins
A protein chain folds into a distinct three-dimensional shape
that is stabil ized by noncovalent interacrions berween re-
gions in the linear sequence of amino acids. A kcy concept rn
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(c) Tert iary structure

(a) Primary structure

-A la  -G lu  -Va l -Thr -Asp-  Pro-Gly -

(b) Secondary structure

s  he l i

Domain

  FIGURE 3-2 Four levels of protein hierarchy. (a) The linear
sequence of amino acids l inked together by peptide bonds is the
primary structure. (b) Folding of the polypeptide chain into local a
helices or B sheets represents secondary structure. (c) Secondary
structural elements together with various loops and turns in a single
polypeptide chain pack into a larger independently stable structure,
which may include distinct domains; this is tertiary structure (d)
Some individual polypeptides with their own tertiary structures can
associate into a quaternary structure defining a multichain complex.

understanding how proteins work is that function is deriued

from three-dimensional structure, and three-dimensional
structure, which is determined primarily by noncoualent
interactions betueen regions in the linear sequence of amino
acids, is specified by amino acid seqwence. Indeed, principles
relating biological structure and function initially were formu-
lated by the biologists Johann von Goethe (1'749-1,832), Ernst
Haeckel (1834-1.91.9), and D'Arcy Thompson \1'860-1'948).
They greatly influenced the school of "organic" architecture
pioneered in the early rwentieth century that is epitomized by

the dicta "form follows function" (Louis Sullivan) and "form
is function" (Frank Lloyd'Wright). Here, we consider the ar-
chitecture of proteins at four levels of organization: primar5
secondary, tertiary, and quaternary (Figure 3-2).

The Primary Structure of a Protein ls l ts Linear
Arrangement  of  Amino Acids

As discussed in Chapter 2, proteins are constructed by the
polymerization of 20 different types of amino acids. Individual
amino acids are linked together in linear, unbranched chains by

covalent amide bonds, called peptide bonds, with occasional
disulfide bonds covalently linking side chains together. Peptide

bond formation between the amino group of one amino acid

and the carboxyl group of another results in the net release of

a water molecule (dehydration) (Figure 3-3a). The repeated

amide N, cr carbon (C*), carbonyl C and oxygen atoms of each

amino acid residue form the backbone of a protein molecule

from which the various side-chain groups project (Figure 3-3b,

c). As a consequence of the peptide linkage, the backbone ex-

hibits directionality because all the amino groups are located

on the same side of the Co atoms. Thus one end of a protein

has a free (unlinked) amino group (the N-terminus), and the

other end has a free carboxyl group (the C-terminus). The

sequence of a protein chain is conventionally written with its

( a )

H O
t l l

+ *H3N - Co-C- O-

3l
ll 

n'

lN t,o
\7

H O
t t l

*HsN - Cd-C- O-

R 1

H O H O
r i l t l l

PePtide
bond

(b)

(N- te rminus)  (C- te rminus)

(c)

A FIGURE 3-3 Structure of a polypeptide. (a) Individual amino

acids are l inked together by peptide bonds, which form via reactions

that result in a loss of water (dehydration). R1, R2, etc., represent the

side chains ("R groups") of amino acids. (b) Linear polymers of

oeptide bond-linked amino acids are called polypeptides, which have

a free amino end (N-terminus) and a free carboxyl end (C-terminus)
(c) A ball-and-stick model shows peptide bonds (yellow) l inking the

amino nitrogen atom (blue) of one amino acid (aa) with the carbonyl

carbon atom (gray) of an adjacent one in the chain. The R groups
(green) extend from the cr carbon atoms (black) of the amino acids

These side chains largely determine the distinct properties of

individual oroteins

(d) Ouaternary structure
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N-terminal amino acid on the left and its C-terminal amino
acid on the right, and the amino acids are numbered sequen-
tially starting from the amino terminus (number 1).

The primary structure of a protein is simply the linear
arrangement, or sequence, of the amino acid residues that
compose it. Many terms are used to denote the chains
formed by the polymerization of amino acids. A short chain
of amino acids linked by peptide bonds and having a defined
sequence is called an oligopeptide, or just peptide; longer
chains are referred to as polypeptides. peptides generally
contain fewer than 20-30 amino acid residues, whereas
polypeptides are often 200-500 residues long. The longest
protein described to date is the muscle protein titin with
25,926 residues. We generally reserve the term protein for a
polypeptide (or complex of polypeptides) that has a well-
defined three-dimensional structure. It is implied that pro-
teins and peptides are the natural products of a cell.

The size of a protein or a polypeptide is reported as its
mass in daltons (a dalton is 1 atomic mass unit) or as its mo-
lecular weight (M\7), which is a dimensionless number. For
example, a 10,000-MI7 protein has a mass of 10,000 dal-
tons (Da), or 10 kilodaltons (kDa). In the penultimate sec-
tion of this chapter, we will consider different methods for
measuring the sizes and other physical characteristics of pro-
teins. The known and predicted proteins encoded by the
yeast genome have an average molecular weight of 52,728
and contain, on average, 466 amino acid residues. The aver-
age molecular weight of amino acids in proteins is 113, tak-
ing into account their average relative abundances. This
value can be used to estimate the number of residues in a
protein from its molecular weight or, conversely, its molecu-
lar weight from the number of residues.

Secondary Structures Are the Core Elements
of Protein Architecture
The second level in the hierarchy of protein strucrure is sec-
ondary structure. Secondary structures are stable spatial
arrangements of segments of a polypeptide chain held to-
gether by hydrogen bonds between backbone amide and
carbonyl groups and often involving repeating structural pat-
terns. A single polypeptide may contain multiple types of sec-
ondary structure in various portions of the chain, depending
on its sequence. The principal secondary structures are the
alpha (c) helix, the beta (p) sheet, and a short U-shaped beta
(F) turn. Portions of the polypeptide that don't form these
structures, but nevertheless have a well-defined, stable shape,
are said to have anirregular structure. The term random ioil
applies to highly flexible portions of a polypeptide chain that
have no fixed three-dimensional structure. In an average pro-
tein, 50 percent of the polypeptide chain exists as ct helices
and B sheets; the remainder of the molecule is in coils and
turns. Thus, ct helices and B sheets are the major internal sup-
portive elements in most proteins. In this section, we exploie
the shapes of secondary structures and the forces that iavor
their formation. In later sections, we examine how linear ar-
rays of secondary structure fold together into larger, more
complex arrangements called tertiary structure.
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Amino te rminus

Carboxyl terminus

A FIGURE 3-4 The ct helix, a common secondary structure in
proteins. The polypeptide backbone (seen as a ribbon) is folded into
a spiral that is held in place by hydrogen bonds between backbone
oxygen and hydrogen atoms Only hydrogens involved in bonding are
shown. The outer surface of the helix is covered bv the side-chain R
groups (green)

The a Helix In a polypeptide segment folded into an o he-
lix, the backbone forms a spiral structure in which the car-
bonyl oxygen atom of each peptide bond is hydrogen-bonded
to the amide hydrogen atom of the amino acid four residues
farther along the chain (in the direction of the C-terminus)
(Figure 3-4). Within an a helix, all the backbone amino and
carboxyl groups are hydrogen-bonded to one another, except at
the very beginning and end of the helix. This periodic
arrangement of bonds confers an amino-to-carboxy-terminal
directionality on the helix because all the hydrogen bond ac-
ceptors (e.g., the carbonyl groups) have the same orientation
(pointing in the downward direction in Figure 3-4) and re-
sults in a structure in which there is a complete turn of the
spiral every 3.6 residues. An ct helix 36 amino acids long has
10 turns of the helix and is 5.4 nm long (0.54 nm/turn).

The stable arrangement of hydrogen-bonded amino
acids in the a helix holds the bar:kbone in a straight, rod-
like cylinder from which the side chains point outward.
The relative hydrophobic or hydrophil ic quality of a par-
ticular helix within a protein is determined entirely by the



characteristics of the side chains, because all the polar amino
and carboxyl groups of the peptide backbone are engaged in
hydrogen bonding with one another in the helix. In water-
soluble proteins, the hydrophilic helices tend to be found on
the outside surfaces, where they can interact with the aque-
ous environment, whereas hydrophobic helices tend to be
buried within the core of the folded protein. The amino acid
proline is usually not found in cr helices, because the covalent
bonding of its amino group with a carbon in the side chain
prevents its participation in stabilizing the backbone through
normal hydrogen bonding. While the classic ct helix is the
most intrinsically stable, and most common helical form in
proteins, there are variations, such as more tightly or loosely
twisted helices. For example, in a specialized helix called a
coiled coil (described several sections farther on), the helix is
more tightly wound (3.5 residues and 0.51 nm per turn).

The p Sheet Another type of secondary structure, the B
sheet, consists of laterally packed B strands. Each B strand is a
short (5- to 8-residue), nearly fully extended polypeptide seg-
ment. Unlike in the ct helix (where hydrogen bonding between
the amino and carboxyl groups in the backbone occurs betlveen
nearly adjacent residues), hydrogen bonding in the B sheet oc-
curs between backbone atoms in separate, but adjacent, B
strands (Figure 3-5a). These distinct B strands may be either
within a single polypeptide chain, with short or long loops be-

(a) Top view

A m i n o
termrnus

(b)  S ide

Carboxyl
te rmrnus

A FIGURE 3-5 The p sheet, another common secondary
structure in proteins. (a) Top view of a simple three-stranded B
sheet with antiparallel p strands The stabil izing rrydrogen bonds
between the B strands are indicated by green dashed lines (b) Side
view of a B sheet The projection of the R groups (green) above and
below the plane of the sheet is obvious in this view The fixed bond
angles in the polypeptide backbone produce a pleated contour

A FIGURE 3-6 Structure of a p turn' Composed of four residues,

B turns reverse the direction of a polypeptide chain (=180" U-turn) The

C. carbons of the first and fourth residues are usually <0.7 nm apart,

and those residues are often l inked by a hydrogen bond. B turns

facilitate the folding of long polypeptides into compact structures

Nveen the B strand segments' or on different polypeptide chains.

Figure 3-5b shows how two or more B strands align into adia-

cent rows, forming a nearly two-dimensional B pleated sheet (or

simply pleated sheet), in which hydrogen bonds within the

plane of the sheet hold the B strands together as the side chains

itick out above and below the plane. Like a helices, B strands

have a directionality defined by the orientation of the peptide

bond. Therefore, in a pleated sheet, adjacent p strands can be

oriented in the same (parallel) or opposite (antiparallel) direc-

tions with respect to each other' In some proteins, B sheets form

the floor of a binding pocket or a hydrophobic core; in other

oroteins embedded in membranes the B sheets curve around

and form a hydrophilic central pore through which ions and

small molecules may flow (Chapter 11).

p Turns Composed of four residues, B turns are located on

the surface of a protein, forming sharp bends that reverse the

direction of the polypeptide backbone, often toward the pro-

tein's interior. These short, U-shaped secondary structures are

often stabilized by a hydrogen bond between their end residues

(Figure 3-6). Glycine and proline are commonly present in

turns. The lack of alargeside chain in glycine and the presence

of a built-in bend in proline allow the polypeptide backbone to

fold into a tight U shape. B turns help large proteins to fold into

highly compact structures. There are six types of well-defined

turns, their detailed structures depending on the arrangement

of H-bonding interactions. A polypeptide backbone also may

contain longer bends, or loops' In contrast with tight B turns,

which exhibit just a few well-defined conformations' longer

loops can have many different conformations.

Overal l  Fo ld ing of  a  Polypept ide Chain Yie lds l ts

Tert iary Structure

Tertiary structure refers to the overall conformation of a

polypeptide chain-that is, the three-dimensional arrange-

-..ri oi all its amino acid residues' In contrast with secondary

e

'lo

"{r
...)
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Animation: Oil Drop Model of Protein Structure fntt

Unfolded protein Native protein

  FIGURE 3-7 Oil drop model of protein folding. The
hydrophobic residues of a polypeptide chain tend to cluster
together, somewhat l ike an oil drop, on the inside, or core, of a
folded protein, driven away from the aqueous surroundings by the
hydrophobic effect (Chapter 2) Charged and uncharged polar side
chains appear on the protein's surface where they can form
stabil izing interactions with surroundinq water and ions

do not readily dissolve in water, usually play a structural role or
participate in cellular movements. Globwlar proteins are gener-
ally water-soluble, compactly folded structures, often but not
exclusively spheroidal, that comprise a mixture of secondary
structures (see the structure of myoglobin, below). Integral
membrane proteins are embedded within the phospholipid
bilayer of the membranes that serve as the walls of cells and
organelles. The three broad categories of proteins noted here
are not mutually exclusive-some proteins are made up of
combinations of two or even all three of these categories.

Different Ways of Depicting the Conformation
of Proteins Convey Different Types of
In format ion
The simplest way to represent three-dimensional protein
structure is to trace the course of the backbone atoms, some-
times only the C. atoms, with a solid line (called a Co trace,
Figure 3-8a); the most complex model shows every atom
(Figure 3-8b). The former shows the overall fold of the
polypeptide chain without consideration of the amino acid
side chains; the latter, a ball-and-stick model, details the in-
teractions between side-chain atoms, including those that
stabilize the protein's conformation and interact with other
molecules, as well as the atoms of the backbone. Even
though both views are useful, the elements of secondary
structure are not always easily discerned in them. Another
type of representation uses common shorthand symbols for
depicting secondary structure-for example, coiled ribbons
or solid cylinders for o' helices, flat ribbons or arrows for B
strands, and flexible thin strands for B turns, coils, and loops
(Figure 3-8c). In variations of ribbon diagrams, ball-and-stick
or space-filling models of side chains can be attached to the
backbone ribbon, while ribbon and cylinder models make
the secondary structures of a protein easy to see.

However, none of these three ways of representing pro-
tein structure conveys much information about the protein
surface, which is of interest because it is where other mole-
cules usually bind to a protein. Computer analysis can iden-
tify the surface atoms that are in contact with the watery
environment. On this water-accessible surface, regions having
a common chemical character (hydrophobicity or hy-
drophilicity) and electrical character (basic or acidic) can be
indicated by coloring (Figure 3-8d). Such models reveal the
topography of the protein surface and the distribution of
charge, both important features of binding sites, as well as
clefts in the surface where small molecules bind. This view
represents a protein as it is "seen" by another molecule.

Structura l  Mot i fs  Are Regular  Combinat ions of
Secondary and Tert iary Structures
Particular combinations of secondary and tertiary struc-
tures, called structural motifs or folds, appear often as seg-
ments within many different proteins. Structural motifs

structures, which are stabilized only by hydrogen bonds,
tertrary structure is primarily stabilized by hydrophobic
interactions between nonpolar side chains, together with
hydrogen bonds between polar side chains and peptide
bonds. These stabilizing forces compactly hold together ele-
ments of secondary structure-o helices, B strands, turns,
and coils. Because the stabil izing interactions are weak,
however, the tertiary structure of a protein is not rigidly
fixed but undergoes continual, minute fluctuations, and
some segments within the tertiary structure of a protein can
be so very mobile they are considered to be disordered (that
is, lacking well-defined, stable, three-dimensional structure).
This variation in structure has important consequences for
the function and regulation of proteins.

_ Chemical properties of amino acid side chains help de-
fine tertiary structure. Disulfide bonds between the side
chains of cysteine residues in some proteins covalently link
regions of proteins, thus restricting the mobility of proteins
and increasing the stability of their tertiary structures. Amino
acids with charged hydrophilic polar side chains tend to be
on the outer surfaces of proteins; by interacting with water,
they help to make proteins soluble in aqueous solutions and
can form noncovalent interactions with other water-soluble
molecules, including other proteins. In contrast, amino acids
with hydrophobic nonpolar side chains are usually se-
questered away from the water-facing surfaces of a protein,
in many cases forming a water-insoluble central core (called
the oil drop model of globular proteins, because of the rela-
tively hydrophobic, or 'oily', core, Figure 3-7). Uncharged
hydrophilic polar side chains are found on both the surface
and inner core of proteins.
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(a) Co backbone trace

(c )  R ibbons

contribute to the global structure of the entire protein' and

any particular structural motif often performs a common
function in different proteins (e.g., binding to a particular

small molecule or ion). The primary sequences responsible

for any given structural motif may be very similar to one an-

other. In other words, a common sequence motif can result

in a common three-dimensional structural motif. However,

it is possible for seemingly unrelated primary sequences to

result in folding into a common structural motif. Conversely,
it is possible that a commonly occurring sequence motif does

not fold into a well-defined structural motif. Sometimes

short sequence motifs that have an unusual abundance of a

particular amino acid, e.g., proline or aspartate or gluta-

mate, are called "domains"l however, these and other short

contiguous segments are more appropriately called motifs

than domains (which are defined below).
Many proteins, including fibrous proteins and DNA-

regulating proteins called transcription factors (Chapter 7),

assemble into dimers or trimers by using an ct helix-based

coiled coil, or heptad-repeat, structural motif. In this struc-

tural motif, ct helices from two, three, or even four separate

polypeptide chains coil about one another-resulting in a

coil of coils, hence the name (Figure 3-9a). The individual

helices bind tightly to one another because each helix has a

strip of aliphatic (hydrophobic, but not aromatic) side

chains (leucine valine, etc.) running along one side of the he-

lix that interacts with a similar strip in the adjacent helix,

thus sequestering the hydrophobic groups away from water

and stabilizing the assembly of multiple independent helices'

These hydrophobic strips are generated along only one side

of the helix because the primary sequences of the helices ex-

hibit a motif of repeating segments of seven amino acids

(heptads) in which the sides chains of the first and fourth

residues are aliphatic and the other side chains are often hy-

drophilic (Figure 3-9a). Because hydrophilic side chains ex-

t..,J fro- one side of the helix and hydrophobic side chains

extend from the opposite side, the overall helical structure is

amphipathic. Because leucine frequently appears in the fourth

poritionr and the hydrophobic side chains merge together

iike the teeth of a zipper, these structural motifs are also

called leucine zippers.
Many other structural motifs employ a helices' A com-

mon calcium-binding motif called the EF hand uses two

short helices connected by a loop (Figure 3-9b). This struc-

tural motif found in more than 100 proteins is used for sens-

ing the calcium levels in cells. The bindittg of a Ca2* ion to

oxygen atoms in conserved residues in the loop depends on

the concentration of Caz* and often induces a conforma-

tional change in the protein, altering its activity. Thus, cal-

cium concentrations can directly control proteins' structures

and functions. Somewhat different helix-turn-helix and ba-

sic helixloop-helix (bHLH) structural motifs are used for

protein binding to DNA and consequently the regulation of

gene activity. Yet another motif commonly found in proteins

ihat bind RNA or DNA is the zinc finger, which contains

three secondary structures-an ct helix and two B strands

< FIGURE 3-8 Four ways to visualize protein

structure. Ras, a monomertc guanine
nucleotide-binding protein, is shown in all four
panels, with guanosine diphosphate (GDP) always
depicted in blue (a) The C* backbone trace
demonstrates how the polypeptide is t ightly
packed into a small volume. (b) A ball-and-stick
representation reveals the location of all atoms.
(c) A ribbon representation emphasizes how B
strands (l ight blue) and o helices (red) are
organized in the protern Note the turns and
loops connecting pairs of helices and strands. (d)

A model of the water-accessible surface reveals
the numerous lumps, bumps, and crevices on the
protein surface Regions of positive charge are
shaded purple; regions of neqative charge are
shaded red

(b) Bal l  and st ick

(d) Solvent-accessible surface
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(a) Coiled-coi l  moti f (b) EF-hand/hel ix- loop-hel ix motif

Ca2*

(c) Zinc-f inger motif

proteins such as calmodulin, oxygen atoms from five residues in the
acidic Alutamate- and aspartate-rich loop and one water molecule
form ionrc bonds with a Ca2* ion. (c) The zinc-finger motif is present
in many DNA-binding proteins that help regulate transcription. A
7n'- ion is held between a pair of B strands (blue) and a single o
helix (red) by a pair of cysteine residues and a pair of histidine
residues The two invariant cysteine residues are usually at positions 3
and 6, and the two invariant histidine residues are at positions 20
and 24 in this 25-residue motif. [See A. Lewit-Bentley and S Rety, 2000,
EF-hand calcium-binding proteins, Curr. Opin Struc Biol. 10:637-643; S A
Wolfe,  L Nekludova,  and C O Pabo, 2000, DNA recogni t ion by Cys2Hrs2 z inc
finger proteins, Ann Rev. Biophys Biomol. Struc.29:1g3-2121

  FIGURE 3-9 Motifs of protein secondary structure. (a) The
parallel two-stranded coiled-coil motif ( left) is characterized by two o
helices wound around each other. Helix packing is stabil ized by
interactions between hydrophobic side chains (red and blue) present
at regular intervals along each strand, and found along the seam of
the intertwined helices. Each o helix exhibits a characteristic heotad
repeat sequence with a hydrophobic residue often, but not always, at
positions 1 and 4, as indicated The coiled-coil nature of this
structural motif is more apparent in long coiled coils (Rrghf drawn at
different scale) (b) An EF hand a type of helix-loop-helix motif,
consists of two helices connected by a short loop in a specific
conformation common to many proteins, including many calcium-
binding and DNA-binding regulatory proteins In calcium-bindinq

with an antiparallel orienrarion-that form a fingerlike bun-
dle held together by a zinc ion (Figure 3-9c).

rWe will encounter numerous additional modfs in later
discussions of other proteins in this and other chapters. The
presence of the same structural motif in different proteins
with similar functions clearly indicates that these useful
combinations of secondary structures have been conserved
in evolution.

Structura l  and Funct ional  Domains Are Modules
of Tert iary Structure
Distinct regions of protein tertiary structure are often referred
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group to another molecule) or binding ability (e.g., a DNA-
binding domain or a membrane-binding domain). Functional
domains are often identified experimentally by whittling
down a protein to its smallest active fragment with the aid of
proteases, enzymes that cleave one or more peptide bonds in
a target polypeptide. Alternatively, the DNA encoding a pro-
tein can be modified so that when the modified DNA is used
to generate a protein, only a particular region, or domain, of
the full-length protein is made. Thus it is possible to deter-
mine if specific portions of a protein are responsible for par-
ticular activities exhibited by the protein. Indeed, functional
domains are often also associated with corresponding struc-
tural domains.

A structural dornain is a region =40 or more amino acids in
length, arranged in a stable, distinct secondary or tertiary struc-
ture, that often can fold into its characteristic structure inde-
pendently of the rest of the protein. As a consequence. distinct
structural domains can be linked together-sometimes by
short or long spacers-to form a large, multidomain protein.
Each of the subunits in hemagglutinin, for example, contains

Leu (4)

A s n  ( 1 )
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a globular domain and a fibrous domain (Figure 3-10a)'

Like structural motifs (composed of secondary structures)'

structural domains (composed of secondary and tertiary

structures) are incorporated as modules into different pro-

teins. The modular approach to protein architecture is par-

ticularly easy to recognize in large proteins, which tend to be

mosaics of different domains that confer distinct activities

and thus can perform different functions simultaneously.

Structural domains frequently are also functional domains in

that they can have an activity independent of the rest of the

protein. In Chapter 6 we consider the mechanism by which

the gene segments that correspond to domains became shuf-

fled in the course of evolution, resulting in their appearance

in many proteins.
The epidermal growth factor (EGF) domain is a struc-

tural domain present in several proteins (Figure 3-11). EGF

is a small, soluble peptide hormone that binds to cells in the

embryo and in skin and connective tissue in adults, causing

them to divide. It is generated by proteolytic (breaking of

peptide bond) cleavage between repeated EGF domains in

the EGF precursor protein, which is anchored in the cell

membrane by a membrane-spanning domain. EGF domains

with sequences similar to, but not identical with, those in

the EGF peptide hormone are present in other proteins and

can be l iberated by proteolysis. These proteins include tis-

sue plasminogen activator (TPA), a protease that is used to

dissolve blood clots in heart attack victims; Neu protein,

which takes part in embryonic differentiation; and Notch

protein, a receptor protein in the plasma membrane that

functions in developmentally important signaling (Chapter

16). Besides the EGF domain, these proteins have other do-

mains in common with other proteins. For example, TPA

< FIGURE 3-10 Tertiary and quaternary levels

of structure. The protetn pictured here,
hemagglutinin (HA), is found on the surface of

influenza virus. This long, multimeric molecule has

three identical subunits, each composed of two
polypeptide chains, HA1 and HA2 (a) Tertiary
structure of each HA subunit comprises the folding

of its helices and strands into a compact structure
that is 13.5 nm long and divided into two domains'
The membrane-distal domain (silver) is folded into a
globular conformation The membrane-proximal
domain (gold) has a fibrous, stemlike conformation
owing to the alignment of two long ct helices
(cylinders) of HA2 with B strands in HAl Short turns

and longer loops, often at the surface of the
molecule, connect the helices and strands in each

chain. (b) Quaternary structure of HA is stabil ized by

lateral rnteractions between the long helices
(cylinders) in the fibrous domains of the three
subunits (gold, blue, and green), forming a triple-

stranded coiled-coil stalk. Each of the distal globular

domains in HA binds sialic acid (red) on the surface
of target cells Like many membrane proteins, HA

contains several covalently l inked carbohydrate
chains (not shown).

EGF
precursor

t

,
I
I
t
I
I
I

EGF

A FIGURE 3-1 1 Modular nature of protein domains' Epidermal

shape and color. lndapted from I D Campbell and P Bork, 1993' Curr'

Opin Struc Biol 3.3851
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the domains in all proteins. Structural domains can be rec-
ognized in proteins whose structures have been determined
by x-ray crystallography or nuclear magnetic resonance
(NMR) analysis or in images captured by electron mi-
croscopy.

Regions of proteins that are defined by their distinctive
spatial relationships ro the rest of the protein are topological
domains. For examplc, some prorerns associated with iell-
surface membranes can have a portion extending inward
into the cytoplasm (cytoplasmic domain), a portion embed-
ded within the phospholipid bilayer membrane (membrane-
spanning domain), and a portion extending outward into the
extracellular space (extracellular domain). Each of these can
comprlse one or more structural motifs and structural and
functional domains.

Proteins Associate into Mult imeric Structures
and Macromolecular  Assembl ies
Multimeric proteins consisr of two or more polypeptide
chains or subunits. A fourth level of structur;l orga-niza-
tion, quaternary structure, describes the number (stoi_
chiometry) and relative positions of the subunits in multi-
menc proteins. Hemagglutinin, for example, is a trimer of
three identical subunits (homotrimer) held together by
noncovalent bonds (Figure 3-10b). Other multimeric pro_
teins can be composed of various numbers of ideniical
(homomeric) or different (hereromeric) subunits (see the
discussion of hemoglobin, below). Often, the individual
monomeric subunits of a multimeric protein cannot func_
tion normally unless they are assembled into the multimeric
protein. In some cases, assembly into a multimeric protein
(oligomerization) permits proreins that act sequentially in a
pathway to increase their efficiency of operaiion owing to
their juxtaposition in space.

The highest level in the hierarchy of protein strucrure is
the association of proteins into macromolecular assemblies.
Typicallg such structures are very large, in some cases ex-
ceeding 1 MDa in mass, approaching 30-300 nm in size, and
containing tens to hundreds of polypeptide chains, and
sometimes other biopolymers such as nucleic acids. The cap_
sid that encases the nucleic acids of the viral genome is an ex_
ample of a macromolecular assembly with a'structural func-
tion. The bundles of cytoskeletal filaments that support and
give shape to the plasma membrane are another examole.
Other macromolecular assemblies act as molecular ma-
chines, carrying out the most complex cellular processes bv
integrat ing indiv idual  funct ions in to one coordinared

tional components including general transcription factors,
promoter-binding proteins, helicase, and other protein com-
plexes (F igure 3-12) .  Ribosomes.  a lso d iscussed in Chapter
4, are complex multiprotein and multi-nucleic acid machines
that synthesize proteins.
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A FfGURE 3-12 A macromolecular machine: the transcription-
init iation complex. The core RNA polymerase, general transcription
factors, a mediator complex containing about 20 subunits, and other
protein complexes not depicted here assemble at a promoter in DNA
The polymerase carries out transcription of DNA; the associated
proteins are required for init ial binding of polymerase to a specific
promoter The multiple components function toqether as a machine

Members of  Prote in Fami l ies Have a Common
Evolut ionary Ancestor
Studies of myoglobin and hemoglobin, the oxygen-carrying
proteins in muscle and red blood cells, respectively, provided
early evidence that a protein's function derives from its three-
dimensional structure, which in turn is specified by amino
acid sequence. X-ray crystallographic analysis showed that
the three-dimensional structures of myoglobin (a monomer)
and the cr and B subunits of hemoglobin (a o2g2 retramer)
are remarkably similar. Sequencing of myoglobin and the
hemoglobin subunits revealed that many identical or chem-
ically similar residues are found in identical positions
throughout the primary structures of both proteins. A mu-
tation in the gene encoding the B chain that results in the
substitution of a valine for a glutamic acid disturbs the fold,
ing and function of hemoglobin and causes sickle-cell
anemla.

Similar comparisons between other proteins conclusively
confirmed the relation between the amino acid sequence,
three-dimensional structure, and function of proteins. Use of
sequence comparisons to deduce protein function has ex_
panded substantially in recent years as the genomes of more
and more organisms have been sequenced.

The molecular revolution in biology during the last
decades of the twentieth century also created a new scheme
of biological classification based on similarities and differ-
ences in the amino acid sequences of proteins. proteins that
have a common ancestor are referred to as homologs. The
main evidence for homology among proteins, and hence for
their common ancestry, is similarity in their sequences or

General transcript ion factors

RNA po lymeras

DNA

Promoter
I
I

Y

Transcript ion
pre in i t ia t ion
comprex
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  FIGURE 3-13 Evolution of the globin protein family. leff: A
primitive monomeric oxygen-binding globin is thought to be the
ancestor of modern-day blood hemoglobins, muscle myoglobins, and
plant leghemoglobins Sequence comparisons have revealed that
evolution of the globin proteins parallels the evolution of animals and
plants Major junctions occurred with the divergence of plant globins

from animal globins and of myoglobin from hemoglobin Later gene

Myoglob in

duplication gave rise to the o and B subunits of hemoglobin Rrght:

Hemoglobin is a tetramer of two a and two B subunits The

structural similarity of these subunits with leghemoglobin and

myoglobin, both of which are monomers, is evident A heme

molecule (red) noncovalently associated with each globin polypeptide

is directly responsible for oxygen-binding in these proteins [(relt)

Adapted from R C Hardison, 1996, Proc Nat'l Acad Sci IJSA 93:5675 l

example, the amino acid sequences of globins, the proteins

of hemoglobin and myoglobin and their relatives from bac-

teria, plJnts, and animals, suggest that they evolved from an

a.r.esiral monomeric, oxygen-binding protein (Figure 3-13)'

With the passage of time, the gene for this ancestral protein

slowly changed, initially diverging into lineages leading to

animal and plant globins. Subsequent changes gave rise to

myoglobin. the monomeric oxygen-storing protein in mus-

c1., ind to the a and B subunits of the tetrameric hemoglo-

bin molecule (cr2B2) of the circulatory system'

Hierarchical Structure of Proteins

r A protein is a linear polymer of amino.acids linked to-

gether by peptide bonds. Various, mostly noncovalent,

interactions between amino acids in the linear sequence

stabilize a protein's specific folded three-dimensional struc-

ture, or conformation'

r The cr helix, B strand and sheet' and B turn are the most

prevalent elements of protein secondary structure' Sec-

tndary structures are stabil ized by hydrogen bonds be-

tween atoms of the peptide backbone'

r Protein tertiary structure results from hydrophobic inter-

actions between nonpolar side groups and hydrogen bonds

between polar side groups and the polypeptide backbone'

Monocot
hemoglob in

P subuni t
of  hemoglobin

structures. 
'We 

can therefore describe homologous proteins

as belonging to a "family" and can trace their lineage from

comparisons of their sequences. The folded three-dimensional

structures of homologous proteins are similar even if parts of

their primary structure show little evidence of homology. Ini-

t ially, proteins with relatively high sequence similarit ies
(>50 percent exact matches, or "identit ies") and related

functions or structures were defined as an evolutionarily re-

lated family, while a swperfamily encompassed two or more

families in which the interfamily sequences matched less well

(=30-40 percent identities) than within one family. It is gen-

erally thought that proteins with 30 percent sequence iden-

tity are likely to have similar three-dimensional structures;

however, proteins with far less sequence matching can have

very similar structures. Recently, revised definitions of fam-
ily and superfamily have been proposed, in which a family

comprises proteins with a clear evolutionary relationship

(>30 percent identity or additional structural and functional

information showing common descent but <30 percent

identity), while a superfamily comprises proteins with only a

probable common evolutionary origin (e.g., lower percent

sequence identities). Often investigators consider proteins to

constitute a common superfamily (have a common evolu-

tionary origin) when they contain one or more common

motifs or domains.
The kinship among homologous proteins is most easily

visualized by a tree diagram based on sequence analyses. For

Hemoglob in
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These interactions stabilize folding of the secondary struc-
ture into a compact overall arrangement.

r Certain combinations of secondary structures give rise to
different motifs, which are found in a variety of pioteins and
are often associated with specific functions (see Figure 3-9).

Proteins often contain distinct domains, independently
Ided regions of secondary or tertiary structure *ith .h.r-

acteristic structural, functional, and topological properties
(see Figure 3-10) .

r The incorporation of domains as modules in
proteins in the course of evolution has generated
in protein structure and function.

r The number and organization of individual
subunits in multimeric proteins define their
structure.

A FIGURE 3-14 Rotation between planar peptide groups in
proteins. Rotation about the Co-amino nitrogen bond (the @ angle)
and the C"-carbonyl carbon bond (the ry' angle) permits polypeptide
backbones, in principle, to adopt a very large number of potential
conformations However steric restraints due to the structure of the
polypeptide backbone and the properties of the amino acid side
chains dramatically restrict the potential conformations that can be
adopted by any given protein

ure 3-14); there is no rotation possible about the peptide
bond itself. As a consequence, the only flexibil i ty in a
polypeptide chain backbone, allowing it to adopt varying
conformations (twists and turns to fold into different three-
dimensional shapes), is rotation of the fixed planes of pep-
tide bonds with respect to one another about two bonJs-
the C.-amino nitrogen bond (rotational angle called d) and
the C"-carbonyl carbon bond (rotational angle caled r/).

Yet a further constraint on the potential conformations
that a polypeptide backbone chain can adopt is that onlv a
limited number of $ and ry' angles 

".. 
porribl., b..",rr" io.

most d and t! angles the backbone or side chain atoms
would come too close to one another and thus the associated
conformation would be highly unstable or even physically
impossible to achieve.

Information Directing a protein,s Folding ls
Encoded in  l ts  Amino Acid Sequence
While the consrraints of backbone bond angles seem very re-
strictive, any polypeptide chain containing only a few
residues could, in principle, sti l l  fold inro many conforma-
tions. For example, if the @ and ry' angles were limited to only
eight combinations, an a-residue-long peptide would poten-
tially have 8" conformations-a very large number for even a
small polypeptide of only 10 residues long (about g.6 million
possible conformations)! In general, however, any particular
protein adopts only one or just a few very closely related
characteristic functional conformations called the natiue
state; for the vast majority of proteins, the native state is the
most stably folded form of the molecule. In thermodynamic
terms, the native state is usually the conformation with the
lowest free energy. lfhat features of proteins limit their
folding from very many conformationi to iust one? The
properties of the side chains (e.g., size, hydrophobicitg ability

different
diversity

polypeptide
quaternary

r Cells contain large macromolecular assemblies in which all
the_necessary participants in complex cellular processes (e.g.,
DNA, RNA, and protein synthesis; photosynthesis; signal
transduction) are integrated to form molecular machines.

Homologous proteins, which have similar sequences,
ructures, and functions, evolved from a common ances_

tor. They can be classified into families and superfamilies.

f[ Protein Folding
As noted above, when it comes to biological structures such as
proteins, "form follows function" and .,form is function."
Thus it is essential that when a polypeptide is synthesized with
its particular primary structure (sequence), it folds into the

tricacies of translation are considered in Chapter 4. Here, we
describe the key determinants of the proper folding of a'nas_
cent (newly formed or forming) polypeptide chain.

Planar  Pept ide Bonds L imi t  the Shapes in to
Which Proteins Can Fold
A critical structural feature of polypeptides that limits how
the chain can fold is the planar p.piid. bond. Figure 3_3 il_
lustrates the amide group in peptide bonds in a folypeptide
chain. Because the peptide bond itself behave, puni"lty t it.
a double bond,

O O -
l l t
a - a .

Pi"\1-P2 <-> r--u-':fi-P,
I
H H

the carbonyl carbon and amide nitrogen and those atoms
directly bonded to them must all l ie rn a fixed plane (Fig_
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to form hydrogen and ionic bonds)' together with their par-

ticular sequence along the polypeptide backbone, impose key

restrictions. For example, a large side chain such as that of

tryptophan might prevent (sterically block) one region of the

chain from packing closely against another region, whereas a

side chain with a positive charge such as arginine might at-

tract a segment of the polypeptide that has a complementary

negatively charged side chain (e.g., aspartic acid). Another

example we have already discussed is the effect of the

aliphatic side chains in heptad repeats on the formation of

coiled coils. Thus, a polypeptide's primary structure deter-

mines its secondary, tertiary, and quaternary structure.

The initial evidence that the information necessary for a

protein to fold properly is encoded in its sequence came from

in vitro studies on the refolding of purified proteins. Various

perturbations (such as thermal energy from heat' extremes

of pH that alter the charges on amino acid side chains, and

chemicals, called denaturants, such as urea or guanidine

hydrochloride at concentrations of 6-8 M) can disrupt the

weak noncovalent interactions that stabilize the native con-

formation of a protein, leading to its denaturation. Treat-

ment with the reducing agents) such as B-mercaptoethanol,
that break disulfide bonds can further destabilize disulfide-

containing proteins. Under such unfolding or denaturing

conditions, entropy increases when a population of uni-

formly folded molecules is destabilized and converted into a

collection of many unfolded, or denatured, molecules that

have many different non-native and biologically inactive

conformations. As we have seen, there are very many possi-

ble non-native conformations (e.g., 8"-1).
The spontaneous unfolding of proteins under denaturing

conditions is not surprising, given the substantial increase in

entropy. What is striking, however, is that when a pure sam-

ple of a single type of unfolded protein is shifted back to nor-

mal conditions (body temperature' normal pH levels, reduc-

tion in the concentration of denaturants by dilution or their

removal), some denatured polypeptides can spontaneously

renature (refold) into their native' biologically active states.

This kind of refolding experiment, as well as studies that

show synthetic proteins made chemically can fold properly,

showed that sufficient information must be contained in the

protein's primary sequence to direct correct refolding. Newly

synthesized proteins appear to fold into their proper confor-

mations just as denatured proteins do. The observed similar-

ity in the folded, three-dimensional structures of proteins

with similar amino acid sequences, noted in Section 3.1, pro-

vided additional evidence that the primary sequence also de-

termines protein folding in vivo. It appears that formation of

secondary structures and structural motifs occurs early in the

folding process, followed by assembly of more compact and

complex domains, which then associate into more complex

tertiary and quaternary structures (Figure 3-15).

Folding of Proteins in Vivo ls Promoted
by Chaperones

The refolding of a denatured protein is presumed to mimic

many aspects of the folding of a newly synthesized polypep-

A FIGURE 3-15 Hypothetical protein-folding pathway' Folding

of a monomeric protein follows the structural hierarchy of primary

(a) + secondary (b-d) + tertiary (e) structure Formation of small

structural motifs (c) appears to precede formation of more stable

domains (d) and the final tertiary structure (e)

(c )

t ide. However the conditions inside a cell are not the same

as those in test tubes used for in vitro refolding experi-

vides. lfithout such help, they would waste much energy in
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FocusAnimation:lhaperone-Mediated Folding fl l t ;

i bosome

U T

Unfo lded pro te in
Nuc leo t ide-b ind ing  domain

< FIGURE 3-16 Chaperone-mediated protein
folding. Many proteins fold into their proper three-
dimensional structures with the assistance of Hsp70-like
proteins These molecular chaperones transiently bind
to a nascent polypeptide as it emerges from a ribosome
or to proteins that have otherwise unfolded In the
Hsp70 cycle, a substrate unfolded protein binds in rapid
equil ibrium to the open conformation of the substrate-
binding domain (SBD) of Hsp7O, to which an ATp is
bound in the nucleotide-binding domain (NBD) (s1sp a;
Accessory proteins (DnaJ/Hsp4O) stimulate the hydrolysis
of ATP and conformational change in Hsp70, resulting
in the closed form, in which the substrate is locked inro
the SBD; here proper folding is facil i tated (step Z)
Exchange of ATP for the bound ADp, stimulated by
other accessory proteins (GrpE/BAG1), converts the
Hsp70 back to the open form (step E), releasing the
properly folded substrate (step 4)

E
GrpE/BAG1

\a
ATP ADP

the synthesis of improperly folded, nonfuncrional proteins.
which would have to be destroyed to prevenr their disrupt_
ing cell function. Cells clearly have such mechanisms, since
more than 95 percent of the proteins present within cells
have been shown to be in their native ionformations. The
explanation for the cell 's remarkable efficiency rn Dromot_
ing the proper protein folding encoded in primary *orr.r..
is that cells make a ser of proteins, called chaperon.r, th"t
facil i tate protein folding. The importance of chaperones is
highlighted by the observations that they are evolutionarily
conserved, they are found in all organisms from bacteria to
humans, and some are highly homologous and use almost
identical mechanisms to assist p.ot.in folding. Chaper_
ones, which in eukaryotes are located in every cellular
compartment and organelle, bind to rhe target proteins
whose folding they wil l assist. Two general-families of
chaperones are recognized:

r Molecular chaperones, which bind and stabilize unfolded
or partly folded proteins, thereby preventing these proteins
from aggregating and being degraded

r Chaperonins, which form a small folding chamber into
which an unfolded protein can be sequesteied, giving it
time and an appropriate environment to fold p-p..ly

One reason that chaperones are needed for intracellular pro_
tein folding is that they help prevent aggregation of unfoided
proteins. Unfolded and partly folded proteins tend to aggre_
gate into large, often water insoluble masses, from which it
is extremely difficult for a protein to dissociate and then fold
into its proper conformation. In part this aggregation is due

to the exposure of hydrophobic side chains that have not yet
had a chance to be buried in the inner core ofthe folded pio-
tein. These exposed hydrophobic side chains on diffeient
molecules will stick to one another owing to the hydropho-
bic effect (Chapter 2) and thus promote aggregation. 

'Vfh.r,

a newly synthesized molecule begins to fold, it is at risk of

Molecular Chaperones The heat-shock protein Hsp70
and its homologs (Hsp70 in the cytosol and mitochondrial
matrix, BiP in the endoplasmic reticulum, and DnaK in bac_

causes a conformational change in the chaperone rhat re_
leases the target protein.

Additional proteins, such as the co-chaperone Hsp40 in
eukaryotes (DnaJ in bacteria), help increise efficiency of
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Hsp70-mediated folding of many proteins by stimulating

the hydrolysis of ATP by Hsp70/DnaK (see Figure 3-15).

An additional protein called GrpE in bacteria (similar

activity of BAG1 in mammals) also interacts with the

Hsp70/DnaK, promoting the exchange of ATP for ADP.

Multiple molecular chaperones are thought to bind all nas-

cent polypeptide chains as they are being synthesized on

ribosomes. In bacteria, 85 percent of the proteins are re-

leased from their chaperones and proceed to fold normally;

an even higher percentage of proteins in eukaryotes follow

this pathway.

Chaperonins The proper folding of a large variety of

newly synthesized proteins also requires the assistance of

another class of proteins, the chaperonins. These huge

cylindrical macromolecular assemblies are formed from

two rings of oligomers, which can exist in a "tight" peptide-

binding state and a "relaxed" peptide-releasing state. The

eukaryotic chaperonin TriC consists of eight subunits per

ring. In the bacterial, mitochondrial, and chloroplast chap-

eronin, known as GroEL, each ring contains seven identical

subunits (Figure 3-1'7a). The GroEL folding mechanism,

which is better understood than TriC-mediated folding,

serves as a general model (Figure 3-1'7b). A partly folded or

misfolded polypeptide is inserted into the cavity of the

barrel-l ike GroEL. where it binds to the inner wall and

folds into its native conformation. In an MP-dependent

step, GroEL undergoes a conformational change and re-

leases the folded protein, a process assisted by a co-chaper-

onin, GroES, which caps the ends of GroEL. The binding

of ATP and the co-chaperonin GroES to one of the rings in

the tight state of GroEL causes a twofold expansion of its

cavity, shift ing the equil ibrium toward the relaxed peptide-

folding state. There is a striking similarity between the

capped-barrel design of GroELiGroES, in which proteins

are sequestered for folding, and the structure of the 265

proteasome that participates in protein degradation (dis-

cussed in Section 3.4).

Alternatively Folded Proteins Are lmplicated

in Diseases

As noted earlier, each protein normally folds into a sin-

Eil gl., energetically favorable conformation that is speci-

fied by its amino acid sequence. Recent evidence suggests'

however, that a protein may fold into an alternative three-

dimensional structure as the result of mutations, inappropriate

covalent modifications made after the protein is synthesized, or

other as-yet-unidentified reasons. Such "misfolding" not only

leads to a loss of the normal function of the protein but often

marks it for proteolytic degradation. However, when degrada-

tion isn't complete or doesn't keep pace with misfolding, the

subsequent accumulation of the misfolded protein or its prote-

olytic fragments contributes to certain degenerative diseases

characterized by the presence of insoluble protein plaques in

various organs, including the liver and brain.

Some neurodegenerative diseases, including Alzheimer's

disease and Parkinson's disease in humans and transmissible

ments or the soluble alternatively folded proteins are toxic to

the cell is unclear. I

ffi viu"o: GroEl Pase cycle

(b )

R ibosome Part ial ly folded or
misfolded protein

Properly
folded
protein

A FIGURE 3-17 Chaperonin-mediated protein folding. Proper

folding of some proteins depends on chaperonins such as the
prokaryotic GroEL (a) GroEL is a hollow, barrel-shaped complex of 14

identical 60,000-MW subunits arranged in two stacked rings (b) In

the absence of ATP or presence of ADB GroEL exists in a "tight"

conformational state that binds partly folded or misfolded proteins.

- Protein

Binding of ATP shifts GroEL to a more open, "relaxed" state, which

releases the folded protein. During this process, one end of GroEL is

transiently blocked by the co-chaperonin GroES, an assembly of

1O,OO0-MW subunits [Part (a) from A Roseman et al , 1996' Cell87:241'

courtesy of H Saibil l
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( a )
j r Some neurodegenerativediseases are caused by aggre-

srably fo lded in an a l ternar ivej S"t."r of proteins that are
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  FIGURE 3-18 Alzheimer,s disease is characterized by the
formation of insoluble plaques composed of amyloid protein.
(a )  A t  low reso lu t ion ,  an  amy lo id  p laque in  the  bra in  o f  an  A lzhe imers
patient appears as a tangle of f i laments. (b) The reqular structure of
fr laments f rom p.aques rs revealed rn rhe atomic force microscope.
Proteolysis of the natural ly occurring amyloid precursor protein yields
a short fragment, cai led p-amyloid protern, that for unKnown reasons
changes from an a-hel ical to a B-sheet conformation This alternative

degenerative diseases [Courtesv of K Kos k I

Prote in Fold ing

r The sequence of a protein deterrnines its three-dimensional
structure, which detern.rines its function. In short, function
derives from structure; structure derives from sequence.

Because protein function derives from protern srructure,
wly synthesized proteins must fold into the correct shaoe
funcr ion proper ly .

r The planar structure of the peptide bond limits the num_
ber of conformations a polypeptide can have.

The amino acid sequence of a protein dictates its foldine
to a specific three-dimensional conformarion. rhe native

state. Proteins wil l unfold, or denature, if treated under
conditions that disrupt rhe noncovalenr interactions stabi_
lizing their three-dimensional structures.

olding in vivo occurs with assistance from chao-
ich bind ro nascent polypeptides emerging from
and prevenr their misfoldine.

ff,l Protein Function
Although proteins have many different shapes and sizes and
mediate an extraordinarily diverse array of activities both in-
side and outside of cells, most of these diverse functions are
based on rhe abil ity of proteins ro engage in a common activiry,
the binding to themselves, other macromolecules, small mole,
cules, and ions. Here we will describe some of the key features
underlying protein binding, and then turn to look at one group
of proteins, enzymes, in greater detail. The activities of the
other functional classes of proteins (structural, scaffold, trans-
port, regulatory, motor) will be described in other chapters.

Speci f ic  B inding of  L igands Under l ies the
Funct ions of  Most  Prote ins
The molecule to which a protein binds is often callecl its
l igand. In some cases l igand binding causes a change in the
shape of a protein. Ligand-binding-driven conformational
changes are integral to the mechanism of action of many
proteins and are important in regulating protein activity.

Two properties of a protein characterize how it binds lig-
ands. Specificity refers to the ability of a protein to bind one

ure of affinity (Chapter 2). The stronger the interaction be-

virus) or other foreign substances (e.g., proteins or polysaccha_
rides in pollens). Different antibodies are generated in response
to different anrigens, and these antibodies have the remarkable
characteristic of binding specifically to (..recognizing,') a por_
tion of the antigen, called an epitope, which initially induced
the production of the antibody, and not to other molecules.
Antibodies act as specific sensors for antigens, forming anti-
body-antigen complexes that initiate a cascade of proiective
reect ions in  cel ls  of  the immune sysrem.
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Light chain CDR

"t"

periments discussed in subsequent chapters'

\7e will see many examples of protein-ligand binding

throughout this book, including hormones binding to receptors

(Chapter 15), regulatory molecules binding to DNA (Chap-

t , i\. cell-adhesion molecules binding to extracellular

matrix (Chapter 1'9), to name just a few. Next we will con-

sider how the binding of one class of proteins, enzymes, to

their ligands results in the catalysis of the chemical reactions

essential for the survival and function of cells.

Enzymes Are HighlY Eff icient and

Specif ic Catalysts

Proteins that catalyze chemical reactions, the making and

catalyzed by a specific efizyme. In many ways' enzymes are

the cell's chemists, performing many of a cell's chemical re-

actions. (An additional form of catalytic macromolecule in

cells is made from RNA. These RNAs are called ribozymes')

Thousands of different types of enzymes' each of which

catalyzes a single chemical reaction or set of closely related

reactions, have been identified. Certain enzymes are found in

the majority of cells because they catalyze the synthesis of

common cellular products (e.g., proteins, nucleic acids, and

phospholipids) or take part in the production of energy (e'g''

ty th. .ottu.rsion of glucose and oxygen into carbon dioxide

and water). Other enzymes are present only in a particular

tract. or even outside the organism (e.g., toxic enzymes in

the venom of poisonous snakes).
Like all catalysts, enzymes increase the rate of a reaction

but do not affect the extent of a reaction, which is deter-

Heavy chain

Carbohydrate

A FIGURE 3-19 Protein-ligand binding of antibodies. (a) Ribbon
model of an antibody. Every antibody molecule of the immunoglobulin
lgG class consists of two identical heavy chains (light and dark red) and
two rdentical light chains (blue) covalently linked by disulfide bonds The
inset shows a diagram of the overall structure containlng the tvuo heavy
and two light chains (b) The hand-in-glove fit between an antibody and
the site to which it binds (epitope) on its target antrgen-in this case,
chicken egg-white lysozyme Regions where the two molecules make
contact are shown as sudaces. The antibody contacts the antigen with
residues from all i ts complementarity-determining regions (CDRs). In this
view, the molecular complementarity of the antigen and antibody is
especially apparent where "fingers" extending from the antigen surface
are opposed to "clefts" in the antibody surface.

AII antibodies are Y-shaped molecules formed from two

identical heavy chains and two identical light chains (Fig-

ure 3-19a). Each arm of an antibody molecule contains a

single light chain linked to a heavy chain by a disulfide bond.

Near the end of each arm are six highly variable loops' called

complementarity-determining regions (CDRs/, which form

the antigen-binding sites. The sequences of the six loops are

highly variable among antibodies, generating unique com-

plementary ligand-binding sites that make them specific for

different epitopes (Figure 3-19b). The intimate contact be-

tween these two surfaces, stabilized by numerous noncovalent

interactions, is responsible for the extremely precise binding

specificity exhibited by an antibody.

lnterchain
disulf ide

bonds
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A FIGURE 3-21 Active site of the enzyme trypsin. (a) An
enzyme's active site is composed of a binding pocket, which binds
specifically to a substrate, and a catalytic site, which carnes out
catalysis (b) A surface representation of the serine protease trypsin
Active site clefts containing the catalytic site (side chains of the
catalytic triad Ser-195, Asp-102, and His-57 shown as stick figures)
and the substrate side chain specificity binding pocket are clearly
visible [Part (b) courtesy of P Teesdale-spittte ]

substrate-binding site and the substrate, which is mediated
by multiple weak noncovalent interactions and is very sensi-
tive to the shapes of substrates. Usually only one or a few
substrates can fit precisely into a binding site.

The idea that enzymes might function by binding to rheir
substrates in the manner of a key fitting into a lock was sug-
gested first by Emil Fischer in1894.Ln1913 Leonor Michaelis
and Maud Leonora Menten provided crucial evidence sup-
porting this hypothesis. They showed that the rate of an enzy-
matic reaction was proportional to the substrate concentration
at low substrate concentrations, but that as the substrate con-
centrations increased, the rate reached a maximal velocity
V-o and became substrate concentration-independent, with
the value of V-"" being directly proportional to the amount of
enzyme present in the reaction mixture (Ftgure 3-22).

They deduced that this saturation at hieh substrate con-

termediate step in the ultimately irreversible conversion of
substrate to product (P) (Figure 3-23):

E + S i------^ ES-+E + p

and that the rate Ve of formation of product at a particular
substrate concentration [S] is given by what is now called the
Mich aelis-Menten e quahon:

vo: v-"*;J!-
L) l  + Km

Progress of reaction ----->

A FIGURE 3-20 Effect of an enzyme on the activation energy
of a chemical reaction. This hypothetical reaction pathway depicts
the changes in free energy G as a reaction proceeds A reaction wil l
take place spontaneously only if the total G of the products is less
than that of the reactants (negative AG) However, all chemical
reactions proceed through one or more high-energy transition states,
and the rate of a reaction is inversely proportional to the activation
energy (AG+), which is the difference in free energy between the
reactants and the transition state (highest point along the pathway).
Enzymes and other catalysts accelerate the rate of a reaction by
reducing the free energy of the transition state and thus AG+.

rates of reactions 106-1012 times that of the corresponding
uncatalyzed reactions under otherwise similar conditions.

An Enzyme's Active Site Binds Substrates
and Carr ies Out  Cata lys is

sites make up only a small fraction of the total protein, with
the rest involved in folding of the polypeptide, iegulation of
the active site, and interactions with other molecules.

substrate has bound. In some enzymes, the catalytic and sub-
strate-binding sites overlap; in others, the two regions are
structurally as well as functionally distinct.

zyme. As noted above, this specificity of enzymes is a conse_
quence of the precise molecular complementarity between its
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where the Michaelis constant K-, a measure of the affinity
of an enzyme for its substrate (see Figure 3-22), is the sub-
strate concentration that yields a half,maximal reaction rate
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A FfGURE 3-22 K^ and V."* for an enzyme-catalyzed reaction'
K, and Vru" are determined from analysis of the dependence of the
init ial reaction velocity on substrate concentration The shape of
these hypothetical kinetic curves is characteristic of a simple enzyme-
catalyzed reaction in which one substrate (S) is converted into
product (P) The initral velocity is measured immediately after
addition of enzyme to substrate before the substrate concentration
changes appreciably (a) Plots of the init ial velocrty at two different
concentrations of enzyme [E] as a function of substrate concentration

[S] The lsl that yields a half-maximal reaction rate is the Michaelis
constant K., a measure of the affinity of E for turning S into P

Quadrupling the enzyme concentration causes a proportronal increase
in the reaction rate, and so the maximal velocity V.u" is quadrupled;

the K., however, is unaltered. (b) Plots of the init ial velocity versus
substrate concentration with a substrate S for which the enzyme has a
high affinity and with a substrate S' for which the enzyme has a lower
affinity. Note that the V.u" is the same with both substrates, because

IE] is the same, but that Km is higher for S', the low-affinity substrate

(i.e.,112 V-.*), and thus is analogous to the dissociation con-

stant K6 (Chapter 2). The smaller the value of K-, the more

effective the enzyme is at making product from dilute solu-

tions of substrate and the smaller the substrate concentration

needed to reach half-maximal velocity. The concentrations of

the various small molecules in a cell vary widely, as do the K-

values for the different enzymes that act on them. A good rule

of thumb is that the intracellular concentration of a substrate

is approximately the same as or somewhat greater than the

K^ value of the enzyme to which it binds'
The rates of reaction at substrate saturation vary enor-

mously among enzymes. The maximum number of substrate

molecules converted to product at a single enzyme active site per

second is called the turnouer nwmber, which can be less than 1

A FIGURE 3-23 Schematic model of an enzyme's reaction

mechanism. Enzyme kinetics suggest that enzymes (E) bind

substrate molecules (5) through a fixed and limited number of sites

on the enzymes (the active sites). The bound species ts known as an

enzyme-substrate (ES) complex. The ES complex is in equil ibrium with

the unbound enzyme and substrate and is an intermediate step in

the conversion of substrate to products (P)

substrate complexes (ES' ES', ES", etc.) generated prior to

the final release of the Products:

E + S  .  ^  E S  F . . . . . ^  E S '  -  - - ^  E S '  -  ' " ' E + P

The energy profiles for such multistep reactions involve mul-

tiple hills and valleys (Figure 3-24), and methods have been

developed to trap the intermediates in such reactions to learn

more about the details of how enzymes catalyze reactions'

Serine Proteases Demonstrate How an Enzyme's

Active Site Works

Serine proteases, a large family of proteolytic enzymes' are

used throughout the biological world-to digest meals (the

Enzyme

Concentrat ion of substrate IS]

High-aff ini ty
su bstrate

Low-af f  in i ty
subs t ra te  (S ' )
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Progress of reaction ----->

S < - X + + P
A FIGURE 3-24 Free-energy reaction profiles of uncatalyzed
and multistep enzyme-catalyzed reactions. (a) The free-energy
reaction profi le of a hypothetical simple uncatalyzed reaction
converting substrate (S) to product (p) via a single high_energy
transition state. (b) Many enzymes catalyze such reactions by dividing
the process into multiple discrete steps, in this case the init ial

pancreatic enzymes trypsin, chymotrypsin, and elastase), to

consider how trypsin and its two evolutionarily closely re-
lated pancreatic proteases, chymotrypsin and elastase, cat-
alyze cleavage of a peptide bond:

o
x,9

p(""'"tr1-P2 + HrO -:' p,,-C...-

l * o
H

+ NH3+-P2

E + S

E + P

Progress of reaction ----->

E + S * E S + E X + - - - - - - + E + p

formation of an ES complex followed by conversion via a single
transition state (EX+) to the free enzyme (E) and p The acrrvatron
energy for each of these steps is significantly less than the activation
energy for the uncatalyzed reaction; thus the enzyme dramatically
enhances the reaction rate.

Figure 3-25a shows how a substrate polypeptide binds to
the substrate-binding site in the active site of trypsin. There
are two key binding interactions. First, the substrate and en-
zyme form hydrogen bonds that resemble a B sheet. Second,
a key side chain of the substrate that determines which pep-
tide in the substrate is to be cleaved extends into the en-
zyme's side-chain-specificity binding pocket, at the bottom
of which resides the negatively charged side chain of the

( a )

Catalyt ic si te
His-57

Ho' Peptide bond
to be cleaved

Oxyanion
ho le

C :  O -

B ind ing  s i te

Arg in ine  s ide
cha in  (R3)  in
substrate

Side-chain-
specif ici ty
binding pocket

where P1 is the portion of the protein on the N-terminal side of
the peptide bond, and P2 is the portion on rhe C-terminal side.
S7e first consider how serine proreases bind specifically to their
substrates and then show in detail how catalysis takes place.

> FIGURE 3-25 Substrate binding in the active site of typsin_
like serine proteases. (a) The active site of trypsin (blue molecule)
wrth a bound substrate (black molecule) The substrate forms a two_
stranded B sheet with the binding site, and the side chain of an
arginine (Rr) in the substrate is bound in the side-chain-specificitv
b inding pocket .  l ts  posi t ive ly  charged guanid in ium group is
stabil ized by the negative charge on the side chain of the enzyme,s
Asp-189 This b inding a l igns the pept ide bond of  the arg in ine
appropriately for hydrolysis catalyzed by the enzyme,s active_site
cata ly t ic  t r iad (s ide chains of  Ser-195,  His-57 and Asp-102).  (b)  The
amino acids l in ing the s ide-chain-speci f ic i ty  b inding pocket
determine i ts  shape and charge,  and thus i ts  b inding propert ies
Trypsin accommodates the positively charged side chains of arginine
and lysine; chymotrypsin, large, hydrophobic side chains such as
phenyla lanine;  and e lastase,  smal l  srde chains such as g lyc ine and
alanine. [Part (a) modif ied from .J. J. perona and C. S. Craik, 1991. J. Biol.
Ch en 272(48).29987 -29990 I
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enzyme's Asp-189. Trypsin has a marked preference for hy-
drolyzing proteins (black in Figure 3-25a) at the carboxyl
side of a residue with a long positively charged side chain
(arginine or lysine), because the side chain is stabilized in the
specificity binding pocket by the negative Asp-189.

Slight differences in the structures of otherwise similar
specificity pockets help explain the differing substrate specifici-
ties of the two related serine proteases: chymotrypsin prefers
large aromatic groups (as in Phe, Tyr, Trp), and elastase prefers
the small side chains of Gly and Ala (Figure 3-25b1. The un-
charged Ser-189 in chymotrypsin allows large, uncharged, hy-
drophobic side chains to bind stably in the pocket. The
branched aliphatic side chains of valine and threonine in elas-
tase replace glycines in the sides of the pocket in trypsin and
thus prevent large side chains in substrates from binding, but
allow stable binding of the short alanine or glycine side chain.

In the catalytic site, all three enzymes use the hydroxyl
group on the side chain of a serine in position 195 to cat-
alyzethe hydrolysis ofpeptide bonds in protein substrates. A
catalytic triad formed by the three side chains of Ser-195,
His-57, Asp-102 participates in what is essentially a two-
step reaction. Figure 3-26 shows how the catalytic triad co-

operates in breaking the peptide bond, with Asp-102 and

His-57 supporting the attack of the hydroxyl oxygen of Ser-195

on the carbonyl carbon in the substrate. This attack initially

forms an unstable transition state with four groups attached

to this carbon (tetrahedral intermediate). Breaking of the

C-N peptide bond then releases one part of the protein

(NH3-P2), while the other part remains covalently attached

to the enzyme via an ester bond to the serine's oxygen, form-

ing a relatively stable intermediate (the acyl enzyme). The

subsequent replacement of this oxygen by one from water, in

a reaction involving another unstable tetrahedral intermedi-

ate, leads to release of the final product (P1-COOH). The

tetrahedral intermediates are partially stabilized by hydro-

gen bonding from the enzyme's backbone amino groups in

what is called the oxyanion hole.The large family of serine

proteases and related enzymes with an active-site serine il-

lustrates how an efficient reaction mechanism is used over

and over by distinct enzymes to catalyze similar reactions.

The serine protease mechanism points out several general

key features of enzymatic catalysis: (1) enzyme catalytic sites

are designed to stabilize the binding of a transition state' thus

lowering the activation energy and accelerating the overall

(a )  ES complex (b) Tetrahedral intermediate
(transit ion state)

(e) Tetrahedral intermediate
(transit ion state)

(c) Acyl enzyme
( E S ' c o m p l e x )

D H, r ; N  
/" c

P.,/

(f)  EP complex

Oxyanion
ho le

<-

Oxyan ion
ho le

o H'r'r.,..-N

P,,,
H

T,o
(d) Acyl enzyme

(ES'complex)

A FIGURE 3-26 Mechanism of serine protease-mediated
hydrolysis of peptide bonds. The catalytic triad of Ser-195, His-57,
and Asp-102 in the active sites of serine proteases employs a multistep
mechanism to hydrolyze peptide bonds in target proteins (a) After a
polypeptide substrate binds to the active site (see Figure 3-23) forming
an ES complex, the hydroxyl oxygen of Ser-1 95 attacks the carbonyl
carbon of the substrate's targeted peptide bond (yellow) Movements
of electrons are indicated by arrows. (b) This attack results in the
formation of a transition state called lhe tetrahedral intermediate, in
which the negative charge on the substrates oxygen is stabil ized by
hydrogen bonds formed with the enzyme s oxyanion hole. (c) Additional
electron movements result in the breaking of the peptide bond, release

His-57 side chain

,,\ ,,,.\
HN.  _ .N _  HN.  ,_ -NH

\J \- \l
Active Inactive (low pH)

of one of the reaction products (NH2-P2), and formation of the acyl

enzyme (ES' complex) (d) An oxygen from a solvent water molecule

then attacks the carbonyl carbon of the acyl enzyme (e) This attack

results in the formation of a second tetrahedral intermediate
(fl Additional electron movements result in the breaking of the Ser-

195-substrate bond (formation of the EP complex) and release of the

final reaction product (P1-COOH). The side chain of His-57, which is

held in the proper orientation by hydrogen bonding to the side chain

of Asp-102, facil i tates catalysis by withdrawing and donating protons

throughout the reaction (inset) lf the pH is too low and the side chain

of His-57 is protonated, it cannot participate in catalysis and the

enzyme is inactive
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reaction, (2) multiple side chains, togerher with the polypep-
tide backbone, carefully organized in three dimensions, work
together to chemically transform substrate into product, often
by multistep reactions, and (3) acid-base catalysis mediated by
one or more amino acid side chains is often used by enzymes,
as when the imidazole group of His-57 in serine proteases acts
as a base to remove the hydrogen from Ser-195,s hydroxyl
group. As a consequence, often only a particular ionization
state (protonated or nonprotonated) of one or more amrno
acid side chains in the catalytic site is compatible with cataly-
sis, and thus the enzyme's activity is pH-dependent.

For example, the imidazole of His-57 in serine proreases,
whose pK" is =5.8, can help the Ser-195 hydroxyl attack the
substrate only if it is not protonated. Thus, the activity of the
protease is low at pH < 6.8, and the shape of the pH activ-
ity profile in the pH range 4-8 matches the titration of the
His-57 side chain, which is governed by the Henderson-
Hasselbalch equation, with an inflection near pH 6.8 (see Fig-
ure 3-27, right, and Chapter 2). The activity drops at higher
pH values, generating a bell-shaped curve, because the proper
folding of the protein is disrupted when the amrno group ar
the protein's amino rerminus is deprotonated (pK" = 9); the
conformation near the active site changes as a consequence.

The pH sensitivity of an enzyme's activity can be due to
changes in the ionization of catalytic groups, groups that par-
ticipate directly in substrate binding, or groups that influence
the conformation of the protein. Pancreatic proteases evolved
to function in the neutral or slightly basic conditions in the
intestines; hence, their pH oprima are =8. proteases and other

2 3 4 5 6 7 8 9 1 0
oH

A FfGURE 3-27 pH dependence of enzyme activity. lonizable
(pH-titratable) groups in the active sites or elsewhere in enzymes
often must be either protonated or deprotonated to permit proper
substrate binding or catalysis or to permit the enzyme to adopt the
correct conformation Measurement of enzyme activity as a function
of pH can be used to identify the pKa's of these groups The
pancreatic serine proteases, such as chymotrypsin (right curve),
exhibit maximum activity around pH g because of t itration of the
active site His-57 (required for catalysis, pKu = 6 8) and of the amino
terminus of the proteln (required for proper conformation, pK" = 9)
Many lysosomal hydrolases have evolved to exhibit a lower pH
optimum (=4 5, left curve) to match the low internal pH in lysosomes
in which they function. [Adapted from p Lozano, T. De Diego, and J L
lborra,  1997, Eur J Biochem 248(1 ) :80-85,  and W A Judice et  a l  ,2004. Eur.
J Biochem 271(5):1046-1053 l

hydrolytic enzymes that function in acidic conditions must
employ a different catalytic mechanism. This is the case for
enzymes within the stomach (pH = 1) such as the protease
pepsin or those within lysosomes (pH = 4.5), which play a
key role in degrading macromolecules within cells (see Fig-
ure 3-27, left).Indeed, lysosomal hydrolases that degrade a
wide variety of biomolecules (proteins, lipids, etc.) are rela-
tively inactive at the pH in the cytosol (=7), and that helps
protect a cell from self-digestion should these enzymes escape
the confines of the membrane-bound lysosome.

One key feature of enzymatic catalysis not seen in serine
proteases, but found in many other enzymes, is a cofactor, or
prosthetic (helper) group. This is a nonpolypeptide small
molecule or ion (e.g., iron, zinc, copper, manganese) that is
bound in the active site and plays an essential role in the
reaction mechanism. Small organic prosthetic groups in
enzymes are also caIIed coenzymes. Some of these are chem-
ically modified during the reaction and thus need to be re-
placed or regenerated after each reaction; others are not.
Examples of the former include NAD* (nicotinamide adenine
dinucleotide) and FAD (flavin adenine dinucleotide) (see
Figure 2-33), whereas heme groups that bind oxygen in
hemoglobin or transfer electrons in some cytochromes are
examples of the latter (Figure 12-14). Thus, the chemistry
catalyzed by enzymes is not resrricted by the limited number
of amino acids in polypeptide chains. Many vitamins-e.g.,
the B vitamins, thiamine (B1), riboflavin (B2), niacin (B3),
and pyridoxine (86), and vitamin C-which cannot be syn-
thesized in higher animal cells, function as or are used to
generate coenzymes. That is why supplements of vitamins
must be added to the liquid medium in which animals cells
are grown in the laboratory (Chapter 9).

Small molecules that can bind to active sites and disruot
the reactions are called enzyme inbibitors. Such inhibitois

are useful tools for studying the roles of enzymes in cells and
whole organisms by allowing analysis of the consequences of
the loss of the enzyme's activity. Thus, inhibitors complement
the use of mutations in genes for probing an enzyme's function
in cells (see Chapter 5). However, interpreting results of in-
hibitor studies can be complicated if, as is often the case, rhe
inhibitors block the activity of more than one protein. Small-
molecule inhibition of protein activity is the basis for mosr
drugs (e.g., aspirin inhibits enzymes called cyclooxygenases)
and also for chemical warfare agents. Sarin and other nerve
gases react with the active serine hydroxyl groups of both serine
proteases and a related enzym% acetylcholine esterase, which is
a key enzyme in regulating nerve conduction (see Chapter 23). I

Enzymes in a Common Pathway Are Often
Physical ly Associated with One Another
Enzymes taking part in a common metabolic process (e.g.,
the degradation of glucose to pyruvate) are generally located
in the same cellular compartment (e.g., in the cytosol, at a
membrane, or within a parricular organelle). 'Within a com-
partment, products from one reaction can move by diffusion
to the next enzyme in the pathway. However, diffusion

o
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Lysosomal enzvme
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(a) Reactants
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Reactants Products

A FIGURE 3-28 Assembly of enzymes into efficient
multienzyme complexes. In the hypothetical reaction pathways
il lustrated here the init ial reactants are converted into final products

by the sequential action of three enzymes: A, B, and C. (a) When the
enzymes are free in solution or even constrained within the same
cellular compartment, the intermediates in the reaction sequence
must diffuse from one enzyme to the next, an inherently slow
process. (b) Diffusion is greatly reduced or eliminated when the
individual enzymes associate into multisubunit complexes, either by
themselves or with the aid of a scaffold protein (c) The closest
integration of different catalytic activit ies occurs when the enzymes
are fused at the genetic level, becoming domains in a single
polypeptide chain

entails random movement and can be a slow, relatively ineffi-
cient process for moving molecules between widely dispersed
enzymes (Figure 3-28a). To overcome this impediment, cells
have evolved mechanisms for bringing enzymes in a com-
mon pathway into close proximity.

In the simplest such mechanism, polypeptides with dif-
ferent catalytic activities cluster closely together as subunits
of a multimeric enzyme or assemble on a common "scaf-
fold" that holds them together (Figure 3-28b). This arrange-
ment allows the products of one reaction to be channeled
directly to the next enzyme in the pathway. In some cases,
independent proteins have been fused together at the genetic
level to create a single multidomain, multifunctional enzyme
(Figure 3-28c).

Enzymes Cal led Molecular  Motors Conver t
Energy into Motion

At the nanoscale of cells and molecules, movement is influ-

enced by forces that differ from those in the macroscopic
world. For example, the high protein concentration (200-

300 mglml) of the cytoplasm prevents organelles and vesicles
from diffusing faster than 100 pm/3 hours. Even a micrometer-

sized bacterium experiences a drag force from water that

stops its forward movement within a fraction of a nanome-

ter when it stops actively swimming. To generate the forces

necessary for many cellular movements, cells depend on spe-

cialized enzymes commonly called molecular motors, or

motor proteins. These mechanochemical enzymes convert

energy released by the hydrolysis of ATP or contained within

ion gradients into a mechanical force, usually generating

either l inear or rotary motion.
From the observed activities of motor proteins' we can

infer three general properties that they possess:

r The ability to transduce a source of energy' either ATP or

an ion gradient, into linear or rotary movement

r The ability to bind and translocate along a substrate

r Net movement in a given direction

\(/e will see many examples of such motors in subsequent

chapters.

Protein Function

r The functions of nearly all proteins depend on their abil-

ity to bind other molecules (ligands).

r The specificity of a protein for a particular ligand refers

to the preferential binding of one or a few closely related

ligands.

r The affinity of a protein for a particular ligand refers to

the strength of binding, usually expressed as the dissocia-

tion constant K6.

r Ligand-binding sites on proteins and the corresponding

ligands themselves are chemically and spatially comple-

mentary.

r Enzymes are catalytic proteins that accelerate the rate of

cellular reactions by lowering the activation energy and

stabilizing transition-state intermediates (see Figure 3-20).

r An enzyme active site, which is usually only a small part

of the protein, comprises two functional parts: a substrate-

binding site and a catalytic site. The amino acids compos-

ing the active site are not necessarily adjacent in the amino

acid sequence but are brought into proximity in the native

conformation.

r The substrate-binding site is responsible for the exquisite

specificity of enzymes owing to its molecular complemen-

tarity with the substrate and the transition state.

r The initial binding of substrates (S) to enzymes (E) results

in the formation of an enzyme-substrate complex (ES)'

which then undergoes one or more reactions catalyzed by

the catalytic groups in the active site until the products (P)

are formed and diffuse away from the enzyme.

r From plots of reaction rate versus substrate concentra-

tion, two characteristic parameters of an enzyme can be de-

termined: the Michaelis constant K-, a rough measure of
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the enzyme's affinity for converting substrate into product,
and the maximal velocity V*^*, d measure of its catalytic
power (see Figure 3-22).

r The rates of enzyme-catalyzed reactions vary enormously,
with the turnover numbers (number of substrate molecules
converted to products at a single active site at substrate sat-
uration) ranging between <1 to 6 x 10s molecules/s.

r Many enzymes catalyze the conversion of substrates to
products by dividing the process into multiple discrete
chemical reactions that involve multiple distinct enzyme
substrate complexes (ES', ES", etc.).

r Serine proteases hydrolyze peptide bonds in protein sub-
strates using as catalytic groups the side chains of Ser-195,
His-57,  and Asp-102.

r Amino acids lining the specificity binding pocket in the
binding site of serine proteases determine the residue in a
protein substrate that will be hydrolyzed and account for
differences in the specificity of trypsin, chymotrypsin, and
elastase.

r Enzymes often use acid-base catalysis mediated by one or
more amino acid side chains, such as the imidazole group
of His-57 in serine proteases, to catalyze reactions.

r The pH dependence of protonation of catalytic groups
(pK") is often reflected in the pH-rate profile of the en-
zyme's activity. The pH sensitivity of an enzyme's activity
can be due to changes in the ionization of catalytic groups,
of groups that participate directly in substrate binding, or
of groups that influence the conformation of the protein.

r In some enzymes, nonpolypeptide small molecules or
ions, called cofactors or prosthetic groups, can bind to
the active site and play an essential role in enzymaric
catalysis. Small organic prosthetic groups in enzymes are
also called coenzymes; vitamins, which cannot be synthe-
sized in higher animal cells, function as or are used to gen-
erate coenzymes.

r Enzymes in a common pathway are located within spe-
cific cell compartments and may be further associated as
domains of a monomeric protein, subunits of a multimeric
protein, or components of a protein complex assembled on
a common scaffold (see Figure 3-28).

r Motor proteins are mechanochemical enzymes that con-
vert energy released by ATP hydrolysis into either linear or
rotary movement.

fll Regulating Protein Function l:
Protein Degradation
Most processes in cells do not take place independently of
one another or at a constant rare. The activities of all oro-
teins and other biomolecules are regulated to integrate their
functions for optimal performance for survival. For exam-
ple, the catalytic activity of enzymes is regulated so that the
amount of reaction product is lust sufficient to meet the
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needs of the cell. As a result, the steady-state concentrations
of substrates and products will vary, depending on cellular
conditions. Regulation of nonenzymatic proteins-the open-
ing or closing of membrane channels or the assembly of a
macromolecular complex, for example-is also essential.

In general, there are three ways to regulate protein activ-
ity. First, cells can increase or decrease the steady-state level
of the protein by altering its rate of synthesis, its rate of
degradation, or both. Second, cells can change the intrinsic
activity, as distinct from the amounr, of the protein (e.g., the
affinity of substrate binding, the fraction of time the protein
is in an active versus inactive conformation). Third. there
can be a change in location or concentration within the cell
of the protein itself, the target of the protein's activity (e.g.,
an enzyme's substrate), or some other molecule required for
the protein's activity (e.g., an enzyme's cofactor). All three
types of regulation play essential roles in the lives and func-
tions of cells.

Regulated Synthesis and Degradation of
Proteins ls a Fundamental Property of Cells
Control of Protein Synthesis The rate of synthesis of
proteins is determined by the rate at which the DNA encod-
ing the protein is converted to mRNA (transcription), the
steady-state amount of the active mRNA in the cell, and the
rate at which the mRNA is converted into newly synthesized
protein (translation). These important pathways are de-
scribed in detail in Chapter 4.

Control of Protein Degradation The life span of intra-
cellular proteins varies from as short as a few minutes for
mitotic cyclins, which help regulate passage through the
mitotic stage of cell division, to as long as the age of an
organism for proteins in the lens of the eye. Protein life span
is controlled primarily by regulated protein degradation.

There are two especially important roles for protein degra-
dation. First, degradation removes proteins that are poten-
tially toxic, improperly folded or assembled, or damaged-
including the products of mutated genes and proteins
damaged by chemically active cell metabolites. Despite the
existence of chaperone-mediated protein folding, it is esti-
mated that as many as 30 percent of newly made proteins
are rapidly degraded because they are misfolded, their as-
sembly into complexes is defective, or they are otherwise
unsuitable. Most other proteins are degraded more slowlS
about'l,J percent degradation per hour in mammalian cells.
Second, the controlled destruction of otherwise normal oro-
teins provides a powerful mechanism for maintaining the
appropriate levels ofthe proteins and their activities, and for
permitting rapid changes in these levels to help the cells
respond to changing conditions.

Eukaryotic cells have several pathways for degrading
proteins. One major pathway is degradation by enzymes
within lysosomes, membrane-limited organelles whose
acidic interior (pH =4.5) is filled with a host of hydrolytic
enzymes. Lysosomal degradation is directed primarily to-
ward aged or defective organelles of the cell-a process
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< FIGURE 3-29 Ubiquitin- and proteasome-mediated
proteolysis. (a) Computer-generated image reveals that a
proteasome has a cylindrical structure with a 195 cap (blue) at
each end of a 20S core Proteolysis of ubiquitin-tagged proteins

occurs within the inner chamber of the core (b) Proteins are
targeted for proteasomal degradation by polyubiquitination
Enzyme E1 is activated by attachment of a ubiquitin (Ub)

molecule (step E) and then transfers this Ub molecule to a

cysteine residue in E2 (step Z) Ubiquitin l igase (E3) transfers
the bound Ub molecule on E2 to the side-chain -NH2 of a
lysine residue in a target protein (step B) Additional Ub
molecules are added to the target protein by repeatlng
steps [-El, forming a polyubiquitin chain (step 4) The
polyubiquitinylated target is recognized by the proteasome cap,
which uses ATP hydrolysis to drive removal of the Ub groups,

unfolding, and transfer of the unfolded protein into the
proteolysis chamber in the core, from which the short peptide

digestion fragments are later released (step E) lPart (a) from w

Baumeister et al , 1 998, Cell 92.357; courtesy of W Baumeister l

There are several distinct regulatory cap complexes with dif-

ferent activit ies. The 195 cap has 16-18 protein subunits' 6

of which can hydrolyze ATP (i.e., they are ATPases) to pro-

vide the energy needed to unfold protein substrates and

selectively transfer them into the inner chamber of the protea-

some. Genetic studies in yeast have shown that cells cannot

survive without functional proteasomes, thus demonstrating

their importance. Furthermore, proper proteasomal activity

is so important that cells will expend as much as 30 percent

of the energy needed to synthesize a protein to degrade it in

a Droteasome.
The proteasomal catalytic core comprises two inner

rings, with six proteolytic active sites facing toward the inner

chamber of the =1..7-nm-diameter barrel' and two outer

rings that control substrate access. Proteasomes can degrade

most proteins thoroughly because they have active sites (two

each) that cleave after hydrophobic residues, acidic residues,

and basic residues. Polypeptide substrates must enter the

chamber via a regulated aperture at the center of the outer

rings. In the 265 proteasome, the opening of the aperture,

which is narrow and often allows the entry of only unfolded

proteins, is controlled by ATPases in the 195 cap. The short

peptide products of proteasomal digestion (2-24 residues

long) exit the chamber and are further degraded rapidly by

cytosolic peptidases, eventually being converted to individ-

ual amino acids. Some have quipped that a proteasome is a

"cellular chamber of doom" in which proteins suffer a

"death of a thousand cuts'"

Inhibitors of proteasome function can be used thera-

peutically. Because of the global importance of pro-

teasomes for cells, continuous, complete inhibit ion of

proteasomes kil ls cells. However, partial ' discontinuous

p.ot.u.o-. inhibit ion has been introduced as an approach

io .".r.., chemotherapy. To survive and groq cells normally

Cytosol ic
target protern

E1 = ubiqui t in-act ivat ing enzyme

E2 = ubiqui t in-conjugat ing enzyme

E3  =  ub iqu i t i n  l i gase

Ub  =  u [ i qu i 1 i 6

o
- N H  - C -  U b

\ cleauage

t-/ \  Dir"hurg"

called autophagy (see Figure 9-2)-and toward extracellular
proteins taken up by the cell. Lysosomes will be discussed at
length in later chapters. Here we will focus on cytoplasmic
protein degradation by proteasomes.

The Proteasome ls  a Complex Molecular
Machine Used to Degrade Proteins

Proteasomes are very large macromolecular machines consist-
ing of =50 protein subunits and having a mass of 2-2.4 ', 1'06
Da. They have a cylindrical, barrel-like catalytic core called
the 20S protedsome (where S is a Svedberg unit based on the
sedimentation properties of the particle and is proportional
to its size). Bound to the ends of this core are one or two cap
complexes that regulate proteasomal activity. There are ap-
proximately 30,000 proteasomes in a typical mammalian
cell. There are multiple forms of proteasomes. The best stud-
ied of these is the 265 proteasome (Figure 3-29a1, which has
a catalytic core approximately 14.8 nm tall and 11.3 nm in

diameter and a 19S cap regulatory particle at each end.
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require the robust activity of a regulatory protein called
NF^B, as well as other similar "pro-survival" proteins. In
turn, NF*B can function fully and promote survival only
when its inhibitor, I^B, is disengaged and degraded by pro-
teasomes (Chapter 16). Partial inhibit ion of proteasomal
activity by a small-molecule inhibitor drug results in in-
creased levels of I*B and, consequently, reduced NF^B ac-
tivity (loss of pro-survival activity). Cells subsequently die
by a mechanism called apoptosis (programmed cell death,
Chapter 21). Because at leasr some types of tumor cells are
more sensitive to being kil led by proteasome inhibitors
than normal cells are, controlled administration of protea-
some inhibitors (at levels that kil l  the cancer cells but not
normal cells) has proved ro be an effective therapy for at
least one type of lethal cancer, multiple myeloma. I

Ubiqui t in  Marks Cytosol ic  Prote ins for
Degradation in Proteasomes
If proteasomes are to rapidly degrade only those proteins that
are either defective or scheduled to be removed, they must be
able to distinguish between those proteins that need to be
degraded from most of the proteins that don't. To solve this
problem, cells identify proteins that should be degraded by
covalently attaching multiple copies of a76-residue polypep-
tide called ubiquitin that is highly conserved from yeast to
humans. A complex sensing system has evolved to determine
which proteins are to be degraded, and then a three-step
process is used to polyubiquitinylate the target proteins. The
195 regulatory cap of the 265 proteasome then recognizes
the ubiquitin-labeled proreins, and unfolds and transports
them into the proteasome for degradation. The ubiquitina-
tion process (Figure 3-29b) involves:

1. Activation of wbiquitin-actiuating enzyme (E1)by the
addition of a ubiquitin molecule, a reaction thar requires
ATP

2. Transfer of this ubiquitin molecule to a cysteine residue
in ubiquitin- conjugating enzyme (E2)

3. Formation of an isopeptide bond between the carboxyl
terminus of the ubiquitin bound to E2 and the amino group
of the side chain of a lysine residue in rhe targer prorein, a
reaction catalyzed by ubiquitin-protein ligase (E3). Subse-
quent ligase reactions covalently attach additional ubiqui-
tins to the side chain of lysine 48 of the previously added
ubiquitin to generate a linear polymer of ubiquitins, or a
polyubiquitin-modified target protein.

Specificity of Degradation Thrgeting of specific proteins is
primarily achieved through the substrate specificity of the E3
ligase. There are hundreds of E3 ligases in mammalian cells, en-
suring that the wide variety of proteins to be polyubiquitiny-
lated can be modified when necessary.

An example of the control of the activity of a key cellular
protein by the ubiquitin-proteasome system is the regulated

degradation of proteins called cyclins, which control the cell
cycle (Chapter 20). Cyclins contain the internal sequence
Arg-X-X-Leu-Gly-X-Ile-Gly-Asp/Asn (X can be any amino
acid), which is recognized by specific ubiquitinylating enzyme
complexes. At a specific time in the cell cycle, each cyclin is
phosphorylated by a cyclin kinase. This phosphorylation is
thought to cause a conformational change that exposes the
recognition sequence to the ubiquitinylating enzymes, leading
to polyubiquitination and proteasomal degradation.

Multifunctional Ubiquitin Tagging Some ubiquitination
performs cell functions other than the degradation of a t^r-
geted protein. Examples of alternative ubiquitination schemes
include (1) the covalent addition of a single ubiquitin molecule
(monoubiquitination) to a lysine on a rarget protein, (2) the
addition of multiple single ubiquitins (multiubiquitination),
(3) Iinking the ubiquitin to rhe N-terminus of the target pro-
tein, and (4) polyubiquitination in which the ubiquitins are
linked to one another via their Lys-63 residue instead of at the
Lys-48 position. These modifications can influence the traf-
ficking (sorting) of proteins within a cell (e.g., internalization
from the cell surface), control DNA repair and regulation of
transcription, and undoubtedly perform numerous other func-
tions yet to be discovered. Cells also have a variery of deubiq-
uitinylating enzymes that can remove ubiquitins from the
target proteins and thus introduce the possibility in some cases
of reversing the regulation caused by the initial ubiquitination.

Regulating Protein Function l: Protein Degradation

r Proteins may be regulated at the level of protein synthe-
sis, protein degradation, or the intrinsic activity ofproteins
through noncovalent or covalent interactions.

r The life span of intracellular proteins is largely deter-
mined by their susceptibility to proteolytic degradation.

r Many proteins are marked for destruction with a poly-
ubiquitin tag and then degraded within proteasomes ,large
cylindrical complexes with multiple proreases in their inte-
riors (see Figure 3-29).

r Variations in the nature of the covalent attachment of
ubiquitin to proteins are involved in cellular functions
other than proteasome-mediated degradation, such as
changes in the location or activity of proteins.

f[ Regulating Protein Function ll:
Noncovalent and Covalent Modifications
The intrinsic activities of proteins are modulated by both
noncovalent and covalent changes in the protein. Noncova-
lent modifications usually involve the binding or dissociation
of a molecule and a consequent change in the conformation
of the protein. Often, in such cases, protein activation in-
volves the release or rearrangement of an inhibitory subunit
or domain.
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Covalent modifications include hydrolysis of the polypep-
tide chain or addition of a molecule to the side chain of one
or more residues or to the N- or C-terminus of the protein.
Such modifications can cause a conformational change in
the protein that can alter its activity (form is function). Co-
valent modifications can also modify the shape of a protein
without changing the conformation of the polypeptide and
its side chains, for example, by adding a charge or bulky
group that can alter the ability of the protein to bind to other
molecules. Lastly, covalent modifications can direct the pro-
tein to particular locations in a cell (e.g., the cytoplasmic sur-
face of the plasma membrane).

Many noncovalent and covalent modifications are re-
versible, thus allowing the activity of an individual protein
to be enhanced or suppressed multiple times during the l ife-
time of the protein. Others, such as proteolysis, are irreversible
and can be superseded only by degradation of the modified
protein and synthesis of a replacement. In the case of
enzymes, these regulatory modifications alter K-, V-"*, or
both. Nature has devised many different strategies for non-
covalent and covalent regulation of activity. Here we dis-
cuss some common mechanisms for regulating protein
function; additional examples wil l be described in other
chapters.

Noncovalent  B inding Permi ts  Al loster ic ,
or Cooperative, Regulation of Proteins

One of the most important mechanisms for regulating pro-

tein function is through allosteric interactions. Broadly
speaking, allostery (from the Greek "other shape") refers to
any change in a protein's tertiary or quaternary structure, or
in both, induced by the noncovalent binding of a ligand.

lfhen a ligand binds to one site (A) in a protein and induces
a conformational change and associated change in activity
of a different site (B), the ligand is called an allosteric effec-
tor of the protein, while site A is called an allosteric binding
site, and the protein is called an allosteric protein. By defi-
nit ion, allosteric proteins have multiple binding sites for ei-

ther a single type of ligand or for multiple different ligands.
The allosteric change in activity can be positive or negative'
i.e., can induce an increase or a decrease in protein activity.
Allosteric regulation is particularly prevalent in multimeric
enzymes and other proteins where conformational changes
in one subunit are transmitted to an adiacent subunit.
Cooperatiuity is a term often used synonymously with

allostery, and usually refers to the influence (positive or neg-

ative) that the binding of a l igand at one site has on the
binding of another molecule of the same type of l igand at a
different site.

Hemoglobin presents a classic example of positive coop-
erative binding in that the binding of a single ligand, oxygen,

increases the affinity of the binding of the next oxygen mol-

ecule. Each of the four subunits in hemoglobin contains one

heme molecule. The heme groups are the oxygen-binding
components of hemoglobin (see Figure 3-13). The binding of

oxygen to the heme molecule in one of the four hemoglobin

subunits induces a local conformational change whose effect

0 20 40 60 80 100
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of active muscles of lungs

a EXPERIMENTAL FIGURE 3-30 Hemoglobin binds oxygen

cooperatively. Each tetrameric hemoglobin protein has four

oxygen-binding sites; at saturation all the sites are loaded with

oxygen. The oxygen concentration is commonly measured as the
partial pressure (pOz) Pso is the pO2 at which half the oxygen-
binding sites at a given hemoglobin concentration are occupied; it is

somewhat analogous to the K' for an enzymatic reaction. The large

change in the amount of oxygen bound over a small range of pO2

values permits efficient unloading of oxygen in peripheral t issues

such as muscle The sigmoidal shape of a plot of percent saturation

versus l igand concentration is indicative of cooperative binding In

the absence of cooperative binding, a binding curve is a hyperbola,

similar to the curves in Figure 3-22 [Adapted from L Stryer, 1995,

Biochemistru,4th ed , W H Freeman and Company.l
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spreads to the other subunits, lowering the K- (increasing

the affinity) for the binding of additional oxygen molecules

to the remaining hemes and yielding a sigmoidal oxygen-

binding curve (Figure 3-30)' Because of the sigmoidal shape

of the oxygen-saturation curve, it takes only a fourfold in-

crease in oxygen concentration for the percent saturation of

the oxygen binding sites in hemoglobin to go from 10 to 90

percent- Conversely, if there were no cooperativity and the

shape of the curve was typical of that for Michaelis-Menten-

type binding, it would take an 81-fold increase in oxygen

concentration to accomplish the same increase in loading.

This cooperativity permits hemoglobin to take up oxygen

very efficiently in the lungs where the oxygen concentration

is high, and unload it in tissues where the concentration is

low. Thus, cooperativity amplifies the sensitivity of a system

to concentration changes in its ligands, providing in many

cases selective evolutionary advantage.
Negative cooperativity often involves the end product of

a multistep biochemical pathway, which binds to and re-

duces the activity of an enzyme that catalyzes an early, rate-

controlling step for that pathway. In this way excessive

buildup of the product is prevented. This kind of regulation

of a metabolic pathway is also called end-product inhibition

or feedback inhibition.
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Noncovalent  B inding of  Calc ium and GTp Are
Widely Used As Allosteric Switches to Control
Protein Activity
Unlike oxygen, which causes graded allosteric changes in the
activity of hemoglobin, other allosteric effectors act as
switches, turning the activity of many different proteins on
or off. Two important allosteric switches that we will en-
counter many times throughout this book are Ca2* and
GTP.

Ca2+/Calmodulin-Mediated Switching The concentra-
tion of Ca2* ftee in the cytosol (not bounJto molecules other
than water) is kept very low (=10 7 M) by specialized mem-
brane transport proteins that continually pump Ca2+ out of
the^cytosol. However, as we learn in Chapter 11, the cytosolic
Ca'- concentration can increase from 10- to 100-fold when
Ca2*-permeable channels in the cell surface membranes open
and allow extracellular Ca2* ro flow into the cell. This risi in
cytosolic Ca2* is sensed by specialized Ca2*-binding proteins,
which alter cellular behavior by turning other prorelns on or
off. The importance of extracellul ar Ca2* for cell activity was
first documented by S. Ringer in 1883, when he discovered
that isolated rat hearts suspended in a NaCl solution made
with 'hard' (Ca2*-rich) London rap warer contracted beauti-
fully whereas they beat poorly and stopped quickly if distilled
water was used.

Many of the Ca2*-binding proteins bind Ca2* using the
EF hand/helix-loop-helix structural motif discussed earlier
(see Figure 3-9b). The prototype EF hand prorein, calmodulin,
is found in all eukaryotic cells and may exist as an individual
monomenc protein or as a subunit of a multimeric protein.
A dumbbell-shaped molecule, calmodulin contains four
Ca'--binding EF hands with K6's of =10-6 M. The binding
of Ca2* to calmodulin causes a conformational change thal
permits Ca2*/calmodulin to bind to conserved secuences in
various target proteins, thereby swirching their activit ies
on or off (Figure 3-31). Calmodulin and similar EF hand
proteins thus function as sulitch proteins, acting in concert
with changes in Ca2* levels to modulate the activity of
other proteins.

Swi tching Mediated by Guanine Nucleot ide-Binding
Proteins Another group of intracellular switch proteins con-
stitutes the GTPase superfamily. As the name suggests, these
proteins are enzymes, GTPases, that can hydrolyze GTp
(guanosine triphosphate) to GDp (guanosine diphosphate).
They include the monomeric Ras protein (see Figure 3-8) and
the G. subunit of the trimeric G proteins, both discussed at
length in Chapter 15. Both Ras and Go can bind to the plasma
membrane, function in cell signaling, and play a key role in cell
proliferation and differentiation. Other members of the GTpase
superfamily function in protein synthesis, the transport of pro-
teins between the nucleus and the cytoplasm, the formation of
coated vesicles and their fusion with target membranes, and re-
arrangemenrs of the actin cytoskeleton. The Hsp70 chaperone
proteln we encountered earlier is an example of an ATp/ADp
switch, similar in many respects to a GTp/GDp switch.

(bl Caz*/ calmodulin bound to target peptide

A FIGURE 3-31 Conformational changes induced by Ca2*
binding to calmodulin. Calmodulin is a widely distributed cytosolic
protein that contains four Ca2*-brnding sites, one in each of its EF
hands Each EF hand has a helix-loop-helix motif At cytosolic Ca2+
concentrations above about 5 x 10-7 M, binding of Ca2* to
calmodulin changes the protein's conformation from the dumbbell-
shaped, unbound form (a) to one in which hydrophobic side charns
become more exposed to solvent. The resulting Ca2*/calmodulin can
wrap around exposed helices of various target proteins (b), thereby
altering their activity.

AII the GTPase switch proteins exist in two forms, or
conformations (Figure 3-32): (1) an active ("on")form with
bound GTP that modulates the activity of specific target
proteins to which they bind and (2) an inactive ( ,. off ', ) form
with bound GDP, which is generated by the relatively slow
hydrolysis of the GTP bound to the active form. The
amount of time any given GTPase switch remains active de-
pends on the rate of its GTPase activity. Thus the GTpase
activity acts as a timer to control this switch. Cells contain
a variety of proteins that can modulate the baseline (or in-
trinsic) rate of GTPase activity for any given GTpase
switch. For example, GTPase activity can be enhanced by
specific GTPase-activating proteins, called GAPs, or de-
pressed by other proteins acting as allosteric regulators.
After the switch has been turned off (GTP hydrolysis), it can
be turned back on by GTP exchange factor (GEF), which
replaces the bound GDP with a different GTp molecule
from the surrounding fluid. Thus, cells can control when
the switch is turned on and how long the switch remains on.'We 

examine the role of various GTPase switch proteins in
regulating intracellular signaling and other processes in sev-
eral later chaoters.

(a )  Ca lmodu l in  w i thout  ca lc ium
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A FIGURE 3-32 The GTPase switch. Conversion of the active,
GTP-bound GTPase into the inactive form by hydrolysis of GTP is
accelerated by GAPs (GTPase-activating proteins) and RGSs
(regulators of G protein signaling) and inhibited by GDls (guanine
nucleotide dissociation inhibitors) Reactivation by replacing GDP with
GTP is promoted by GEFs (guanine nucleotide exchange factors).

Phosphory lat ion and Dephosphory lat ion
Covalently Regulate Protein Activity

One of the most common mechanisms for regulating protein
activity is phosphorylation, the addition of phosphate
groups to hydroxyl groups on serine, threonine, or tyrosine
residues. Protein kinases catalyze phosphorylation, and
phosphatase s catalyze dep h o sp h orylation. The counteract-
ing activities of kinases and phosphatases provide cells with
a "switch" that can turn on or turn off the function of vari-
ous proteins (Figure 3-33). Phosphorylation changes a pro-
tein's charge and generally leads to a conformational change;
these effects can significantly alter ligand binding or other
features of the protein, leading to an increase or decrease in
lts actlvlty.

Nearly 3 percent of all yeast proteins are protein kinases

or phosphatases, indicating the importance of phosphoryla-

tion and dephosphorylation reactions even in simple cells.

All classes of proteins-including structural proteins,

scaffolds, enzymes, membrane channels' and signaling

molecules-have members regulated by kinase/phosphatase

switches. Different protein kinases and phosphatases are

specific for different target proteins and can thus regulate a

variety of cellular pathways, as discussed in later chapters.

Some of these enzymes act on one or a few target proteins,

whereas others have many targets. The latter are useful in

integrating the activities of proteins that are coordinately

controlled by a single kinase/phosphatase switch.

Frequently, the target of the kinase (and phosphatase) is yet

another kinase or phosphatase' creating a cascade effect.

There are many examples of such kinase cascades, which

permit amplification of a signal and many levels of fine-

tuning control (see Chapter 15).

Proteolyt ic Cleavage lrreversibly Activates or
lnactivates Some Proteins

Unlike phosphorylation, which is reversible, the activation

or inactivation of protein function by proteolytic cleavage is

an irreversible mechanism for regulating protein activity.

For example, many polypeptide hormones, such as insulin,

are synthesized as long precursors, and prior to secretion

from cells some of their peptide bonds must be hydrolyzed

for them to fold properly. In some cases' a single long pre-

cursor prohormone polypeptide can be cleaved into several

distinct active hormones. To prevent the pancreatic serine

proteases from inappropriately digesting proteins before

they reach the small intestines, they are synthesized as ey-

mogens, inactive precursor proteins. Cleavage of a peptide

bond near the N-terminus of trypsinogen (the zymogen of

trypsin) by a highly specific protease in the small intestine

generates a new N-terminal residue (Ile-16), whose amino

group can form an ionic bond with the carboxylic acid side

chain of an internal aspartic acid. This causes a conforma-

tion change that opens the substrate-binding site' activating

the enzyme. The active trypsin can then activate trypsino-

gen, chymotrypsinogen, and other zymogens. Similar' but

more elaborate, protease cascades (one protease activating

inactive precursors of others) that can amplify an initial sig-

nal play important roles in several systems' such as the

blood-clotting cascade. The importance of carefully regulat-

ing such systems is clear-inappropriate clotting could fa-

tally clog the circulatory system, while insufficient clotting

could lead to uncontrolled bleeding.
An unusual and rare type of proteolytic processing'

termed protein self-splicing, takes place in bacteria and some

eukaryotes. This process is analogous to editing film: an in-

ternal segment of a polypeptide is removed and the ends of

the polypeptide are reioined (ligated). Unlike other forms of

proteolytic processing, protein self-splicing is an autocat-

alytic process, which proceeds by itself without the partici-

pation of enzymes. The excised peptide appears to eliminate

itself from the protein by a mechanism similar to that used in

Act ive

o
tl

R-O-P-O-

R-OH

I nactive

Hzo

Protein
phosphatase

P.

A FIGURE 3-33 Regulation of protein activity by the
kinase/phosphatase switch. The cyclic phosphorylation and
dephosphorylation of a protein is a common cellular mechanism for
regulating protein activity In this example, the target protein R is
active (top) when phosphorylated and inactive (bottom) when
dephosphorylated; some proteins have the opposite responses to
phosphorylation
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the processing of some RNA molecules (Chapter 8). In ver-
tebrate cells, the processing of some proteins includes self-
cleavage, but the subsequent l igation step is absent. One
such protein is Hedgehog, a membrane-bound signaling
molecule that is crit ical to a number of develoomental
processes (Chapter 15).

Higher-Order  Regulat ion Inc ludes Contro l
of Protein Location and Concentration
All the regulatory mechanisms heretofore described affect
a protein locally at its site of action, turning its activity on
or off. Normal functioning of a cell, however, also re-
quires the segregation of proteins to particular compart-
ments such as the mitochondria, nucleus, and lysosomes.
In regard to enzymes, compartmentation not only provides
an opportunity for controll ing the delivery of substrate or
the exit of product, but also permits compering reactions
to take place simultaneously in different parts of a cell.
We describe the mechanisms that cells use to direct vari-
ous proteins to different compartmenrs in Chapters 12
and  13 .

Protein Regulation l l: Noncovalent
and Covalent Modifications

r In allostery, the noncovalent binding of one ligand mol,
ecule, the allosteric effector, induces a conformational
change that alters a protein's activity or affinity for other
ligands. The allosteric effector can be identical in structure
to or different from the other ligands, whose binding it af-
fects. The allosteric effector can be a substrate. acuvaror. or
inhibitor.

r In multimeric proteins, such as hemoglobin, that bind
multiple identical l igand molecules (e.g., oxygen), the bind-
ing of one ligand molecule may increase or decrease the
binding affinity for subsequent ligand molecules. This type
of allostery is known as cooperativiry.

r Several allosteric mechanisms act as switches, turning
protein activity on and off in a reversible fashron.

r Two classes of intracellular switch proteins regulate a va-
riety of cellular processes: (1) Ca2+-binding proteins (e.g.,
calmodulin) and (2) members of the GTpase superfamily
(e.g., Ras), which cycle between active GTP-bound and in-
active GDP-bound forms (see Figure 3-32).

r The phosphorylation and dephosphorylation ofhydroxyl
groups on serine, threonine, or tyrosine residue side chains
by protein kinases and phosphatases provide reversible
on/off regulation of numerous proteins.

I Many types of covalent and noncovalent regulation are
reversible, but some forms of regulation, like proteolytic
cleavage, are irreversibre.

r Higher-order regulation includes compartmentation of
proteins and control of protein concentration.

fp Purifying, Detecting, and
Cha racte rizing Protei ns
A protein often must be purified before its structure and the
mechanism of its action can be studied in detail. However,
because proteins vary in size, charge, and water-solubility,
no single method can be used to isolate all proteins. To iso-
late one particular protein from the estimated 10,000 differ-
ent proteins in a particular type of cell is a daunting task that
requires methods both for separating proteins and for
detecting the presence of specific proteins.

Any molecule, whether protein, carbohydrate, or nucleic
acid, can be separated, or resolued, from other molecules on
the basis of their differences in one or more physical or chem-
ical characteristics. The larger and more numerous the differ-
ences between two proteins, the easier and more efficient
their separation. The two most widely used characteristics for
separating proteins are size, defined as either length or mass,
and binding affinity for specific ligands. In this section, we
briefly outline several important techniques for separating
proteins; these separation techniques are also useful for the
separation of nucleic acids and other biomolecules. (Special-
ized methods for removing membrane proteins from mem-
branes are described in Chapter 10 after the unique properties
of these proteins are discussed.) \We then consider the use of
radioactive compounds for tracking biological activity. Fi-
nallS we consider several techniques for characterizing a pro-
tein's mass, sequence, and three-dimensional structure.

Centri fugation Can Separate Part icles and
Molecules That Differ in Mass or Density
The first step in a typical protein purification scheme is cen-
trifugation. The principle behind centrifugation is that two
particles in suspension (cells, cell fragments, organelles, or
molecules) with different masses or densities will settle to the
bottom of a tube at different rates. Remember, mass is the
weight of a sample (measured in grams), whereas density is
the ratio of its weight to volume (grams/liter). Proreins vary
greatly in mass but not in density. Unless a protein has an at-
tached lipid or carbohydrate, its density will not vary by
more than 15 percent from I .37 glcm3, rhe average protein
density. Heavier or more dense molecules settle, or sediment.
more quickly than lighter or less dense molecules.

A centrifuge speeds sedimentation by subjecting particles
in suspension to centrifugal forces as great as 1,000,000
times the force of gravity g, which can sediment particles as
small as 10 kDa. Modern ultracentrifuges achieve these
forces by reaching speeds of 150,000 revolutions per minute
(rpm) or greater. However, small particles with masses of
5 kDa or less will not sediment uniformly even at such high
speeds.

Centrifugation is used for two basic purposes: (1) as a
preparative technique to separate one type of material from oth-
ers and (2) as an analytical technique to measure physical prop-
erties (e.9., molecular weight, densiry shape, and equilibrium
binding constants) of macromolecules. The sedimentation
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(a) Differential centr i fugation

I Sample is poured into tube

Larger part icle

Smal le r  par t i c le

Centr i fuge
Particles settle
according to
mass

  EXPERIMENTAL FIGURE 3-34 Centrifugation techniques
separate particles that differ in mass or density. (a) In differential
centrifugation, a cell homogenate or other mixture is spun long
enough to sediment the larger particles (e g , cell organelles, cells),
which collect as a pellet at the bottom of the tube (step E) The
smaller particles (e g , soluble proteins, nucleic acids) remain in the
liquid supernatant, which can be transferred to another tube (step B)

(b) Rate-zonal centr i fugation

I Sample is layered on top of density gradient

Larger part icle

Smal le r  par t i c le

Sucrose
grad ien t

Low density
( low sucrose
concentrat ion)

High density
(h igh  sucrose
concentrat ion).lCentri fuge

Particles settle
according to
mass

E
Stop centr i fuge
Collect fractions
and do assay

constant s of a protein is a measure of its sedimentation rate.
The sedimentation constant is commonly expressed in sved-
bergs (S), where a typical, large protein complex is about
3-5S, while a eukaryotic ribosome is 80S.

Differential Centrifugation The most common initial step
in protein purification for cells or tissues is the separation of
water-soluble proteins from insoluble cellular material by differ-
ential centrifugation. A starting mixture, commonly a cell
homogenate (mechanically broken cells), is poured into a tube
and spun at a rotor speed and for a period of time that forces
cell organelles such as nuclei and large unbroken cells or large
cell fragments to collect as a pellet at the bottom; the soluble
proteins remain in the supernatant (Figure 3-34a1. The super-

HI
Decreasing mass of Particles

(b) In rate-zonal centrifugation, a mixture is spun (step E) just long

enough to separate molecules that differ in mass but may be similar
in shape and density (e.g , globular proterns, RNA molecules) into

drscrete zones within a density gradient commonly formed by a

concentrated sucrose solution. Fractions are removed from the

bottom of the tube and subjected to testing (assayed).

natant fraction then is poured off' and either it or the pellet can

be subjected to other purification methods to separate the many

different proteins that they contain.

Rate-Zonal Centrifugation On the basis of differences in

their masses, proteins can be separated by centrifugation

through a solution of increasing density called a density gradi-

ent. A concentrated sucrose solution is commonly used to form

density gradients.'When a protein mixture is layered on top of a

sucrose gradient in a tube and subjected to centrifugation, each

protein in the mixture migrates down the tube at a rate con-

irolled by the factors that affectthe sedimentation constant. All

the proteins staft from a thin zone at the top of the tube and

,.pui"t. into bands, or zones (actually, disks)' of proteins of

Centri fugal +
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Technique Animation: SDS Gel Electrophoresis {lttt
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< EXPERIMENTAL FIGURE 3-35 SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) separates proteins primarily on the
basis of their masses. (a) Init ial treatment with SDS, a negatively
charged detergent, dissociates multimeric proteins and denatures all
the polypeptide chains (step tr). During electrophoresis, the SDS-
protein complexes migrate through the polyacrylamide gel (step E).
Small complexes are able to move through the pores faster than
larger ones Thus the proteins separate into bands according to their
sizes as they migrate. The separated protein bands are visualized by
staining with a dye Gtep B). (b) Example of SDS-PAGE separation of
all the proteins in a whole-cell lysate (detergent solublized cells):
(/eft) the many separate stained proteins, appearing almost as a
continuum; (right) a protein purif ied from the lysate by a single step
of antibody-affinity chromatography. The proteins were visualized by
staining with a silver-based dye lPart (b) modified from B Liu and M
Krieger, 2002, J Biol Chem 277(31):34125-34135 l

Electrophoresis Separates Molecules on the
Basis of Their Charge-to-Mass Ratio
Electrophoresis is a technique for separating molecules in a
mixture under the influence of an applied elecric field and is
one of the most frequently used techniques to study proteins
and nucleic acids. Dissolved molecules in an electric field
move, or migrate, at a speed determined by their charge-to-
mass (charge:mass) ratio. For example, if two molecules
have the same mass and shape, the one with the greater net
charge will move faster toward an electrode of the opposite
polarity.

SDS-Polyacrylamide Gel Electrophoresis Because many
proteins or nucleic acids that differ in size and shape have nearly
identical charge:mass ratios, electrophoresis of these macromol-
ecules in solution results in little or no separation of molecules
of different lengths. However, successful separarion of proteins
and nucleic acids can be accomplished by electrophoresis in var-
ious gels (semisolid suspensions in water similar to the con-
gealed gelatin found in desserts) rather than in a liquid solution.
Electrophoretic separation of proteins is most commonly per-
formed in polyacrylamide gels. .il(i'hen a mixture of proteins is
placed in a gel and an electric current is applied, smaller proteins
migrate faster through the gel than do larger proteins because
the gel acts as a sieve, with smaller species able to maneuver
more rapidly through the pores in the gel than larger species.
The shape of a molecule can also influence its rate of migration
(long asymmetric molecules migrate more slowly than spherical
ones of the same mass).

Gels are cast between a pair of glass plates by polymeriz-
ing a solution of acrylamide monomers into polyacrylamide
chains and simultaneously cross-linking the chains into a
semisolid matrix. The pore size of a gel can be varied by ad-
justing the concentrations of polyacrylamide and the cross-
Iinking reagent. The rate at which a protein moves through
a gel is influenced by the gel's pore size and the strength of
the electric field. By suitable adjustment of these paramerers,

Pj

Cross-l inked
polyacrylamide
ge l

E 
J::;'*1tffi,"."17

(b )

Decreasing
stze

different masses. In this separation technique, called rate-zonal
centrifugation, samples are centrifuged just long enough to
separate the molecules of interest into discrete zones (Fig-
ure 3-34b). If a sample is centrifuged for too short a time,
the different protein molecules will not separate sufficiently.
If a sample is centrifuged much longer than necessary, all
the proteins will end up in a pellet at the bottom of the tube.

Although the sedimentation rate is strongly influenced
by particle mass, rate-zonal centrifugation is seldom effec-
tive in determining precise molecular weights because vari-
ations in shape also affect sedimentation rate. The exact ef-
fects of shape are hard to assess, especially for proteins or
other molecules, such as single-stranded nucleic acid mole-
cules, that can assume many complex shapes. Nevertheless,
rate-zonal centrifugation has proved to be the most practi-
cal method for separating many different types of poiy-"r,
and particles. A second density-gradient technique, called
equilibrium density-gradient centrifugation, is used mainly
to separate DNA, lipoproteins that carry lipids through the
crrculatory system, or organelles (see Figure 9-26).
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proteins of widely varying sizes can be resolved (separated
from one another) by polyacrylamide gel electrophoresis
(PAGE).

In the most powerful technique for resolving protein
mixtures, proteins are exposed to the ionic detergent SDS
(sodium dodecylsulfate) before and during gel electrophore-
sis (Figure 3-35). SDS denatures proteins, in part because it
binds to hydrophobic side chains, destabil izing the hy-
drophobic interactions in the core of a protein that con-
tribute to its stable conformation. (SDS treatment is usually
combined with heating in the presence of reducing agents
that break disulfide bonds.) As a consequence, multimeric
proteins dissociate into their subunits, and all polypeptide
chains are forced into extended conformations with simi-
lar charge:mass ratios. SDS treatment thus eliminates the
effect of differences in shape in native structures; therefore,
chain length, which corresponds to mass, is the principal
determinant  of  the migrat ion rate of  prote ins in  SDS-
polyacrylamide electrophoresis (SDS-PAGE). Even chains
that differ in molecular weight by less than 10 percent can
be resolved by this technique. Moreover, the molecular
weight of a protein can be estimated by comparing the dis-
tance that it migrates through a gel with the distances that
proteins of known molecular weight migrate (there is
roughly a l inear relationship between migration distance
and the log of the molecular weight). Proteins within the

gels can be extracted for further analysis (e.g.' identif ication

by methods described below).

Two-Dimensional Gel Electrophoresis Electrophoresis of

all cellular proteins by SDS-PAGE can separate proteins having

relatively large differences in mass but cannot readily resolve

proteins having similar masses (e.g., a 41-kDa protein versus a

42-kDa protein). To separate proteins of similar masses' an-

other physical characteristic must be exploited. Most com-

monlg this characteristic is electric charge' which is determined

by the pH and the relative number of the protein's positively

and negatively charged groups, which is in turn dependent on

the pKu's of the ionizable groups (see Chapter 2). Two unrelated

proteins having similar masses are unlikely to have identical net

charges because their sequences, and thus the number of acidic

and basic residues, are different.
In two-dimensional electrophoresis, proteins are sepa-

rated sequentially, first by their charges and then by their

masses (Figure 3-36al.In the first step' a cell or t issue extract

is fully denatured by high concentrations (8 M) of urea and

then layered on a gel strip that contains a continuous pH

gradient. SDS cannot be used, because its binding changes

the charge of the protein. The gradient is formed by

ampholytes, a mixture of polyanionic and polycationic

molecules, that are cast into the gel' with the most acidic

ampholyte at one end and the most basic ampholyte at the
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A EXPERIMENTAL FIGURE 3-36 Two-dimensional gel

electrophoresis separates proteins on the basis of charge and

mass. (a) In this technique, proteins are f irst separated into bands on

the basis of their charges by isoelectr ic focusing (step [) The

result ing gel str ip is appl ied to an SD5-polyacrylamide 9el (step Z),

and the proteins are separated into spots by mass (step B) (b) In this

two-dimensional gel of a protein extract from cultured cells, each

spot represents a single polypeptide Polypeptides can be detected by

dyes, as here, or by other techniques such as autoradiography Each
polypeptide is characterized by its isoelectric point (pl) and molecular

weiqht IPart (b) courtesy of J Celis ]
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opposite end. A charged protein will migrate through the
gradient until ir reaches its isoelectric point (pI), the pH at
which the net charge of the protein is zero. This technique,
called isoelectric focusing (IEF), can resolve proteins that
differ by only one charge unit. Proteins that have been sepa-
rated on an IEF gel can then be separated in a second di-
mension on the basis of their molecular weights. To accom-
plish this separation, the IEF gel strip is placed lengthwise on
one outside edge of a sheetlike (two-dimensional, or slab)
polyacrylamide gel, this time saturated with SDS. When an
electric field is imposed, the proteins will migrate from the
IEF gel into the SDS slab gel and then separate according to
their masses.

The sequential resolution of proteins by charge and
mass can achieve excellent separation of cellular proteins
(Figure 3-35b). For example, two-dimensional gels have
been very useful in comparing the proteomes in undifferen-
tiated and differentiated cells or in normal and cancer cells
because as many as 1000 proteins can be resolved as indi-
vidual spots simultaneously. Sophisticated methods have
been developed to permit the comparison of complex pat-
terns of proteins in two-dimensional gels from related, but
distinct, samples (e.g., t issue from a normal versus a mutant
individual) to permir identif ication of differences in rhe
types or amounts of proteins in the samples (see section on
proteomics, below).

Liquid Chromatography Resolves proteins
by Mass,  Charge,  or  B inding Af f in i ty
A third common technique for separating mixtures of pro-
teins or fragments of proteins, as well as other molecules, is
based on the principle that molecules dissolved in a solution
can differentially interact (bind and dissociate) with a partic-
ular solid surface, depending on the physical and chemical
properties of the molecule and the surface. If the solution is
allowed to flow across the surface, then molecules that in-
teract frequently with the surface will spend more time
bound to the surface and thus flow past the ,,rrfac. -or.
slowly than molecules that interact infrequently with it. In
this technique, called liquid chromatography (LC), the sam-
ple is placed on rop of a tightly packed column of spherical
beads held within a glass or plastic cylinder. The sample then
flows down the column, usually driven by gravitational or
hydrostatic forces alone or with the assistance of a pump,
and small aliquots of fluid flowing out of the column, called
fractions, are collected sequentially for subsequent analysis
for the presence of the proteins of interest. The nature of the
beads in the column determines whether the separation of
proteins depends on differences in mass, charge, or binding
affinity.

Gel Filtration Chromatography proteins that differ in
mass can be separated on a column composed of porous beads
made from polyacrylamide, dextran (a bacterial polysaccha-
ride), or agarose (a seaweed derivative)-a technique called gel
filtration chromatography. Although proteins flow around the
spherical beads in gel filtration chromatography they spend
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some time within the large depressions that cover a bead's sur-
face. Because smaller proteins can penetrate into these depres-
sions more readily than larger proteins can, they travel through
a gel filtration column more slowly than larger proteins (Figure
3-37a). (In contrast, proteins migrate throwgh the pores in an
electrophoretic gel; thus smaller proteins move faster than
larger ones.) The total volume of liquid required to elute (or
separate and remove) a protein from a gel filtration column de-
pends on its mass: the smaller the mass, the more time it is
trapped on the beads, the greater the elution volume. By use of
proteins of known mass as standards to calibrate the column,
the elution volume can be used to estimate the mass of a protein
in a mixture. A protein's shape as well as its mass can influence
the elution volume.

lon-Exchange Chromatography In ion-exchange chro-
matographg a second type of liquid chromatography proteins
are separated on the basis of differences in their charges. This
technique makes use of specially modified beads whose surfaces
are covered by amino groups or carboxyl groups and thus carry
either a positive charge (NHr*) or a negative charge (COO ) at
neutral pH.

The proteins in a mixture carry various net charges at
any given pH. When a solution of a protein mixture flows
through a column of positively charged beads, only proteins
with a net negative charge (acidic proteins) adhere to the
beads; neutral and positively charged (basic) proteins flow
unimpeded through the column (Figure 3-37b). The acidic
proteins are then eluted selectively from the column by pass-
ing a solution of increasing concentrations of salt (a salt
gradient) through the column. At low sah concentratrons,
protein molecules and beads are attracred by their opposite
charges. At higher salt concentrations, negative salt ions
bind to the positively charged beads, displacing the nega-
tively charged proteins. In a gradient of increasing salt
concentration, weakly bound proteins, those with relatively
low charge, are eluted first and highly charged proteins are
eluted last. Similarly, a negatively charged column can be
used to retain and fractionate basic (positively charged)
protelns.

Affinity Chromatography The ability of proteins to bind
specifically to other molecules is the basis of affinity chro-
matography. In this technique, ligand or orher molecules
that bind to the protein of interest are covalently attached to
the beads used to form the column. Ligands can be enzyme
substrates, inhibitors or their analogues, or other small mol-
ecules that bind to specific proteins. In a widely used form of
this techniqu e-anti b o dy - aff in ity, or immu n o affinity, c h r o -
matography-the attached molecule is an antibody specific
for the desired protein (Figure 3-37c). (\7e discuss antibod-
ies as tools to study proteins next).

An affinity column in principle will retain only those
proteins that bind the molecule attached to the beads; the
remaining proteins, regardless of their charges or masses,
will pass through the column because they do not bind.
However, if a retained protein is in turn bound to other
molecules, forming a complex, then the entire complex is
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  EXPERIMENTAL FTGURE 3-37 Three commonly used liquid
chromatographic techniques separate proteins on the basis of
mass, charge, or affinity for a specific binding partner. (a) Gel
fi l tration chromatography separates proteins that differ in size A
mixture of proteins is carefully layered on the top of a cylinder
packed with porous beads Smaller proteins travel through the
column more slowly than larger proteins Thus different proteins
emerging in the eluate flowing out of the bottom of the column at
different t imes (different elution volumes) can be collected in
separate tubes, called fractions (b) lon-exchange chromatography
separates proteins that differ in net charge in columns packed with
special beads that carry either a positive charge (shown here) or a
negative charge. Proteins having the same net charge as the beads
are repelled and flow through the column, whereas proteins having

retained on the column. The proteins bound to the affinity
column are then eluted by adding an excess of a soluble
form of the ligand or by changing the salt concentration or
pH such that the binding to the molecule on the column is

(c) Antibody-aff i  ni ty ch romatog raphy

Load in
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O Protein
recog nized
by antibody

o Protein not
recognized
by antibody

Eluted
f ract ions

Eluted
fractions

the opposite charge bind to the beads more or less tightly,

depending on their structures. Bound proteins-in this case,

negatively charged-are subsequently eluted by passing a salt
gradient (usually of NaCl or KCI) through the column As the ions

bind to the beads, they displace the proteins (more tightly bound
proteins require higher salt concentration in order to be released).
(c) In antibody-affinity chromatography, a mixture of proteins is

passed through a column packed with beads to which a specific

antibody is covalently attached Only protein with high affinity for the

antibody is retained by the column; all the nonbinding proteins flow

through. After the column is washed, the bound protein is eluted

with an acidic solution or some other solution that disrupts the

antigen-antibody complexes; the released protein then flows out of

the column and is collected

(a) Gel f i l t rat ion chromatography
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disrupted. The ability of this technique to separate partrcu-

lar proteins depends on the selection of appropriate binding

partners that bind more tightly to the protein of interest

than to other proteins.
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Highly  Speci f ic  Enzyme and Ant ibody Assays
Can Detect Individual Proteins
The purification of a protein, or any other molecule, re-
quires a specific assay that can detect the presence of the
molecule of interest as it is separated from other molecules
(e.g., in column or density-gradient fractions or gel bands or
spots). An assay capitalizes on some highly distinctive char-
acteristic of a protein: the ability to bind a particular ligand,
to catalyze a particular reaction, or to be recognized by a
specific antibody. An assay must also be simple and fast to
minimize errors and the possibil i ty that the protein of inter-
est becomes denatured or degraded while the assay is per-
formed. The goal of any purification scheme is to isolate
sufficient amounts of a given protein for study; thus a use-
ful assay must also be sensitive enough that only a small
proportion of the available material is consumed by it.
Many common protein assays require just 10 e to 1.0 12 g
of material.

Chromogenic and L ight-Emit t ing Enzyme React ions
Many assays are tailored to detect some functional aspect of a
protein. For example, enzymatic activity assays are based on the
ability to detect the loss of substrate or the formation of prod-
uct. Some enzymatic assays utilize chromogenic substrates,
which change color in the course of the reaction. (Some sub-
strates are naturally chromogenic; if they are not, they can be
linked to a chromogenic molecule.) Because of the specificiry of
an enzyme for its substrate, only samples that contain the
enzyme will change color in the presence of a chromogenic
substrate; the rate of the reaction provides a measure of the
quantity of enzyme present. Enzymes that catalyzechromogenic
reactions can also be fused or chemically linked to an antibody
and used to "report" the presence or location of an antigen to
which the antibody binds (see below).

Antibody Assays As noted earlier, antibodies have the
distinctive characteristic of binding tightly and specifically to
antigens. As a consequence, preparations of antibodies that
recognize a protein antigen of interest can be generated and
used to detect the presence of the protein, either in a com-
plex mixture of other proteins (finding a needle in a
haystack, as it were) or in a partially purified preparation of
a particular protein. The tight binding of the antibody to its
antigen, and thus the presence of the antigen, can be visual-
ized by labeling the antibody with an enzyme) a fluorescent
molecule, or radioactive isotopes. For example, luciferase,
an enzyme present in fireflies and some bacteria, can be
linked to an anribody. In the presence of ATp and the sub-
strate luciferin, luciferase catalyzes a light-emitting reaction.
In either case, after the antibody binds to the protein of in-

naturally fluorescent protein found in jellyfish (see Figure
9-12). Alternatively after the first antibody binds to its target
protein, a second, labeled antibody is used to bind to the
complex of the first antibody and its target. This combina-
tion of two antibodies permits very high sensitivity in the de-
tection of a target protein.

To generate the antibodies, the intact protein or a frag-
ment of the protein is injected into an animal (usually a rab-
bit, mouse, or goat). Sometimes a short synthetic peptide of
10-15 residues based on the sequence of the protein is used
as the antigen to induce antibody formation. A synthetic
peptide, when coupled to a large protein carrier, can induce
an animal to produce antibodies that bind to that portion
(the epitope) of the full-sized, natural protein. Biosyntheti-
cally or chemically attaching the epitope to an unrelated pro-
tein is called epitope tagging. As we'll see throughout this
book, antibodies generated using either peptide epitopes or
intact proteins are extremely versatile reagents for isolating,
detecting, and characterizing protelns.

Detecting Proteins in Gels Proteins embedded within a
one- or two-dimensional gel usually are not visible. The two
general approaches for detecting proteins in gels are either to
Iabel or stain the proteins while they are still within the gel or
to electrophoretically transfer the proteins to a membrane
made of nitrocellulose or polyvinylidene difluoride and then
detect them. Proteins within gels are usually stained with an
organic dye or a silver-based stain, both detected with normal
visible light, or with a fluorescent dye that requires specialized
detection equipment. Coomassie blue is the most commonly
used organic dye, typically used to detect =1000 ng of protein,
with a lower limit of detection of =4-1,0 ng. Silver staining or
fluorescence staining are more sensitive (lower limit of =1 ng).
Coomassie and other stains can also be used to visualize
proteins after transfer to membranes; however. the most com-
mon method to visualize proteins in these membranes is
immunoblotting, commonly called'Western blotting.

Western blotting combines the resolving power of gel
electrophoresis and the specificity of antibodies. This mul-
tistep procedure is commonly used to separate proteins
and then identify a specific protein of interest. As shown
in Figure 3-38, two different antibodies are used in this
method, one that is specific for the desired protein and a
second that binds to the first and is l inked to an enzyme or
other molecule that permits detection of the first antibody
(and thus the protein of interesr to which it binds). En-
zymes to which the second antibody is attached can either
generate a visible colored product or, by a process called
chemiluminescence, produce light that can readily be
recorded by film or a sensitive detector. The two different
antibodies, sometimes called a "sandwich," are used to
amplify the signals and improve sensitivity. If an antibody
is not available, but the gene encoding the protein is avail-
able and can be used to express the protein, recombinant
DNA methods (Chapter 5) can irrcorporate a small peptide
epitope (epitope tagging) into the normal sequence of the
protein that can be detected by a commercially available
antibody to that epitope.
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I l l l+ Technique Animation: lmmunoblotting

I Electrophoresis and transfer

SDS-po lyacry lamidege l  Membrane

A EXPERIMENTAL FIGURE 3-38 Western blotting
(immunoblotting) combines several techniques to resolve and
detect a specific protein. Step E: After a protein mixture has been
electrophoresed through an SDS gel, the separated bands (or spots,
for a two-dimensional gel) are transferred (blotted) from the gel onto
a porous membraneJrom which it is not readily removed Step Z:
The membrane is f looded with a solution of antibody (Abr) specific
for the desired protern and allowed to incubate for a while. Only the
membrane-bound band containing this protein binds the antibody,
forming a layer of antibody molecules (whose position cannot be
seen at this point) Then the membrane is washed to remove

Radioisotopes Are lndispensable Tools
for  Detect ing Bio log ica l  Molecules

A sensitive method for tracking a protein or other biological

molecule is by detecting the radioactivity emitted from ra-

dioisotopes introduced into the molecule. At least one atom

in a radiolabeled molecule is present in a radioactive form,

called a radioisotope.

Antibody detection ! Chromogenic detection
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l inked Ab2 (Y);
wash excess
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for Ab2-l inked enzyme

unbound Ab' .  Step E:The membrane is  incubated wi th a second

antibody (Ab2) that specifically recognizes and binds to the first Ab1

This second antibody is covalently l inked to either an enzyme (e.9.,

alkaline phosphatase, which can catalyze a chromogenic reaction),

radioactive isotope, or some other substance whose presence can

be detected with great sensitivity Step 4: Finally, the location and

amount of bound Ab2 are detected (e.g , by a deep-purple
precipitate from chromogenic reaction), permitting the

electrophoretic mobil ity (and therefore the mass) of the destred

orotein to be determined, as well as its quantity (based on band

i ntensrtv).
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Radioisotopes Useful in Biological Research Hundreds

of biological compounds (e.g., amino acids, nucleosides, and

numerous metabolic intermediates) labeled with various ra-

dioisotopes are commercially available. These preparations

vary considerably in their specific actiuity, which is the

amount of radioactivity per unit of material, measured in

dom/mmol) are available. Likewise' commercial preparations

oi tH-l"b.l.d nucleic acid precursors have much ligher spe-

cific activities than those of the corresponding 1aC-labeled

preparations. In most experiments' the former are preferable

t".uot. they allow RNA or DNA to be adequately labeled

alter a shorter time of incorporation or require a smaller cell

sample. Various phosphate-containing compounds in which

every phosphorus atom is the radioisotope phosphorus-32

ISOTOPE }|ALF-tIIE

Phosphorus-32 1'4.3 days

Iodine-125 60.4 days

Sulfur-35 87.5 days

Tritium (hydrogen-3) 12.4 years

Carbon-14 5730.4 years
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a^re readily available. Because of their high specific activity,32P-labeled nucleotides are routinely ur.d to label nucleic
acids in cell-free systems.

Labeled compounds in which a radioisotope replaces
atoms normally present in the molecule have virtually the
same chemical properties as the corresponding nonlabeled
compounds. Enzymes, for instance, generally cannot distin-
guish between substrates labeled in this way and their nonla-
beled substrates. The presence of such radioactive atoms is
indicated with the isotope in brackets (no hyphen) as a prefix
(e.g., [3H]leucine). In .ontrurt, labeling almost all biomole-
cules (e.g., protein or nucleic acid) with the radioisotope
iodine-125 (12sI) requires the covalent addition of 12sI to a
molecule that normally does nor have iodine as part of its
structure. Because this labeling procedure modifies the chemi-
cal structure, the biological activity of the labeled molecule
may differ somewhat from that of the nonlabeled form. The
presence of such radioactive atoms is indicated with the iso-
tope as a prefix with a hyphen (no bracket) (e.g., 125l-trypsin).

Standard methods for labeling proteins with 12sI result in co-
valent attachment of the 125I primarily to the aromatic rings of
tyrosine side chains (mono- and diiodotyrosine).

Labeling Experiments and Detection of Radiolabeled
Molecules Whether labeled compounds are detected by au-
toradiography, a semiquantitative visual assay or their radioac-
tivity is measured in an appropriate ',counter," a highly quanti-
tative assay that can determine the amount of a radiolabeled
compound in a sample, depends on the nature of the experi-
ment. In some experiments, both types of detection are used.

In one use of autoradiographS a tissue, cell, or cell con-
stituent is labeled with a radioactive compound, unassociated
radioactive material is washed away, and the structure of the
sample is stabilized either by chemically cross-linking the
macromolecules ('fixation') or by freezing it. The sample is
then overlaid with a photographic emulsion sensitive to radi-
ation. Development of the emulsion yields small silver grains
whose distribution corresponds to that of the radioactive ma-
terial and is usually detected by microscopy. Autoradiographic
studies of whole cells were crucial in determining the intracel-
lular sites where various macromolecules are synthesized and
the subsequent movements of these macromolecules within

Quantitative measurements of the amount of radioactiv-
ity in a labeled marerial are performed with several different
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disintegrations per minute per small pixel of surface area.
These instruments, which can be thought of as a kind of
reusable electronic film, are commonly used to quantitate
radioactive molecules separated by gel electrophoresis and
are replacing photographic emulsions for this purpose.

A combination of labeling and biochemical techniques
and of visual and quantitative detection methods is often em-
ployed in labeling experiments. For instance, to identify the
major proteins synthesized by a particular cell type, a sample
of the cells is incubated with a radioactive amino acid (e.g.,
[35S]methionine) for a few minutes, during which time the L-
beled amino acid mixes with the cellular pool of unlabeled
amino acids and some of the labeled amino acid is biosyn-
thetically incorporated into newly synthesized protein. Subse-
quently unincorporated radioactive amino acid is washed
away from the cells. The cells are harvested, the mixture of
cellular proteins is extracted from the cells (for example, by a
detergent solution), and then separated by gel electrophore-
sis; and the gel is subjected to autoradiography or phospho-
rimager analysis. The radioactive bands correspond to newly
synthesized proteins, which have incorporatei the radiola-
beled amino acid. Alternatively, the proteins can be resolved
by liquid chromatographS and the radioactivity in the eluted
fractions can be determined quantitatively with a counter. To
detect only one specific protein, rather than all the proteins
biosynthetically labeled this way, a specific antibody to the
protein of interest can be used to precipitate the protein away
from the other proteins in the sample (immunoprecipitation).
The precipitate is then solubilized in a detergenr, separating
the antibody from the protein, and the sample is subjected to
SDS-PAGE followed by autoradiography. In this type of ex-
periment, a fluorescent compound that is activated by the
radiation is often infused into the gel so that the light emitted
can be used to detect the presence of the labeled protein,
either using film or a two-dimensional electronic detector.

Pulse-chase experiments are particularly useful for tracing
changes in the intracellular location of proreins or the modi-
fication of a protein or metabolit. ou.i time. In this experi-
mental protocol, a cell sample is exposed to a radiolabeled
compound that can be incorporated or otherwise attached to
a cellular molecule of interest-the "pulse"-for a brief pe-
riod of time, then washed with buffer to remove the unincor-
porated label, and finally incubated with an unlabeled form
of the compound-the "chase" (Figure 3-39). Samples taken
periodically during the chase period are assayed to determine
the location or chemical form of the radiolabel as a function
of time. Often, pulse-chase experiments, in which the protein
is detected by autoradiography after immunoprecipitation
and SDS-PAGE, are used to follow the rate of synthesis, mod-
ification, and degradation of proteins by adding radioactive
amino acid precursors during the pulse and then detecting the
amounts and characteristics of the radioactive protein during
the chase. One can thus observe postsynthetic modifications
of the protein that change its electrophoretic mobility and the
rate of degradation of a specific protein. A classic use of the
pulse-chase technique was in studies to elucidate the pathwav
traversed by secreted proteins from their site of synihesis in
the endoplasmic reticulum to the cell surface (Chapter 14).
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A EXPERTMENTAL FIGURE 3-39 Pulse-chase experiments can
track the pathway of protein modification or movement
within cells. (a) To follow the fate of a specific newly synthesized
protein in a cell, cells were incubated with [3sS]methionine for 0 5 hr
(the pulse) to label all newly synthesized proteins, and the radioactive
amino acid not incorporated into the cells was then washed away
The cells were further rncubated (the chase) for varying times up to
24 hours, and samples from each time of chase were subjected to
immunoprecipitation to isolate one specific protein (here, the low-
density l ipoprotein receptor) SDS-PAGE of the immunoprecipitates
followed by autoradiography permitted visualization of the one
specific protein, which is init ially synthesized as a small precursor (p)

and then rapidly modified to a larger mature form (m) by addition of
carbohydrates About half of the labeled protein was converted from
p to m during the pulse, the rest was converted after 0.5 hour of
chase The protein remains stable for 6-8 hours before it begins to
be degraded (indicated by reduced band intensity). (b) The same
experiment was performed in cells in which a mutant form of the
protein is made The mutant p form cannot be properly converted to
the m form, and it is more quickly degraded than the normal protein

lAdapted from K F Kozarsky, H A Brush, and M Krieger, 1986, J Cell Eloi
102(5) 1567-1s7s I Roshanl(eab 021-66950639

Mass Spectrometry Can Determine the Mass
and Sequence of Proteins

Mass spectrometry (MS) is a powerful technique for charac-

tertzingproteins. MS is particularly useful in determining the

mass of a protein or fragments of a protein. 
'With 

such in-

formation in hand, it is also possible to determine part of or

all the protein's sequence. This method permits the very

highly accurate direct determination of the ratio of the mass
(m) of a charged molecule (ion) to its charge (z), ot mlz.

Techniques are then used to deduce the absolute mass of the

ion. There are four key features of all mass spectrometers.
The first is an ion source, from which charge, usually in the

form of protons, is transferred to the peptide or protein

molecules. The formation of these ions occurs in the pres-

ence of a high electric field that then directs the charged mo-

lecular ions into the second key component' the mass ana-

lyzer. The mass analyzer, which is always in a high vacuum

chamber, physically separates the ions on the basis of their

differing mass-to-charge (mlz) ratios. The mass-separated

ions are subsequently directed to strike a detector, the third

key component, which provides a measure of the relative

abundances of each of the ions in the sample. The fourth es-

sential component is a computerized data system that is used

to calibrate the instrument; acquire, store, and process the re-

sulting data; and often direct the instrument automatically

to collect additional specific types of data from the sample'

based on the initial observations. This type of automated

feedback is used for the tandem MS (MS/MS) peptide-

sequencing methods described below.
The two most frequently used methods of generating ions

of proteins and protein fragments are (1) matrix-assisted laser

desorption/ionization (MALDI) and (2) electrospray (ES)' In

MALbI (Figure 3-40) the peptide or protein sample is mixed

with a low-molecular-weight, W-absorbing organic acid (the

matrix) and then dried on a metal tatget. Energy from a laser

ionizes and vaporizes the sample producing singly charged

molecular ions from the constituent molecules' In ES (Figure

3-41.a), the sample of peptides or proteins in solution is con-

verted into a fine mist of tiny droplets by spraying through a

arated by the mass analyzer on the basis of their mlz.

The two most frequently used mass analyzers are time-

of-flight (TOF) instruments and ion traps. TOF instruments

e*ploit the fact that the time it takes an ion to pass through

the length of the analyzer before reaching the detector is

Metal
target I lonization

+ + +
O @ o

Sample

Lightest ions
arrive at
detector first

Time

a EXPERIMENTAL FIGURE 3-40 Molecular mass can be

determined by matrix-assisted laser desorption/ionization

time-of-flight (MALDI-TOF) mass spectrometry' ln a MALDI-TOF

mass spectrometer, pulses of l ight from a laser ionize a protein or

peptide mixture that is absorbed on a metal target (step E) An

electric f ield accelerates the ions in the sample toward the detector
(steos El and El). The time to the detector is proportional to the

square root of the mass-to-charge (mlz) ratio. For ions having the

same charge, the smaller ions move faster (shorter t ime to the

detector). The molecular weight is calculated using the time of f l ight

of a standard
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  EXPERIMENTAL FIGURE 3-41 Molecular mass of proteins
and peptides can be determined by electrospray ionization
ion-trap mass spectrometry. (a) Electrospray (ES) ionization
converts proteins and peptides in a solution into highly charged
gaseous ions by passing the solution through a needle (forming the
droplets) that has a high voltage across it (charging the droplets).
Evaporation of the solvent produces gaseous ions thar enrer a mass
spectrometer. The ions are analyzed by an ion-trap mass analyzer that
then directs ions to the detector. (b) Top panet: Mass spectrum of a
mixture of three major and several minor peptides is presented as the
relative abundance of the ions striking the detector (y axis) as a
function of the mass-to-charge (m/z) ralio (x axis). Bottorn panel: ln
an MS/MS instrument (such as the ion trap shown in part (a)), a
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specific peptide ion can be selected for fragmentatron into smaller
ions that are then analyzed and detected. The MS/MS spectrum (also
called the product-ion spectrum) provides detailed structural
information about the parent ion, including sequence information for
peptides Here, the ion with a mlz of 836.47 was selected,
fragmented and the m/z mass spectrum of the product ions was
measured Note there is'no longer an ion with an m/z oI g36.47
present because it was fragmented. From the varying sizes of the
product ions, the understanding that peptide bonds are often broken
in such experiments, the known mlz values for individual amino acid
fragments, and database information, the sequence of the peptide,
FIIVGYVDDTQFVR, can be deduced. [part (a) based on a fioure from
5 Carr; part (b), unpublished data from S Carr I

E lectrospray ionization

568.65

MS/MS of mlz 836.47
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proportional to the square root of mlz (smaller ions move

faster than larger ones with the same charge, see Figure 3-40).

In ion-trap analyzers, tunable electric fields are used to cap-

ture, or 'trap,' ions with a specific mlz and to sequentially
pass the trapped ions out of the analyzer onto the detector
(see Figure 3-4ta). By varying the electric fields, ions with a

wide range of mlz values can be examined one by one, pro-

ducing a mass spectrum, which is a graph of mlz (x axis) ver-

sus relative abundance (y axis) (Figure 3-41'b, top panel).

In tandem, or MS/MS, instruments, any given parent ion in

the original mass spectrum (Figure 3-41b, top panel) can be

mass-selected, broken into smaller ions by collision with an in-

ert gas, and then the mlz and relative abundances of the result-

ing fragment ions measured (Figure 3-41b, bottom panel), all

within the same machine in about 0.1 s per selected parent ion.

This second round of fragmentation and analysis permits the

sequences of short peptides (<25 amino acids) to be deter-

mined, because collisional fragmentation occurs primarily at

peptide bonds, so the differences in masses between ions corre-

spond to the in-chain masses of the individual amino acids,

permitting deduction of the sequence in conjunction with data-

base sequence information (Figure 3-41'b, bottom panel).

Mass spectrometry is highly sensitive, able to detect as lit-

t le as 1 x 10-15 mol (100 attomoles) of a peptide or 10 x

10-15 mol (10 femtomoles) of a protein of 200,000 M$(. Er-

rors in mass measurement accuracy are dependent upon the

specific mass analyzer used, but are typically =0.01 percent

for peptides and 0.05-0.1 percent for proteins. As described

in the proteomics section that follows, it is possible to use MS

to analyze complex mixtures of proteins as well as purified

proteins. Most commonly, protein samples are digested by

proteases, and the peptide digestion products are subjected to

analysis. An especially powerfully application of MS is to

take a complex mixture of proteins from a biological speci-

men, digest it with trypsin or other proteases' partially sepa-

rate the components using liquid chromatography (LC), and

then transfer the solution flowing out of the chromatographic

column directly into an ES tandem mass spectrometer. This

technique, called LC-MSIMS, permits the nearly continuous

analysis of a very complex mixture of proteins'
The abundances of ions determined by mass spectrome-

try in any given sample are relative, not absolute' values.

Therefore, if one wants to use MS to compare the amounts

of a particular protein in two different samples (e.g., from a

normal versus a mutant organism), it is necessary to have an

internal standard in the samples whose amounts do not dif-

fer between the two samples. One then determines the

amounts of the protein of interest relative to that of the stan-

dard in each sample. This permits quantitatively accurate in-

tersample comparisons of protein levels.

Protein Primary Structure Can Be Determined by

Chemical Methods and from Gene Sequences

The classic method for determining the amino acid sequence

of a protein is Edman degradation. In this procedure, the

free amino group of the N-terminal amino acid of a polypep-

tide is labeled, and the labeled amino acid is then cleaved

from the polypeptide and identified by high-pressure liquid

chromatography. The polypeptide is left one residue shorter,

with a new amino acid at the N-terminus. The cycle is re-

peated on the ever shortening polypeptide until all the

residues have been identified.
Before about 1985' biologists commonly used the Edman

merous model organisms is expanding rapidly. As discussed

in Chapter 5, the sequences of proteins can be deduced from

DNA sequences that are predicted to encode proteins'

A powerful approach for determining the primary struc-

t,r.. o? an isolated protein combines MS and the use of se-

quence databases. First' the peptide "mass fingerprint" of the

irot.i.r is obtained by MS. A peptide mass fingerprint is the

iist of the molecular weights of peptides that are generated

Protein Conformation ls Determined

by Sophisticated Physical Methods

In this chapter, we have emphasized that protein function is

dependent on protein structure. Thus, to figure out how a

prot.i.t works, its three-dimensional structure must be

Lno*n. Determining a protein's conformation requires so-

phisticated physical methods and complex analyses of the

.*p.ri-..tt"l data. \(e briefly describe three methods used

to generate three-dimensional models of proteins'

X-ray €rystallography The use of x-ray crystallography to

determine the three-dimensional structures of proteins was pio-

atoms of the crystal scatter the x-rays' which produce a drfftac-

tion pattern of discrete spots when they are intercepted by pho-

tographic film or an electronic detector (Figure 3-42)' Such pat-

t...r, 
".. 

extremely complex---composed of as many as 25,000

three-dimensional electron density map in hand' one then "fits"

a molecular model of the protein to match the electron density,
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a protein can be determined. (a) Basic components of an x_ray
crystallographic determination. When a narrow beam of x_rays strikes
a crystal, part of it passes straight through and the rest rs scattered
(diffracted) in various directions The intensity of the diffracted
waves, which form periodic arrangements of diffraction spots, is
recorded on an x-ray film or with a solid-state electronic detector.
(b) X-ray diffraction pattern for a protein crystal collected on a solid_
state detector. From complex analyses of patterns of spots l ike this
one, the location of the atoms in a protein can be determined. [part
(a) adapted from L Stryer, 1995, Biochemistry, 4Ihed, W H Freeman and
Company, p 64; part (b) courtesy of J Berger.j
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proteins. To date, the detailed three-dimensional structures of
more than 10,000 proteins have been established.

Cryoelectron Microscopy Although some proteins readily
crystallize, obtaining crystals of others-particularly large
multisubunit proteins and membrane-associated proteins-
requires a time-consuming trial-and-error effort to find just the
right conditions, if they can be found at all. (Growing crystals
suitable for structural studies is as much an art as a science.)
There are several ways to determine the structures of such
difficult-to-crystallize proteins. One is cryoelectron mi-
croscopy. In this technique, a protein sample is rapidly frozen
in liquid helium to preserve its structure and then examined in
the frozen, hydrated state in a cryoelectron microscope. pic-
tures of the protein are taken at various angles and recorded on
film using a low dose of electrons to prevent radiation-induced
damage to the structure. Sophisticated computer programs an-
alyze the images and reconstruct the protein's structure in three
dimensions. Recent advances in cryoelectron microscopy per-
mit researchers to generate molecular models that can help
provide insight into how the protein functions. The use of cry-
oelectron microscopy and other types of electron microscopy
for visualizing cell structures is discussed in Chapter 9.

NMR Spectroscopy The three-dimensional strucures of
small proteins containing as many as 200 amino acids can be
studied with nuclear magneric resonance (NMR) spec-
troscopy. In this technique, a concentrated protein solution
is placed in a magnetic field, and the effects of different ra-
dio frequencies on the nuclear spin states of different atoms
are measured. The spin state of any atom is influenced by
neighboring atoms in adjacent residues, with closely spaced
residues having a greater influence than distant residues.
From the magnitude of the effect, the distances between
residues can be calculated by a triangulation-like process;
these distances are then used to generate a model of the
three-dimensional structure of the protein.

Although NMR does not requiie the crystallizarion of a
protein, a definite advantage, this technique is limited to
proteins smaller than about 20 kDa. However. NMR analv-
sis can also be applied to isolated protein domains, which
can often be obtained as stable structures and tend to be
small enough for this technique.

Purifying, Detecting, and Characterizing proteins

r Proteins can be separated from other cell components
and from one another on the basis of differences in their
physical and chemical properties.
r Various assays are used to detect and quantify Droteins.
Some assays use a light-producing reactiron to generate a
readily detected signal. Other assays produce an amplified
colored signal with enzymes and chromogenic substrates.

r Centrifugation separates proteins on the basis of their
rates of sedimentation, which are influenced by their
masses and shapes.

( a )



r Electrophoresis separates proteins on the basis oftheir rates

of movement in an applied electric field. SDS-polyacrylamide
gel electrophoresis (PAGE) can resolve polypeptide chains

differing in molecular weight by 10 percent or less (see Fig-

ure 3-35). Two-dimensional gel electrophoresis provides

additional resolution by separating proteins first by charge
(first dimension) and then by mass (second dimension).

r Liquid chromatography separates proteins on the basis

of their rates of movement through a column packed with

spherical beads. Proteins differing in mass are resolved on

gel filtration columns; those differing in charge, on ion-

exchange columns; and those differing in ligand-binding
properties, on affinity columns, including antibody-based
affinity chromatography (see Figure 3-37).

r Antibodies are powerful reagents used to detect, quan-

tify, and isolate proteins.

r Immunoblotting, also called 
'Western 

blotting, is a fre-

quently used method to study specific proteins that exploits

the high specificity and sensitivity of protein detection by

antibodies and the high-resolution separation of proteins

by SDS-PAGE.

r Radioisotopes play a key role in the study of proteins and

other biomolecules. They can be incorporated into mole-

cules without changing the chemical composition of the

molecule, or as add-on tags. They can be used to help detect

the synthesis, location, processing, and stability of proteins.

r Autoradiography is a semiquantitative technique for de-

tecting radioactively labeled molecules in cells, tissues, or

electrophoretic gels.

r Pulse-chase labeling can determine the intracellular fate

of proteins and other metabolites (see Figure 3-39).

r Mass spectrometry is a very sensitive and highly precise

method of detecting, identifying, and characterizing pro-

teins and peptides.

r Three-dimensional structures of proteins are obtained by

x-ray crystallography, cryoelectron microscopS and NMR

spectroscopy. X-ray crystallography provides the most

detailed structures but requires protein crystallization. Cry-

oelectron microscopy is most useful for large protein com-

plexes, which are difficult to crystallize. Only relatively

small proteins are amenable to NMR analysis.

El Proteomics
For most of the twentieth century, the study of proteins was

restricted primarily to the analysis of individual proteins. For

example, one would study an enzyme by determining its enzy-

matic activity (substrates, products. rate of reaction, require-

ment for cofactors, pH, etc.), its structure' and its mechanism

of action. In some cases, the relationships berween a few en-

zymes that participate in a metabolic pathway might also be

studied. On a broader scale, the localization and activity of an

enzyme would be examined in the context of a cell or tissue.

The effects of mutations, diseases, or drugs on the expression

and activity of the enzyme might also be the subject of

investigation. This multipronged approach provided deep in-

sight into the function and mechanisms of action of individual

proteins or relatively small numbers of interacting proteins'
-Ho*.u.r, 

this one-by-one approach to studying proteins does

not efficiently provide insights into a global picture of what is

happening in the proteome of a cell, tissue, or entire organism'

Proteomics ls the Study of Al l  or a Large Subset

of Proteins in a Biological SYstem

The advent of genomics (sequencing of genomic DNA and its

associated technologies' such as simultaneous analysis of the

levels of all mRNAs in cells and tissues) clearly showed that a

studies:

In a given sample (whole organism, tissue, cell' subcellu-

r compartment), what fraction of the whole proteome is

expressed (i.e., which proteins are present)?

r Of those proteins present in the sample, what are their

relative abundances?

r What are the relative amounts of the different splice

forms and chemically modified forms (e.g., phosphorylated,

methylated, fatty acylated) of the proteins?

r Which proteins are present in large multiprotein com-

plexes, anl which proteins are in each complex? 
'lfhat 

are

the functions of these complexes and how do they interact?

r 'When the state (e.g.' growth rate' stage of cell cycle, dif-

ferentiation, stress level) of a cell changes' do the proteins in

the cell or secreted from the cell change in a characteristic

r Can such fingerprint-like changes be used for diagnostic

purposes? For example, do certain cancers or heart disease

iurrr. .hur".teristic changes in blood proteins? Can the

proteomic fingerprint help determine if a given cancer is re-

,irr".t, or sensitive to a particular chemotherapeutic drug?

Proteomic fingerprints can also be the starting point for

studies of the meihanisms underlying the change of state'

Proteins (and other biomolecules) that show changes that

are diagnostic of a particular state are called biomarkers'

Can changes in the proteome help define targets for drugs

suggest mechanisms by which that drug might induce

*ic side effects? If so, it might be possible to engineer

modified versions of the drug with fewer side effects'
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These are just a few of the questions that can be addressed us-
ing proteomics. The methods used to answer these questions
are as diverse as the questions themselves, and their numbers
are growing rapidly.

Advanced Techniques in Mass Spectrometry
Are Crit ical to Proteomic Analysis
Advances in proteomics technologies (e.g., mass specrrome-
try) are having a profound effect on the types of questions that
can be practically studied. For many years, rwo-dimensional
gel electrophoresis has allowed researchers to separate, dis-
plaS and characterize a mixture of proteins (Figure 3-36).
The spots on a two-dimensional gel can be excised, the pro-
tein fragmented by proteolysis (e.g. by trypsin digestion), and
the fragments identified by MS. An alternative to this two-
dimensional gel method is high throughput LC-MS/MS.

Figure 3-43 outl ines the general LC-MS/MS approach in
which a complex mixture of proteins is digested with a
protease, the myriad resulting peptides are fractionated by
LC into multiple, less complex fractions, which are slowly
but continuously injected by electrospray ionization into a
tandem mass spectrometer. The fractions are then sequen-
tially subjected to multiple cycles of MS/MS until sequences
of many of the peptides are determined and used to identify
from databases the proteins in the original biological sample.

An example of the use of LC-MS/MS to identify many of
the proteins in each organelle is seen in Figure 3-44. Cells from
murine (mouse) liver tissue were mechanically broken to re-
lease the organelles, and the organelles were partially sepa-
rated by density-gradient centrifugarion. The locations of
the organelles in the gradient were determined using im-
munoblotting with antibodies that recognize previously iden-
tified, organelle-specific proteins. Fractions from the gradient

Repeat for mult iple fract ions from the LC outf low to sequence most peptides
in the start ing complex peptide mixture

t
Compare results with databases to identi fy proteins in the original
b io log ica l  sample

Podcast: Use of Mass Spectrometry in Cell Biology

Electrospray ionization mass spectrometer
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electrospray ionization into a tandem mass spectrometer The
fractions are then sequentially subjected to multiple cycles of MS/MS
until masses and sequences of many of the peptides are determined
and used to identify the proteins in the original biological sample
through comparison with protein databases. [Based on a fiqure provided
by 5 Carr.l
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Proteolysis and LC-MS/MS
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< EXPERIMENTAL FIGURE 3-rt4 Density-gradient centrifugation

and LC-MS/MS can be used to identify many of the proteins in

that recognize previously identified, organelle-specific proteins Fractions

from the gradient were subjected to proteolysis and LC-MS/MS to

organelle. [From L J Fosteretal ,2006,Cell 125(1):187-199]

eukaryotic cell, the yeast Saccharomyces cereuisiae' Approxt-

mately 500 complexes have been identified, with an average

of 4.9 distinct proteins per complex' and these in turn are in-

volved in at least 400 complex-to-complex interactions' Such

systematic proteomic studies are providing new insights into

tire organiiation of proteins within cells and how proteins

work together to permit cells to live and function'

Proteomics

subcellular levels.

r Proteomics provides insights into the fundamental organ-

izationof proteins within cells, and how this organization is

influenced by the state of the cells (e.g., differentiation into

distinct cell types; response to stress' disease, and drugs)'

r A wide variety of methods are used for proteomic analy-

ses, including two-dimensional gel electrophoresis, density-

gradient centrifugation, and mass spectroscopy (MALDI-

TOF and LC-MS/MS) '

omics has helped begin to identify the proteomes of

les ("organelle proteome profi l ing") and the organ-

of individual proteins into multiprotein complexes

eract In a complex network to support life and cel-

lular function
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are currently being used to identify all protein complexes in a
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built. Because subunits of the complex may already be solved
by crystallographS a composite ,tru.tur. consisting of the
x-ray-derived subunit structures fit to the EM-deriveJ model
will be generated. An example of this approach for an elec_
tron-transport "supercomplex" is described in Chapter 12.

Methods for rapid structure determination combined
with identif icarion of novel substrates and inhibitors wil l

range. Routine analysis of specimens with such diverse con_
centrations should dramatically improve the mechanistic
and diagnostic value of blood plasma proteomics.
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PROTEIN  STRUCTURE AND FUNCTION

7, The three-dimensional structure of a protein is deter_
mined by its primary, secondary, and tertiary structures. De-
fine the primary, secondary, and tertiary structures. What
are some of the common secondary structures? ril/hat are
the forces that hold together the secondary and tertiary
structures ?

2. Proper folding of proteins is essential for biological ac_
tivity. Describe the roles of molecular chaperones and chap_
eronins in the folding of proteins.
3. Enzymes can catalyze chemical reactions. How do en_
zymes increase the rate of a reaction? What constitutes the
active site of an enzyme? For an enzyme-catalyzed reaction,
what are K- and V-""? For enzyme X, the K- for substrrte
A is 0.4 mM and for substrate B is 0.01 mM. \Which sub_
strate has a higher affinity for enzyme X?
4. Motor proteins convert energy into a mechanical force.
Describe the three general properties characteristic of motor
proterns,

6, The function of proteins can be regulated in a number of
ways. What is cooperativitg and how does it influence pro_
tein function? Describe how protein phosphorylation and
proteolytic cleavage can modulate protein function.
7. A number oftechniques can separate proteins on the ba_
sis of their differences in mass. Describe the use of two of
these techniques, cenrrifugation and gel electrophoresis. The
blood proteins rransferrin (M\X/ 76 kDa) and lysozyme (MW
15 kDa) can be separated by rate-zonal centrifugation or
SDS-polyacrylamide gel electrophoresis. Which oi the two
proteins will sediment faster during centrifugation? Which
will migrate faster during electrophoresis?
8. Chromatography is an analytical method used to sepa_
rate proteins. Describe the principles for separating proteins
by gel filtration, ion-exchange, and affinity ihromatography.
9, Various methods have been developed for detecting pro_
teins. Describe how radioisotopes and autoradiography can
be used for labeling and detecting proteins. Ho* doe, Ifr.rt_
ern blotting detect proteins?
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10. Physical methods are often used to determine protein

conformation. Describe how x-ray crystallography, cryo-

electron microscopy, and NMR spectroscopy can be used to

determine the shape of  prote ins.

1L. Mass spectrometry is a powerful tool in proteomics. What

are the four key features of a mass spectrometer? Describe

briefly how MALDI and two-dimensional polyacrylamide gel

electrophoresis (2D-PAGE) could be used to identify a protein

expressed in cancer cells but not in normal healthy cells.

Analyze the Data

Proteomics involves the global analysis of protein expression.

In one approach, all the proteins in control cells and treated

cells are extracted and subsequently separated using two-di-

mensional gel electrophoresis. TypicallS hundreds or thou-

sands of protein spots are resolved and the steady-state levels

of each protein are compared between control and treated

cells. In the following example, only a few protein spots are

shown for simplicity. Proteins are separated in the first

dimension on the basis of charge by isoelectric focusing
(pH a-10) and then separated by size by SDS-polyacrylamide
gel electrophoresis. Proteins are detected with a stain such as

Coomassie blue and assigned numbers for identification.

a. Cells are treated with a drug ("+ Drug") or left un-

treated ("Control"), and then proteins are extracted and sep-

arated by two-dimensional gel electrophoresis. The stained

gels are shown below. What do you conclude about the effect

of the drug on the steady-state levels of proteins 1-7?

mic fractions by differential centrifugation. Two-dimensional

gels were run, and the stained gels are shown. below' \fhat do

you conclude about the cellular localization of proteins 1-7?

N uc lear
4 p H

Control

Cytoplasmic
1 0  4  p H  1 0

a

a
a

o
a

+ Drug

Nuc lear
p H  1 0

Cytoplasmic
4  p H  1 0

Control
4 p H 1 0

+ Drug
4 p H 1 0

o
a

o

o

o
a

b. You suspect that the drug may be inducing a protein

kinase and so repeat the experiment in part (a) in the pres-

ence of 32P-labeled inorganic phosphate. In this experiment

the two-dimensional gels are exposed to x-ray film to detect

the presence of 32P-labeled proteins. The x-ray fi lms are

shown below. \fhat do you conclude from this experiment

about the effect of the drug on proteins 1-7?

d. Summarize the overall properties of proteins 1-7,

combining the data from parts (a), (b), and (c)' Describe how

you could determine the identity of any one of the proteins'
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stored in the sequence of the four possible nucleotides that

R

Colored transmission electron micrograph of one ribosomal

RNA transcription unit from a Xenopus oocyte. Transcription

proceeds from left to right, with nascent ribosomal ribonucleoprotein

complexes (rRNPs) growing in length as each successive RNA

polymerase I molecule moves along the DNA template at the center

ln this oreoaration each rRNP is oriented either above or below the

central strand of DNA being transcribed, so that the overal l  shape is

similar to a feather. In the nucleolus of a l iving cel l ,  the nascent rRNPs

extend in all directions, like a bottlebrush lProfessor Oscar L MillerAcience

Photo Library l

he extraordinary versatility of proteins as molecular

machines and switches, cellular catalysts' and compo-

nents of cellular structures was described in Chapter 3.

In this chapter we consider how proteins are made' as well

as other cellular processes that are critical for the survival of

an organism and its descendents. Our focus will be on the

vital molecules known as nucleic acids, and how they ulti-

mately are responsible for governing all cellular function.

As introduced in Chapter 2, nucleic acids are linear poly-

mers of four types of nucleotides (see Figures 2-13' 2-1'6

and 2-1,7). These macromolecules ( 1 ) contain in the precise

sequence of their nucleotides the information for determin-

ing the amino acid sequence and hence the structure and

function of all the proteins of a cell, \2) are critical func-

tional components of the cellular macromolecular factories

that select and align amino acids in the correct order as a

polypeptide chain is being synthesized, and (3) catalyze a

number of fundamental chemical reactions in cells, includ-

ing formation of peptide bonds between amino acids during

protein synthesis.
Deoxyribonucleic acid (DNA)is an informational mol-

ecule that contains in the sequence of its nucleotides the

information required to build all the proteins of an organ-

ism, and hence the cells and tissues of that organism. It is

ideally suited to perform this function on a molecular

level. Chemically, it is extraordinarily stable under most

terrestrial conditions, as exemplif ied by the abil ity to
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make up the -3 x 10e base pairs in the human genome.
Because of the principles of base pairing discussed in this
chapter, the information is readily copied with an error
rate of <1 in 10e nucleotides per geniration. The exact
replication of this information in any species assures its
genetic continuity from generation to generation and is
crit ical to the normal developmenr of an individual. DNA
fulfi l ls these functions so well that it is the vessel for
genetic information in all forms of l i fe known. (One
exception is RNA viruses; however, these are l imited to
extremely short genomes because of the relative instabil ity
of RNA compared with DNA, as we wil l see.) The discov-
ery that virtually all forms of l i fe use DNA to encode their
genetic information, and also use nearly the same nucleic
acid sequence code to specify amino acid sequence, implies
that all forms of l i fe descended from a common ancesror
on the basis  of  s torage of  in format ion in  nucle ic  ac id
sequence. This information is accessed and replicated by
specific base pairing between bases. The information
stored in DNA is arranged in hereditary units, now known
as genes, which control identif iable traits of an organism.
In the process of transcription, the information stored in
DNA is copied into ribonucleic acid (RNA), which has
three distinct roles in protein synthesis.

Portions of the DNA nucleotide sequence are copied into

lation because the nucleotide sequence language of DNA
and RNA is translated into the amino acid sequence lan_
guage of proteins.

Discovery of the structure of DNA in 1953 and subse_
quent elucidation of how DNA directs synthesis of RNA,
which then directs assembly of proteins-the so-called, cen_

decoded into a variety of proteins in the correct cells at the
correct t imes in development. This regulation of gene
expression allows hemoglobin to be expressed only in cells
of the bone marrow (reticulocytes) destined to develop into

circulating red blood cells (erythrocytes), and directs devel-
oping neurons to make the proper synapses (connections)
with 1011 other developing neurons in the human brain. The
fundamental molecular generic processes of DNA replica-
tion, transcription, and translation must be carried out with
extraordinary fidelity, speed, and accurate regulation in or,
der for organisms as complex as prokaryotes and eukaryotes
to develop normally. This is achieved by chemical processes
that operate with extraordinary accuracy coupled with mul-
tiple layers of checkpoint, or surveillance, mechanisms that
test whether critical steps in these processes have occurred
correctly before the next step is initiated. The highly regu-
lated expression of genes necessary for the development o1 a
multicellular organism requires integrating information
from signals sent by distant cells in the developing organism,
as well as from neighboring cells, and an intrinsic develop-
mental program determined by earlier steps in embryogene-
sis taken by that cell's progenitors. All this regulation is
dependent on control sequences in the DNA that function
with proteins called transcription factors to coordinate the
expression of every gene. RNA sequences we discuss in
Chapter 8 that regulate RNA processing and translation also
are encoded in DNA originally. Thus nucleic acids function
as the "brains and central nervous system" of the cell, while
proteins carry out the functions they specify.

In this chapter, we first review the structures and proper-
ties of DNA and RNA, and explore how the different char-
acteristics of each type of nucleic acid make them suited for
their respective roles in the cell. In the next several sections
we discuss the basic processes summarized in Figure 4-1:
transcription of DNA into RNA precursors, processing of
these precursors to make functional RNA molecules. trans-
lation of mRNAs into proteins, and the replication of DNA.
After outlining the individual roles of -RNA, IRNA, and
rRNA in protein synthesis, we present a detailed description
of the components and biochemical steps in translation. .We
also consider the molecular problems involved in DNA
replication and the complex cellular machinery for ensuring
accurate copying of the genetic material. Along the way, we
compare these processes in prokaryotes and eukaryotes. The
next section describes how damage to DNA is repaired, and
how regions of different DNA molecules are exchanged in
the process of recombination to generate new combinations
of traits in the individual organisms of a species. The final
section of the chapter presents basic information about
viruses, which, in addition to being significant pathogens,
are important model organisms for studying macromolecu-
lar synthesis and other cellular processes. Viruses have rela-
tively simple structures compared with cells, and small
genomes that made them tractable for historic early studies
of the basic processes of DNA replication, transcription,
translation, recombination, and gene expression. Viruses
continue to teach important lessons in molecular cell biology
today and have been adapted as experimental tools for
introducing any desired genes into cells, tools that are
currently being tested for their effectiveness in human gene
rnerapy.
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A FIGURE 4-1 Overview of four basic molecular genetic
processes. In this chapter we cover the three processes that lead to
production of proteins (n-B) and the process for replicating DNA
(4) Because viruses uti l ize host-cell machinery, they have been
important models for studying these processes During transcriptton
of a protein-coding gene by RNA polymerase (n), the four-base DNA
code specifying the amino acid sequence of a protein is copied, or
transcribed, into a precursor messenger RNA (pre-mRNA) by the
polymerization of ribonucleoside triphosphate monomers (rNTPs)
Removal of noncoding sequences and other modif ications to the
pre-mRNA (Z), collectively known as RIVA processing, produce a
functional mRNA, which is transported to the cytoplasm During

ff Structure of Nucleic Acids
DNA and RNA are chemically very similar. The primary

structures of both are linear polymers composed of monomers

called nucleotides. Both function primarily as informational
molecules, carrying information in the exact sequence of

their nucleotides. Cellular RNAs range in length from fewer

than one hundred to many thousands of nucleotides. Cellu-

lar DNA molecules can be as long as several hundred mill ion

nucleotides. These large DNA units in association with pro-

teins can be stained with dyes and visualized in the light

microscope as chromosomes, so named because of their

stainabil ity. Though chemically similar, DNA and RNA

exhibit some very important differences. For example, RNA

can also function as a catalytic molecule. As we'l l see, it is

RNA
vt rus

translation (B), the four-base code of the mRNA is decoded into the

2O-amino acid language of proteins Ribosomes, the macromolecular

machines that translate the mRNA code, are composed of two subunits

assembled in the nucleolus from ribosomal RNAs (rRNAs) and multiple

proteins (/eft). After transport to the cytoplasm, ribosomal subunits

associate with an mRNA and carry out protein synthesis with the help

of transfer RNAs (tRNAs) and various translation factors During DNA

replication (4), which occurs only in cells preparing to divide,

deoxyribonucleoside triphosphate monomers (dNTPs) are polymerized

to yield two identical copies of each chromosomal DNA molecule'

Each daughter cell receives one of the identical copies

the different and unique properties of DNA and RNA that

make them each suited for their specific roles in the cell'

A Nucle ic  Ac id Strand ls  a  L inear  Polymer

wi th End- to-End Direct ional i tY

In all organisms, DNA and RNA each comprise only four

different nucleotides. Recall from Chaptet 2 that all nu-

cleotides consist of an organic base linked to a five-carbon

sugar that has a phosphate group attached to carbon 5' In

RNA, the sugar is ribose; in DNA, deoxyribose (see Fig-
,r,re 2-16). The nucleotides used in synthesis of DNA and

RNA contain one of five different bases. The bases adenine

(A) and guanine (G) arepurines,whichcontainapaft of fused

rings; the bases cytosine (C), tbymine (T), and uracil (U) are
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A FIGURE 4-2 Chemical directionality of a nucleic acid strand.
Shown here are alternative representations of a single strand of DNA
containing only three bases: cytosine (C), adenine (A), and guanine (G)
(a) The chemical structure shows a hydroxyl group at the 3, end and
a phosphate group at the 5, end Note also that two phosphoester
bonds l ink adjacent nucleotides; this two-bond linkage commonly rs
referred to as a phosphodiester bond. (b) In the ,,stick,' diagram
(top), the sugars are indicated as vertical l ines and the phosphodiester
bonds as slanting l ines; the bases are denoted by their single_letter
abbreviations In the simplest representation (bottom), only the bases
are indicated By convention, a polynucleotide sequence ts atways
written in the 5'-+3' direction (left to righ0 unless otherwise indicated

pyrimidines, which contain a single ring (see Figue 2-17).
Three of these bases-A, G, and C-are found in both DNA
and RNA; however, T is found only in DNA, and U only in
RNA. (Note that the single-letter abbreviations for these
bases are also commonly used to denote the entire nucleotides
in nucleic acid polymers.)

A single nucleic acid strand has a backboae composed of
repeating pentose-phosphate units from which the purine
and pyrimidine bases extend as side groups. Like a poiypep-
tide, a nucleic acid strand has an end-to-end chemical oiien-

polynucleotide sequences are written and read in the 5'--+3,
direction (from left to right); for example, the sequence AUG
is assumed to be (5')AUG(3,). As we wil l see, the 5,_+3,
directionality of a nucleic acid strand is an important prop-
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erty of the molecule. The chemical linkage berween adjacent
nucleotides, commonly called a phosphodiester bond, actu-
ally consists of two phosphoester bonds, one on the 5, side
of the phosphate and another on the 3' side.

The linear sequence of nucleotides linked by phosphodi-
ester bonds constitutes the primary structure of nucleic acids.
Like polypeptides, polynucleotides can twist and fold into
three-dimensional conformations stabilized by noncovalent
bonds. Although the primary structures of DNA and RNA
are generally similar, their three-dimensional conformations
are quite different. These structural differences are critical to
the different functions of the two types of nucleic acids.

Nat ive DNA ls  a Double Hel ix  o f  Complementary
Ant ipara l le l  St rands
The modern era of molecular biology began in 1953 when
James D. 

'Watson 
and Francis H. C. Crick proposed that

DNA has a double-helical structure. Their proposal, based
on analysis of x-ray diffraction patterns generated by
Rosalind Franklin and Maurice Wilkins, and coupled with
careful model building, proved correct and paved the way
for our modern understanding of how DNA functions as the
genetic material.

DNA consists of two associated polynucleotide strands
that wind together to form a double helix. The two sugar-
phosphate backbones are on the outside of the double helix,
and the bases project into the interior. The adjoining bases in
each strand stack on top of one another in parallel planes
(Figure 4-3a). The orientation of the two strands is antipar-
allel; that is, their 5'-+3' directions are opposite. The strands
are held in precise register by formation of base pairs be-
tween the two strands: A is paired with T through two hy-
drogen bonds; G is paired with C through three hydrogen
bonds (Figure 4-3b). This base-pair complementarity is a
consequence of the size, shape, and chemical composition of
the bases. The presence of thousands of such hydrogen
bonds in a DNA molecule contributes greaiy to the stability
of the double helix. Hydrophobic and van der N7aals inter-
actions between the stacked adjacent base pairs further sta-
bilize the double-helical strucure.

In natural DNA, A always hydrogen bonds with T and
G with C, forming A.T and G.C base pairs, as shown in Fig-
ure 4-3b. These associations, always between a larger
purine and smaller pyrimidine are often called 

'\X/atson-

Crick base pairs. Two polynucleotide strands, or regions
thereof, in which all the nucleotides form such base pairs
are said to be complementary. However, in theory and in
synthetic DNAs, other base pairs can form. For example,
guanine (a purine) could theoretically form hydrogen bonds
with thymine (a pyrimidine), causing only a minor distor-
tion in the helix. The space available in the helix also would
allow pairing between the two pyrimidines cytosine and
thymine. Although the nonstandard G.T and C.T base pairs
are normally not found in DNA, G.U base pairs are quite
common in double-helical regions that form within other-
wise single-stranded RNA. Nonstandard base pairs do not
occur naturally in duplex DNA because the DNA copying
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< FIGURE 4-3 The DNA double helix. (a) Space-
fi l l ing model of B DNA, the most common form of
DNA in cells. The bases (l ight shades) project inward
from the sugar-phosphate backbones (dark red and
blue) of each strand, but their edges are accessible
through major and minor grooves. Arrows indicate
the 5'-+3' direction of each strand. Hydrogen bonds
between the bases are in the center of the structure
The major and minor grooves are l ined by potential
hydrogen bond donors and acceptors (highlighted

in yellow). (b) Chemical structure of DNA double
helix This extended schematic shows the two sugar-
phosphate backbones and hydrogen bonding between
the Watson-Crick base pairs, A T and G C. lPart (a) from
R Wing et al , 1 980, Nature 287i755: part (b) f rom R E
Dickerson, i983,5ci Am 249:941\ffi,
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enzyme, which is described later in this chapter, does not
permit them.

Most DNA in cells is a right-handed helix. The x-ray
diffraction pattern of DNA indicates that the stacked bases
are regularly spaced 0.34 nm apart along the helix axis. The
helix makes a complete turn every 3.4 nm; thus there are
about 10.1 pairs per turn. This is referred to as the B form of
DNA, the normal form present in most DNA stretches in
cells. On the outside of B form DNA, the spaces between the
intertwined strands form two helical grooves of different
widths described as the maior groove and the minor groove
(see Figure 4-3a). As a consequence, the atoms on the edges
of each base within these grooves are accessible from outside
the helix, forming two types of binding surfaces. DNA-binding
proteins can read the sequence of bases in duplex DNA by
contacting atoms in either the major or the minor grooves.

Other structures of DNA have been described in addition
to the major B form. Two of these are compared with B
DNA in Figure 4-4. Under laboratory conditions in which
most of the water is removed from DNA, the crystallo-
graphic structure of B DNA changes to the A form, which is

wider and shorter than B DNA, with base pairs tilted rather
than perpendicular to the helix axis. RNA-DNA and RNA-
RNA helices exist in this form in cells and in vitro. Short
DNA molecules composed of alternating purine-pyrimidine
nucleotides (especially G's and C's) adopt an alternative left-

handed helix configuration instead of the normal right-

handed helix. This structure is called Z DNA because the
bases seem to zigzag when viewed from the side. Some evi-
dence suggests that Z DNA may occur in cells, although its

function is unknown.

,1oo
3',

By far, the most important modifications in the structure

of standard B form DNA come about as a result of protein

binding to specific DNA sequences. Although the multitude

of hydrogen and hydrophobic bonds between the bases pro-

vide stability to DNA, the double helix is flexible about

its long axis. Unlike the ct helix in proteins (see Figure 3-4)'

9Hz

(b )A  DNA

A FIGURE 4-4 Models of various known DNA structures. The

sugar-phosphate backbones of the two strands, which are on the

outsrde in all structures, are shown in red and blue; the bases (l ighter

shades) are oriented inward (a) The B form of DNA has :10.1 base

pairs per helical turn. Adjacent stacked base pairs are 0.34 nm apart'
(b) The more compact A form of DNA has 1 1 base pairs per turn and

exhibits a large ti l t of the base pairs with respect to the helix axis
(c) Z DNA is a left-handed double helix

5 ' C H 2
5',

(a)  B DNA (c )Z  DNA
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  FIGURE 4-5 Protein interaction can bend DNA. The conserved
C-terminal domain of the TATA box-binding protein (TBp) binds to
the minor groove of specific DNA sequences rich in A and l, untwisting
and sharply bending the double helix Transcription of most eukaryotic
genes requires participation of TBP lndapted from D B Nikolov and S K
Burley,1997, Proc Nat' lAcad Sci U5A94:151

there are no hydrogen bonds parallel to the axis of the DNA
helix. This properry allows DNA to bend when complexed
with a DNA-binding protein (Figure 4-5). Bending of DNA
is critical to the dense packing of DNA in chromatin, the
protein-DNA complex in which nuclear DNA occurs rn eu-
karyotic cells (Chapter 6).

\fhy did DNA evolve to be the carrier of genetic informa-
tion in cells as opposed to RNA? The hydrogen at the 2' posi-
tion in the deoxyribose of DNA makes it a far more stable
molecule than RNA, which instead has a hydroxyl group
at the 2' position of ribose (See Figure 2-16).The 2'-hydroxyl
groups in RNA participate in the sloq OH--catalyzed hydrol-
ysis of phosphodiester bonds at neutral pH (Figure 4-6).The
absence of 2'-hydroxyl groups in DNA prevents this process.
Therefore, the presence of deoxyribose in DNA makes it a
more stable molecule-a characteristic critical to its function
in the long-term storage of genetic information.

DNA Can Undergo Revers ib le  Strand Separat ion
During replication and transcription of DNA, the strands
of the double helix must separate to allow the internal
edges of the bases to pair with the bases of the nucleotides
being polymerized into new polynucleotide chains. In later
sections, we describe the cellular mechanisms that separate
and subsequently reassociate DNA strands during replica-
tion and transcription. Here we discuss fundamental
factors influencing the separation and reassociation of
DNA strands. These properties of DNA were elucidated by
in vitro expenments.

The unwinding and separation of DNA strands, referred
to as denaturation, or "melting," can be induced experi-
mentally by increasing the temperature of a solution of
DNA. As the thermal energy increases, the resulting
increase in molecular motion eventually breaks the hydro-
gen bonds and other forces that stabil ize the double helix;
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  FIGURE 4-6 Base-catalyzed hydrolysis of RNA. The 2,-hydroxyl
group in RNA can act as a nucleophile, attackinq the phosohodiester
bond The 2' ,3' cyclic monophosphate derivative is further hydrolyzed
to a mixture of 2' and 3' monophosphates This mechantsm of

phosphodiester bond hydrolysis cannot occur in DNA, which lacks 2,
hydroxyl groups lAdapted from Nelson et al , Lehninger principles of
Biochemistry,4th ed , W H Freeman and Company.l
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  EXPERIMENTAL FIGURE 4-7 G.C content of DNA affects
melting temperature. The temperature at which DNA denatures
increases with the proportion of G.C pairs (a) Melting of doubled-
stranded DNA can be monitored by the absorption of ultraviolet
l ight at 260 nm. As regions of double-stranded DNA unpair, the
absorption of l ight by those regions increases almost twofold The

the strands then separate, driven apart by the electrostatic
repulsion of the negatively charged deoxyribose-phosphate
backbone of each strand. Near the denaturation tempera-
ture, a small increase in temperature causes a rapid, near
simultaneous loss of the multiple weak interactions holding
the strands together along the entire length of the DNA
molecules. Because the stacked base pairs in duplex DNA
absorb less ultraviolet (UV) l ight than the unstacked bases
in single-stranded DNA, this leads to an abrupt increase in
the absorption of UV light, a phenomenon known as hyper-
chr omicity (F igure 4 -7 a).

The mebing temperature (T-) at which DNA strands
will separate depends on several factors. Molecules that con-
tain a greater proportion of G'C pairs require higher tem-
peratures to denature because the three hydrogen bonds in
G'C pairs make these base pairs more stable than A'T pairs,
which have only two hydrogen bonds. Indeed, the percent-
age of G'C base pairs in a DNA sample can be estimated
from its T- (Figure 4-7b\.The ion concentration also influ-
ences the T- because the negatively charged phosphate
groups in the two strands are shielded by positively charged
ions. When the ion concentration is low, this shielding is de-
creased, thus increasing the repulsive forces between the
strands and reducing the T-. Agents that destabilize hydrogen
bonds, such as formamide or urea, also lower the 7-.
Finalln extremes of pH denature DNA at low temperature.
At low (acid) pH, the bases become protonated and thus
positively charged, repelling one another. At high (alkaline)

pH, the bases lose protons and become negatively charged,
again repelling one another because of the similar charge. In
cells, pH and temperature are, for the most part, maintained.
These features of DNA separation are most useful for
manipulating DNA in a laboratory setting.

The single-stranded DNA molecules that result from
denaturation form random coils without an organized

"  l o  80  90  1oo  110

r- (.c)
temperature at which half the bases in a double-stranded DNA
sample have denatured is denoted I ' (for "temperature of melting")

Light absorption by single-stranded DNA changes much less as the

temperature is increased (b) The I. is a function of the G'C content

of the DNA; the higher the G+C percentage, the greater the I.

structure. Lowering the temperature, increasing the ion

concentration, or neutralizing the pH causes the two

complementary strands to reassociate into a perfect double

helix. The extent of such renaturation is dependent on time,

the DNA concentration, and the ionic concentration. Two

DNA strands not related in sequence will remain as random

coils and will not renature; most importantly, they will not

inhibit complementary DNA partner strands from finding

each other and renaturing. Denaturation and renaturation

of DNA are the basis of nucleic acid hybridization, a pow-

erful technique used to study the relatedness of two DNA

samples and to detect and isolate specific DNA molecules in

a mixture containing numerous different DNA sequences

(see Figure 5-16) .

Torsional Stress in DNA ls Relieved by Enzymes

Many prokaryotic genomic DNAs and many viral DNAs are

circular molecules. Circular DNA molecules also occur in

mitochondria, which are present in almost all eukaryotic

cells, and in chloroplasts, which are present in plants and

some unicellular eukaryotes'
Each of the two strands in a circular DNA molecule

forms a closed structure without free ends' Localized

unwinding of a circular DNA molecule, which occurs dur-

ing DNA replication, induces torsional stress into the re-

maining portion of the molecule because the ends of the

strands are not free to rotate. As a result, the DNA molecule

twists back on itself, like a twisted rubber band, forming

supercoils (Figure 4-8a). In other words, when part of the

DNA helix is underwound, the remainder of the molecule

becomes overwound. Bacterial and eukaryotic cells, how-

ever, contain topoisomerase .I, which can relieve any tor-

sional stress that develops in cellular DNA molecules during

replication or other processes. This enzyme binds to DNA

9080
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(a) Supercoi led (b) Relaxed circle < EXPERIMENTAT FIGURE 4-8 Topoisomerase I
relieves torsional stress on DNA. (a) Electron
micrograph of SV40 viral DNA. When the circular
DNA of the SV40 virus is isolated and seoarated
from its associated protein, the DNA duplex is
underwound and assumes the supercoiled config-
uration. (b) lf a supercoiled DNA is nicked (i e.,
one strand cleaved), the strands can rewind,
leading to loss of a supercoil. Topoisomerase I
catalyzes this reaction and also reseals the broken
ends All the supercoils in isolated SV40 DNA can
be removed by the sequential action of this enzyme,
producing the relaxed-circle conformation For
clarity, the shapes of the molecules at the bottom
have been simplif ied

at random sites and breaks a phosphodiester bond in one
strand. Such a one-strand break in DNA is called a nick.
The broken end then unwinds around the uncut strand,
leading to loss of supercoils (Figure 4-8b). FinallS the same
enzyme joins (l igates) the two ends of the broken strand.
Another type of enzyme, topoisomerase 11, makes breaks in
both strands of a double-stranded DNA and rhen religates
them. As a result, topoisomerase II can both relieve tor-
sional stress and link together two circular DNA molecules
as in  the I inks of  a chain.

Although eukaryotic nuclear DNA is linear, long loops of
DNA are fixed in place within chromosomes (Chapter 6).
Thus torsional stress and the consequent formation of su-
percoils also could occur during replication of nuclear DNA.
As in bacterial cells, abundant topoisomerase I in eukaryotic
nuclei relieves any torsional stress in nuclear DNA that
would develop in the absence of this enzyme.

Different Types of RNA Exhibit Various
Conformations Related to Their Functions
The primary structure of RNA is generally similar to that of
DNA with two exceptions: the sugar component of RNA,
ribose, has a hydroxyl group at the 2, position (see Fig-
ure 2-16b), and thymine in DNA is replaced by uracil in
RNA. The presence of thymine rarher rhan uracil in DNA is
important to the long-term stability of DNA because of its
function in DNA repair (see Section 4.6). As noted earlier,
the hydroxyl group on C2 of ribose makes RNA more chem-
ically labile than DNA. As a result of this labilitS RNA is
cleaved into mononucleotides by alkaline solution (see
Figure 4-6), whereas DNA is not. The C2 hydroxyl of RNA
also provides a chemically reactive group that takes part in

RNA-mediated catalysis. Like DNA, RNA is a long polynu-
cleotide that can be double-stranded or single-stranded,
linear or circular. It can also participate in a hybrid helix
composed of one RNA strand and one DNA strand. As
discussed above, RNA-RNA and RNA-DNA double helices
have a compact conformation like the A form of DNA (see
Figure 4-4b).

Unlike DNA, which exists primarily as a very long dou-
ble helix, most cellular RNAs are single-stranded and
exhibit a vaiety of conformations (Figure 4-9). Differences
in the sizes and conformations of the various types of RNA
permit them to carry out specific functions in a cell. The
simplest secondary structures in single-stranded RNAs are
formed by pairing of complementary bases within a linear
sequence. "Hairpins" are formed by pairing of bases within
:5-10 nucleotides of each other, and "stem-loops" by pair-
ing of bases that are separated by >10 to several hundred
nucleotides. These simple folds can cooperate to form more
complicated tertiary structures, one of which is termed a
"pseudoknot. "

As discussed in detail later, IRNA molecules adopt a
well-defined three-dimensional architecture in solution
that is crucial in protein synthesis. Larger rRNA molecules
also have locally well-defined three-dimensional struc-
tures, with more flexible l inks in between. Secondary and
tertiary structures also have been recognized in mRNA,
particularly near the ends of molecules. Clearly, then,
RNA molecules are l ike proteins in that they have struc-
tured domains connecred by less structured, f lexible
stretches.

The folded domains of RNA molecules not only are
structurally analogous to the a helices and B strands found
in proteins, but in some cases also have catalytic capacities.
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A FIGURE 4-9 RNA secondary and tertiary structures. (a) Stem-
loops, hairpins, and other secondary structures can form by base
pairing between distant complementary segments of an RNA molecule.
In stem-loops, the single-stranded loop between the base-paired
helical stem may be hundreds or even thousands of nucleotrdes
long, whereas in hairpins, the short turn may contain as few as four
nucleotides. (b) Pseudoknots, one type of RNA tertiary structure, are
formed by interaction of secondary loops through base pairing
between complementary bases The structure shown forms the core
domain of the human telomerase RNA lefti Secondary-structure
diagram with base-paired nucleotides in green and blue and single-
stranded regions in red. Middle: Sequence of the telomerase RNA
core domain, colored to correspond to the secondary-structure diagram
at the left. R/ghti Diagram of the telomerase core domain structure
determined by 2D-NMR, showing base-paired bases only and a tube
for the sugar-phosphate backbone, colored to correspond to the
diagrams to the left [Part (b), middle and right, adapted from C A Theimer
et al , 2005, Mol Cell 17:671]l

Such catalytic RNAs are called ribozymes. Although ri-
bozymes usually are associated with proteins that stabilize
the ribozyme structure, it is the RNA that acts as a catalyst.
Some ribozymes can catalyze splicing, a remarkable process
in which an internal RNA sequence is cut and removed, and
the two resulting chains then ligated. This process occurs
during formation of the majority of functional mRNA
molecules in multicellular eukaryotes, and also occurs in sin-
gle-celled eukaryotes such as yeast, bacteria, and archaea.
Remarkably, some RNAs carry out self-splicing, with the
catalytic activity residing in the sequence that is removed.
The mechanisms of splicing and self-splicing are discussed in
detail in Chapter 8. As noted later in this chapter, rRNA
plays a catalytic role in the formation of peptide bonds dur-
ing protein synthesis.

In this chapter, we focus on the functions of mRNA,

tRNA, and rRNA in gene expression. In later chapters we

will encounter other RNAs, often associated with proteins'

that participate in other cell functions.

Structure of Nucleic Acids

r Deoxyribonucleic acid (DNA), the genetic material, car-

ries information to specify the amino acid sequences of

proteins. It is transcribed into several types of ribonucleic

acid (RNA), including messenger RNA (mRNA), transfer

RNA (IRNA), and ribosomal RNA (rRNA), which func-

tion in protein synthesis (see Figure 4-1).

r Both DNA and RNA are long' unbranched polymers of

nucleotides, which consist of a phosphorylated pentose

linked to an organic base, either a purine or pyrimidine'

The purines adenine (A) and guanine (G) and the pyrim-

ine cytosine (C) are present in both DNA and RNA. The

pyrimidine thymine (T) present in DNA is replaced by the

pyrimidine uracil (U) in RNA.

r Adiacent nucleotides in a polynucleotide are linked by

phosphodiester bonds. The entire strand has a chemical

directionality with 5' and 3' ends (see Figwe 4-2).

r Natural DNA (B DNA) contains two complementary

antiparallel polynucleotide strands wound together into a

regular right-handed double helix with the bases on the

inside and the two sugar-phosphate backbones on the

outside (see Figure 4-3). Base pairing between the strands

and hydrophobic interactions between adjacent base

pairs stacked perpendicular to the helix axis stabilize this

natlve structure.

r The bases in nucleic acids can interact via hydrogen

bonds. The standard Watson-Crick base pairs are G'C,

A.T (in DNA), and G'C, A'U (in RNA). Base pairing stabi-

lizes the native three-dimensional structures of DNA and

RNA.

r Binding of protein to DNA can deform its helical struc-

ture, causing local bending or unwinding of the DNA

molecule.

r Heat causes the DNA strands to separate (denature). The

melting temperature 7- of DNA increases with the percent-

age of G'C base pairs. Under suitable conditions, separated

complementary nucleic acid strands will renature.

r Circular DNA molecules can be twisted on themselves'

forming supercoils (see Figure 4-8). Enzymes called

topoisomerases can relieve torsional stress and remove su-

percoils from circular DNA molecules' Long linear DNA

ian also experience torsional stress because long loops are

fixed in place within chromosomes'

r Cellular RNAs are single-stranded polynucleotides,

some of which form well-defined secondary and tertiary

structures (see Figure 4-9). Some RNAs, called ribozymes'

have catalytic activitY.

Stem-loop
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@ Transcription of Protein-Coding
Genes and Formation of Functional
mRNA
The simplest definit ion of a gene is a "unir of DNA that
contains the information to specify synthesis of a single
polypeptide chain or functional RNA (such as a IRNA)."
The DNA molecules of small viruses contain only a few
genes, whereas the single DNA molecule in each of the
chromosomes of higher animals and plants may contain
several thousand genes. The vast maiority of genes carry rn-
formation to build protein molecules, and it is the RNA
copies of such protein-coding genes that constitute the
mRNA molecules of cells.

During synthesis of RNA, the four-base language of
DNA containing A, G, C, and T is simply copied, or tran-
scribed, into the four-base language of RNA, which is iden-
tical except that U replaces T. In contrast, during protein
synthesis, the four-base language of DNA and RNA is
translated into the 20-amino acid language of proteins. In
this section, we focus on formation of functional mRNAs
from protein-coding genes (see Figure 4-1, A). A similar
process yields the precursors of rRNAs and tRNAs
encoded by rRNA and IRNA genes; these precursors are
then further modified to yield functional rRNAs and
tRNAs. In addition, thousands of recently discovered
micro RNAs (miRNAs) that function ro resulare transla-
t ion of  speci f ic  target  mRNAs and r ranscr ipt - ion of  speci f ic
target genes are transcribed into precursors by RNA poly-
merases and processed into functional miRNAs. Transcrip-
tion and processing of these other types of RNA is dis-
cussed in Chapter 8. Regulation of transcription allows
distinct sets of genes to be expressed in the many different
types of cells that make up a multicellular organism. It also
allows different amounrs of mRNA to be transcribed from
different genes, resulting in differences in the amounts of
the encoded proteins in a cell. Regulation of transcription
is addressed in Chapter 7.

A Template DNA Strand ls Transcribed into a
Complementary RNA Chain by RNA polymerase

During transcription of DNA, one DNA strand acs as a
template, determining the order in which ribonucleoside
triphosphate (rNTP) monomers are polymerized to form a
complementary RNA chain. Bases in the template DNA
strand base-pair with complementary incoming rNTps,
which then are joined in a polymerization reaction catalyzed
by RNA polymerase. Polymerization involves a nucleophilic
attack by the 3' oxygen in the growing RNA chain on the ct
phosphate of the next nucleotide precursor to be added,
resulting in formation of a phosphodiester bond and release
of pyrophosphate (PP;). As a consequence of this mecha-
nism, RNA molecules are always synthesized in the 5,-+3,
direction (Figure 4-10a).

The energetics of the polymerization reaction strongly
favor addition of ribonucleotides to the growing RNA
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chain because the high-energy bond between the cr and B
phosphate of rNTP monomers is replaced by the lower-energy
phosphodiester bond between nucleotides. The equil ibrium
for the reaction is driven farther toward chain elongation by
pyrophosphatase, an enzyme that catalyzes cleavage of the
released PP; into two molecules of inorganic phosphate.
Like the two strands in DNA, the template DNA strand and
the growing RNA strand that is base-paired to it have
opposite 5'-+3' directionality.

By convention, the site on the DNA at which RNA
polymerase begins transcription is numbered *1. Down-
stream denotes the direction in which a template DNA
strand is transcribed; upstream denotes the opposite direc-
tion. Nucleotide positions in the DNA sequence down-
stream from a start site are indicated by a positive (+)
sign; those upstream, by a negative (- ) sign. Because RNA
is synthesized 5'-+3', RNA polymerase moves down the
template DNA strand in a 3'-+5' direction. The newly
synthesized RNA is complementary to the template DNA
strand; therefore, it is identical with the nontemplate
DNA strand, except with uracil in place of thymine (see
Figure 4-10b).

Stages in Transcription To carry out transcription, RNA
polymerase performs several distinct functions, as depicted
in Figure 4-11. During transcription initiation, RNA poly-
merase recognizes and binds to a specific site, called a pro-
moter, in double-stranded DNA (step [). RNA polymerases
require various protein factors, called general transcription
factors, to help them locate promoters and initiate transcrip-
tion. After binding to a promoter, RNA polymerase sepa-
rates the DNA strands in order to make the bases in the tem-
plate strand available for base pairing with the bases of the
ribonucleoside triphosphates that it will polymerize rogether.
RNA polymerases melt 12-t4base pairs of DNA around the
transcription start site, which is located on the template
strand within the promoter region (step [). This allows the
template strand to enter the active site of the enzyme that
catalyzes phosphodiester bond formation between ribonu-
cleoside triphosphates that are complementary to the pro-
moter template strand at the start site of transcription. The
12-14-base-pair region of melted DNA in the polymerase is
known as the "transcription bubble." Transcription initia-
tion is considered complete when the first two ribonu-
cleotides of an RNA chain are linked by a phosphodiester
bond (step S).

After several ribonucleotides have been polymerized,
RNA polymerase dissociates from the promoter DNA and
general transcription factors. During the stage of strand elon-
gation, RNA polymerase moves along the template DNA one
base at a time, opening the double-stranded DNA in front of
its direction of movement and guiding the strands together so
that they hybridize at the upstream end of the transcriprion
bubble (Figure 4-11, step @). One ribonucleotide at a time is
added to the 3' end of the growing (nascent) RNA chain
during strand elongation by the polymerase. The enzyme
maintains a melted region of approximately 1.4 base pairs,
the transcription bubble. Approximately eight nucleotides at



( a ) the 3' end of the growing RNA strand remain base-paired to

the template DNA strand in the transcription bubble. The

elongation complex, comprising RNA polymerase, template

DNA, and the growing (nascent) RNA strand, is extraordi-

narily stable. For example, RNA polymerase transcribes the

longest known mammalian gene, containing about 2 million

base pairs, without dissociating from the DNA template or

releasing the nascent RNA. Since RNA synthesis occurs at a

rate of about 1000 nucleotides per minute at 37 "C, the elon-

gation complex must remain intact for more than 24 hours

to assure continuous RNA synthesis of the pre-mRNA from

this very long gene.
During transcription termination, the final stage in RNA

synthesis, the completed RNA molecule, or primary transcript,

is released from the RNA polymerase, and the polymerase

dissociates from the template DNA (Figure 4-11, step El).
Specific sequences in the template DNA signal the bound

RNA polymerase to terminate transcription. Once released,

< FIGURE 4-10 RNA is synthesized 5'-+3'. (a) Polymerization of

ribonucleotides by RNA polymerase during transcription The ribonu-

cleotide to be added at the 3' end of a growing RNA strand is

specified by base-pairing between the next base in the template DNA

strand and the complementary incoming ribonucleoside triphosphate
(rNTP) A phosphodiester bond is formed when RNA polymerase

catalyzes a reaction between the 3' O of the growing strand and the

cr phosphate of a correctly base-paired rNTP RNA strands always are

synthesized in the 5'--+3'direction and are opposite in polarity to

their template DNA strands (b) Conventions for describing RNA

transcription lop: The DNA nucleotide where RNA polymerase

begins transcription is designated + 1. The direction the polymerase

travels on the DNA is "downstream," and bases are marked with
positive numbers. The opposite direction is "upstream," and bases

are noted with negative numbers Some important gene features l ie

upstream of the transcription start site, including the promoter

sequence that localizes RNA polymerase to the gene (Bottom) The

DNA strand that is being transcribed is the template strand; its

complement, the nontemplate strand. The RNA being synthesized is

complementary to the template strand, and therefore identical with

the nontemplate strand sequence, except with uracil in place of

thymine [Part (b) adapted from Griffiths er al , Modern Genetic Analysis,

2d ed .  W H Freeman and ComPanYl
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Focus Animation: Basic Transcriptional Mech"n,rr {l l l

RNA polymerase Start site
on template
strand

Stop site
on template
strandINITIATION

I Polymerase binds to
promoter sequence
in duplex DNA.
"Closed complex"

I Polymerase melts
duplex DNA near 5f
transcription start site, 3,
forming a transcription
bubble. "Ooen
comolex"

5',

5',
e '

p Polymerase catalyzes
phosphodiester linkage
of two initial rNTPs.

5',

Promoter

ELONGATION

I Polymerase advances
3'+ 5'down template
strand, melt ing duplex
DNA and adding rNTps
to growing RNA.

TERMINATION

! At transcription stop site,
polymerase releases
completed RNA and
dissociates from DNA.

5',

3',

Completed
RNA strand

< FIGURE 4-11 Three stages in transcription.
During init iation of transcription, RNA polymerase
forms a transcription bubble and begins polymerization
of ribonucleotides (rNTPs) at the start site, which is
located within the promoter region. Once a DNA
region has been transcribed, the separated strands
reassociate into a double helix. The nascent RNA is
displaced from its template strand except at its 3'
end. The 5' end of the RNA strand exits the RNA
polymerase through a channel in the enzyme. Termi-
nation occurs when the polymerase encounters a
specific termination sequence (stop site) See the text
for details For simplicity, the diagram depicts transcrip-
tion of four turns of the DNA helix encoding =40
nucleotides of RNA. Most RNAs are considerably longer,
requiring transcription of a longer region of DNA

Organization of Genes Differs in Prokaryotic
and Eukaryot ic  DNA
Having outl ined the process of transcription, we now
briefly consider the large-scale arrangement of informa-
tion in DNA and how this arrangement dictates the re-
quirements for RNA synthesis so that information transfer
goes smoothly. In recent years, sequencing of the entire
genomes from several organisms has revealed not only
large variations in the number of protein-coding genes but
also differences in their organization in prokaryotes and
eukaryotes.

The most common arrangement of protein-coding genes
in all prokaryotes has a powerful and appealing logic: genes
encoding proteins that function together, for example, the
enzymes required to synthesize the amino acid tryptophan,
are most often found in a contiguous array in the DNA. Such
an arrangement of genes in a functional group is called an
operon because it operates as a unit from a single promoter.
Transcription of an operon produces a continuous strand of

an RNA polymerase is free to transcribe the same gene again
or another gene.

Structure of RNA Polymerases The RNA polymerases
of bacteria, archaea, and eukaryotic cells are fundamentally
similar in structure and function. Bacterial RNA
polymerases are composed of two related large subunits (B,
and B), two copies of a smaller subunit (cr), and one copy of
a fifth subunit (o) that is not essential for transcription or
cell viability but stabilizes rhe enzyme and assisrs in the as-
sembly of its subunits. Archaeal and eukaryotic RNA poly-
merases have several additional small subunits associated
with this core complex, which we describe in Chapter 7.
Schematic diagrams of the transcription process generally
show RNA polymerase bound to an unbent DNA molecule,
as in Figure 4-11. However, X-ray crystallography and
other studies of an elongating bacterial RNA poiymerase
indicate that the DNA bends at rhe transcription bubble
(Figwe 4-12).
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( a )

(b ) B subunit. .r

B ' s u b u n i t /

n  s u b u n i t

A FIGURE 4-12 Bacterial RNA polymerase. This structure corre-
sponds to the polymerase molecule in the elongation phase (step 4)
of Figure 4-11 ln these diagrams, transcriptton is proceeding in the
leftward direction Arrows indicate where downstream DNA enters
the polymerase and upstream DNA exits at an angle from the down-
stream DNA; the coding strand is red, the noncoding strand blue,
nascent RNA green The RNA polymerase B' subunit is gold, B is l ight
gray, and the o subunit visible from this angle is brown In (a) a
space-fi l l ing model of the elongation complex is vrewed from an
angle that emphasizes the bend in the DNA as it passes through the
polymerase The elongation complex is rotated in (b) as shown, and
proteins are made largely transparent to reveal the structure of the
transcription bubble inside the polymerase that is not visible in the
space-fi l l ing model Nucleotides complementary to the template DNA
are added to the 3'-end of the nascent RNA strand (at the left) The
newly synthesized nascent RNA exits the polymerase at the bottom
through a channel  formed between the B and B'subuni ts  The t r
subunit and the other cr subunit are visible from this angle [Courtesy
of Seth Darst ;  see N Korzheva et  a l  ,  2000, Science289,619-625, and N

Opalka et al , 2003, Cell'114:335-345 I

mRNA that carries the message for a related series of proteins

(Figure 4-13a). Each section of the mRNA represents the

unit (or gene) that encodes one of the proteins in the series.

This arrangement results in the coordinate expression of aIl

the genes in the operon. Every time an RNA polymerase

molecule init iates transcription at the promoter of the

operon, all the genes of the operon are transcribed and trans-

lated. In prokaryotic DNA the genes are closely packed with

very few noncoding gaps, and the DNA is transcribed di-

rectly into mRNA. Because DNA is not sequestered in a nu-

cleus in prokaryotes, ribosomes have immediate access to

the translation start sites in the mRNA as they emerge from

the surface of the RNA polymerase. Consequently, transla-

t ion of  the mRNA begins even whi le  the 3 'end of  the

mRNA is sti l l  being synthesized at the active site of the

RNA polymerase.
This economic clustering of genes devoted to a single

metabolic function does not occur in eukaryotes, even sim-

ple ones like yeasts, which can be metabolically similar to

bacteria. Rather, eukaryotic genes encoding proteins that

function together are most often physically separated in the

DNA; indeed such genes usually are located on different

chromosomes. Each gene is transcribed from its own pro-

moter, producing one mRNA, which generally is translated

to yield a single polypeptide (Figure 4-13b).

When researchers first compared the nucleotide se-

quences of eukaryotic mRNAs from multicellular organ-

isms with the DNA sequences encoding them, they were

surprised to find that the uninterrupted protein-coding

sequence of a given mRNA was discontinuous in its corre-

sponding section of DNA. They concluded that the eukary-

otic gene existed in pieces of coding sequence, the exons,

separated by non-protein-coding segments' the introns.

This astonishing finding implied that the long init ial pri-

mary transcript-the RNA copy of the entire transcribed

DNA sequence-had to be clipped apatt to remove the in-

trons and then carefully stitched back together to produce

eukaryotic mRNAs.
Although introns are common in multicellular eukary-

otes, they are extremely rare in bacteria and archaea and un-

common ln many unicellular eukaryotes such as baker's

yeast. However, introns are present in the DNA of viruses

that infect eukaryotic cells. Indeed, the presence of introns

was first discovered in such viruses, whose DNA is tran-

scribed by host-cell enzymes.

Eukaryotic Precursor mRNAs Are Processed
to Form Funct ional  mRNAs

In prokaryotic cells, which have no nuclei, translation of an

mRNA into protein can begin from the 5' end of the mRNA

even while the 3' end is still being synthesized by RNA poly-

merase, In other words, transcription and translation occur

concurrently in prokaryotes. In eukaryotic cells, however,

not only is the site of RNA synthesis-the nucleus-

separated from the site of translation-the cytoplasm-but

also the primary transcripts of protein-coding genes are

precursor mRNAs (pre-mRNAs) that must undergo several
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B-a
  FIGURE 4-13 Gene organization in prokaryotes and
eukaryotes. (a) The tryptophan (trp) operon is a continuous
segment of the E. coli chromosome, containing five genes (blue)
that encode the enzymes necessary for the stepwise synthesis of
tryptophan The entire operon is transcribed from one promoter into
one long continuous frp mRNA (red) Translation of this mRNA begins
at f ive different start sites, yielding frve proteins (green) The order of
the genes in the bacterial genome parallels the sequential function of

modifications, collectively termed RNA processing, to yield
a functional mRNA (see Figure 4-I,2). This mRNA then
must be exported to the cytoplasm before it can be trans-
lated into protein. Thus transcription and translation cannot
occur concurrently in eukaryotic cells.

All eukaryotic pre-mRNAs initially are modified at the
two ends, and these modifications are retained in mRNAs.
As the 5' end of a nascent RNA chain emerges from the
surface of RNA polymerase, it is immediately acted on
by several enzymes that together synthesize the 5, cap, a
7-methylguanylate that is connected to the terminal nu-

Processing at the 3' end of a pre-mRNA involves cleav-
age by an endonuclease to yield a free 3,-hydroxyl group to
which a string of adenylic acid residues is added orr. ut 

"time by an enzyme called poly(A) polymerase. The result-
ing poly(A) tail contains 100-250 bases, being shorter in

(b) Eukaryotes
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Kb TRP| TRP4
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the encoded proteins in the tryptophan pathway. (b) The five genes
encoding the enzymes required for tryptophan synthesis in yeast
(Saccharomyces cerevisiae) are carried on four different chromosomes
Each gene is transcribed from its own promoter to yield a primary
transcript that is processed into a functional mRNA encoding a
single protein. The lengths of the various chromosomes are qiven in
kilobases (1 03 bases)

yeasts and invertebrates than in vertebrates. Poly(A) poly-
merase is part of a complex of proteins that can locate and
cleave a transcript at a specific site and then add the correct
number of A residues, in a process that does not require a
template.

The final step in the processing of many different eu-
karyotic mRNA molecules is RNA splicing: the internal
cleavage of a transcripr to excise the introns, followed by lig-
ation of the coding exons. Figure 4-15 summarizes the basic
steps in eukaryotic mRNA processing, using the B-globin
gene as an example. rJTe examine the cellular machinery for
carrying out processing of mRNA, as well as IRNA and
rRNA, in Chapter 8.

The functional eukaryotic mRNAs produced by RNA
processing retain noncoding regions, referred to as 5' and 3,
wntranslated regions (UTRs), at each end. In mammalian
mRNAs, the 5' UTR may be a hundred or more nucleotides
long, and the 3'UTR may be several kilobases in length.
Prokaryotic mRNAs also usually have 5' and 3' UTRs, but
these are much shorter than those in eukaryotic mRNAs.
generally containing fewer than 10 nucleotides.
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7-Methylguanylate

< FIGURE 4-14 Structure of the 5' methylated cap' The distin-
guishing chemical features of the 5' methylated cap on eukaryotic
mRNA are (1) the 5'-+5' l inkage of 7-methylguanylate to the init ial
nucleotide of the mRNA molecule and (2) the methyl group on the 2'
hydroxyl of the ribose of the first nucleotide (base 1 ) Both these fea-
tures occur in all animal cells and in cells of higher plants; yeasts lack
the methyl group on nucleotide 1 The ribose of the second nucleotide
(base 2) also is methylated in vertebrates [SeeA J Shatkin, 1976,Cell
9:645 I

Al ternat ive RNA Spl ic ing Increases
the Number of Proteins Expressed
from a Single Eukaryot ic  Gene

In contrast to bacterial and archaeal genes, the vast majority

of genes in higher, multicellular eukaryotes contain multiple

introns. As noted in Chapter 3' many proteins from higher

eukaryotes have a multidomain tertiary structure (see Figure

3-11). Individual repeated protein domains often are en-

coded by one exon or a small number of exons that code for

identical or nearly identical amino acid sequences' Such re-

peated exons are thought to have evolved by the accidental

multiple duplication of a length of DNA lying between two

sites in adiacent introns, resulting in insertion of a string of

repeated exons) separated by introns, between the original

two introns. The presence of multiple introns in many eu-

karyotic genes permits expression of multiple' related pro-

teins from a single gene by means of alternative splicing. In

higher eukaryotes, alternative splicing is an important mech-

anism for production of different forms of a protein' called

isoforms, by different types of cells'
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illll} overview Animation: Life le of an mRNA

> FIGURE 4-15 Overview of RNA processing. RNA processing
produces functional mRNA in eukaryotes. The B-globin gene contains
three protein-coding exons (constituting the coding region, red) and
two intervening noncoding introns (blue) The introns interrupt the
protein-coding sequence between the codons for amino acids 31 and
32 and 1 05 and 1 06. Transcription of eukaryotic protein-coding genes
starts before the sequence that encodes the first amino acid and
extends beyond the sequence encoding the last amino acid, resulting
in noncoding regions (gray) at the ends of the primary transcript. These
untranslated regions (UTRs) are retained during processing. The 5' cap
(mtGppp) is added during formation of the primary RNA transcript,
which extends beyond the poly(A) site After cleavage at the poly(A)
site and addition of multiple A residues to the 3' end, splicing removes
the introns and joins the exons. The small numbers refer to positions
in the 147-amino acid sequence of B-globin.
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Fibronec t in  gene

F ibrob las t
f ib ronec t in  mRNA

Hepatocyte
f ibronectin mRNA

A FIGURE 4-16 Alternative splicing. The =75-kb fibronectin gene
(fop) contains multiple exons; splicing of frbronectin varies by cell
type The Ell lB and Ell lA exons (green) encode binding domains for
specific proteins on the surface of f ibroblasts. The fibronectin mRNA

Fibronectin, a multidomain protein found in mammals,
provides a good example of alternative splicing (Figure 4-16).
Fibronectin is a long, adhesive protein secreted into the ex-
tracellular space thar can bind other proteins together. \7hat
and where it binds depends on which domains are spliced to-
gether. The fibronectin gene contains numerous exons,
grouped into several regions corresponding to specific
domains of the protein. Fibroblasts produce fibronectin
mRNAs that contain exons EIIIA r.rd EtIIn; these exons
encode amino acid sequences that bind tightly to proteins
in the fibroblast plasma membrane. Consequently, this fi-
bronectin isoform adheres fibroblasrs to the extiacellular
matrix. Alternative splicing of the fibronectin primary tran-
script in hepatocytes, the major type of cell in the liver, yields
mRNAs that lack the EIIIA and EIIIB exons. As a result, the
fibronectin secreted by hepatocyres into the blood does not
adhere tightly to fibroblasts or most other cell types, allow-
ing it to circulate. During formation of blood clots, however,
the fibrin-binding domains of hepatocyte fibronectin binds
to fibrin, one of the principal constituents of clots. The
bound fibronectin then interacts with integrins on the mem-
branes of passing platelets, thereby expanding the clot by ad-
dition of platelets.

More than 20 different isoforms of fibronectin have been
identified, each encoded by a different, alternatively spliced
mRNA composed of a unique combination of fibronectin
gene exons. Recent sequencing of large numbers of mRNAs
isolated from various tissues and comparison of their se-
quences with genomic DNA has revealeJ that nearly 60 per-
cent of all human genes are expressed as alternatively spliced
mRNAs. Clearly, alternative RNA splicing greatly expands
the number of proteins encoded by the genomes of higher,
multicellular organisms.

produced in fibroblasts includes the Ell lA and Ell lB exons, whereas
these exons are spliced out of f ibronectin mRNA in hepatocytes. In
this diagram, introns (black l ines) are not drawn to scale; most of
them are much longer than any of the exons.

r During transcription init iation, RNA polymerase
binds to a specific site in DNA (the promoter), Iocally
melts the double-stranded DNA to reveal the unpaired
template strand, and polymerizes the first two nu-
cleotides complementary to the template strand. The
melted region of t2-14 base pairs is known as the "tran-
scription bubble. "

r During strand elongation, RNA polymerase moves
down the DNA, melting the DNA ahead of the polymerase,
so that the template strand can enter the active site of the
enzyme, and allowing the complementary DNA strands of
the region just transcribed to reanneal behind it. The tran-
scription bubble moves with the polymerase as the enzyme
adds ribonucleotides complementary to the template strand
to the 3' end of the growing RNA chain.

r 
'S7hen 

RNA polymerase reaches a termination sequence
in the DNA, the enzyme stops rranscription, leading to re-
lease of the completed RNA and dissociation of the enzyme
from the template DNA.

r In prokaryotic DNA, several protein-coding genes com-
monly are clustered into a functional region, an operon,
which is transcribed from a single promoter into one
mRNA encoding multiple proteins with related functions
(see Figure 4-13a). Translation of a bacterial mRNA can
begin before synthesis of the mRNA is complete.

r In eukaryotic DNA, each protein-coding gene is tran-
scribed from its own promoter. The initial primary transcript
very often contains noncoding regions (introns) interspersed
among coding regions (exons).

r Eukaryotic primary transcripts must undergo RNA pro-
cessing to yield functional RNAs. During processing, the
ends of nearly all primary transcripts from protein-coding
genes are modified by addition of a 5' cap and 3' poly(A)
tail. Transcripts from genes containing introns undergo
splicing, the removal of the introns and joining of the exons
(see Figure 4-15).

r The individual domains of multidomain proteins found
in higher eukaryotes are often encoded by individual exons
or a small number of exons. Distinct isoforms of such pro-
teins often are expressed in specific cell types as the result
of alternative splicing of exons.

Transcription of Protein-Coding Genes and Formation
of Functional mRNA

Transcription of DNA is carried out by RNA polymerase,
hich adds one ribonucleotide ar a time to the 3, end of a

growing RNA chain (see Figure 4-11). The sequence of the
template DNA strand determines the order in which
ribonucleotides are polymerized to form an RNA chain.
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!f, The Decoding of mRNA by tRNAs
Although DNA stores the information for protein synthesis
and mRNA conveys the instructions encoded in DNA, most
biological activit ies are carried out by proteins. As we saw
in Chapter 3, the l inear order of amino acids in each protein
determines its three-dimensional structure and activity. For
this reason, assembly of amino acids in their correct order,
as encoded in DNA, is critical to production of functional
proteins and hence the proper functioning of cells and
organrsms.

Translation is the whole process by which the nucleotide
sequence of an mRNA is used as a template to join the
amino acids in a polypeptide chain in the correct order (see
Figure 4-1,, g).In eukaryotic cells, protein synthesis occurs
in the cytoplasm, where three types of RNA molecules come
together to perform different but cooperative functions
(Figue 4-1.7)z

1,. Messenger RNA (mRNA) carries the genetic informa-
tion transcribed from DNA in a linear form. The mRNA is
read in sets of three-nucleotide sequences, called codons,
each of which specifies a particular amino acid.

2. Transfer RNA (IRNA) is the key to deciphering the
codons in mRNA. Each type of amino acid has its own sub-
set of tRNAs, which bind the amino acid and carry it to the
growing end of a polypeptide chain when the next codon in

Growing
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Movement of  r ibosome

a FIGURE 4-17 The three roles of RNA in protein synthesis.
Messenger RNA (mRNA) is translated into protein by the joint action
of transfer RNA (IRNA) and the ribosome, which is composed of
numerous proteins and two major ribosomal RNA (rRNA) molecules
(not shown) Note the base pairing between IRNA anticodons and
complementary codons in the mRNA. Formation of a peptide bond
between the amino-group N on the incoming aa-tRNA and the
carboxy-terminal C on the growing protein chain (green) is catalyzed
by one of the rRNAs. aa : amino acid; R : side group [Adapted from
A J F Gr i f f i thsetal ,  1999, Modern Genet ic Analysis,W H Freeman and

Company l

the mRNA calls for it. The correct IRNA with its attached

amino acid is selected at each step because each specific

IRNA molecule contains a three-nucleotide sequence, an

anticodon, that can base-pair with its complementary

codon in the mRNA.

3. Ribosomal RNA (rRNA) associates with a set of pro-

teins to form ribosomes. These complex structures, which

physically move along an mRNA molecule' catalyze the as-

sembly of amino acids into polypeptide chains. They also

bind tRNAs and various accessory proteins necessary for

protein synthesis. Ribosomes are composed of a large and a

small subunit, each of which contains its own rRNA mole-

cule or molecules.

These three types of RNA participate in the synthesis of pro-

teins in all organisms. Indeed, development of three func-

tionally distinct RNAs was probably the molecular key to

the origin of life. In this section, we focus on the decoding of

mRNA by IRNA adaptors, and how the structure of each of

these RNAs relates to its specific task. How they work to-

gether with rRNA, ribosomes, and other protein factors to

synthesize proteins is detailed in the following section. Since

translation is essential for protein synthesis, the two processes

commonly are referred to interchangeably. However, the

polypeptide chains resulting from translation undergo post-

translational folding and often other changes (e.g., chemical

modifications, association with other chains) that are

required for production of mature' functional proteins

(Chapter 3).

Messenger RNA Carries Information from DNA

in a Three-Letter Genetic Code

As noted above, the genetic code used by cells is a triplet

code, with every three-nucleotide sequence' or codon, being

"read" from a specified starting point in the mRNA. Of the

54 possible codons in the genetic code' 51 specify individual

amino acids and three are stop codons. Table 4-1 shows that

most amino acids are encoded by more than one codon.

Only two-methionine and tryptophan-have a single

codon; at the other extreme, leucine, serine, and arginine are

each specified by six different codons. The different codons

for a given amino acid are said to be synonymous. The code

itself is termed degenerate, meaning that a particular amino

acid can be specified by multiple codons.
Synthesis of all polypeptide chains in prokaryotic and

eukaryotic cells begins with the amino acid methionine. In

bacteria, a specialized form of methionine is used with a

formyl group linked to its amino group. In most mRNAs,

the start (initiator) codon specifying this amino-terminal

methionine is AUG. In a few bacterial mRNAs, GUG is

used as the initiator codon, and CUG occasionally is used as

an initiator codon for methionine in eukaryotes. The three

codons UAA, UGA, and UAG do not specify amino acids

but, rather, constitute stop (termination) codons that mark

the carboxyl terminus of polypeptide chains in almost all

cells. The sequence of codons that runs from a specific start
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*AUG is the most common initiator codon; GUG usually codes for valine and CUG for leucine, but.
rarely, these codons can also code for methionine to initiate a protein chain.

codon to a stop codon is called a reading frame. This precise
linear array of ribonucleotides in groups of three in mRNA
specifies the precise l inear sequence of amino acids in a
polypeptide chain and also signals where synthesis of the
chain starts and stops.

Because the genetic code is a non-overlapping triplet
code without divisions between codons, a particular
mRNA theoretically could be translated in three different
reading frames. Indeed some mRNAs have been shown to
contain overlapping information that can be translated in
different reading frames, yielding different polypeptides
(Figure 4-18). The vast majority of mRNAs, however, can
be read in only one frame because stop codons encountered
in the other two possible reading frames terminate transla-
tion before a functional protein is produced. Very rarely,

another unusual coding arrangement occurs because of
frame-shift ins. In this case the protein-synthesizing ma-
chinery may read four nucleotides as one amino acid and
then continue reading triplets, or it may back up one base
and read all succeeding triplets in the new frame until ter-
mination of the chain occurs. Only a few dozen such in-
stances are known.

The meaning of each codon is the same in most known
organisms-a strong argument that life on earth evolved
only once. In fact, the genetic code shown in Table 4-1 is
known as the uniuersal code. However, the genetic code has
been found to differ for a few codons in many mitochondria,
in ciliated protozoans, and in Acetabwlaria, a single-celled
plant. As shown in Table 4-2, most of these changes involve
reading of normal stop codons as amino acids, not an
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Frame 1

Polypeptide l

Frame 2

Polypeptide 2

  FIGURE 4-18 Multiple reading frames in an mRNA
sequence. lf translation of the mRNA sequence shown begins at two
different upstream start sites (not shown), then two overlapping
reading frames are possible In this example, the codons are shifted
one base to the right in the lower frame As a result, the same
nucleotide sequence specifies different amino acids during translation,
Although regions of sequence that are translated in two of the three
possible reading frames are rare, there are examples in both prokary-
otes and eukaryotes, and especially in their viruses, where the same
sequence is used in two alternative mRNAs expressed from the same
region of  DNA, and the sequence is  read in one reading f rame in
one mRNA and in an a l ternat ive reading f rame in the other  mRNA.
There are even a few instances where the same short sequence is
read in all three possible reading frames

exchange of one amino acid for another. These exceptions to
the universal code probably were later evolutionary develop-
ments; that is, at no single time was the code immutably
fixed, although massive changes were not tolerated once a
general code began to function early in evolution.

The Folded Structure of tRNA Promotes lts
Decoding Funct ions

Translation, or decoding, of the four-nucleotide language of
DNA and mRNA into the 2O-amino acid language of pro-
teins requires tRNAs and enzymes called aminoacyl-tRNA
synthetases. To participate in protein synthesis, a IRNA mol-
ecule must become chemically linked to a particular amino
acid via a high-energy bond, forming an aminoacyl-tRNA

(Figure 4-19). The anticodon in the IRNA then base-pairs

with a codon in mRNA so that the activated amino acid can

be added to the growing polypeptide chain (see Figures 4-17

and 4-18) .
Some 30-40 different tRNAs have been identif ied in

bacterial cells and as many as 50-100 in animal and plant

cells. Thus the number of tRNAs in most cells is more than

the number of amino acids used in protein synthesis (20)

and also differs from the number of amino acid codons in

the genetic code (61). Consequently, many amino acids

have more than one IRNA to which they can attach (ex-

plaining how there can be more tRNAs than amino acids);

in addition, many tRNAs can pair with more than one

codon (explaining how there can be more codons than

tRNAs).
The function of IRNA molecules, which are 70-80 nu-

cleotides long, depends on their precise three-dimensional

structures. In solution, all IRNA molecules fold into a sim-

ilar stem-loop arrangement that resembles a cloverleaf

when drawn in two dimensions (Figure 4-20a)' The four

stems are short double helices stabil ized by Watson-Crick

base pairing; three of the four stems have loops containing

seven or eight bases at their ends, while the remaining, un-

loooed stem contains the free 3' and 5' ends of the chain.

The three nucleotides composing the anticodon are located

at the center of the middle loop' in an accessible position

that facilitates codon-anticodon base pairing. In all tRNAs,

the 3' end of the unlooped amino acrd acceptor stem has the

sequence CCA, which in most cases is added after synthesis

and processing of the IRNA are complete. Several bases in

most tRNAs also are modified after transcription, creating

nonstandard nucleotides such as inosine, dihydrouridine,

and pseudouridine. As we will see shortly, some of these

modified bases are known to play an important role in pro-

tein synthesis. Viewed in three dimensions, the folded

IRNA molecule has an L shape with the anticodon loop

and acceptor stem forming the ends of the two arms (Fig-

ure 4-20b\ .

C()DON Uf'IIVERSAL C0DE UNUSUAL C(]DT- OCCURRENCE

UGA

CUG

UAA, UAG

UGA

Stop

Leu

Stop

Stop

Trp

Thr

Gln

cys

My cop lasma, Sp ir op lasma, mitochondria

of many species

Mitochondria in yeasts

A c eta b ul ar ia, Tetr a h y m ena,

Paramecium, etc.

Euplotes

"Found in nuclear genes of the listed organisms and in mitochondrial genes as indicated.

souRCE: S. Osawa et al., 1.992, Microbiol. Reu. 56:229.
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  FIGURE 4-19 Decoding nucleic acid sequence into amino
acid sequence. The process for translating nucleic acid sequences
in mRNA into amino acid sequences in proteins involves two steps.
Step [: An aminoacyl-tRNA synthetase f irst couples a specific amino
acid, via a high-energy ester bond (yellow), to either the 2, or 3,

@ = d ihYdrour id ine

e =  inos ine

e =  r ibo thymid ine

@ 
= pseudour id ine

m = methyl group

T{/CG loop Acceptor stem

AAA

mRNA

hydroxyl of the terminal adenosine in the corresponding IRNA.
Step E: A three-base sequence in the IRNA (the anticodon) then
base-pairs with a codon in the mRNA specifying the attached amino
acid. lf an error occurs in either step, the wrong amino acid may be
incorporated into a polypeptide chain Phe : phenylalanine

Nonstandard Base Pair ing Often Occurs
Between Codons and Anticodons
If perfect Watson-Crick base pairing were demanded be-
tween codons and anticodons, cells would have to contain at
least 61 different types of tRNAs, one for each codon that
specifies an amino acid. As noted above, however, many cells
contain fewer than 61 tRNAs. The explanation for the
smaller number lies in the capability of a single IRNA anti-
codon to recognize more than one, but not necessarily everg
codon corresponding to a given amino acid. This broader
recognition can occur because of nonstandard pairing be-
tween bases in the so-called uobble position: that is, the
third (3') base in an mRNA codon and the corresponding
first (5') base in its IRNA anticodon.

The first and second bases of a codon almost always
form standard Watson-Crick base pairs with the third and
second bases, respectively, of the corresponding anticodon,
but four nonstandard interactions can occur between bases
in the wobble position. Particularly important is the G.U
base pair, which structurally f its almost as well as the
standard G.C pair. Thus, a given anticodon in IRNA with
G in the first (wobble) position can base-pair with the two

< FIGURE 4-20 Structure of tRNAs. (a) Although the exact
nucleotide sequence varies among tRNAs, they all fold into four
base-paired stems and three loops The CCA sequence at the 3, end
also is found in all tRNAs Attachment of an amino acid to the 3, A
yields an amrnoacyl-tRNA. Some of the A, C, G, and U residues are
modified post-transcriptionally in most tRNAs (see key). Dihydrouridine
(D) is nearly always present in the D loop; l ikewise, ribothymidine (T)
and pseudouridlne (V) are almost always present in the TTITCG loop.
Yeast alanine IRNA, represented here, also contains other modified
bases The triplet at the tip of the anticodon loop base-pairs with the
corresponding codon in mRNA (b) Three-dimensional model of the
generalized backbone of all tRNAs Note the L shape of the molecule.
[Part (a) see R W Holly et al , 1965, Science 147i1462; part (b) from J G
Arnez and D Moras, 1997, Trends Biochem Sci 22:211 I

Aminoacyl-
tRNA synthetase
specif ic for Phe
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tRNA

3 2 1

1 2
5 '  mRNA 3 '

5 '  mRNA
1 2

3 2 1

l f  these bases are in
th i rd ,  o r  wobb le ,  pos i t ion
of codon of an mRNA

then the codon may
be recognized by a
tRNA having these
bases in f irst posit ion
of anticodon

c

3',
tRNA

A FIGURE 4-21 Nonstandard base pairing at the wobble
position. The base in the third (or wobble) position of an mRNA
codon often forms a nonstandard base pair with the base in the first
(or wobble) position of a tRNA anticodon Wobble pairing allows a
IRNA to recognize more than one mRNA codon (top); conversely, it
allows a codon to be recognized by more than one kind of IRNA
(bottom), although each IRNA will bear the same amino acid Note
that a IRNA with l(inosine) in the wobble position can "read" (become
paired with) three different codons, and a IRNA with G or U in the
wobble position can read two codons Although A is theoretically
possible in the wobble position of the anticodon, it is almost never
found in nature

corresponding codons that have either pyrimidine (C or U)
in the third position (Figure 4-21).For example, the pheny-

lalanine codons UUU and UUC (5'-+3') are both recog-

nized by the IRNA that has GAA (5'-+3') as the anticodon.
In fact, any two codons of the type NNPyr (N : any base;

Pyr : pyrimidine) encode a single amino acid and are

decoded by a single tRNA with G in the first (wobble)

position of the anticodon.
Although adenine rarely is found in the anticodon

wobble position, many tRNAs in plants and animals con-

tain inosine (I), a deaminated product of adenine, at this

position. Inosine can form nonstandard base pairs with A,

C, and U. A IRNA with inosine in the wobble position

thus can recognize the corresponding mRNA codons with

A,  C,  or  U in the th i rd (wobble)  posi t ion (see Figure 4-21) '

For this reason, inosine-containing tRNAs are heavily em-
ployed in translation of the synonymous codons that specify

a single amino acid. For example, four of the six codons

for leucine (CUA, CUC, CUU, and UUA) are all recog-

nized by the same IRNA with the anticodon 3'-GAI-S'; the

inosine in the wobble position forms nonstandard base

pairs with the third base in the four codons. In the case of

in. UUR codon, a nonstandard G'U pair also forms be-

tween position 3 of the anticodon and position 1 of the

codon.

Amino Acids Become Activated When

Covalently Linked to tRNAs

Recognition of the codon or codons specifying a given

amino acid by a particular IRNA is actually the second step

in decoding the genetic message. The first step' attachment

the 3' terminus of IRNA molecules by an AlP-requiring re-

action. In this reaction, the amino acid is linked to the tRNA

by a high-energy bond and is thus said to be actiuated. The

energy of this bond subsequently drives formation of the

peptide bonds linking adjacent amino acids in a growing

poiypeptide chain. The equilibrium of the aminoacylation

i.u.tiotr is driven further toward activation of the amino

acid by hydrolysis of the high-energy phosphoanhydride

bond in the released pyrophosphate (see Figute 4-19).

Aminoacyl-IRNA synthetases recognize their cognate

tRNAs by interacting primarily with the anticodon loop

and acceptor stem, although interactions with other re-

gions of a IRNA also contribute to recognition in some

cases. Also, specific bases in incorrect tRNAs that are

structurally similar to a cognate IRNA will inhibit charg-

ing of the incorrect IRNA. Thus, recognition of the correct

tRNA depends on both positive interactions and the ab-

sence of negative interactions. Sti l l , because some amino

acids are so similar structurally, aminoacyl-tRNA syn-

thetases sometimes make mistakes. These are corrected'

however, by the enzymes themselves, which have a proof-

reading activity that checks the fit in their amino

acid-binding pocket. If the wrong amino acid becomes at-

tached to a tRNA, the bound synthetase catalyzes removal

of the amino acid from the IRNA' This crucial function

helps guarantee that a IRNA delivers the correct amino

acid t" the protein-synthesizing machinery. The overall

error rate for translation in E' coli is very loq approxi-

mately 1 per 50,000 codons, evidence of both the fidelity

of IRNA iecognition and the importance of proofreading

by aminoacyl-IRNA synthetases.

l f  these bases are in
f irst,  or wobble, posit ion of
a nt icodon

then the  tRNA may
recognize codons in
mRNA hav ing  these
bases  in  th i rd  pos i t ion

The Decoding of mRNA bY tRNAs

r Genetic information is transcribed from DNA into mRNA

in the form of an overlapping, degenerate triplet code'

r Each amino acid is encoded by one or more three-

nucleotide sequences (codons) in mRNA. Each codon
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specifies one amino acid, but most amino acids are encoded
by multiple codons (see Table 4-1).

r The AUG codon for methionine is the mosr common
start codon, specifying the amino acid at the NH2-terminus
of a protein chain. Three codons (UAA, UAG, UGA) func-
tion as stop codons and specify no amino acids.

r A reading frame, the uninterrupted sequence of codons
in mRNA from a specific starr codon to a stop codon, is
translated into the l inear sequence of amino acids in a
polypeptide chain.

r Decoding of the nucleotide sequence in mRNA into the
amino acid sequence of proteins depends on tRNAs and
aminoacyl-IRNA synthetases.

r All tRNAs have a similar three-dimensional structure
that includes an acceptor arm for attachment of a specific
amino acid and a stem-loop with a three-base anticodon se-
quence at its ends (see Figure 4-20). The anticodon can
base-pair with its corresponding codon in mRNA.

r Because of nonstandard interactions, a tRNA may base-
pair with more than one mRNA codon; converselS a par-
ticular codon may base-pair with multiple tRNAs. In each
case, however, only the proper amino acid is inserted into a
growing polypept ide chain.

Each of the 20 aminoacyl-tRNA synthetases recognrzes a
ngle amino acid and covalently l inks it to a cognare

rRNA Proteins

IRNA, forming an aminoacyl-tRNA (see Figure 4-19). This
reaction activates the amino acid, so it can participate in
peptide bond formation.

@ Stepwise Synthesis of proteins
on Ribosomes
The previous sections have introduced two of the major par-
ticipants in protein synthesis-mRNA and aminoacylated
IRNA. Here we first describe the third key player in protein
synthesis-the rRNA-containing ribosome-before taking a
detailed look at how all three components are brought to-
gether to carry out the biochemical events leading to forma-
tion of polypeptide chains on ribosomes. Similar to tran-
scription, the complex process of translation can be divided
into three stages-initiation, elongation, and termination-
which we consider in order. \7e focus our description on
translation in eukaryotic cells, but the mechanism of transla-
tion is fundamentally the same in all cells.

Ribosomes Are Prote in-Synthesiz ing Machines
If the many components that participate in translating
mRNA had to interact in free solution. the likelihood of
simultaneous collisions occurring would be so low that the
rate of amino acid polymerization would be very slow. The
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  FfGURE 4-22 Prokaryotic and eukaryotic ribosome
components. In al l  cel ls, each r ibosome consists of a large and a small
subunit.  The two subunits contain rRNAs (red) of dif ferent lengths, as
well  as a dif ferent set of proteins. Al l  r ibosomes contain two maior
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vertebrates) and a 55 rRNA The large subunit of verteorate
ribosomes also contains a 5 85 rRNA base-paired to the 2gS rRNA
The number of r ibonucleotides (rNTs) in each rRNA tvpe is indicated



efficiency of translation is greatly increased by the binding of
the mRNA and the individual aminoacyl-tRNAs to a ribo-
some. The ribosome, the most abundant RNA-protein com-
plex in the cell, directs elongation of a polypeptide at a rate of

three to five amino acids added per second. Small proteins of

100-200 amino acids are therefore made in a minute or less.

On the other hand, it takes 2-3 hours to make the largest
known protein, titin, which is found in muscle and contains
about 30,000 amino acid residues. The cellular machine that
accomplishes this task must be precise and persistent.

With the aid of the electron microscope, ribosomes were
first discovered as small, discrete, RNA-rich particles in cells
that secrete large amounts of protein. However, their role in
protein synthesis was not recognized until reasonably pure
ribosome preparations were obtained. In vitro radiolabeling
experiments with such preparations showed that radioactive
amino acids were first incorporated into growing polypep-
tide chains that were associated with ribosomes before
appearing in finished chains.

Though there are differences between the ribosomes of
prokaryotes and eukaryotes, the great structural and func-
tional similarities between ribosomes from all species reflects
the common evolutionary origin of the most basic con-
stituents of living cells. A ribosome is composed of three (in

bacteria) or four (in eukaryotes) different rRNA molecules
and as many as 83 proteins, organized into a large subunit and
a small subunit (Figure 4-22).The ribosomal subunits and the
rRNA molecules are commonly designated in svedberg units
(S), a measure of the sedimentation rate of macromolecules
centrifuged under standard conditions----essentially, a measure
of size. The small ribosomal subunit contains a single rRNA
molecule, referred to as small rRNA. The large subunit con-
tains a molecule of large rRNA and one molecule of 55 rRNA,
plus an additional molecule of 5.8S rRNA in vertebrates. The

lengths of the rRNA molecules, the quantity of proteins in

each subunit, and consequently the sizes of the subunits differ

between bacterial and eukaryotic cells. The assembled ribo-

some is 70S in bacteria and 80S in vertebrates.
The sequences of the small and large rRNAs from several

thousand organisms are now known. Although the primary

nucleotide sequences of these rRNAs vary considerablS the

same parts of each type of rRNA theoretically can form base-
paired stem-loops, which would generate a similar three-

dimensional structure for each rRNA in all organisms. The

actual three-dimensional structures of bacterial rRNAs from

E. coli recently have been determined by x-ray crystallogra-
phy of the 70S ribosome (Figure 4-23).The multiple' much

smaller ribosomal proteins for the most part are associated
with the surface of the rRNAs. Although the number of pro-

tein molecules in ribosomes gready exceeds the number of

RNA molecules, RNA constitutes about 60 percent of the

mass of a ribosome. At the interface of the small and large ri-

bosomal subunits, three local domains are formed' known as

the A site, the P site, and the E site. As we'll see shortly, these

are the main sites of interaction for the aminoacyl-tRNA and

mRNA within the ribosome as protein synthesis takes place'

During translation, a ribosome moves along an mRNA

chain, interacting with various protein factors and tRNAs

and undergoing large conformational changes' Despite the

complexity of the ribosome, great progress has been made in

deteimining the overall structure of bacterial ribosomes and

in identifying various reactive sites' X-ray crystallographic

studies on the T. thermophilus 705 ribosome, for instance,

have not only revealed the dimensions and overall shape

of the ribosomal subunits but also localized the positions of

tRNAs bound to the ribosome during elongation of a grow-

ing protein chain. In addition, powerful chemical techniques

r.r.h 
"r 

footprinting, which is described in Chapter 7,have

been used to identify specific nucleotide sequences in rRNAs

that bind to protein or another RNA. Some 40 yearc after the

initial discovery of ribosomes' their overall structure and func-

tioning during protein synthesis are finally becoming clear.

Methionyl-tRNA;M"t Recognizes the AUG

Start Codon

As noted earlier, the AUG codon for methionine functions as

the start codon in the vast majority of mRNAs. A critical as-
pect of translation initiation is to begin protein synthesis at

ihe start codon, thereby establishing the correct reading

frame for the entire mRNA. Both prokaryotes and eukary-

otes contain two different methionine tRNAs: tRNAlM"'can

initiate protein synthesis, and IRNAM" can incorporate

methionine only into a growing protein chain. The same

aminoacyl-tRNA synthetase (MetRS) charges both tRNAs

with met'hionine; however, only Met-tRNA,M" (i.e., activated

methionine attached to tRNAiM't) can bind at the appropri-

ate site on the small ribosomal subunit, the P site, to begin

synthesis of a polypeptide chain' The regular Met-tRNAM"'

and all other charged tRNAs bind only to another ribosomal

site, the A site, as described later. As mentioned earlier, in

bacteria, the initiating methionine has a formyl group linked

to its amino group, forming N-formylmethionine.

Translation Init iat ion Usually Occurs at the First

AUG f rom the 5 '  End of  an mRNA

During the first stage of translation' the small and large ri-

bosomal subunits assemble around an mRNA that has an

aminoacylated initiator IRNA correctly positioned at the

start codon. This process is mediated by a special set of pro-

teins known as translation initiation factors (IFs). As each

individual component ioins the complex, it is accompanied

by one or more specific initiation factors. Interactions be-

tween these initiation factors help stabilize the complex' Fur-

thermore, some initiation factors are coupled to GTP, and

the hydrolysis of GTP to GDP functions as a proofreading

switch that allows subsequent steps to proceed only if the

the two ribosomal subunits once the small subunit with a

charged initiator IRNA (Met-tRNAiM"t) has bound to an
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initiation codon in an mRNA. The first step of translation
initiation is formation of a preinitiation complex. The
preinitiation complex is formed when the 40S subunit com-
plexed with the multisubunit eIF3 complex associates with
eIFIA and a ternary complex consisting of the Met-
tRNAiM't and eIF2 bound to Ctp (Figure 4-i4, step tr). The
initiation factor eIF2 alrernates between association with
GTP and GDP; it can bind Met-tRNA1M.. only when it is
associated with GTP. Cells can regulate protein synthesis
by phosphorylating a serine residue on the eIF2 bound to
GDP; the phosphorylated complex is unable to exchange
the bound GDP for GTP and therefore cannot bind Met-
tRNAiM"t, thus inhibiting protein synthesis.

The 5' cap of an mRNA to be translated is bound by the
eIF4 cap-binding complex. The eIF4 cap-binding complex
consists of several subunits with different functions; the
eIF4E subunit of the eIF4 complex binds the 5/ cap structure
on mRNAs (Figure 4-14).ThemRNA-eIF4 complix then as-

subunit so that it can remove short regions of RNA second-
ary structure in bound RNA using energy from ATp hydrol_
ysis. This multicomponent initiation complex then probably
slides along, or scctns, the bound mRNA as the helicase
activity of eIF4A unwinds RNA secondary structures that
might otherwise interfere with scanning along the mRNA in
the 3' direction. Scanning srops when the tRNAiM.t anti-
codon recognizes the start codon, which is the first AUG

< Ff GURE 4-23 Structure of E. coli 70S ribosome as determined
by x-ray crystallography. Model of the ribosome viewed along the
interface between the large (50S) and small (30S) subunits The 165
rRNA and proteins in the small subunit are colored l ight green and
dark green, respectively; the 23S rRNA and proteins in the large subunit
are colored light purple and dark purple, respectively; and the 55 rRNA
is colored dark blue The positions of the ribosomal A, f and E sites are
indicated Note that the ribosomal proteins are located primarily on the
surface of the ribosome, and the rRNAs on the inside, lining the A, f
and E sites [From B S Schuwirth etal .2005. Nature}l}:827 1

downstream from the 5' end in most eukaryotic mRNAs
(step E). Recognition of the start codon leads to hydrolysis
of the GTP associated with eIF2. an irreversible steD that
prevents further scanning. Selection of the initiating AUG is
facilitated by specific surrounding nucleotides called the
Kozak sequence, for Marilyn Kozak, who defined it: (5,)
ACCAUGG (3'). The A preceding the AUG (underlined) and
the G immediately following it are the most important nu-
cleotides affecting translation initiation efficiency. Once the
small ribosomal subunit with its bound Met-tRNAiM". is
correctly positioned at the start codon and the GTp bound
by elF2 is hydrolyzed to GDP, elF1., 2,3, and 4 dissociate
and the small subunit unites with the large (605) ribosomal
subunit in a process catalyzed by eIF5 and 6, completing for-
mation of an 80S ribosome. Vith the entire complex assem-
bled, the Met-tRNA1M"'bound to the AUG codon is situated
in the P site. Recruitment of the large ribosomal subunit is
accompanied by hydrolysis of a GTP bound by eIF5, another
proofreading step (step @). Coupling the ribosome-subunit-
joining reaction to GTP hydrolysis allows the initiation
process to continue only when the subunit interaction has
occurred correctly. It also makes this an irreversible step, so
that the ribosomal subunits do not dissociate until the entire
mRNA is translated and protein synthesis is terminated.

The eukaryotic protein-synthesizing machinery begins
translation of most cellular mRNAs within about 100 nu-
cleotides of the 5' capped end as just described. However,
some cellular mRNAs contain an internal ribosome entry site
(IRES) located far downsrream of the 5' end. In addition,
translation of some viral mRNAs, which lack a 5, cap, is ini-
tiated at IRES sequences by the host-cell machinery of
infected eukaryotic cells. Some of the same translation initia-
tion factors that assist in ribosome scanning from a 5, cap are
required for locating an internal AUG start codon, but ex-
actly how an IRES is recognized is less clear. Recent results in-
dicate that some IRES sequences fold into an RNA structure
that binds to the E site on the ribosome (see below), thereby
positioning a nearby internal AUG start codon in the p site.

In bacteria, binding of the small ribosomal subunit to an
initiation site occurs by a different mechanism that allows ini-
tiation at internal sites in the polycistronic mRNAs transcribed
from operons. In bacterial mRNAs, an :6-base sequence com-
plementary to the 3' end of the small rRNA precedes the AUG
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< FIGURE 4-24 lnit iation of translation in eukaryotes' /nset"

When a ribosome dissociates at the termination of translation, the

4OS and 605 subunits associate with init iation factors elF3 and elF6,

respectively, forming complexes that can init iate another round of

translation Steps Il and Z: Sequential addition of the indicated

components to the 40S subunit-elF3 complex forms the init iation

complex Step B: Scanning of the mRNA by the associated init iation

complex leads to positioning of the small subunit and bound Met-

tRNAiM"t at the start codon. Step 4: Association of the large subuntt
(605) forms an 805 ribosome ready to translate the mRNA Two init i-

ation factors, elF2 (step [) and elF5 (step 4) are GTP-binding proteins,

whose bound GTP is hydrolyzed during translation init iation. The precise

time at which particular init iation factors are released is not yet well

characterized See the text for a more detailed discussron lAdapted
f rom R Mendez and J D Richtet  2001, Nature Rev Mol  Cel l  Bio l  2:521 l

start codon by 4-7 nucleotides. Base pairing between this se-

quence in the mRNA, called the Shine-Dalgarno sequence after

iis discoverers, and the small rRNA places the small ribosomal

subunit in the proper position for initiation. Next' f-Met-

tRNAiM" and initiation factors comparable to eIFIA' eIF2'

and eIF3 associate with the small subunit, followed by associa-

tion of the large subunit to form the complete bacterial ribo-

some by a mechanism similar to that in eukaryotes'

Dur ing Chain Elongat ion Each Incoming

Aminoacyl-tRNA Moves Through Three

Ribosomal  Si tes

The correctly positioned ribosome-Met-tRNAiM't complex

is now ready to begin the task of stepwise addition of amino

acids by the in-frame translation of the mRNA' As is the case

with initiation, a set of special proteins, termed translation

codon at a time along the mRNA.

At the completion of translation init iation, as noted

akeady,Met-tRNA1M" is bound to the P site on the assem-

bled SOS ribosome (Figure 4-25, top). This region of the

ribosome is called the P site because the IRNA chemically

linked to the growing polypeptide chain is located here' The

second aminoacyl-tRNA is brought into the ribosome as a

ternary complex in association with EFla'GTP and becomes

bound to the A site, so named because it is where aminoacy-

lated tRNAs bind (step E). EFlct'GTP bound to various
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Focus Animation: protein Synthesis fl l tt
< FIGURE 4-25 Peptidyl chain elongation in eukaryotes. Once
the 80S ribosome with Met-tRNA,M", in the ribosome p site is
assembled (top), a ternary complex bearing the second amino acid
(aar) coded by the mRNA binds to the A site (step O) Following a
conformational change in the ribosome induced by hydrolysis of GTp
in EFIcTGTP (step Z), the large rRNA catalyzes peptide bond formation
between Meti and aa2 (step !) Hydrolysis of GTp in EF2.GTp causes
another conformational change in the ribosome that results in its
translocation one codon along the mRNA and shifts the unacylated
tRNAiM"t to the E site and the IRNA with the bound peptrde to the p
site (step 4) The cycle can begin again with bjnding of a ternary
complex bearing aa3 to the now open A site In the secono and
subsequent elongation cycles, the IRNA at the E site is ejected during
step I as a result of the conformational change induced by hydrolysis
of GTP in EFI a.GTP [Adapted from K H Nierhaus et al . 2OOO. in R A
Garrett et al , eds , The Ribosome: Structure, Function, Antibiotics, and Cellular
lnteractions, ASM Press, p 319 l

Thus, GTP hydrolysis by EFlcr is another proofreading step
that allows protein synthesis to proceed only when the cor-
rect aminoacylated IRNA is bound to the A site. This ohe-
nomenon contributes to the fidelity of protein synthesis.

\fith the initiating Met-tRNAiM" at the p site and the sec-
ond aminoacyl-tRNA tightly bound at the A site, the q amino
group of the second amino acid reacts with the ,,activated"

(ester-linked) methionine on rhe initiator IRNA, forming a
peptide bond (Figure 4-25, step B; see also Figure 4-17). This
peptidyltransferdse reaction is catalyzed by the large rRNA,
which precisely orients the interacting atoms, permitting the
reaction to proceed. The catalytic ability of the large rRNA in
bacteria has been demonstrated by carefully removing the vast
majority of the protein from large ribosomal subunits. The
nearly pure bacterial 23S rRNA can catalyze a pepridyltrans-
ferase reaction between analogs of aminoacylated-tRNA and
peptidyl-tRNA. Further support for the catalytic role of large
rRNA in protein synthesis comes from crystallographic stud-
ies showing that no proteins lie near the site of peptide bond
synthesis in the crystal structure of the bacterial large subunit.

Following peptide bond synthesis, the ribosome is translo-
cated along the mRNA a distance equal to one codon. This
translocation step is monitored by hydrolysis of the GTp in
eukaryotic EF2.GTP. Once translocation has occurred cor-
rectly, the bound GTP is hydrolyzed, another irreversible
process that prevents the ribosome from moving along the
RNA in the wrong direction or from translocating an incor-
rect number of nucleotides. As a result of conformational
changes in the ribosome that accompany proper translocation
and the resulting GTP hydrolysis by EF2, tRNA;M.t, now
without its activated methionine, is moved to the E (exit) site
on the ribosome; concurrently, the second tRNA, now cova-
lently bound to a dipeptide (a peptidyl-rRNA), is moved to the
P site (Figure 4-25, step Zf). Tianslocation thus rerurns the ri-
bosome conformation to a state in which the A site is ooen
and able to accept another aminoacylated IRNA complexed
with EFlcr.GTP, beginning another cycle of chain elongation.

Repetition of the elongation cycle depicted in Figure 4-25
adds amino acids one at a time to the C-terminus of the

E

l'z +z'one

ff*l:Ii"" E 
l'.-- EF2.GDp*pi
J
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( a ) general domains of all tRNAs result in the movement of the

tnXRr between the A, P' and E sites as the ribosome translo-

cates along the mRNA one three-nucleotide codon at a time'

Translation ls Terminated by Release Factors

When a Stop Codon ls  Reached

The final stage of translation, like initiation and elongation,

requires highly specific molecular signals that decide the fate

of the mRNA-ribosome-peptidyl-tRNA complex' Two

eukaryotic release factor, eRF3, is a GTP-binding protein'

The eRF3'GTP acts in concert with eRFl to promote cleav-

age of the peptidyl-tRNA, thus releasing the completed pro-

tJin chain (Figure 4-27). Bacteria have two release factors

(RF1 and RF2) that are functionally analogous to eRFl and

( b )

A Ff GURE 4-26 Low-resolution model of E. coli 7OS ribosome.
(a) Top panels show cryoelectron microscoprc images oI E coli l0S
ribosomes and 5OS and 30S subunits Bottom panels show computer-
derived averages of many dozens of images in the same orientation
(b) Model of a 7OS ribosome based on the computer-derived images

and on chemical cross-linking studies Three tRNAs are superimposed
on the A (pink), P (green), and E (yellow) sites The nascent polypeptide

chain is  bur ied in  a tunnel  in  the large r ibosomal  subuni t  that  begins

close to the acceptor stem of the IRNA in the P site [See I S Gabashvil i
et al , 2OOO, Cell 1OO:537, courtesy of J Frank l

growing polypeptide as directed by the mRNA sequence, until

a stop codon is encountered. In subsequent cycles, the confor-

mational change that occurs in step f,l elects the unacylated

IRNA from the E site. As the nascent polypeptide chain

becomes longer, it threads through a channel in the large ribo-

somal subunit, exiting at a position opposite the side that

interacts with the small subunit (Figure 4-26).

In the absence of the ribosome' the three-base-pair RNA-

RNA hybrid between the IRNA anticodons and the mRNA

codons in the A and P sites would not be stable; RNA-RNA

duplexes between separate RNA molecules must be consid-

erably longer to be stable under physiological conditions.

However, multiple interactions between the large and small

rRNAs and general domains of tRNAs (e.g., the D and

TVCG loops, see Figure 4-20) stabil ize the tRNAs in the A

and P sites, while other RNA-RNA interactions sense correct

codon-anticodon base pairing, assuring that the genetic code

is read properly. Then, interactions between rRNAs and the

eRFl + eRF3.GTP

t
Peptidyl-tRNA \
c l e a v a g e  |  \  e R F l + e R F 3 o G D P + P i-+

A FIGURE 4-27 Termination of translation in eukaryotes' When

a ribosome bearing a nascent protein chain reaches a stop codon (UAA'

UGA, UAG), release factor eRFl enters the ribosomal complex, probably

at or near the A site together with eRF3'GTP Hydrolysis of the bound

GTP is accompanied by cleavage of the peptide chain from the IRNA in

the P site and release of the tRNAs and the two ribosomal subunits
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a GTP-binding factor (RF3) that is analosous to eRF3. Once
again, the eRF3 GTPase monirors the coriect recognition of a
stop codon by eRF1. The peptidyl-rRNA bond of the IRNA

We can now see that one or more GTp-binding proteins
participate in each stage of translation. These proteins be-
long to the GTPase superfamily of switch proteins that cycle
between a GTP-bound active form and GDp-bound inaciive
form (see Figure 3-32). Hydrolysis of the bound GTp causes
a conformational change in the GTpase itself and other as-
sociated proteins that are critical to various complex molec-
ular processes. In translation initiation, for instance, hydrol-
ysis of eIF2.GTP to eIF2.GDp prevenrs further scanning of
the mRNA once the start site is encounrered and allJws
binding of the large ribosomal subunit to the small subunit
(see Figure 4-24, step p). Similarly, hydrolysis of EF2.GTp
to EF2.GDP during chain elongation leads to correct
translocation of the ribosome along the mRNA (see Figure
4-25, step Zl), and hydrolysis of eRF3.GTp to eRF3.GDp
assures correct termination of translation. Since hvdrolvsis
of the high-energy B-1 phosphoester bond of GTi, is irre-
versible, coupling of these steps in protein synthesis to GTp
hydrolysis prevents them from going in rhe reverse direction.

One kind of mutation that can inactivate a gene in any
organism is a base-pair change that converts a codon nor_
mally encoding an amino acid into a stop codon, e.g., UAC
(encoding tyrosine) -+ UAG (stop). When this occurs early in
the reading frame, the resulting truncated protein usually is
nonfunctional. Such mutations are called nonsense mvta_
tions because when the genetic code equating each triplet
codon sequence with a single amino 

".id 
*"i being dlci_

phered, the three stop codons were found ,rot to .rr.od. ,.ry
amino acid-they did not ,,make sense.',

In genetic studies with the bacterium E. coli, it was dis_
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the protein encoded by the original gene with the nonsense
mutation is produced to provide its essential functions, the ef-
fect of the first mutation is said to be suppressed by the second
mutation in the anticodon of the IRNA gene.

This mechanism of nonsense suppression is a powerful
tool in genetic studies in bacteria. For example, mutant bac-
terial viruses can be isolated that cannot grow in normal cells,
but can grow in cells expressing a nonsense-suppressing IRNA
because the mutant virus has a nonsense mutation in an es-
sential gene. Such mutant viruses grown on the nonsense-sup-
pressing cells can then be used in experiments to analyze the
function of the mutant gene by infecting normal cells that do
not suppress the mutation and analyzing what step in the vi-
ral life cycle is defective in the absence of the mutant protein.

Polysomes and Rapid Ribosome Recycling
Increase the Eff iciency of Translation

an mRNA. Simultaneous translation of an mRNA bv multiole
ribosomes is readily observable in electron micrographs andty
sedimentation analysis, revealing mRNA attached to multiple
ribosomes bearing nascent growing polypeptide chains. These
structures, referred to as polyribosomes or polysomes, were
seen to be circular in electron micrographs of some tissues.
Subsequent studies with yeast cells explained the circular shape
of polyribosomes and suggested the mechanism by which
ribosomes recycle efficiently.

These studies revealed that multiple copies of a cytosolic
protein found in all eukaryotic cells, poly(A)-binding prrotein I
(PABPI), can interacr with both an mRNA poly(A) tail and the
4G subunit of yeast eIF4. Recall that the 4E subunit of yeast
eIF4 binds to the 5' end of an nRNA. As a result of these in-

cap. The circular pathway depicted in Figure 4-Z9b,which may
operate in many eukaryotic cells, would enhance ribosome re_
cycling and thus increase the efficiency of protein synthesis.

Stepwise Synthesis of proteins on Ribosomes

.Both prokaryoric and eukaryotic ribosomes-the large
bonucleoprotein complexes on which translation o..urr-

consist of a small and a large subunit (see Figure 4-22).Each
subunit contains numerous different proteins and one ma-
jor rRNA molecule (small or large). The large subunit also
contains one accessory 55 rRNA in bacteria and two acces,
sory rRNAs in eukaryores (5S and 5.8S in vertebrates).



(b )

a EXPERIMENTAL FIGURE 4-28 The circular structure of mRNA

increases translation efficiency. Eukaryotic mRNA forms a circular

structure owing to interactions of three proteins (a) In the presence

of purified poly(A)-binding protein | (PABPI), elF4E, and elF4G, eukaryotic
mRNAs form circular structures, visible in this atomic force micrograph

In these structures, protein-protein and protein-mRNA interactlons

form a bridge between the 5' and 3' ends of the mRNA. (b) Model

of protein synthesis on circular polysomes and recycling of ribosomal

subunits. Multiple individual ribosomes can simultaneously translate

a eukaryotic mRNA, shown here in circular form stabil ized by

interactions between proteins bound at the 3' and 5' ends. When a

ribosome completes translation and dissociates from the 3' end, the

separated subunits can rapidly find the nearby 5' cap (m7G) and

initrate another round of svnthesrs. [Part (a) courtesy of A Sachs ]

ing GTP-binding proteins that hydrolyze their bound GTP

TJGDP whe.t aitip has been completed successfully'

During initiation' the ribosomal subunits assemble near

e translation start site in an mRNA molecule with the

IRNA carrying the amino-terminal methionine (Met-

tRNAiM"t) base-paired with the start codon (Figute 4-24)'

ain elongation entails a repetitive four-step cycle: (1)

binding of an incoming aminoacyl-tRNA to the A site

e ribosome, (2) tight binding of the correct aminoacyl-

IRNA to the A site accompanied by release of the previ-

to the E site (see Figure 4-25).

leads to translocation.

r Termination of translation is carried out by two types of

termination factors: those that recognize stop codons and

those that promote hydrolysis of peptidyl-tRNA (see

Figure 4-27). Once again, correct recognition of a stop

codon is monitored by a GTPase (eRF3)'

The efficiency of protein synthesis is increased by the si-

ultaneous translation of a single mRNA by multiple ribo-

!f,l DNA Replication
Now that we have seen how genetic information encoded in

strands would form a new double-stranded (duplex\ DNA

molecule, and the parental duplex would remain intact' In a

semiconservative mechanism, the parental strands are per-

manently separated, and each forms a duplex molecule with

the daughter strand base-paired to it. Definitive evidence

r Analogous rRNAs from many different species fold into

quite similar three-dimensional structures containing nu-

merous stem-loops and binding sites for proteins, mRNA,

and tRNAs. Much smaller ribosomal proteins are associ-

ated with the periphery of the rRNAs.

r Of the two methionine tRNAs found in all cells, only one

(tRNAiM't) functions in initiation of translation.

r Each stage of translation-initiation, chain elongation,

and termination-requires specific protein factors, includ-

E '
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(a) Predicted results (b) Actual results

Density - Density -

Parenta l  s t rands
synthes ized in  15N

After first
d o u b l i n g  i n  t a N

After second
d o u b l i n g  i n  t r N

Generat ion

0

0.7

1 . 0

1 . 1

1 . 5

4 . 1

0  and  1 .9
mrxed

0  and  4 .1
mrxed

1 . 9

2 .5

3.0

IGURE 4-29 The Meselson_Stahl experiment
be semiconservative. Thrs experiment showed
a semiconseryative mechanism. E col i  cel ls

init ial ly were grown in a medium containing ammonium salts prepared
wlth "heavy" nitrogen (1sN) unti l  al l  the cel lular DNA was labeled After
the cel ls were transferred to a medium containing the normal , , l ight,,

isotope (raN), samples were removed periodical ly from the cultures and
the DNA in each sample was analyzed by equil ibr ium density_gradient
centr i fugation, a procedure that separates macromolecules on the basis
of their density. This technique can separate heavy_heavy (H_H), l ight_
l ight (L-L), and heavy-l ight (H-L) duplexes into dist inct bands.
(a) Exp_ected composition of daughter duplex molecules synthesized
from 1sN-labeled DNA after F. col i  cel ls are shif ted to raN_containing

medium if DNA replication occurs by a conservative or semtconseryative
mechanism Parental heavy (H) strands are in red; l ight (L) strands
synthesized after shif t  to laN-containing 

medium are in brue. Note that
the conservative mechanism never generates H_L DNA and that the
semiconservative mechanism never generates H_H DNA but does
generate H-L DNA during the second and subsequent doublings With
addit ional repl icat ion cycles, the lsN-labeled (H) strands from the
original DNA are di luted, so that the vast bulk of the DNA would consist

that duplex DNA is repl icated by a semiconservarive mech_
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L-L  H-L  H-H L-L  H-L  H-H
of L-L duplexes with either mechanism (b) Actual banding patterns of
DNA subjected to equi l ibr ium density-gradient centr i f  ugation before
and after shif t ing lsN-labeled E col i  cel ls to laN-containing medium.
DNA bands were visual ized under UV l ight and photographed The
traces on the left are a measure of the density of the photographic
signal, and hence the DNA concentrat lon, along the length of the
centrifuge cells from left to right. The number of generations (far left)
fol lowing the shif t  to 1aN-containing medium was determined by
countrng the concentrat ion of E col i  cel ls in the culture This value
corresponds to the number of DNA replicatron cycles that had occurred
at the t ime each sample was taken. After one generation of growth, al l
the extracted DNA had the density of H-L DNA. After '1 

9 generations,
approximately half  the DNA had the density of H-L DNA; the other half
had the density of L-L DNA. With addit ional generations, a larger and
larger fraction of the extracted DNA consisted of L-L duplexes; H_H
duplexes never appeared These results match the predicted pattern for
the semiconservative replication mechanism depicted in (a) The bottom
two centr i fuge cel ls contained mixtures of H-H DNA and DNA isolated
at 1 9 and 4 1 generations in order to clearly show the posit ions of H_H,
H-1, and L-L DNA in the density gradient. [part (b) from M Meselson and F.
W Stahl, 1958,Proc Nat' lAcad Sci USAM:6711

DNA strands. However, the vast preponderance of RNA and
DNA in cells is synthesized from preexisting duplex DNA.

DNA Polymerases Requi re a pr imer
to In i t ia te Repl icat ion
Analogous to RNA, DNA is synthesized from deoxynucleoside
5'-triphosphate precursors (dNTps). Also like RNA synthesis,
DNA synthesis always proceeds in the 5,+3, direction because
chain growth results from formation of a phosphoester bond

Semiconserva t ive  mechanrsm

L H

/ \

L H L L

A
/ \

L L H L

L L

/ \

L L L L

H H

/ \

H H L L

Conserva t ive  mechan ism
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beftveen the 3' oxygen of a growing strand and the o phos-

phate of a dNTP (see Figure 4-10a). As discussed earlier, an

RNA polymerase can find an appropriate transcription start

site on duplex DNA and initiate the synthesis of an RNA com-

plementary to the template DNA strand (see Figure 4-11). In

contrast, DNA polymerases cannot initiate chain synthesis de

novo; instead, they require a short, preexisting RNA or DNA

strand, called a primer, to begin chain growth. \7ith a primer

base-paired to the template strand, a DNA polymerase adds

deoxynucleotides to the free hydroxyl group at the 3' end of

the primer as directed by the sequence of the template strand:

Primer

lVhen RNA is the primer, the daughter strand that is formed

is RNA at the 5' end and DNA at the 3' end.

Duplex DNA ls  Unwound and Daughter  St rands
Are Formed at  the DNA Repl icat ion Fork

In order for duplex DNA to function as a template during

replication, the two intertwined strands must be unwound' or

melted, to make the bases available for base pairing with the

bases of the dNTPs that are polymerized into the newly syn-

thesized daughter strands. This unwinding of the parental

DNA strands is by specific helicases, beginning at unique seg-

ments in a DNA molecule calledreplication origins' or simply

origins. The nucleotide sequences of origins from different

organisms vary gready, although they usually contain A'T-

rich sequences. Once helicases have unwound the parental

DNA at an origin, a specialized RNA polymerase called pri-

mase forms a short RNA primer complementary to the un-

wound template strands. The primer, still base-paired to its

complementary DNA strand, is then elongated by a DNA

polymerase, thereby forming a new daughter strand.

cent fragments'

Several Proteins Part icipate in DNA Replication

Detailed understanding of the eukaryotic proteins that par-

ticipate in DNA replication has come largely from studies

witlh small viral DNAs, particularly SV40 DNA, the circular

llil+ Focus Animation: Nucleotide Polymerization by DNA Polyrngra:g

> FIGURE 4-30 leading-strand and lagging-strand DNA
synthesis. Nucleotides are added by a DNA polymerase to each
growing daughter strand in the 5'-+3' direction (indicated by
arrowheads) The leading strand is synthesized continuously f rom a

single RNA primer (red) at its 5' end. The lagging strand is
synthesized discontinuously from multiple RNA primers that are

formed periodically as each new region of the parental duplex is

unwound Elongation of these primers init ially produces Okazaki
fragments, As each growing fragment approaches the prevtous
primer, the primer is removed and the fragments are l igated
Repetit ion of this process eventually results in synthesis of the entire

lagging st rand.

5',

Po in t  o f  jo in ing

Lagg ing  s t rand

Okazaki fragment

Shor t  RNA pr imer

Leading strand

5',

Parenta l  DNA duPlex
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(a) SV40 DNA repl icat ion fork

FocusAnimation: Coordination of

E
Primer

Leading- and strand synthesis flltt

31
5',

E::i1,""';
Primase

Lagg ing  s t rand pPo l  E

Rfc
PCNA

( b } P C N A

Doub le-
stranded
DNA

( c ) R P A

upper left shows the icon representing pCNA bound to DNA in
part a. (c) The large subunit of RPA contains two domains that bind
single-stranded DNA. On the left, the structure determined for the
two DNA-binding domains of the large subunit bound to single_
stranded DNA is shown with the DNA backbone (white backbone
with blue bases) parallel to the plane of the page Note that the
single DNA strand is extended with the bases exposed, an optimal
conformation for replication by a DNA polymerase On the right, the
view is down the length of the single DNA strand, revealing how RpA
B strands wrap around the DNA. The diagram at bottom center
shows the icon representing heterotrimeric RpA bound to single-
stranded DNA in part (a). [part (a) adapted from S J Flint et al , 2000,
Virology: Molecular Biology, pathogenesis, and Control, ASM press; part (b)
after J M Gulbis et al , 1996, Cetl 87:297; and part (c) after A Bochkarev
et al, 1997, Nature 385:176 l

RPA

a

Leading strand

  FIGURE 4-31 Model of an SV40 DNA replication fork. (a) A
hexamer of large T-antigen ([), a viral protein. functions as a
helicase to unwind the parental DNA strands. Single-strand regions
of the parental template unwound by large T-antigen are bound by
multiple copies of the heterotrimeric protein RpA (Z). The leading
strand is synthesized by a complex of DNA polymerase S (pol S),

fragment (E). (b) The three subunits of pCNA, shown in different
colors, form a circular structure with a central hole through which
double-stranded DNA passes. A diagram of DNA is shown jn the
center of a ribbon model of the pCNA trimer. The diaqram at the
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Figure 4-31 depicts the multiple proteins that coordinate
copying of SV40 DNA at a replication fork. The assembled
proteins at a replication fork further illustrate the concept of
molecular machines introduced in Chapter 3. These multi_
component complexes permit the cell to carry out an ordered
sequence of events that accomplish essential cell functions.

The molecular machine that replicates SV40 DNA con_
tains only one viral protein. All other proteins involved in



l l l l+ Focus Animation: Bidirectional Reptication of DNA

SV40 DNA replication are provided by the host cell. This vi-

ral protein, large T-antigen, forms a hexamer that unwinds

the parental strands at a replication fork. Primers for leading

and lagging daughter-strand DNA are synthesized by a com-

plex of primase, which synthesizes a short RNA primer, and

DNA polymerase d (Pol a), which extends the RNA primer

with deoxynucleotides, forming a mixed RNA-DNA primer'

The primer is extended into daughter-strand DNA by

DNA polymerase 6 (Pol 6), which is less likely to make errors

during copying of the template strand than is Pol ct because of

its proofreading mechanism (see Section 4.6 below). Pol E

forms a complex with R/c (replication factor C) and PCNA
(proliferating cell ntclear antigen), which displaces the pri-

mase-Pol cr complex following primer synthesis. As illustrated

in Figure 4-31,b, PCNA is a homotrimeric protein that has a

central hole through which the daughter duplex DNA passes,

thereby preventing the PCNA-Rfc-Pol 6 complex from disso-

ciating from the template. Pol E is the main polymerase used

by eukaryotes for elongating DNA strands during replication.

After parental DNA is separated into single-stranded tem-

plates at the replication fork, it is bound by multiple copies of

RPA (replication protein A), a heterotrimeric protein (Figure

4-31,c). Binding of RPA maintains the template in a uniform

conformation optimal for copying by DNA polymerases.

Bound RPA proteins are dislodged from the parental strands

by Pol cr and Pol 6 as they synthesize the complementary

strands base-paired with the parental strands.
Several eukaryotic proteins that function in DNA replica-

tion are not depicted in Figure 4-31. DNA polymerase e also

contributes to the synthesis of cellular chromosomal DNA,

though its exact role is uncertain. Still other specialized DNA

polymerases are involved in repair of mismatches and dam-

aged lesions in DNA (see Section 4.6). A topoisomerase asso-

ciates with the parental DNA ahead of the helicase to remove

torsional stress introduced by the unwinding of the parental

strands. Ribonuclease H and FEN I remove the ribonu-

cleotides at the 5' ends of Okazaki fragments; these are re-

placed by deoxynucleotides added by DNA polymerase 6 as it

extends the upstream Okazaki fragment. Successive Okazaki

fragments are coupled by DNA ligase through standard

5'-+3' phosphoester bonds. Replication of a linear DNA mol-

ecule presents a special problem at the ends of the molecule

since the 5'-most RNA primers of the lagging strands cannot

be replaced by DNA by this mechanism. In most eukaryotes'

this problem is solved by the RNA-protein complex called

telomerase that carries its own template as discussed in Chap-

ter 6, Genes, Genomics, and Chromosomes.

DNA Repl icat ion Usual ly  Occurs Bid i rect ional ly
f rom Each Or ig in

As indicated in Figures 4-30 and 4-31, both parental DNA

strands that are exposed by local unwinding at a replication

fork are copied into a daughter strand. In theory, DNA repli-

cation from a single origin could involve one replication fork

EcoRl

C i rcu la r  v i ra l
cnromosome

a EXPERTME;I r;,;*; o g;-ri.r-" .,*.,."0, o";";
bidirectional replication of SV40 DNA. Electron microscopy of

replicating SV40 DNA indicates bidirectional growth of DNA strands

from an origin. The replicating viral DNA from SV4O-infected cells

was cut by the restriction enzyme EcoRl, which recognizes one site

in the circular DNA. This was done to provide a landmark for a

specific sequence in the 5V40 genome: the FcoRl recognition

sequence is now easily recognized as the ends of l inear DNA

molecules vrsualized by electron microscopy. Electron micrographs

of EcoRl-cut replicating SV40 DNA molecules showed a collection

of cut molecules with increasingly longer replication "bubbles,"

whose centers are a constant distance from each end of the cut

molecules This finding is consistent with chain growth in two

directions from a common origin located at the center of a bubble,

as i l lustrated in the corresponding diagrams' [See G C Fareed et al ,

1972, J Virol 10:484; photographs courtesy of N P Salzman l

o

q)

o)
E

that moves in one direction. Alternatively, two replication

forks might assemble at a single origin and then move in op-

posite directions, leading to bidirectional growth of both

i",rght., strands. Several types of experiments, including the

orr. sho*tt in Figure 4-32, provided early evidence in sup-

port of bidirectional strand growth.

The general consensus is that all prokaryotic and eu-

karyoticlels employ a bidirectional mechanism of DNA
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< FIGURE 4-33 Bidirectional mechanism of DNA replication.
The left replication fork here is comparable to the replication fork
diagrammed in Figure 4-31 , which also shows proteins other than
large T-antigen lop: Two large T-antigen hexameric helicases first
bind at the replication origin in opposite orientations. Step [: Using
energy provided from ATP hydrolysis, the helicases move in opposite
directions, unwinding the parental DNA and generating single-strand
templates that are bound by RPA proteins Step E: primase_pol o
complexes synthesize short primers (red) base-paired to each of the
separated parental strands. Step g: pCNA-Rfc-pol 6 complexes
replace the primase-Pol cr complexes and extend the short primers,
generating the leading strands (dark green) at each replication fork
Step @: The helicases further unwind the parental strands, and RpA
proteins bind to the newly exposed single-strand regions. Step g:
PCNA-Rfc-Pol 6 complexes extend the leading strands further Step 6:
Primase-Pol ct complexes synthesize primers for lagging-strand
synthesis at each replication fork Step fl: pCNA-Rfc-pol 6 complexes
displace the primase-Pol o complexes and extend the lagging-strand
Okazaki fragments (l ight green), which eventually are l igated to the
5' ends of the leading strands The position where l igation occurs is
represented by a circle Replication continues by further unwinding of
the parental strands and synthesis of leading and lagging strands as in
Steps 4-Z Although depicted as individual steps for clarity, unwinding
and synthesis of leading and lagging strands occur concunentlv

Unlike SV40 DNA, eukaryotic chromosomal DNA mol-
ecules contain multiple replication origins separated by tens
to hundreds of kilobases. A six-subunit protein called ORC,
for origin recognition complex, binds to each origin and as-
sociates with other proteins required to load cellular hexam-
eric helicases composed of six homologous MCM proteins
(for minichromosome maintenance. the genetic screen ini-
tially_used to identify the genes encoding them). Two op-
posed MCM helicases separate the parental strands at an

transcription of most genes, control of the initiation step is the
primary mechanism for regulating cellular DNA replication. Ac_

into two daughter cells. We discuss the various regulatory mech_
anisms that determine the rate of cell division in Chapter 20.

E 
J 

t.nn,"n-strand primer synrhesis

Z I a.nn,nn-strand extension
+

Strand l iga t ion

replication. In the case of SV40 DNA, replication is initiated
by binding of two large T-antigen hexamiric helicases to the

DNA Replication

Each strand in a parental duplex DNA acts as a template
r synthesis of a daughter strand and remains base-paired
the new strand, forming a daughter duplex (using a
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semiconservative mechanism). New strands are formed
the 5 ' - -+3 'd i rect ion.

r Replication begins at a sequence called an origin. Each

eukaryotic chromosomal DNA molecule contains multiple
replication origins.

r DNA polymerases, unlike RNA polymerases, cannot un-

wind the strands of duplex DNA and cannot initiate synthe-

sis of new strands complementary to the template strands.

r At a replication fork, one daughter strand (the leading

strand) is elongated continuously. The other daughter

strand (the lagging strand) is formed as a series of discon-

tinuous Okazaki fragments from primers synthesized every

few hundred nucleotides (Figure 4-30).

r The ribonucleotides at the 5' end of each Okazaki frag-

ment are removed and replaced by elongation of the 3' end

of the next Okazaki fragment. Finally adjacent Okazaki
fragments are joined by DNA ligase.

r Helicases use energy from ATP hydrolysis to separate the
parental (template) DNA strands. Primase synthesizes a

short RNA primer, which remains base-paired to the tem-
plate DNA. This initially is extended at the 3' end by DNA

polymerase a (Pol c), resulting in a short (S')RNA-
(3' )DNA daughter strand.

r Most of the DNA in eukaryotic cells is synthesized by

Pol 6, which takes over from Pol ct and continues elonga-

tion of the daughter strand in the 5'+3' direction. Pol 6 re-

mains stably associated with the template by binding to Rfc

protein, which in turn binds to PCNA, a trimeric protein

that encircles the daughter duplex DNA (see Figure 4-31).

r DNA replication generally occurs by a bidirectional
mechanism in which two replication forks form at an ori-
gin and move in opposite directions, with both template

strands being copied at each fork (see Figure 4-33)'

r Synthesis of eukaryotic DNA in vivo is regulated by con-

trolling the activity of the MCM helicases that initiate

DNA replication at multiple origins spaced along chromo-

somal DNA.

![ DNA Repair and Recombination
Damage to DNA is unavoidable and arises in many ways.

DNA damage can be caused by spontaneous cleavage of

chemical bonds in DNA, by environmental agents such as ul-

traviolet and ionizing radiation, and by reaction with geno-

toxic chemicals that are by-products of normal cellular me-

tabolism or occur in the environment' A mutation in the

normal DNA sequence can occur during replication when a

DNA polymerase inserts the wrong nucleotide as it reads a

damaged template. Mutations also occur at a low frequency

as the result of copying errors introduced by DNA poly-

merases when they replicate an undamaged template. If such

mutations were left uncorrected, cells might accumulate so

many mutations that they could no longer function properly,

In addition, the DNA in germ cells might incur too many

mutations for viable offspring to be formed' Thus the preven-

tion of DNA sequence errors in all types of cells is important

for survival, and several cellular mechanisms for repairing

damaged DNA and correcting sequence errors have evolved'

One mechanism for repairing double-stranded DNA breaks'

by a process called recombination, is also used by eukaryotic

cells to generate new combinations of maternal and paternal

genes on each chromosome through the exchange of segments

of the chromosomes during the production of germ cells (e'g',

sperm and eggs).
Significantln defects in DNA repair mechanisms and

cancer are closely related. !7hen repair mechanisms are com-

promised, mutations accumulate in the cell's DNA. If these

mutations affect genes that are normally involved in the

careful regulation of cell division, cells can begin to divide

uncontrollably, leading to tumor formation, and cancer'

Chapter 25 outlines in detail how cancer arises from defects

in DNA repair. We will encounter a few examples in this sec-

tion, as well, as we first consider the ways in which DNA in-

tegrity can be compromised' and then discuss the repair

mechanisms that cells have evolved to ensure the fidelity of

this very important molecule'

DNA Polymerases Introduce Copying Errors

and Also Correct Them

The first line of defense in preventing mutations is DNA poly-

merase itself. Occasionally, when replicative DNA poly-

merases progress along the template DNA, an incorrect nu-

cleotide it 
"da.a 

to the growing 3' end of the daughter strand

(see Figure 4-31,). E. coll DNA polymerases., for instance, in-

troduce about 1 incorrect nucleotide per 104 polymerized nu-

cleotides. Yet the measured mutation rate in bacterial cells is

much lower: about 1 mistake in 10e nucleotides incorporated

into a growing strand. This remarkable accuracy is largely

due to proofreading by E. coli DNA polymerases'

Pro-ofreading depends on a 3'-+5' exonuclease actiuity of

some DNA polymerases. Sfhen an incorrect base is incorpo-

rated during DNA synthesis, base-pairing between the 3' nu-

cleotide of the nascent strand and the template strand does not

occur. As a result, the polymerase pauses' then transfers the 3'

end of the growing chain to its exonuclease site, where the

incorrect mispaired base is removed (Figure 4-34)' Then the 3'

end is transferred back to the polymerase site' where this re-

gion is copied correctly. Like the E. coli DNA polymerases'

I*o enkaryotic DNA polymerases, 6 and e, used for replica-

tion of most chromosomal DNA in animal cells' also have

proofreading activity. It seems likely that proofreading is in-

dispensable for all cells to avoid excessive mutatlons'

Chemical  and Radiat ion Damage to DNA

Can Lead to Mutations

DNA is continually subiected to a baffage of damaging

chemical reactions; estimates of the number of DNA dam-

"g..,r..t,, 
in a single human cell range from 10a to 105 per

day! Even if DNA were not exposed to damaging chemicals,

..it"in aspects of DNA structure are inherently unstable'
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  FIGURE 4-35 Deamination leads to point mutations. A
spontaneous point mutation can form by deamination of
5-methylcytosine (C) to form thymine (T). lf the resulting T.G base pair
is not restored to the normal C.G base pair by base excision_repair
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Fingers

Pol

base at the 3' end causes melting of the newly formed end of the
duplex As a result, the polymerase pauses, and the 3,end of the
growing strand is transferred to the 3,-+5, exonuclease site (Exo)
about 3 nm away, where the mtspaired base and probably other bases
are removed. Subsequently, the 3' end flips back into the polymerase
site and elongation resumes. [Adapted from C M Joyce and T. T. Steltz,
1995, 1 Bacteriol 177:6321,and S Bell and l Baker, 1998, Ceil 92:2951

quence. One of the most frequent point mutations comes
ftom deamination of a cytosine (C) base, which converts it
into a uracil (U) base. In addition, the common modified
base S-methylcytosine forms thymine when it is deaminated.
If these alterations are not corrected before the DNA is repli-
cated, the cell will use the strand containing U or T as template
to form a U.A or T.A base pair, thus creating a permanent
change to the DNA sequence (Figure 4-35).

Radiation from the environment can also have dramatic
consequences for DNA. High-energy ionizing radiation such
as x-rays and gamma rays cause double-stranded breaks in
DNA. Uy radiation found in sunlight causes distortions in

U

tl(.
HNz"\c-cH"

t r l
o-rctN.c

2-Deoxyribose

Thymine

Replication

z

Mutant Wild-type
DNA DNA

mechanisms (step [), it wil l lead to a permanent change In sequence
(r.e., a mutation) following DNA replication (step Z). After one round
of replication, one daughter DNA molecule wil l have the mutant T.A
base pair and the other wil l have the wild-type C.G base pair.

Frngers T h u m b

t ^ urowtng
strand

Template
stra nd
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Exo

  FIGURE 4-34 Proofreading by DNA polymerase. All DNA
polymerases have a similar three-dimensional structure, which
resembles a half-opened right hand The ,,f ingers,, bind the single-
stranded segment of the template strand, and the polymerase catalytic
activity (Pol) l ies in the junction between the fingers and palm. As long
as the correct nucleotides are added to the 3, end of the growing
strand, it remains in the polymerase site Incorporation of an incorrect

For example, the bond connecting a purine base to deoxyri-
bose is prone ro hydrolysis at low rate under physiological
conditions, leaving a sugar without an attached base. Thus
coding information is lost, and this can lead to a mutarion
during DNA replication. Normal cellular reacrions, including
the movement of electrons along the electron-transport chain
in mitochondria and lipid oxidation in peroxisomei, produce
several chemicals that react with and damage DNA, includ-
ing hydroxyl radicals and superoxide (O2 ). These too can
cause mutations, including those that lead to cancers.

Many spontaneous mutations are point mutations,
which involve a change in a single base pair in the DNA se-
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3',
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5',
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the DNA double helix that interfere with proper replication
and transcription.

High-Fidel i ty  DNA Excis ion-Repai r  Systems
Recognize and Repai r  Damage

In addition to proofreading, cells have other repair systems for
preventing mutations due to copying errors, spontaneous mu-
tation, and exposure to chemicals and radiation. Several DNA
excision-repair systems that normally operate with a high de-
gree of accvracy have been well studied. These systems were
first elucidated through a combination of genetic and bio-
chemical studies in E. coli. Homologs of the key bacterial pro-

teins exist in eukaryotes from yeast to humans, indicating that

these error-free mechanisms arose early in evolution to protect

DNA integrity. Each of these systems functions in a similar
manner-a segment of the damaged DNA strand is excised,
and the gap is filled by DNA polymerase and ligase using the
complementary DNA strand as template.

I7e will now turn to a closer look at some of the mecha-
nisms of DNA repair, ranging from repair of single base mu-

tations to repair of DNA broken across both strands. Some
of these accomplish their repairs with great accuracy; others
are less precise.

Base Excision Repairs T.G Mismatches and
Damaged Bases

In humans, the most common type of point mutation is a C

to T, which is caused by deamination of S-methyl C to T (see

Figure 4-35). The conceptual problem with base excision
repair in this case is determining which is the normal and
which is the mutant DNA strand, and repairing the latter so

that it is properly base-paired with the normal strand. Since a
G.T mismatch is almost invariably caused by chemical con-

version of C to U or S-methyl C to T, the repair system
evolved to remove the T and replace it with a C (Figure 4-36).

The G'T mismatch is recognized by a DNA glycosylase

that flips the thymine base out of the helix and then hy-

drolyzes the bond that connects it to the sugar-phosphate
DNA backbone. Following this initial incision, an apurinic
(AP) endonuclease cuts the DNA strand near the abasic site.
The deoxyribose phosphate lacking the base is then re-

moved and replaced with a C by a specialized repair DNA
polymerase that reads the G in the template strand. As men-

tioned earlier, this repair must take place prior to DNA

replication because the incorrect base in this pair, T, occurs
naturally in normal DNA. Consequently, it would be able to

engage in normal \Tatson-Crick base pairing during replica-

tion, generating a stable point mutation that is now unable

to be recognized by repair mechanisms (see Figure 4-35,

step Z) .
Human cells contain a battery of glycosylases' each of

which is specific for a different set of chemically modified

DNA bases. For example, one removes S-oxyguanine, an oxi-

dized form of guanine, allowing its replacement by an un-

damaged G, and others remove bases modified by alkylating

agents. The resulting nucleotide lacking a base is then replaced
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A FIGURE 4-36 Base excision repair of a T'G mismatch. A DNA
glycosylase specific for G'T mismatches, usually formed by

deamination of 5-mC residues (see Figure 4-35), f l ips the thymine

base out of the helix and then cuts it away from the sugar-phosphate

DNA backbone (step n), leaving just the deoxyribose (black dot). An

endonuclease specif ic for the resultant baseless site [apurinic
endonuclease | (APE1)l then cuts the DNA backbone (step E), and

the deoxyribose phosphate is removed by an endonuclease, apurinic

lyase (AP lyase), associated with DNA polymerase B, a specialized

DNA polymerase used in repair (step B). The gap is then fi l led in by

DNA Pol B and sealed by DNA ligase (step Zl), restoring the original

G.C base pair [After O Schdrer, 2003, Angewandte Chemie 42:2946]

by the repair mechanism just discussed. A similar mechanism

functions in the repair of lesions resulting from depwrination,

the loss of a guanine or adenine base from DNA resulting

from hydrolysis of the glycosylic bond between deoxyribose

and the base. Depurination occurs spontaneously and is fairly

common in mammals. The resulting abasic sites, if left unre-

paired, generate mutations during DNA replication because

they cannot specify the appropriate paired base.

Mismatch Excision Repairs Other Mismatches

and Smal l  Inser t ions and Delet ions

Another process, also conserved from bacteria to man' prin-

cipally eliminates base-pair mismatches and insertions or

deletions of one or a few nucleotides that are accidentally in-

troduced by DNA polymerases during replication. As with

base excision repair of a T in a T'G mismatch, the concep-

tual problem with mismatch excision repair is determining

whic^h is the normal and which is the mutant DNA strand,

and repairing the latter. How this happens in human cells is not

known with certainty. It is thought that the proteins that bind

to the mismatched segment of DNA distinguish the template
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  FIGURE 4-37 Mismatch excision repair in human cells. The
mismatch excision-repair pathway corrects errors introduced during
replication A complex of the MSH2 and MSH6 proteins (bacterial
MutS homologs 2 and 6) binds to a mispaired segment of DNA in
such a way as to distinguish between the template ano newty
synthesized daughter strands (step tr) This triggers binding of MLH.j
and PMS2 (both homologs of bacterial MutL) The resulting DNA-
protein complex then binds an endonuclease that cuts the newly
synthesized daughter strand Next a DNA helicase unwinds the helix,
and an exonuclease removes several nucleotides from the cut end of
the daughter strand, including the mismatched base (step f, l) Finally,
as with base excision repair, the gap is then fi l led in by a DNA
polymerase (Pol 6, in this case) and sealed by DNA ligase (step S)

and daughter strands; then the mispaired segment of the
daughter strand-the one with the replication error-is
excised and repaired to become an exact;omplement of the
template strand (Figure 4-37).In contrast to base excision re-
pair, mismatch excision repair occurs after DNA replication.

Predisposition to a colon cancer known as bereditary
nonpolyposis colorectal cancer results from an inher-

Nucleot ide Excis ion Repai rs  Chemical  Adducts
That  Dis tor t  Normal  DNA Shape
Cells use nucleotide excision repair to fix DNA regions con-
taining chemically modified bases, often called chemical
addwcts, that distort the normal shape of DNA locally. A key
to this type of repair is the ability of certain proteins to slide
along the surface of a double-stranded DNA molecule look-
ing for bulges or other irregularities in the shape of the dou-
ble helix. For example, this mechanism repairs thymine-
thymine dimers, a common type of damage caused by UV
light (Figure 4-38); these dimers interfere with both replica-
tion and transcription of DNA.

Figure 4-39 i l lustrates how the nucleotide excision-
repair system repairs damaged DNA. Some 30 pro-

teins are involved in this repair process, the first of which
were identif ied through a study of the defects in DNA re-
pair in cultured cells from individuals with xeroderma pig-
mentosum, a hereditary disease associated with a predispo-
sit ion to cancer. Individuals with this disease frequently
develop the skin cancers called melanomas and squdmous
cell carcinomas if their skin is exposed to the UV rays in
sunlight. Cells of affected patients lack a functional nu-
cleotide excision-repair system. Mutations in any of at
least seven different genes, called XP-A through Xp-G,
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  FIGURE 4-38 Formation of thymine-thymine dimers. The
most common type of DNA damage caused by UV irradiat ion,
thymine-thymine drmers can be repaired by an excision-repair
mechan ism
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i ted loss-of-function mutation in one copy of either the
MLHL or the MSH2 gene. The MSH2 and MLH1 proteins
are essential for DNA mismatch repair (see Figure 4-37).
Cells with ar least one functional copy of each of these

mon in noninherited forms of colon cancer. I
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  FIGURE 4-40 Nonhomologous end-joining. When sister
chromatids are not available to help repair double-strand breaks,
nucleotide sequences are butted together that were not apposed in
the unbroken DNA These DNA ends are usually from the same
chromosome locus, and when linked together, several base pairs are
lost Occasionally, ends from different chromosomes are accidentally
joined together A complex of two proteins, Ku and DNA-dependent
protern kinase, binds to the ends of a double-strand break (step tr)
After formation of a synapse, the ends are further processed by
nucleases, resulting in removal of a few bases (step E), and the two
double-stranded molecules are l igated together (step B) As a result,
the double-strand break is repaired, but several base pairs at the site
of the break are removed [Adapted from G Chu, 1997, J Biot Chem
272:24097; M Lieber et al , 1997, Curr. Opin Genet. Devel. T:99; and D van
Gant et  a l ,  2OO1, Nature Rev.  Genet 2:196 I

chromosome to another. Such translocations may generare
chimeric genes that can have drastic effects on normal cell
function, such as uncontrollable cell growth, which is the
hallmark of cancer. The devastating effects of double-strand
breaks make this the "most unkindest cut of all," to borrow
a phrase from Shakespeare's Julius Caesar.

Homologous Recombinat ion Can Repai r  DNA
Damage and Generate Genetic Diversity
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vast majority of women with inherited susceptibil i ty to
breast cancer have a mutation in one allele of either the
BRCA-1 or the BRCA-2 genes rhat encode proteins partic-
ipating in this repair process. Loss or inactivation of the
second allele inhibits the homologous recombination re-
pair pathway and thus tends to induce cancer in mammary
or ovarian epithelial cells, although at present it is not clear
why these estrogen-responsive tissues are favored sites of
carcinogenesis. Yeasts can repair double-strand breaks in-
duced by 1-irradiation. Isolation and analysis of radiation-
sensitive (RAD) mutants that are deficient in this reoair
system facil i tated study of the process. Virtually all the
yeast Rad proteins have homologs in the human genome,
and the human and yeast proteins function in an essentially
identical fashion.

A variety of DNA lesions not repaired by mechanisms
discussed earlier can be repaired by mechanisms in which the
damaged sequence is replaced by a segment copied from the
same or a highly homologous DNA sequence on the homol-
ogous chromosome of diploid organisms, or the sister chro-
mosome following DNA replication in all organisms. These
mechanisms involve an exchange of strands between sepa-
rate DNA molecules and hence are collectively referred to as
D N A r e comb ination mechanisms.

In addition to providing a mechanism for DNA repair,
similar recombination mechanisms generate genetic diversity
among the individuals of a species by causing the exchange
of large regions of chromosomes between the maternal and
paternal pair of homologous chromosomes during the spe-
cial type of cellular division that generates germ cells (sperm
and eggs), meiosis (Figure 5-3). In fact the exchange of re-
gions of homologous chromosomes, called crossing over, is
required for proper segregation of chromosomes during the
first meiotic cell division. Meiosis and the consequences of
generating new combinations of maternal and paternal
genes on one chromosome by recombination are discussed
further in Chapter 5. The mechanisms leading to proper seg-
regation of chromosomes during meiosis are discussed in
Chapter 20. Here we will focus on the molecular mecha-
nisms of DNA recombination, highlighting the exchange of
DNA strands between two recombining DNA molecules.

Repair of a Collapsed Replication Fork An example of re-
combinational DNA repair is the repair of a "collapsed,' repli-
cation fork. If a break in the phosphodiester backbone of one
DNA strand is not repaired before a replication fork passes,
the replicated portions of the daughter chromosomes become
separated when the replication helicase reaches the ,,nick,, in
the parental DNA strand because there are no covalent bonds
between the two fragments of the parental strand on either
side of the nick. This process is called replication fork collapse
(Figure 4-41, step n). If it is not repaired, it is generally lethal
to at least one daughter cell following cell division because of
the loss of genetic information between the nick and the end
of the chromosome. The recombination process that repairs
the resulting double-stranded break and regenerat.s 

" 
r.pli."-

tion fork involves multiple enzymes and other proteins, only
some of which are mentioned here.



DNA n ick

I

I  l l  s '-e*onrclease acts on

I broken end. Other daughter
Y strand (pink) l igated to

repaired parental strand
( l igh t  b lue)  in  unbroken
chromosome.

(Figure 4-41., step tr ). The lagging nascent strand (pink) cre-

ated on the unnicked, homologous' parent strand is ligated

to the unreplicated portion of the parent chromosome, as

shown in Figure 4-41, step Z). A critical protein required

for the next step is RecA in bacteria, or the homologous

Rad51 in S. cereuisiae and other eukaryotes. Multiple

RecA/RadS1 molecules bind to the single-stranded DNA
(now considered the invading strand) and catalyze its hy-

bridization to a perfectly or nearly perfectly complementary

sequence in another, homologous, double-stranded DNA

molecule, either the ligated molecule created after fork col-

lapse (as shown in the figure) or the other homologous chro-

mosome in diploid organisms. The other strand (dark blue)

of this target double-stranded DNA (the strand not base-

pairing with the invading strand) is displaced as a single-

stranded loop of DNA along the region of hybridization

between its complement and the invading strand (refer to

Figure 4-4L, step B). The RecA/RadS1-catalyzed invasion

of a duplex DNA by a single-stranded complement of one of

the strands is key to the recombination process. Since no

base pairs are lost or gained in this process, called strand in-

uasion, it does not require an input of energy.
Next, the hybrid region between target DNA (pink) and

the invading strand (dark red) is extended in the direction

away from the break by proteins that use energy from ATP

hydrolysis. This process is called branch migration (Ftg-

ure 4-41,, step 4) because the point at which the target

DNA strand (pink) crosses from one complementary strand
(dark blue) to its complement in the broken DNA molecule

(dark red), is called a branch in the DNA structure. In this

diagram, the diagonal lines represent only one phosphodi-

ester bond. Molecular modeling and other studies show that

the first base on either side of the branch is base-paired to a

complementary nucleotide. As this branch miSrates to the

Ieft, the number of base pairs remains constant; one new

base pair formed with the (red) invading strand is matched

by the loss of one base pair with the parental (dark blue)

strand.
When the region of hybridization extends beyond the 5'

end of the broken strand (light blue), this broken parental

DNA strand becomes increasingly single-stranded, as its

complement, the invading (dark red) strand' base-pairs in-

stead with the target (pink) DNA strand. This single-stranded
(light blue) parcntal strand then base-pairs with the comple-

mentary region of the other parental strand (dark blue) that

has likewise become single-stranded as the branch migrates

to the left (Figure 4-41., step 4). The resulting structure is

called a Hotliday strwcture, after the geneticist who first pro-

posed it as an intermediate in Senetic recombination. Again,

the diagonal lines in the diagram following step 4 represent

single phosphodiester bonds (not a stretch of DNA), and all

bases in the Holliday structure are base-paired to comple-

mentary bases in the parental strands. Cleavage of the phos-

phodiester bonds that cross over from one parental strand to

the other and ligation of the 5' and 3 ' ends base-paired to the

same parental strands (steps E and 6) result in the genera-

tion of a structure similar to a replication fork. Rebinding of

replication fork proteins results in extension of the leading

5',
3',

5',
3',

JoRecA- or Rad51-mediated
strand invasion

Holl iday structure

\ - - *

3'

Ligate ends

J

Rebu i ld  rep l i ca t ion  fo rk  and
cont inue rep l i ca t ion

3',

A FIGURE 4-41 Recombinational repair of a collapsed
replication fork. Parental strands are l ight and dark blue The leading
daughter strand is dark red, and the lagging daughter strand pink.
Diagonal l ines in step B and beyond represent a single phosphodiester
bond from the DNA strand of the conesponding color Small black
arrows following step @ represent cleavage of the phosphodiester
bonds at the crossover of DNA strands in the Holliday structure. See
http ://www. sdsc edu/jou rnalVm bb/ruva. htm I f or a n a n imation of
branch migration catalyzed by E coli proteins RuvA and RuvB. See
http://engels genetics.wisc.edu/Holl iday/holl iday3D html for an
animation of the Holl iday structure and its resolution See the text for a
discussion. [Adapted from D L Nelson and M M Cox, 2005, Lehninger
Principles of Biochemistry 4th ed , W H Freeman and Company.l

The first step in the repair of the double-strand break is
exonucleolytic digestion of the strand (light blue) that has its
5' end at the break, leaving a portion of the other (dark red)
strand (the one with the 3' end at the break) single-stranded
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Ends digested by exonucleases, leaving
3 '  s ing le -s t randed endsJn

RecA- or Rads1-mediated
strand invasion

!  3 'end o f  invad ing  s t rand is  ex tended by
DNA po lymerase un t i l  the  d isp laced
single-strand (dark blue) base-pairs with
the other 3' single strand generated
in i t ia l l y  (p ink)

J 
A a end is  extended by DNA polymerase

Ends are l igated

l

I
I

Cleave phosphodiester bonds indicated
with arrows and l igate alternative ends

molecule the strand with its 3' end at the right is on the top, while in
the diagram of the lower DNA molecule this strand is drawn on the
bottom See the textfor discussion. [AfterT. L Orr-WeaverandJ W
Szostak, 1 985, Microbiol Rev. 49:33.1

recombination can repafu a double-strand break in a chro-
mosome and can also exchange large segments of two dou-
ble-stranded DNA molecules (Figure 4-42). Homologous
recombination is also dependent on strand invasion catalyzed
principally by RecA in bacteria and Rad51 in eukaryotes (steps
Il and tr). The 3' end of the invading DNA strand is then ex-
tended by a DNA polymerase, displacing the parental strand as
an enlarging single-stranded loop of DNA (dark blue, step E).
Vhen DNA synthesis extends sufficiently far, the displaced

Jo

A FIGURE 4-42 Double-strand DNA break repair by
homologous recombination. For simplicity, each DNA double helix
is represented by two parallel l ines with the polarit ies of the strands
indicated by arrowheads at their 3, ends The upper molecule has a
double-strand break Note that in the diagram of the upper DNA

strand past the point of the original strand break and re-
init iation of lagging-strand synthesis (step Z), thus regen-
erating a replication fork. The overall process allows the
undamaged upper strand in the lower molecule following
step E (pink/light blue) to serve as template for extension of
the leading (dark red) strand in step Z.

Double-Stranded DNA Break Repair  by Homologous
Recombination A similar mechanism called bomolopous
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parental strand (dark blue) that is complementary to the 3' sin-
gle-stranded region generated at the other broken end of DNA
(the pink single-stranded region on the left following step n),
the complementary sequences base-pair (step B). This 3' end
(pink) is then extended by a DNA polymerase, using the dis-
placed single-stranded loop of parental DNA (dark blue) as
template (step 4).

Next, the two 3' ends generated by DNA synthesis are
ligated (step E)to the 5'ends generated in step I by 5'-ex-
onuclease digestion of the broken ends. This generates two
Holliday structures in the paired molecules (step E).Branch
migration of these Holliday structures can occur in either di-
rection (not diagrammed). Finally, cleavage of the strands at
the positions shown by the arrows, and ligation of the alter-
native 5' and 3' ends at each cleaved Holliday structure gen-
erates two recombinant chromosomes that each contain the
DNA of one parental DNA molecule (pink and red strands)
on one side of the break point and the DNA of the other
parental DNA molecule (light and dark blue) on the other
side of the break point (step 6). Each chromosome contains
a third region, located in the immediate vicinity of the initial
break point, that forms a heterodwplex; here one strand
from one parent is base-paired to the complementary strand
of the other parent (pink or red base-paired to dark or light
blue). Base-pair mismatches between the two parental
strands are usually repaired by repair mechanisms discussed
above to generate a complementary base pair. In the process,
sequence differences between the two parents are lost, a
process referred to as gene conuersion.

Figure 4-43 diagrams how cleavage of one or the other
pair of strands at the four-way strand junction in the Holliday
structure generates parental or recombinant molecules. This
process, called resolution of the Holliday structure, separates
DNA molecules initially joined by RecA/RadS1-catalyzed
strand invasion. Each Holliday structure in the intermediate
following step El of Figure 4-42 can be cleaved and religated
in the two possible ways shown by the two sets of small black
arrows. Consequently, there are four possible products of the

5 ' ,  3 ' 5',

recombination process. Two of these regenerate the parental

chromosomes (with the exception of the heteroduplex region

at the break point that is repaired into the sequence of one

parent or the other (gene conversion), and t'wo generate re-

combinant chromosomes as shown inFigure 4-42.

Meiotic Recombination Meiosis is the specialized form of

cell division in eukaryotes that generates haploid germ cells
(e.g., sperm and eggs) from a diploid cell (Figure 20-38). At

least one recombination occurs between the paternal and

maternal homologous chromosomes before the first meiotic

cell division. Recombination is initiated by an enzyme that

makes a double-stranded break in the DNA of one chromo-

some at any one of a very large number of sites. The process

diagrammed in Figure 4-42 is then followed. The entire

process from cleavage of the DNA of one chromosome

through resolution of the Holliday structures is repeated un-

til at least one recombination, also called a crossouer' occurs

between one pair of each of the homologous chromosomes.

As mentioned earlier, the resulting link between homologous

chromosomes is required for their proper segregation during

the first meiotic cell division (see Chapter 20). As a conse-

quence, every germ cell contains multiple recombinant chro-

mosomes made of large segments of either the maternal or

the oaternal chromosome.

DNA Repair and Recombination

Changes in the DNA sequence result from copying er-

rs and the effects of various physical and chemical

agents.

r Many copying errors that occur during DNA replication

are corrected by the proofreading function of DNA poly-

merases that can recognize incorrect (mispaired) bases at

the 3' end of the growing strand and then remove them by

an inherent 3'-+5' exonuclease activity (see Figure 4-34).

E

.- | ---
:

I
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A I

  FIGURE 4-43 Alternative resolution of a Holliday stru€ture.
Diagonal and vertical l ines represent a single phosphodiester bond. lt
is simplest to diagram the process by rotating the diagram of the
bottom molecule 180'so that the top and bottom molecules have
the same strand orientations Cuttinq the bonds as shown in Il and

3',5',

l igating the ends as indicated regenerates the original chromosomes

Cutting the strands as shown in E and religating as shown at the

bottom generates recombtnant chromosomes See http://engels
genetics.wisc.edu/Holl iday/holl iday3D.html for a three-dimensional
animation of the Holl iday structure and its resolution
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r Eukaryotic cells have three excision-repair systems for
correcting mispaired bases and for removing W-induced
thymine-thymine dimers or large chemical adducts from
DNA. Base excision repair, mismatch repair, and nu-
cleotide excision repair operate with high accuracy and
generally do not introduce errors.

r Repair of double-strand breaks by the nonhomologous
end-joining pathway can link segments of DNA from dif-
ferent chromosomes, possibly forming an oncogenic
translocation. The repair mechanism also produces a small
deletion, even when segments from the same chromosome
are joined.

r Inherited defects in the nucleotide excision-repair path-
way, as in individuals with xeroderma pigmentosum,
predispose them to skin cancer. Inherited colon cancer
frequently is associated with mutant forms of proteins
essential for the mismatch repair pathway. Defects in re-
pair by homologous recombination are associated with
inheritance of one murant allele of the BRCA-1 or BRCA-
2 gene and result in predisposition to breast and uterine
cancer.

r Error-free repair of double-strand breaks in DNA is ac-
complished by homologous recombination using the un-
damaged sister chromatid as a template. This process can
lead to recombination of parental chromosomes and is
exploited by eukaryotes to generate genetic diversity by
recombination of paternal and maternal chromosomes in
developing germ cells.

Wl Viruses: Parasites of the Cellutar
Genetic System
Viruses are obligate, intracellular parasites. They cannot re-
produce by themselves and must commandeer a host cell 's
machinery to synthesize viral proteins and in some cases to
replicate the viral genome. RNA viruses, which usually
replicate in the host-cell cytoplasm, have an RNA genome,
and DNA viruses, which commonly replicate in the host-
cell nucleus, have a DNA genome (see Figure 4-1). Viral
genomes may be single- or double-stranded, depending on
the specific type of virus. The entire infectious virus parti-
cle, called a virion, consists of the nucleic acid and an outer
shell of protein that both protects the viral nucleic acid and
functions in the process of host-cell infection. The simplest
viruses contain only enough RNA or DNA to encode four
proteins; the most complex can encode =200 proteins. In ad-
dition to their obvious importance as causes of disease, viruses
are extremely useful as research tools in the study of basic
biological processes, such as those discussed in this chaoter.

Most Viral Host Ranges Are Narrow
The surface of a virion contains many copies of one type of
protein that binds specifically to multiple copies of a recep-
tor protein on a host cell. This interaction determines the

host range-the group of cell types that a virus can infect-
and begins the infection process. Most viruses have a rather
limited host range.

A virus that infects only bacteria is called a bacterio-
phage, or simply a phage. Viruses that infect animal or
plant cells are referred to generally as animal uiruses or
plant uiruses. A few viruses can grow in both plants or an-
imals and the insects that feed on rhem. The highly mobile
insects serve as vectors for transferring such viruses be-
tween susceptible plant or animal hosts. Wide host ranges
are also characteristic of some strictly animal viruses, such
as vesicular stomatit is virus, which grows in insect vectors
and in many different types of mammals. Most animal
viruses, however, do not cross phyla, and some (e.g., po-
liovirus) infect only closely related species such as pri-
mates. The host-cell range of some animal viruses is further
restricted to a limited number of cell types because only
these cells have appropriare surface receptors to which the
virions can attach.

Vira l  Capsids Are Regular  Arrays of  One or  a
Few Types of Protein
The nucleic acid of a virion is enclosed within a protein coat,
or capsid, composed of multiple copies of one prorein or a
few different proteins, each of which is encoded by a single
viral gene. Because of this structure, a virus is able to encode
all the information for making a relatively large capsid in a
small number of genes. This efficient use of genetic informa-
tion is important, since only a limited amount of DNA or
RNA, and therefore a limited number of genes, can fit into a
virion capsid. A capsid plus the enclosed nucleic acid is
called a nucleocapsid.

Nature has found two basic ways of arranging the multi-
ple capsid protein subunits and the viral genome into a nu-
cleocapsid. In some viruses, multiple copies of a single coat
protein form a helical structure that encloses and protects
the viral RNA or DNA, which runs in a helical groove
within the protein tube. Viruses with such a helical nucleo-
capsid, such as tobacco mosaic virus, have a rodlike shape
(Figure 4-44a). The other major structural type is based on
the icosahedron, a solid, approximately spherical object
built of 20 identical faces, each of which is an equilateral tri-
angle (Figure 4-44b). During infection, some icosahedral
viruses interact with host cell-surface receptors via clefts in
between the capsid subunits; others interact via long fiber-
like proteins extending from the nucleocapsid.

In many DNA bacteriophages, the viral DNA is lo-
cated within an icosahedral "head" that is attached to a
rodlike "tail." During infection, viral proteins at the tip of
the tail bind to host-cell receptors, and then the viral DNA
passes down the tail into the cytoplasm of the host cell
(Figure 4-44c).

In some viruses, the symmetrically arranged nucleocapsid
is covered by an external membrane, or envelope, which con-
sists mainly of a phospholipid bilayer but also conrains one
or two types of virus-encoded glycoproteins (Figure 4-44d).
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Pol iov i rus

Tobacco mosaic virus

50 nm

The phospholipids in the viral envelope are similar to those in

the plasma membrane of an infected host cell. The virai enve-
lope is, in fact, derived by budding from that membrane, but
contains mainly viral glycoproteins, as we discuss shortly.

Viruses Can Be Cloned and Counted
in Plaque Assays

The number of infectious viral particles in a sample can be
quantif ied by a plaque assay. This assay is performed by cul-
turing a dilute sample of viral particles on a plate covered

with host cells and then counting the number of local Ie-

sions, called plaques, that develop (Figure 4-45). A plaque

develops on the plate wherever a single virion init ially infects

< FIGURE 4-44 Virion structures. (a) Helical tobacco mosaic vlrus
(b)  Smal l  icosahedral  v i rus The example shown is  pol iov i rus.
(c) Bacteriophage Ta (d) Influenza virus, an example of an enveloped

virus [Part (a) O Bradfute, Peter Arnold/Science Photo Library; part (b)

courtesy of T S Baker; part (c) Department of Microbiology, Biozentrum/

Sclence Photo Library;  part  (d)  James Caval l in i /Photo Researchers,  lnc l

a single cell. The virus replicates in this init ial host cell and

then lyses (ruptures) the cell, releasing many progeny virions

that infect the neighboring cells on the plate. After a few

such cycles of infection, enough cells are lysed to produce a

visible clear area, the plaque, in the layer of remaining unin-

fected cells.
Since all the progeny virions in a plaque are derived from

a single parental virus, they constitute a virus clone. This

type of plaque assay is in standard use for bacterial and ani-

mal viruses. Plant viruses can be assayed similarly by count-

ing local lesions on plant leaves inoculated with viruses.

Analysis of viral mutants' which are commonly isolated by

plaque assays, has contributed extensively to current under-

standing of molecular cellular processes.

( d )(c ) 50  nm

Avian  in f luenza v i rus

Bacteriophage T4
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( a ) Confluent layer of susceptible host cel ls
growing on surface of a plate

Add d i lu te  suspens ion  conta in ing  v i rus ;
after infect ion, cover layer of cel ls
with agar; incubate

P laoue

Each plaque represents cel l  lysis ini t iated by one viral
part icle (agar restr icts movement so that virus can
infect only contiguous cel ls)

A EXPERIMENTAL FTGURE 4-45 The plaque assay determines
the number of infectious particles in a viral suspension. (a) Each
lesion, or plaque, which develops where a single virion init ially
infected a single cell, constitutes a pure viral clone. (b) plaques on a
lawn of Pseudomonasfluorescens bacteria made by bacteriophage
$S1 [Part (b) Courtesy of Dr Pierre Rossi, Ecole polytechnique F6d€rale de
Lausanne (LBE-EPFL) l

Lytic Viral Growth Cycles Lead to the
Death of Host Cells
Although details vary among different types of viruses, those
that exhibit a lytic cycle of growth proceed through the fol-
lowing general stages:

l, Adsorption-Virion interacts with a host cell by bind-
ing of multiple copies of capsid protein to specific receptors
on the cell surface.

2. Penetration-Yiral genome crosses the plasma mem-
brane. For some viruses, viral proteins packaged inside the
capsid also enter the host cell.

3. Replication-Yiral mRNAs are produced with the aid
of the host-cell transcription machinery (DNA viruses) or
by viral enzymes (RNA viruses). For both types of viruses,
viral mRNAs are translated by the host-cell translation ma-
chinery. Production of multiple copies of the viral genome
is carried out either by viral proteins alone or with the help
of host-cell proteins.

4. Assembly-Yiral proteins and replicated genomes asso-
ciate to form progeny virions.

5. Release-Infected cell either ruptures suddenly (lysis),
releasing all the newly formed virions at once, or disinte-
grates graduallS with slow release of virions. Both cases
lead to the death of the infected cell.

Figure 4-46 rllustrates the lytic cycle forT4 bacteriophage, a
nonenveloped DNA virus that infects E. coli. Viral capsid
proteins generally are made in large amounts because many

Free vir ion

E. coli
Xffi;ffi["-E chromosome
a n d  i n i a n f i n n  /

EsE *?

and in jec t ion  ,  / . .  , ,
l 

'll

l . :
.T4 DNA

Replication of viral DNA
Expression of viral late proteins

A FIGURE 4-46 tytic replication cycle of a nonenveloped,
bacterial virus. E. coli bacteriophage T4 has a double-stranded DNA
genome and lacks a membrane envelope After viral coat proteins at
the tip of the tail in T4 interact with specific receptor proteins on the
exterior of the host cell, the viral genome is injected into the host
(step Il). Host-cell enzymes then transcribe viral "early" genes into
mRNAs and subsequently translate these into viral "early" proteins
(step Z) The early proteins replicate the viral DNA and induce
expression of viral "late" proteins by host-cell enzymes (step S) The
viral late proteins include capsid and assembly proteins and enzymes
that degrade the host-cell DNA, supplying nucleotides for synthesis
of more viral DNA Progeny virions are assembled in the cell (step Zl)
and released (step 5) when viral proteins lyse the cell. Newly
liberated viruses init iate another cycle of infection in other host
ceils

Plaque
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  FIGURE 4-47 Lytic repl icat ion cycle of an enveloped, animal
v i rus .  Rab ies  v i rus  i s  an  enve loped v i rus  w i th  a  s ing le -s t randed RNA
genome The structural components of this virus are depicted at the

top After a vir ion adsorbs to mult iple copies of a specif ic host
membrane protein (step tr),  the cel l  engulfs i t  in an endosome
(s tep  E)  A  ce l lu la r  p ro te in  in  the  endosome membrane pumps

H* ions from the cytosol into the endosome interior. The result ing

decrease in  endosomal  pH induces  a  conformat iona l  change in  the

viral glycoprotein, leading to fusion of the viral envelope with the

endosomal  l ip id  b i layer  membrane and re lease o f  the  nuc leocaps id

into the cytosol (steps B and 4) Viral RNA polymerase uses
ribonucleoside tr iphosphates in the cytosol to repl icate the viral RNA
genome (step E) and to synthesize viral mRNAs (step 6) One of the

viral mRNAs encodes the viral transmembrane glycoprotein, which is

rnser ted  in to  the  membrane o f  the  endop lasmic  re t i cu lum (ER)  as  i t  i s

copies of them are required for the assembly of each progeny
virion. In each infected cell, about 100-200 T4 progeny viri-
ons are produced and released by lysis.

The lytic cycle is somewhat more complicated for DNA
viruses that infect eukaryotic cells. In most such viruses, the
DNA genome is transported (with some associated
proteins) into the cell nucleus. Once inside the nucleus, the
viral DNA is transcribed into RNA by the host's transcrip-
tion machinery. Processing of the viral RNA primary tran-
script by host-cell enzymes yields viral mRNA, which is

transported to the cytoplasm and translated into viral pro-

E#
Release

synthesized on ER-bound ribosomes (step Z). Carbohydrate is added
to the large fo lded domain ins ide the ER lumen and is  modi f ied as

the membrane and the associated glycoprotein pass through the

Golgi apparatus (step E) Vesicles with mature glycoprotern fuse

with the host plasma membrane, depositing viral glycoprotein on the

cell surface with the large receptor-binding domain outside the cell
(step 9) Meanwhile, other viral mRNAs are translated on host-cell

ribosomes into nucleocapsid protein, matrix protein, and viral RNA
polymerase Gtep IE). These proteins are assembled with replicated
viral genomic RNA (bright red) into progeny nucleocapsids Gtep I[),
which then associate with the cytosolic domain of viral transmembrane
glycoproteins in the plasma membrane (step IE) The plasma

membrane is  fo lded around the nucleocapsid,  forming a "bud" that

eventually is released (steP IE)

I
Transnort 
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teins by host-cell r ibosomes, tRNA, and translation factors.

The viral proteins are then transported back into the nu-

cleus, where some of them either replicate the viral DNA di-

rectly or direct cellular proteins to replicate the viral DNA'

as in the case of SV40 discussed earlier. Assembly of the

capsid proteins with the newly replicated viral DNA occurs

in the nucleus, yielding thousands to hundreds of thousands

of progeny virions.
Most plant and animal viruses with an RNA genome do

not require nuclear functions for lytic replication. In some of

these viruses, a virus-encoded enzyme that enters the host

; { b
:' I' i

Tra nscript ion

Nuc leus
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dur ing penetrat ion t ranscr ibes the genomic RNA into
mRNAs in the cell cytoplasm. The mRNA is directly trans-
lated into viral proteins by the host-cell translation machin-
ery. One or more of these proteins then produces additional
copies of the viral RNA genome. Finally, progeny genomes
are assembled with newly synthesized capsid proteins into
progeny v i r ions in  the cytoplasm.

After the synthesis of hundreds to hundreds of thou-
sands of new virions has been completed, depending on the
type of virus and host cell, most infecred bacterial cells and
some infected plant and animal cells are lysed, releasing all
the virions at once. In many plant and animal viral infec-
tions, however, no discrete lytic event occurs; rather, the
dead host cell releases the virions as it gradually disinte-
grates.

As noted previously, enveloped animal viruses are sur-
rounded by an outer phospholipid layer derived from the
plasma membrane of host cells and containing abundant
viral glycoproteins. The processes of adsorption and re-
lease of enveloped viruses differ substantially from these
processes for  nonenveloped v i ruses.  To i l lust rate ly t ic
replication of enveloped viruses, we consider the rabies
vi rus,  whose nucleocapsid consists  of  a s ingle-st randed
RNA genome surrounded by multiple copies of nucleo-
capsid protein. Like most other lytic RNA viruses, rabies
virions are replicated in the cytoplasm and do not require
host-cell nuclear enzymes. As shown in Figure 4-47, a ra-
bies virion is adsorbed to a host cell by binding to a spe-
cif ic cell-surface receptor molecule and then enters the cell
by endocytosis. Progeny virions are released from a host
cell by budding from the host-cell plasma membrane. Bud-
ding virions are clearly visible in electron micrographs of
infected cells, as i l lustrated in Figure 4-48. Many tens of
thousands of progeny virions bud from an infected host
cell before it dies.

Vira l  DNA ls  In tegrated in to the Host-Cel l
Genome in  Some Nonly t ic  V i ra l  Growth Cycles
Some bacterial viruses, called temperate phages, can estab-
lish a nonlytic association with their host cells that does not
kill the cell. For example, when bacteriophage infects E. coli,
the viral DNA may be integrated into the host-cell chromo-
some rather than being replicated. The integrated viral
DNA, called a prophage, is replicated as part of the cell's
DNA from one host-cell generation to the next. This phe-
nomenon is referred to as lysogeny. Under certain condi-
tions, the prophage DNA is activated, leading to its excision
from the host-cell chromosome and entrance into the lytic
cycle, with subsequent production and release of progeny
vlrtons.

The genomes of a number of animal viruses also can
rntegrate into the host-cell genome. One of the most im-
portant are the retroviruses, which are enveloped viruses
with a genome consisting of two identical srrands of RNA.
These viruses are known as retrouiruses because their
RNA genome acts as a template for formation of a DNA

A EXPERIMENTAL FIGURE 4-48 Progeny virions are released
by budding. Progeny virions of enveloped viruses are released by
budding from infected cells In this transmission electron micrograph
of a cell infected with measles virus, virion buds are clearly visible
protruding from the cell surface Measles virus is an enveloped RNA
virus with a helical nucleocapsid, l ike rabies virus, and replicates as
illustrated in Figure 4-47 [From A Levine. 1991 , Viruses, Scientific
American tibrary, p 221

molecule-the opposite flow of genetic information com-
pared with the more common transcription of DNA into
RNA. In the retroviral l i fe cycle (Figure 4-49), a viral en-
zyme called reverse transcriptase init ially copies the viral
RNA genome into single-stranded DNA complementary
to the virion RNA; the same enzyme then catalyzes syn-
thesis of a complementary DNA strand. (This complex re-
action is detailed in Chapter 6 when we consider closely
re lated in t racel lu lar  parasi tes cal led ret rot ransposons.)
The resulting double-stranded DNA is integrated into the
chromosomal DNA of the infected cell. Finally, the inte-
grated DNA, called a provirus, is transcribed by the cell 's
own machinery into RNA, which either is translated into
viral proteins or is packaged within virion coat proteins to
form progeny virions that are released by budding from
the host-cell membrane. Because most retroviruses do not
kil l  their host cells, infected cells can replicate, producing
daughter cells with integrated proviral DNA. These
daughter cells continue to rranscribe the proviral DNA
and bud progeny virions.

Some retroviruses contain cancer-causing genes (onco-
genes), and cells infected by such retroviruses are oncogenically
transformed into tumor cells. Studies of oncogenic retroviruses
(mostly viruses of birds and mice) have revealed a great deal
about the processes that lead to transformation of a normal cell
into a cancer cell (Chapter 25).
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  FIGURE 4-49 Retroviral l i fe cycle. Retroviruses have a genome
of two identical copies of single-stranded RNA and an outer
envelope Step [: After viral glycoproteins in the envelope interact
with a specific host-cell membrane protein, the retroviral envelope
fuses directly with the plasma membrane, allowing entry of the
nucleocapsid into the cytoplasm of the cell Step E: Viral reverse
transcriptase and other proteins copy the viral ssRNA genome into a
double-stranded DNA Step B: The viral dsDNA is imported into the

nucleus and integrated into one of many possible sites in the host-

cell chromosomal DNA. For simplicity, only one host-cell chromosome

is depicted Step Zl: The integrated viral DNA (provirus) is transcribed

by the host-cell RNA polymerase, generating mRNAs (dark red) and
genomic RNA molecules (bright red). The host-cell machinery

translates the viral mRNAs into glycoproteins and nucleocapsid
proteins. Step Et: Progeny virions then assemble and are released by

budding as i l lustrated in Figure 4-47 .

Among the known human retroviruses are human T-
cel l  lymphotrophic v i rus (HTLV),  which causes a

form of leukemia, and human immunodeficiency virus
(HIV),  which causes acquired immune def ic iency syn-
drome (AIDS). Both of these viruses can infect only spe-
cif ic cell types, primarily certain cells of the immune sys-
tem and, in the case of HIV, some central nervous system
neurons and glial cells. Only these cells have cell-surface
receptors that interact with viral envelope proteins, ac-
counting for the host-cell specificity of these viruses. Un-
like most other retroviruses, HIV eventually kil ls its host
cells. The eventual death of large numbers of immune-

system cel ls  resul ts  in  the defect ive immune response
characteristic of AIDS.

Some DNA viruses also can integrate into a host-cell

chromosome. One example is the human papillomaviruses
(HPVs), which most commonly cause warts and other be-
nign skin lesions. The genomes of certain HPV serotypes,
however, occasionally integrate into the chromosomal DNA

of infected cervical epithelial cells, initiating development of

cervical cancer. Routine Pap smears can detect cells in the

early stages of the transformation process initiated by HPV
integration, permitting effective treatment. I

Viruses: Parasites of the Cellular Genetic System

r Viruses are small parasites that can replicate only in

host cells. Viral genomes may be either DNA (DNA

viruses) or RNA (RNA viruses) and either single- or double-

stranded.

r The capsid, which surrounds the viral genome, is com-

posed of multiple copies of one or a small number of virus-

encoded proteins. Some viruses also have an outer envelope'

which is similar to the plasma membrane but contains viral

transmembrane proteins.

r Most animal and plant DNA viruses require host-cell

nuclear enzymes to carry out transcription of the viral

genome into mRNA and production of progeny genomes'

In contrast, most RNA viruses encode enzymes that can

transcribe the RNA genome into viral mRNA and produce

new copies of the RNA genome.

r Host-cell r ibosomes, tRNAs, and translation factors

are used in the synthesis of all viral proteins in infected

cel ls .

Retrovi rus

\
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r Lytic viral infection entails adsorption, penetration,
synthesis of viral proteins and progeny genomes (replica-
tion), assembly of progeny virions, and release of hun-
dreds to thousands of virions, leading to death of the host
cell (see Figure 4-46).Release ofenveloped vrruses occurs
by budding through the host-cell plasma membrane (see
Figure 4-471.

r Nonlytic infection occurs when the viral genome is inte-
grated into the host-cell DNA and generally does not lead
to cell death.

r Retroviruses are enveloped animal viruses containing a
single-stranded RNA genome. After a host cell is pene-
trated, reverse transcriptase, a viral enzyme carried in the
virion, converts the viral RNA genome into double-
stranded DNA, which integrates into chromosomal DNA
(see Figure 4-49).

r Unlike infection by other retroviruses, HIV infection
eventually kills host cells, causing the defects in the im-
mune response characteristic of AIDS.

r Tumor viruses, which contain oncogenes, may have an
RNA genome (e.g., human T:cell lymphotrophic virus) or a
DNA genome (e.g., human papillomaviruses). In the case
of these viruses, integration of the viral genome into a host-
cell chromosome can cause transformation of the cell into
a tumor cell.

In this chapter we first reviewed the basic structure of
DNA and RNA and then described fundamental aspects of
the transcription of DNA by RNA polym.rur.t. RNA
polymerases are discussed in greater detail in Chapter 7,
along with additional factors required for transcriotion
in i t ia t ion in  eukaryot ic  ce l ls  and interact ions wi th .egula-
tory transcription factors that control transcription init ia-
tion in both bacterial and eukaryotic cells. Next, we dis-
cussed the genetic code and the participation of IRNA and
the protein-synthesizing machine, the ribosome, in decod-
ing the information in mRNA to allow accurate assembly
of protein chains. Mechanisms that regulate protein syn-
thesis are considered further in Chapter 8. Then, we con-
sidered the molecular details underlying the accurate repli-
cation of DNA required for cell division. Chapter 20
covers the mechanisms that regulate when a cell replicates
its DNA and that coordinate DNA replication with the
complex process of mitosis that distributes the daughter
DNA molecules equally to each daughter cell. The next
section addressed mechanisms for repairing damage to
DNA, including recombination mechanisms that also lead
to the generation of genetic diversity among individuals of
a species. This genetic recombination contributes to the
diversity of traits subjected ro natural selection during the
evolution of contemporary species. In Chapter 20, we dis-
cuss the mechanisms that segregate chromosomes into
haploid germ cells, a process that requires recombination
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between maternal and paternal chromosomes. Finally, we
discussed viruses, parasites of the cellular molecular
genetic system and important model systems and useful
tools for studying multiple aspects of molecular cell
biology.

The basic molecular genetic processes discussed in this
chapter form the foundation of contemporary molecular
cell biology. Our current understanding of these processes
is grounded in a wealth of experimental results and is not
l ikely to change. However, the depth of our understanding
will continue to increase as additional details of the struc-
tures and interactions of the macromolecular machines in-
volved are uncovered. The determination in recent years
of the three-dimensional structures of RNA polymerases,
ribosomal subunits, and DNA replication proteins has
allowed researchers to design ever more penerraung ex-
perimental approaches for revealing how these macromol-
ecules operate at the molecular level. The detailed level of
understanding currently being developed may allow the
design of new and more effective drugs for treating
il lnesses of humans, crops, and livestock. For example, the
recent high-resolution structures of ribosomes are provid-
ing insights into the mechanism by which antibiotics
inhibit bacterial protein synthesis without affecting the
function of mammalian ribosomes. This new knowledge
may allow the design of even more effective antibiotics.
Similarln detailed understanding of the mechanisms
regulating transcription of specific human genes may lead
to therapeutic strategies that can reduce or prevent
inappropriate immune responses that lead to multiple
sclerosis and arthrit is, the inappropriate cell division that
is the hallmark of cancer, and other pathological
processes.

Much of current biological research is focused on dis-
covering how molecular interactions endow cells with de-
cision-making capacity and their special properties. For
this reason several of the following chapters describe cur-
rent knowledge about how such interactions regulate
transcription and protein synthesis in multicellular organ-
isms and how such regulation endows cells with the ca-
pacity to become specialized and grow into complicated
organs. Other chapters deal with how protein-protein
interactions underlie the construction of specialized
organelles in cells, and how they determine cell shape and
movement. The rapid advances in molecular cell biology
in recent years hold promise that in the not too distant fu-
ture we wil l understand how the regulation of specialized
cell function, shape, and mobil ity coupled wirh regulared
cel l  repl icat ion and cel l  death (apoptosis)  lead to the
growth of complex organisms like flowering plants and
human beings.
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complementary L14

crossing over 150

deamination 146
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DNA end-joining 149

DNA polymerases 141

double helix 114

envelope (viral) 154

excision-repair systems 1 47

exons 123

gene conversion 153
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Holliday structure 154

homologous recombination
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introns 123
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messenger RNA
(mRNA) 112

mutation 138

Okazaki fragments 141

phosphodiester bond 1 1 4

polyribosomes 138

primary transcript 121
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reading frame 1.28

recombination 112

replication fork 141

retroviruses 152

reverse transcriptase 152

ribosomal RNA
(rRNA) 112

ribosomes 127

RNA polymerase 120

thymine-thymine
dimers 148

transcription 1 12

transfer RNA (IRNA) 112

translation 112
'Watson-Crick 

base pairs 114

Review the Concepts

l .  \fhat are'Watson-Crick base pairs? lWhy are they im-
portant?

2, TAIA box-binding protein binds to the minor groove of
DNA, resulting in the bending of the DNA helix (see Figure
4-5). Vhat property of DNA allows the TAIA box-binding
protein to recognize the DNA helix?

3. Preparing plasmid (double-stranded, circular) DNA for
sequencing involves annealing a complementary, short, sin-
gle-stranded oligonucleotide DNA primer to one strand of
the plasmid template. This is routinely accomplished by
heating the plasmid DNA and primer to 90 "C and then
slowly bringing the temperature down to 25 'C. \ilhy does
this protocol work?

4. \fhat difference between RNA and DNA helps to ex-
plain the greater stability of DNA? What implications does
this have for the function of DNA?

5. What are the major differences in the synthesis and
structure of prokaryotic and eukaryotic mRNAs?

6, 'While investigating the function of a specific growth fac-
tor receptor gene from humans, researchers found that two
types of proteins are synthesized from this gene. A larger
protein containing a membrane-spanning domain functions
to recognize growth factors at the cell surface, stimulating a
specific downstream signaling pathway. In contrast, a re-
lated, smaller protein is secreted from the cell and functions
to bind available growth factor circulating in the blood, thus
inhibiting the downstream signaling pathway. Speculate on
how the cell synthesizes these disparate proteins.

7. The transcription of many bacterial genes relies on func-
tional groups called operons, such as the tryptophan operon

(Figure 4-1.3a).'What is an operon? 
'$7hat 

advantages are

there to having genes arranged in an operon' compared with

the arrangement in eukaryotes?

8. Contrast how selection of the translational start site oc-

curs on bacterial, eukaryotic, and poliovirus mRNAs.

9. \fhat is the evidence that the 23S rRNA in the large

rRNA subunit has a peptidyltransferase activity?

10. How would a mutation in the poly(A)-binding protein I

gene affect translation? How would an electron micrograph

of polyribosomes from such a mutant differ from the normal

pattern?

L1. What characteristic of DNA results in the require-

ment that some DNA synthesis is discontinuous? How

are Okazaki fragments and DNA ligase uti l ized by the

cell ?

L2. Eukaryotes have repair systems that prevent muta-

tions due to copying errors and exposure to mutagens.
'What 

are the three excision-repair systems found in eu-

karyotes, and which one is responsible for correcting

thymine-thymine dimers that form as a result of UV light

damage to DNA?

13. DNA-repair systems are responsible for maintaining ge-

nomic fidelity in normal cells despite the high frequency with

which mutational events occur.'Sfhat type of DNA mutation

is generated by (a) UV irradiation and (b) ionizing radiation?

Describe the system responsible for repairing each of these

types of mutations in mammalian cells. Postulate why a loss

of function in one or more DNA-repair systems typifies

many cancers.

14. lVhat is the name given to the process that can repair

DNA damage and generate genetic diversity? Briefly

describe the similarit ies and differences of the two

processes.

15. The genome of a retrovirus can integrate into the

host-cell genome. What gene is unique to retroviruses, and

why is the protein encoded by this gene absolutely neces-

sary for maintaining the retroviral l i fe cycle? A number of

retroviruses can infect certain human cells. List two of

them, briefly describe the medical implications resulting

from these infections, and describe why only certain cells

are infected.

Analyze the Data

Protein synthesis in eukaryotes normally begins at the first

AUG codon in the mRNA. Sometimes, however' the ribo-

somes do not begin protein synthesis at this first AUG but

scan past it ( leaky scanning), and protein synthesis begins

instead at an internal AUG. In order to understand what

features of an mRNA affect efficiency of initiation at the

first AUG, studies have been undertaken in which the syn-

thesis of chloramphenicol acetyltransferase was examined.

Translation of its message can give rise to a protein referred

to as preCM or give rise to a slightly smaller protein, CAT
(see M. Kozak. 2005. Gene 367:1'3). The two proteins

differ in that CAT lacks several amino acids found at the
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precAT CAT
Start Start

l lv t
m7cppp" , ' ' , "  ,  AUG AUG

1 2

N-terminus of preCAT. CAT is not derived by cleavage of
preCAT but, instead, by init iation of translation of the
mRNA at an internal AUG:

sequence as an optimal context for synthesis of preCAT
rather than CAT? How would you further examine
whether  A at  the ( -3)  posi t ion and G at  the (+4)  posi t ion
are the most important nucleotides to provide context for
the AUG start?

c. A mutation causing a severe blood disease has
been found in a single family (see T. Matthes et a1.,2004,
Blood 104:2181). The mutation, shown in red in the fig,
ure below, has been mapped to the 5' untranslated region
of the gene encoding hepcidin and has been found to alter
the gene's mRNA. The shaded regions indicate the coding
sequence of the normal and mutant genes. No hepcidin is
produced from the altered mRNA, and lack of hepcidin
results in the disease. Can you provide a reasonable expla-
nation for the lack of synthesis of hepcidin in the family
members who have inherited this mutation? $fhat can you
deduce about the importance of the context in which the
start site for init iation of protein synthesis occurs in this
case ?

Start hepcidin

.....cCAGUGGGACAGCCAGACAGACGGcncCnricccncUG..... Norma
I
Y

.... .GCAAUGGGACAGCCAGACAGACGGCACGAUGGCACU.... . . . .  Mutant
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a. Results from a number of studies have given rise to
the hypothesis that the sequence (-3)ACCAUGG(+4), in
which the start codon AUG is shown in boldface, provides an
optimal context for initiation of protein synthesis and ensures
that ribosomes do not scan past this first AUG to begin initia-
tion instead at a downstream AUG. In the numbering scheme
used here, the A of the AUG initiation is designated (*1);
bases 5' of this are given negarive numbers [so that the first
base of  th is  sequence is  ( -3) ] ,  and bases 3 ' to  the (+1)A are
given positive numbers [so that the last base of this sequence
is (+4)]. To test the hypothesis that the start sire sequence
(-3)ACCAUGG(+4) prevents leaky scanning, the chloram-
phenicol acetyltransferase mRNA sequence was modified and
the resulting effects on translation assessed. In the following
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(black) of the mRNA that gives rise to the synthesis of pre-
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shown above the other gel lanes (altered nucleotides are in
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gel below. The intensity of each band is an indication of the
amount of that protein synthesized. Analyze the alterations
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vide support for the hypothesis that the context in which the
first AUG is present affects efficiency of translation from this
site? Is ACCAUGG an optimal contexr for initiation from
the first AUG?

preCAT + * ***{}
C A T + *  s  +

L a n e 1 2 3 4 5

b. What are some addit ional alterat ions to this
message, other than those shown in the f igure, that would
further elucidate the importance of the ACCAUGG

C C C C A
- 3 U U A A C

U U C C C
U U C C A

( t

A U G 1  I  A  A  A  A  A
^ - ^ ^ " - 1 U  U  U  U  U
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CHAPTER

MOLECULAR GENETIC

RNA interference (RNA|) can be used to si lence most genes in the

C. elegans genome The transgenic worm on the right (marked by

a GFP reporter in head neurons) expresses dsRNA to the muscle
gene unc-\ 5, resulting in the potent degradation of the unc- /5

mRNA and leading to complete paralysis of the worm ln contrast,

the wild-type worm on the left  exhibits the typical sinusoidal body

movement [Courtesy of John Kim ]

I n previous chapters, we were introduced to the variety of

I tasks that proteins perform in biological systems. Indeed'

I the very field of molecular cell biology seeks to understand
the molecular mechanisms of individual proteins and how
groups of proteins work together to perform their biological
functions. In studying a newly discovered protein' cell biolo-
gists usually begin by asking three questions about it: what is

its function, where is it located, and what is its structure? To

answer these questions, investigators employ three tools: the
gene that encodes the protein, a mutant cell line or organism
that lacks the function of the protein, and a source of the pu-

rified protein for biochemical studies. In this chapter we con-

sider various aspects of two basic experimental strategies for

obtaining all three tools (Figure 5-1).
The first strategy, often referred to as classical genetics,

begins with isolation of a mutant that appears to be defec-

tive in some process of interest. Genetic methods then are

used to identify and isolate the affected gene. The isolated
gene can be manipulated to produce large quantit ies of the

protein for biochemical experiments and to design probes

for studies of where and when the encoded protein is ex-

pressed in an organism. The second strategy follows essen-

tially the same steps as the classical approach but in reverse

order, beginning with isolation of an interesting protein or

its identif ication based on analysis of an organism's ge-

nomic sequence. Once the corresponding gene has been

isolated, the gene can be altered and then reinserted into

an organism. In both strategies, by examining the pheno-

typic consequences of mutations that inactivate a particu-

lar gene, geneticists are able to connect knowledge about

the sequence, structure, and biochemical activity of the

TECHNIQUES

encoded protein to its function in the context of a living

cell or multicellular organism.
An important component in both strategies for studying a

protein and its biological function is isolation of the corre-

sponding gene. Thus we discuss various techniques by which

res.archits can isolate, sequence' and manipulate specific re-

we discuss techniques that abolish normal protein function in

order to analyze the role of the protein in the cell.

5.1

OUTL IN

Genetic Analysis of Mutations to
ldentify and StudY Genes

DNA Cloning and Characterization

Using Cloned DNA Fragments to
Study Gene ExPression

ldentifying and Locating Human
Disease Genes

Inactivating the Function of Specific
Genes in EukarYotes

5.2

5,3
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> FIGURE 5-1 Overview of two strategies
for relating the function, location, and
structure of gene products, A mutant
organism is the starting point for the classical
genetic strategy (green arrows) The reverse
strategy (orange arrows) usually begins with
identif ication of a protein-codrng sequence by
analysis of genome sequence databases In
both strategies, the actual gene is isolated
either from a DNA library or by specific
amplif ication of the gene sequence from
genomic DNA Once a cloned gene is isolated,
it can be used to produce the encoded protein
in bacterial or eukaryotic expression systems
Alternatively, a cloned gene can be rnactivated
by one of various techniques and used to
generate mutant cells or orqanisms

Genet ic  ana lys is
Screening of DNA l ibrary

Express ion  in  cu l tu red
ce l l s

Mutant organism/cel l
Comparison of mutant and

wild-type function

Cloned gene
DNA sequencing

Protein
Localization

Biochemical studies
Determ i nati o n of structu re

Gene inactivation

Database search to identi fy
protein-coding sequence
PCR isolat ion of corresponding
gene

ff,t Genetic Analysis of Mutations
to ldentify and Study Genes
As described in Chapter 4, the information encoded in the
DNA sequence of genes specifies the sequence-and there-
fore the structure and function-of every protein molecule in
a cell. The power of genetics as a tool foi studying cells and
organisms lies in the ability of researchers to selectively alter
every copy of just one type of protein in a cell by making a
change in the gene for that protein. Genetic analyses of mu-
tants defective in a particular process can reveal (a) new
genes required for the process to occur, (b) the order in
which gene products act in the process, and (c) whether the
proteins encoded by different genes interact with one an-
other. Before seeing how genetic studies of this rype can pro-
vide insights into the mechanism of complicated cellular or
developmental process, we first explain some basic genetic
terms used throughout our discussion.

The different forms, or variants, of a gene are referred to
as alleles. Geneticists commonly refer to the numerous natu-
rally occurring genetic variants that exist in populations,
particularly human populations, as alleles. The term muta-
tion usually is reserved for instances in which an allele is
known to have been newly formed, such as after treatment
of an experimental organism with a muragen, an agent that
causes a heritable change in the DNA sequence.

Stricdy speaking, the particular ser of alieles for all the genes
carried by an individual is its genotype. However, this term also
is used in a more restricted sense to denote iust the alleles of the

type usually denores an allele that is present at a much higher
frequency than any of the other possible alternatives.

Geneticists draw an important distinction between the
genotype and the phenotype of an organism. The phenotype
refers to all the physical attributes or traits of an individual
that are the consequence of a given genotype. In practice,
however, the term phenotype often is used to denote the phys-
ical consequences that result from just the alleles that are
under experimental study. Readily observable phenotypic
characteristics are critical in the genetic analysis of mutations.

Recessive and Dominant  Mutant  A l le les
Generally Have Opposite Effects on
Gene Funct ion
A fundamental genetic difference between experimental
organisms is whether their cells ca:i::y a single set of chromo-
somes or two copies of each chromosome. The former are
referred to as haploid; the latter, as diploid. Complex multi-
cellular organisms (e.g., fruit f l ies, mice, humans) are
diploid, whereas many simple unicellular organisms are hap-
loid. Some organisms, notably the yeast Saccharomyces cere-
uisiae, can exist in either haploid or diploid states. Many
cancer cells and rhe normal cells of some organisms, both
plants and animals ) caffy more than two copies of each
chromosome. However, our discussion of genetic techniques
and analysis relates to diploid organisms, including dipioid
yeasts.

Although many different alleles of a gene might occur in
different organisms in a population, any individual diploid
organism will carry two copies of each gene and thus at most
can have two different alleles. An individual with two differ-
ent alleles is heterozygous for a gene, whereas an individual
that carries two identical alleles is homozygous for a gene. A
recessive mutant allele is defined as one in which both alleles
must be mutant in order for the mutant phenotype to be ob-
served; that is, the individual must be homozygous for the
mutant allele to show the mutant phenotype. In contrast, the
phenotypic consequences of a dominant mutant allele can be
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  FIGURE 5-2 Effects of dominant and recessive mutant alleles
on phenotype in diploid organisms. A single copy of a dominant
allele is sufficient to produce a mutant phenotype, whereas both copies

observed in a heterozygous individual carrying one mutant

and one wild-type allele (Figure 5-2).
'Whether 

a mutant allele is recessive or dominant provides

valuable information about the function of the affected gene

and the nature of the causative mutation' Recessive alleles

usually result from a mutation that inactivates the affected

gene, leading to a partial or complete loss of fwnctioz. Such re-

cessive mutations may remove part of the gene or the entire

gene from the chromosome, disrupt expression of the gene, or

alter the structure of the encoded protein, thereby altering its

function. Conversely, dominant alleles are often the conse-

quence of a mutation that causes some kind of gain of func-
tion. Such dominant mutations may increase the activity of

the encoded protein, confer a new function on it, or lead to its

inappropriate spatial or temporal pattern of expression.

Dominant mutations in certain genes, however, are associ-

ated with a loss of function. For instance, some genes ate haplo-

inswfficient, meaning that both alleles are required for normal

function. Removing or inactivating a single allele in such a gene

leads to a mutant phenotype. In other rare instances a domi-

nant mutation in one allele may lead to a structural change in

the protein that interferes with the function of the wild-rype

protein encoded by the other allele. This type of mutation,

referred to as a dominant-negatiue, produces a phenotype sim-

ilar to that obtained from a loss-of-function mutation.

Some alleles can exhibit both recessive and dominant

properties. In such cases, statements about whether

an allele is dominant or recessive must specify the pheno-

type. For example, the allele of the hemoglobin gene in

humans designated Hb'has more than one phenotypic con-

sequence. Individuals who are homozygous for this allele

(Hb'/Hb') have the debil itating disease sickle-cell anemia,

but heterozygous individuals (Hb'/Hb") do not have the

disease. Therefore, Hb' is recessiue for the trait of sickle-

cell disease. On the other hand, heterozygous (Hb'/Hb')

individuals are more resistant to malaria than homozygous

(Hb"/Hb") individuals, revealing that Hb' is dominant for

the trait of malaria resistance. I

A commonly used agent for inducing mutations (muta-

genesis) in experimental organisms is ethylmethane

sulfonate (EMS). Although this mutagen can alter DNA se-

quences in several ways, one of its most common effects is to

chemically modify guanine bases in DNA, ultimately leading

to the conversion of a G'C base pair into an A T base pair.

Such an alteration in the sequence of a gene, which involves

only a single base pair, is known as a point mutation. A silent

of a recessive allele must be present to cause a mutant phenotype

Recessive mutations usually cause a loss of function; dominant

mutations usually cause a gain of function or an altered function

mutations than dominant mutations.

Segregation of Mutations in Breeding

Experiments Reveals Their Dominance

or RecessivitY

Geneticists exploit the normal life cycle of an organism to

test for the dominance or recessivity of alleles' To see how

this is done, we need first to review the type of cell division

that gives rise to gametes (sperm and egg cells in higher

plants and animals). l7hereas the body (somatic) cells of

-ort *.tl,i.ellular organisms divide by mitosis, the germ

their genes may exist in different allelic forms' Figure 5-3

depicts the major events in mitotic and meiotic cell division'

InLitosis DNA replication is always followed by cell divi-

sion, yielding two diploid daughter cells' In meiosis oze

round'of DNe replication is followed by two separate cell

divisions, yieldingfour haploid (12) cells that contain only

one chromosome of each homologous pair' The apportion-
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  FIGURE 5-3 Comparison of mitosis and meiosis. Both
somatrc cells and premeiotic germ cells have two copies of each
chromosome (2n), one maternal and one paternal. In mitosis,
the replicated chromosomes, each composed of two sister
chromatids, align at the cell center in such a way that both
daughter cells receive a maternal and paternal fromolog of each
morphological type of chromosome. Durinq the first merctrc
division, however, each replicated chromosome pairs with its
nomotogous partner at the cell center; this pairing off is referred
Io as synapsis, and crossing over between homoloqous

MEIOTIC CELL
DIVISION

chromosomes is evident at this stage One repl icated chromosome of
each morphological type then goes into each daughter cel l  The
result ing cel ls undergo a second division without intervening DNA
replication, with the srster chromatids of each morphological type
being apport ioned to the daughter cel ls. In the second meiotic
division the al ignment of chromatids and their equal segregation into
daughter cel ls is the same as in mttot ic division. The al ignment of
pairs of homologous chromosome in metaphase I is random with
respect to other chromosome pairs, result ing ln a mix of paternal ly
and maternal ly derived chromosomes in each daughter cel l .

Focus Animation: Mitosis ftttt
Focus Meiosis
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(a) Segregation of dominant mutation

Gametes

F i rs t  f i l i a l
genera t ion ,  F . :
al l  offspring have
mutant phenotype

Gametes

Second f i l i a l
genera t ion ,  Fr :
3/a of offspring have
mutant phenotype

Normal

(b) Segregation of recessive mutation

Mutan l

Gametes

F i rs t  f i l i a l
genera t ion ,  Fr .
no offspring have
mutant phenotype

Gametes

Second f i l i a l
genera t ion ,  Fr :
1/+ of offspring have
mutant phenotype

A FIGURE 5-4 Segregation patterns of dominant and

recessive mutations in crosses between true-breeding strains

of  d ip lo id organisms.  Al l  the of fspr ing in  the f i rs t  (Fr)

generation are heterozygous. lf the mutant allele is dominant, the F1

of fspr ing wi l l  exhib i t  the mutant  phenotype,  as in  par t  (a)  l f  the

mutant  a l le le is  recessive,  the F1 of fspr ing wi l l  exhib i t  the

wi ld- type phenotype,  as in  par t  (b)  Crossing of  the F1

heterozygotes among themselves also produces different

segregat ion rat ios f  or  dominant  and recessive mutant  a l le les

in the F,  qenerat ion

Mutant Wild-tYPe

(Figure 5-4). If the F1 progeny exhibit the mutant trait' then

ih."r.r.rr"n, allele is dominant; if the F1 progeny exhibit the

wild-type trait, then the mutant is recessive' Further crossing

b"t*.Ln F1 individuals will also reveal different patterns of in-

heritance according to whether the mutation is dominant or

recessive. When F1 individuals that are heterozygous for a

dominant allele are crossed among themselves, three-fourths

of the resulting F2 progeny will exhibit the mutant trait' In

contrast, when F1 individuals that are heterozygous for a re-

cessive allele are crossed among themselves, only one-fourth

of the resulting F2 progeny will exhibit the mutant tratt'

As noted earlier, the yeast S. cereuisiae, an lmportant ex-

perimental organism' can exist in either a haploid or a

iiotoid state. 1n these unicellular eukaryotes' crosses be-

tween haploid cells can determine whether a mutant allele is

dominani or recessive. Haploid yeast cells' which carry one

copy of each chromosome' can be of two different mating

types k.town as a and ct. Haploid cells of opposite mating

type can mate to produce a/ct diploids, which carry two

.*i., of each chromosome. If a new mutation with an ob-

servable phenotype is isolated in a haploid strain, the mutant

strain can be mated to a wild-type strain of the opposite mat-

ing type to produce a/o diploids that are heterozygous for

thl mutant ull.t.. ff these diploids exhibit the mutant trait,

then the mutant allele is dominant, but if the diploids appear

as wild-type, then the mutant allele is recessive' I7hen a/ct

diploids aie placed under starvation conditions, the cells un-

dergo -eiosfu, giving rise to a tetrad of four haploid spores'

t*Jof type a and two of type ct. Sporulation of a heterozy-

go.rs dipiiid cell yields two spores calryils the mutant allele

ina t*o carrying the wild-type allele (Figure 5-5)' Under

Wild type
(type a)

Mutant
(type o)

Diploid cells:
w i l l  no t  exh ib i t  mutan t
phenotype i f  mutation
is recessive

Haploid spores in tetrad:
2 wil l  be mutant
2 wil l  be wild tYPe

  FIGURE 5-5 Segregation of alleles in yeast' Haploid

Saccharomyces cells of opposite mating type (i e , one of mating type

ct and one of mating type a) can mate to produce an a/ct diploid lf

one haploid carries a dominant wild-type allele and the other carries

a recessive mutant allele of the same gene, the resulting

heterozygous diploid wil l express the dominant trait Under certaln

conditions, a diploid cell wil l form a tetrad of four haploid spores'

Two of the spores in the tetrad will express the recessive trait and

two wil l express the dominant tratt

GENETIC  ANALYSIS  OF  MUTAT IONS TO IDENTIFY  AND STUDY GENES 169



appropriate conditions, yeast spores will germinate, produc_
rng vegetative haploid srrains of both mating rypes.

Condi t ional  Mutat ions Can Be Used to Study
Essent ia l  Genes in  yeast

The procedures used to identify and isolate mutants, referred
to as genettc screens, depend on whether the experimental
organism is haploid or diploid and, if the latter, whether the
mutation is recessive or dominant. Genes that encode
proteins essential for life are among the most interesting and
important ones ro study. Since phenotypic expression of
mutations in essential genes leads to death of the individual,
ingenious genetic screens are needed to isolate and maintain
organisms with a lethal mutation.

tagenized yeast cells that could grow normally at23 "C but that
could not form a colony when placed at 36;C (Figure 5_6a).

Once temperature-sensitive murants were isolated, fu.th.,
analysis revealed that some indeed were defective in cell divi-
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< EXPERIMENTAL FIGURE 5-6 Haploid yeasts carrying
temperature-sensitive lethal mutations are maintained at
permissive temperature and analyzed at nonpermissive
temperature. (a) Genetic screen for temperature-sensttive cell-
division cycle (cdc) mutants in yeast Yeasts that grow and form
colonres at 23 'C (permissive temperature) but not at 36 "C
(nonpermissive temperature) may carry a lethal mutation that blocks

cell division. (b) Assay of temperature-sensitive colonies for blocks at

specific stages in the cell cycle. Shown here are micrographs of wild-

type yeast and two different temperature-sensitive mutants after

incubation at the nonpermissive temperature for 6 h Wild-type cells,

which continue to grow, can be seen with all different sizes of buds,
reflecting different stages of the cell cycle In contrast, cells in the
lower two micrographs exhibit a block at a specific stage in the cell
cycle The cdc28 mutants arrest at a point before emergence of a
new bud and therefore appear as unbudded cells The cdcZ mutants,

which arrest just before separation of the mother cell and bud
(emerging daughter cell), appear as cells with large buds lPart (a) see

L H Hartwel l ,  196- l  ,J  Bacter io l  93j662;part (b)  f romL M Herefordand

L H Hartwell. 1914,J Mol Biol 84.4451

these yeast mutants did not simply fail to grow, as they might

if they carried a mutation affecting general cellular metabo-

lism. Rather, at the nonpermissive temperature, the mutants of

interest grew normally for part of the cell cycle but then ar-

rested at a particular stage of the cell cycle, so that many cells

at this stage were seen (Figure 5-6b). Most cdc mutations in

yeast are recessive; that is, when haploid cdc strains are mated

to wild-type haploids, the resulting heterozygous diploids are

neither temperature-sensitive nor defective in cell division.

Recessive Lethal  Mutat ions in  Dip lo ids Can
Be ldent i f ied by Inbreeding and Mainta ined
in Heterozygotes

In diploid organisms, phenotypes resulting from recessive

mutations can be observed only in individuals homozygous

for the mutant alleles. Since mutagenesis in a diploid organ-

ism typically changes only one allele of a gene' yielding het-

erozygous mutants, genetic screens must include inbreeding

steps to generate progeny that are homozygous for the mu-

tanl alleles. The geneticist H. Muller developed a general

and efficient procedure for carrying out such inbreeding ex-

periments in the fruit fly Drosophila. Recessive lethal muta-

iions in Drosophila and other diploid organisms can be

maintained in heterozygous individuals and their phenotypic

consequences analyzed in homozygotes.
The Muller approach was used to great effect by C'

Niisslein-Volhard and E. \Tieschaus, who systematically

screened for recessive lethal mutations affecting embryogenesis

in Drosophila. Dead homozygous embryos carrying recessive

lethal mutations identified by this screen were examined under

the microscope for specific morphological defects in the

embryos. Current understanding of the molecular mechanisms

underlying development of multicellular organisms is based, in

large part, on the detailed picture of embryonic development

revealed by characterization of these Drosoprila mutants. rWe

will discuss some of the fundamental discoveries based on

these genetic studies \n Chapter 22.

Complementation Tests Determine Whether

Different Recessive Mutations Are in the

Same Gene

In the genetic approach to studying a particular cellular

process, researchers often isolate multiple recessive muta-

iion, that produce the same phenotype. A common test for

ganism heterozygous for both mutations (i'e', carrying one a

Ill.le 
"nd 

one b allele) will exhibit the mutant phenotype be-

cause neither allele provides a functional copy of the gene' In

contrast, if mutation a and b are in separate genes, then het-

erozygotes carrying a single copy of each mutant allele will

not;;hibit the mutant phenotype because a wild-type allele

lar characterization of the CDC genes and their encoded

proteins, as described in detail in Chapter 20, has provided a

?r"-.*ork for understanding how cell division is regulated

in organisms ranging from yeast to humans'

Double Mutants Are Useful in Assessing

the Order  in  Which Prote ins Funct ion

Based on careful analysis of mutant phenotypes associated

with a particular cellular process' researchers often can de-

duce the order in which a set of genes and their protein prod-

ucts function. Two general types of processes are amenable

to such analysis: (a) biosynthetic pathways in which a pre-

cursor material is converted via one or more intermediates to

a final product and (b) signaling pathways that regulate

other processes and involve the flow of information rather

than chemical intermediates.
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> EXPERIMENTAL FIGURE 5-7
Complementation analysis determines
whether recessive mutations are in the
same or dif ferent genes. Complementation
tests in yeast are performed by mating haploid a
and o cel ls carrying dif ferent recessrve mutations
to produce diploid cel ls In the analysis of cdc
mutations, pairs of dif ferent haploid
temperature-sensit ive cdc stra ins were
systematical ly mated and the result ing diploids
tested for growth at the permissive and
nonpermrsstve temperatures In this hypothetical
example, the cdcX and cdcy mutants
complement  each o ther  and thus  have
mutations tn dif ferent genes, whereas the cdcX
and cdcZ mutants have mutations in the
same gene

Mate  hap lo ids  o f
opposite mating types
and carrying dif ferent
recessive temperatu re-
sensit ive cdc mutations

Test  resu l t ing  d ip lo ids
for a temperature-
sensit ive cdc phenotype

Mutant  Mutant
(type a) (type cr)

(cdcX) (cdcY\
\_./ \_-/

\ / \ r '
cdcXl cdcY
(type a/o)

Mutant  Mutant
(type a) (type o)

\cdcx) (cdcz)
\_-./ \_-,i

\ / \ r '
cdcXlcdcZ
(type a/o)

P la te  and incubate
a t  permiss ive
temperature

PHENOTYPE:

INTERPRETATION:

2 C  a a Growth

Wild type

Growth indicates that
mutations cdcX and cdcY
are in dif ferent genes

Respective wild-type al leles
prov ide  normal  func t ion

36 'C No growth

Absence of growth
indicates that mutations
cdcX and cdcZare in the
same gene

-Ir-V----l-...t-^_i-

a -
"'-l___LF

Both  a l le les  nonfunc t iona l

6A
Y9
M uta nt

next. In E. coLi, the genes encoding these enzymes lie adja_
cent to one another in the genome, constituting the trp
operon (see Figure 4-73a). The order of action of the differ_
ent genes for these enzymes, hence the order of the biochemi_
cal reactions in the pathway, initially was deduced from the
types of intermediate compounds that accumulated in each

In Chapter 14 we discuss the classic use of the double_
mutant.strategy to help elucidate the secretory pathway. In
this pathway proteins to be secrered from the cell rnou. i.o-
their site of synthesis on the rough endoplasmic reticulum
(ER) to the Golgi complex. then to ,..r.toiy vesicles, and fi_
nal ly  to  rhe cel l  sur face.

Ordering of Signaling pathways As we learn in later
chapters, expression of many eukaryotic genes is regulated
by signaling pathways that are init iateJ by extracellular
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hormones, growth factors, or other signals. Such signaling
pathways may include numerous components, and double-
mutant analysis ofren can provide insight into the functions
and interactions of these compon.nrr. th. only prerequisite
for obtaining useful information from this type of analysis is
that the two mutations must have opposite effects on the
output of the same regulated pathway. Most commonl5 one
mutatio_n represses expression of a particular reporrer gene
even when the signal is present, while another mutation
results in reporter gene expression even when the signal is ab-
sent (i.e., constirutive expression). As illustrated in Figure 5_gb,
two simple regulatory mechanisms are consistent with such

Note that this technique differs from complementation
analysis just described in that when testing two recessive mu_
tations, the double mutant created is homozygolzs for both
mutations. Furthermore, dominant mutants can be subiected
to  doub le -mu tan t  ana l vs i s .



(a) Analysis of a biosynthetic pathway

A muta t ion  in  A  accumula tes  in te rmed ia te  1 .

A  muta t ion  in  B  accumula tes  in te rmed ia te  2 .

PHENOTYPE OF
DOUBLE MUTANT A doub le  muta t ion  in  A  and B accumula tes

:  in te rmed ia te  1 .
' INTERPRETATION: The reaction catalYzed by A precedes the
I reaction catalYzed bY B.

Eo'Et 'E

(b) Analysis of a signal ing pathway

A mutation in A gives repressed reporter expresslon.

A mutation in B gives consti tut ive reporter expression.

PHENOTYPE OF
:  DOUBLE MUTANT:  A  doub le  muta t ion  in  A  and B g ives
I repressed reporter exPression.

, INTERPRETATION: A positively regulates repofter expression
. and is negativelY regulated bY B'

PHENOTYPE OF
DOUBLE MUTANT A doub le  muta t ion  in  A  and B g ives

consti tut ive reporter expression.

I N r E R P R E rAr I o N : 
7 :; i:';:;':, t""1 i' fJ 3 i,,1,133 i7 f .x 

p r e s s i o n

A--€--l B

  FIGURE 5-8 Analysis of double mutants often can order the
steps in biosynthetic or signaling pathways' When mutations in

two different genes affect the same cellular process but have
distinctly different phenotypes, the phenotype of the double mutant
can often reveal the order in which the two genes must function (a)

In the case of mutations that affect the same biosynthetic pathway, a

double mutant  wi l l  accumulate the in termediate immedtate ly
preceding the step catalyzed by the protein that acts earlier in the
wild-type organism (b) Double-mutant analysis of a signaling
pathway is possible if two mutations have opposite effects on
expression of a reporter gene In this case, the observed phenotype

of the double mutant provides information about the order in which

the proteins act and whether they are positive or negative regulators

Genet ic  Suppress ion and Synthet ic  Lethal i ty
Can Reveal  In teract ing or  Redundant  Prote ins

Two other types of genetic analysis can provide additional

clues about how proteins that function in the same cellular

process may interact with one another in the l iving cell. Both

of these methods, which are applicable in many experimen-

tal organisms, involve the use of double mutants in which

the phenotypic effects of one mutation are changed by the

presence of a second mutation.

Suppressor Mutations The first type of analysis is based on

genetic suppression. To understand this phenomenon, suppose

mutant allele would have a mutant phenotype (Figure 5-9a)'

The observation of genetic suppression in yeast strains

carrying a mutant actin allele (act1-1) and a second muta-

tion (sic5) in another gene provided early evidence for a

(a) Suppression

GenotyPe AB aB Ab ab

Phenotype Wild type Mutant Mutant SuPPressed

(b) Synthetic lethality 1

Genotype AB

Phenotype Wild type

Ab ab

Part ial Severe
defect defect

rNrERPRErAlo- 
/ed\
t  I  i / t  l
\ U U , /

rNrERPRErArto- ,fii\(  |  11 I  )
\U U,/

i

(cl Synthetic lethality 2

aB

Part ial
defect

Genotype

Phenotype

AB

Wild type

aB Ab

Wild type Wild tYPe

ab

A FIGURE 5-9 Mutations that result in genetic suppression or

synthetic lethality reveal interacting or redundant proteins'

(a) Observation that double mutants with two defective proteins

(A and B) have a wild-type phenotype but that single mutants give

a mutant phenotype indicates that the function of each protein

depends on interaction with the other. (b) Observation that double

mutants have a more severe phenotypic defect than single mutants

also is evidence that two proteins (e g , subunits of a heterodimer)

must interact to function normally. (c) Observation that a double

mUtan t i snonv iab |ebu t tha t theco r respond ings ing |emu tan tshave
the wild-type phenotype indicates that two proteins f unction in

redundant pathways to produce an essential product
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( a )

direct interaction in vivo between the proteins encoded by
the two genes. Later biochemical studies showed that these
two proteins-Act1 and Sac6-do indeed inreract in the
construction of functional actin structures within the cell.

Synthetic Lethal Mutations Another phenomenon, called
synthetic lethality, produces a phenotypic effect opposrte to
that of suppression. In this case, the deleterious effect of one
mutation is greatly exacerbated (rather than suppressed) by
a second mutation in a related gene. One situation in which
such synthetic lethal mutations can occur is illustrated in
Figure 5-9b. In this example, a heterodimeric protein is par-
tiall5 but not completely, inactivated by mutations in eiiher
one of the nonidentical subunits. However, in double mu-
tants carrying specific murations in the genes encoding both
subunits, l i tt le interaction between subunits occurs, iesult-
ing in severe phenotypic effects. Synthetic lethal mutations

product cannor be synthesized and the double mutanrs wil l
be nonviable.

Genes Can Be ldent i f ied by Thei r  Map posi t ion
on the Chromosome
The preceding discussion of genetic analysis illustrates how
a geneticist can gain insight into gene function by observing
the phenotypic effects produced by joining together different
combinations of mutant alleles in the same cell or organism.
For example, combinations of different alleles of the same
gene in a diploid can be used to determine whether a muta-
tion is dominant or recessive or whether two different reces-
sive mutations are in the same gene. Furthermore, combina-
tions of mutations in different genes can be used to
determine the order of gene function in a pathway or to
identify functional relationships between genes such as sup-
pression and synthetic enhancement. Generally speaking, all
these methods can be viewed as analytical tests baseJ on
gene functioz. \7e will now consider a fundamentally differ-
ent type of genetic analysis based on gene positioz. Studies
designed to determine the position of a gene on a chromo-
some, often referred to as genetic mapping studies, can be
used to identify the gene affected by a particular mutation or
to determine whether two mutations are in the same gene.

In many organisms generic mapping studies rely on
exchanges of genetic information that occur during meiosis.
As discussed in Chapter 4 and as shown in Figure 5-10a,

(b) Consider two linked genes A and Bwith recessive alleles a and b.

Cross of two mutants to construct a doubly heterozygous strain:

AlAblb x alaBlB

I

Cross of double heterozygote to test strain:

Iv
A b a B A B a b
a b u A " b r b

\___________-Y_ _________YJ

Parental types Recombinant types

Genetic distance between A and B can be determined from
frequency of parental and recombinant gametes:

Genetic distance in cM = 100 , I totbi.nant gametes
total gametes

chromatid, the more l ikely they are to be separated by recombination
and the greater the proport ion of recombinant gametes produced
(b) In a typical mapping experiment, a strain that is heterozygous for
two dif ferent genes is constructed The frequency of parental or
recombinant gametes produced by thls strain can be determjned
from the phenotypes of the progeny in a testcross to a homozygous
recessive strain The genetic map distance in centimorgans (cM) is
given as the percent of the gametes that are recombinant

-'-lf m2Replicated
chromosomes
(4n l

and
over

Metaphase I

A

A  b  . .  a  b
a B a b

I
t n

m1

I

Parental Recombinant gametes parental
gamete gamete

A FIGURE 5-10 Recombination during meiosis can be used to
map the posit ion of genes. (a) Shown is an individual that carr ies
two mutations, designated m/ (yel low) and m2 (green), that are on
the maternal and paternal versions of the same chromosome lf
crosslng over occurs at an interval between ml and m2 before the
first melot ic division, then two recombinant gametes are produced;
one carr ies both m / and m2, whereas the other carr ies neither
mutation The longer the distance between two mutations on a

i  Anaphase I

/* \

I
1 n

";

v

Anaphase l l

t n1 n
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genetic recombination takes place before the first meiotic

cell division in germ cells, when the replicated chromosomes

of each homologous pair align with each other. At this time,

homologous DNA sequences on maternally and paternally

derived chromatids can exchange with each other, a process

known as crossing over. 
'We 

now know that the resulting

crossovers between homologous chromosomes provide

structural links that are important for the proper segregation

of pairs of homologous chromatids to opposite poles during

the first meiotic cell division (for discussion see Chapter 20).

Consider two different mutations, one inherited from each

parent, that arc located close to one another on the same

chromosome. Two different types of gametes can be produced

according to whether a crossover occurs between the muta-

tions during meiosis. If no crossover occurs between them,

gametes known as parental types,which contain either one or

the other mutation, will be produced. In contrast' if a

crossover occurs between the two mutations' gametes known

as recombinant types will be produced. In this example

recombinant chromosomes would contain either both muta-

tions, or neither of them. The sites of recombination occur

more or less at random along the length of chromosomes; thus

the closer together two genes are, the less likely that recombi-

nation will occur between them during meiosis. In other

words, the less frequently recombination occurs between two

genes on the same chromosome, the more tightly they are

Iinked and tbe closer together they are. Two genes that are suf-

ficiently close together such that there are significantly fewer

recombinant gametes produced than parental gametes are

considered to be genetically linked.
The technique of recombinational mapping was devised

in 1911 by A. Sturtevant while he was an undergraduate

working in the laboratory of T. H. Morgan at Columbia

University. Originally used in studies on Drosophila, this

technique is still used today to assess the distance between

two genetic loci on the same chromosome in many experl-

mental organisms. A typical experiment designed to deter-

mine the map distance between two genetic positions would

involve two steps. In the first step' a strain is constructed

that carries a different mutation at each position, or locus. In

the second step, the progeny of this strain are assessed to de-

termine the relative frequency of inheritance of parental or

recombinant types. A typical way to determine the frequency

of recombination between two genes is to cross one diploid

parent heterozygous at each of the genetic loci to another

parent homozygous for each gene. For such a cross, the pro-

portion of recombinant progeny is readily determined be-

cause recombinant phenotypes will differ from the parental

phenotypes. By convention, one genetic map unit is defined

as the distance between two positions along a chromosome

that results in one recombinant individual in 100 total prog-

eny. The distance corresponding to this 1 percent recombi-

nation frequency is called a centimorgan (cM) in honor of

Sturtevant's mentor, Morgan (see Figure 5-10b).

A complete discussion of the methods of genetic map-

ping experiments is beyond the scope of this introductory

discussion; however, two features of measuring distances by

recombination mapping need particular emphasis. First, the

frequency of genetic exchange between two loci is strictly

proportional to the physical distance in base pairs separating

ih.- o.tly for loci that are relatively close together (sa5 less

than about 10 cM). For loci that are farther apart than this'

a distance measured by the frequency of genetic exchange

tends to underestimate the physical distance because of the

possibility of two or more crossovers occurring within an in-

ie.ual. In the limiting case in which the number of recombi-

nant types will equal the number of parental types, the two

loci under consideration could be far apart on the same

chromosome or they could be on different chromosomes,

and in such cases the loci are considered to be unlinked'

A second important concept needed for interpretation of

recombination frequency (i.e.' a genetic distance of 1 cM)

represents a physical distance of about 2.8 kilobases in yeast

compared *lth 
" 

distance of about 400 kilobases in

Drosophila and about 780 kilobases in humans'

One of the chief uses of genetic mapping studies is to

human diseases can be identified using such methods' A sec-

ond general use of mapping experiments is to determine

*hethe. two different mutations are in the same gene' If two

mutations are in the same gene, they will exhibit tight

linkage in mapping experiments, but if they are in different

g..r.{ they will usually be unlinked or exhibit weak linkage'

Genetic Analysis of Mutations to ldentify

and Study Genes

r Diploid organisms carry two copies (alleles) of each

gene, whereas haploid organisms carry only one copy'

r Recessive mutations lead to a loss of function, which is

masked if a normal allele of the gene is present' For the

mutant phenotype to occur' both alleles must carry the

mutatl0n.

r Dominant mutations lead to a mutant phenotype in the

presence of a normal allele of the gene. The phenotypes as-

sociated with dominant mutations often represent a gain of

function but in the case of some genes result from a loss of

function.

r In meiosis, a diploid cell undergoes one DNA replication

and two cell divisions, yielding four haploid cells in which

maternal and paternal alleles are randomly assorted (see

Figure 5-3).
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r Dominant and recessive mutations exhibit characteristic
segregatlon patterns in genetic crosses (see Figure 5_4).

r  In  haplo id yeast .  temperature-sensi t ive mutat ions are
particularly useful for identifying and studying genes essen-
tial to survival.

r The number of functionally related genes involved in a
process can be defined by complemenration analysis (see
Figure -5-7).

r The order in which genes function in a signaling path-
way can be deduced from the phenotype of double mutants
defective in two steps in the affected process.

r Functionally significant interactions between Drorelns
can be deduced from the phenotypic effects o? allele-
specific suppressor mutations or synthetic lethal mutations.

r Genetic mapping experiments make use of crossing over
between homologous chromosomes during meiosis to
measure the genetic distance between two different muta_
tions on the same chromosome.

f[ DNA Cloning and Characterization

is simply any DNA molecule composed of sequences de_
rived from different sources.

The key to cloning a DNA fragment of interest is to link
it to a vector DNA molecule that can replicate within a host
cell. After a single recombinant DNA molecule, composed of
a vector plus an inserted DNA fragmenr, is introdu.id irrto 

"host cell, the inserted DNA is replicated along with the vec_
tor, generating a large number of identical DNA molecules.
The basic scheme can be summarized as follows:

Vector + DNA fragment

J

Recombinant DNA

J
Replication of recombinant DNA within host cells

J
Isolation, sequencing, and manipulation

of purified DNA fragment

Although investigators have devised numerous experimental
variations, this flow diagram indicates the essential steDs in
DNA cloning. In this section, we first describe methods for
isolating a specific sequence of DNA from a sea of other DNA
sequences. This process often involves cutting the genome rnto
fragments and then placing each fragment ii a vector so that
the entire collection can be propagated as recombinant mole_
cules in separate host cells. While many different types of
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vectors exist, our discussion will mainly focus on plasmid vec-
tors in E. coli host cells, which are commonly used. Various
techniques can then be employed to identify the sequence o{
interest from this collection of DNA fragments, known as a
DNA library. Once a specific DNA fragment is isolated, it is
typically characterized by determining the exact sequence of
nucleotides in the molecule. We end with a discussion of the
polymerase chain reaction (PCR). This powerful and versatile
technique can be used in many ways to generate large quanti-
ties of a specific sequence and otherwise manipulate ONR m
the laboratory. The various uses of cloned DNA frasments are
discussed in subsequent sections.

Restrict ion Enzymes and DNA Ligases
Al low Inser t ion of  DNA Fragments in to
Cloning Vectors
A major objective of DNA cloning is to obtain discrete,
small regions of an organism's DNA that constitute specific
genes. In addition, only relatively small DNA molecules can
be cloned in any of the available vectors. For these reasons,
the very long DNA molecules that compose an organism's
genome must be cleaved into fragments that can be inserted
into the vector DNA. Two types of enzymes-restriction en-
zymes and DNA ligases-facilitate production of such re-
combinant DNA molecules.

Cutting DNA Molecules into Small Fragments Restric_
tion enzymes are endonucleases produced by bacteria that typi-
cally recognize specific 4- to 8-bp sequences, called restrictin
sites, and then cleave both DNA strands at this site. Restriction
sites commonly are short palindromic sequences; that is, the
restriction-site sequence is the same on each DNA strand when
read in the 5'-+3' direction (Figure 5-11).

For each restriction enzyme) bacteria also produce a
modification enzyme, which protects a bacterium's own
DNA from cleavage by modifying it at or near each potenrial
cleavage site. The modification enzyme adds a methyl group
to one or two bases, usually within the restriction site. When

EcoRl

+
J '  r ( -  |  |

ti
Cleavage I EcoRl

+
Sticky ends

c  - - - - r  3 '
\l 5

  FIGURE 5-11 Cleavage of DNA by the restriction enzyme
EcoRf. This restriction enzyme from E coli makes staqqered cuts at
the specific 6-bp palindromic sequence shown, yielding fragments
with single-stranded, complementary "sticky,, ends. Many other
restriction enzymes also produce fragments with sticky ends

s',- -------r 
G.), . T T A A



a methyl group is present there, the restriction endonuclease
is prevented from cutting the DNA. Together with the

restriction endonuclease, the methylating enzyme forms a

restriction-modification system that protects the host DNA

while it destroys incoming foreign DNA (e.g., bacteriophage
DNA or DNA taken up during transformation) by cleaving
it at all the restriction sites in the DNA.

Many restriction enzymes make staggered cuts in the two
DNA strands at their recognition site, generating fragments

that have a single-stranded "tail" at both ends, sticky ends
(see Figure 5-11). The tails on the fragments generated at a
given restriction site are complementary to those on all other
fragments generated by the same restriction enzyme. At

room temperature, these single-stranded regions can tran-

siently base-pair with those on other DNA fragments gener-

ated with the same restriction enzyme. A few restriction

enzymes, such as Alul and SmaI, cleave both DNA strands at

the same point within the restriction site, generating frag-

ments with "blunt" (f lush) ends in which all the nucleotides

at the fragment ends are base-paired to nucleotides in the

complementary strand.

The DNA isolated from an individual organism has a

specific sequence, which purely by chance will contain a spe-

cific set of restriction sites' Thus a given restriction enzyme

will cut the DNA from a particular source into a repro-

ducible set of fragments called restriction fragments. The fre-

quency with which a restriction enzyme cuts DNA, and thus

the average size of the resulting restriction fragments, de-

pends largely on the length of the recognition site. For ex-

ample, a restriction enzyme that recognizes a 4-bp site will

cleave DNA an average of once every 4", or 256, base pairs,

whereas an enzyme that recognizes an 8-bp sequence will

cleave DNA an average of once every 4E base pairs (=65 kb)'

Restriction enzymes have been purified from several hun-

dred different species of bacteria, allowing DNA molecules

to be cut at a large number of different sequences correspon-

ding to the recognition sites of these enzymes (see Table 5-1)'

Inserting DNA Fragments into Vectors DNA fragments

with either sticky ends or blunt ends can be inserted into vector

DNA with the aid of DNA ligases. During normal DNA repli-

cation, DNA ligase catalyzesthe end-to-end ioining (ligation) of

ENZYME

BamHl

SOURCE MICRO()RGANISM

B a cillu s amy lo liq u ef a cien s

RECOGNITION SITE-

J
-G-G-A-T-C.C.
-C-C-T-A-G-G.

1

J
-G-A-T-C-
.C-T-A-G-

t

J
-G-A-A-T-T-C-
-C.T-T-A-A-G

t

J
-A,A-G.C-T-T.
-T-T-C-G-A-4.

T

ENOS PBODUCED

Sticky

Sau3A Staphylococcus aureus Sticky

EcoRl Escherichia coli Sticky

Hindlll Haemophilus influenzae Sticky

Smal Serratia mdrcescens

J
-C-C-C-G-G-G-
-G-G-G-C-C-C-

1

-G-C_G-G.C-C-G-C-
-C-G-C-C-G-G-C-G-

t

Blunt

Notl No car dia otiti di s- cau iarum Sticky

Many of these recognition sequences are included in a common polylinker sequence (see Figure 5-13).
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short fragments of DNA called Okazaki fragments. For pur-
poses of DNA cloning, purified DNA ligase is used to covalently
join the ends of a restriction fragment and vector DNA that
have complementary ends (Figure 5-12). The vector DNA and
restriction fragment are covalently ligated rogether through the
standard 3'-+5' phosphodiester bonds of DNA. In addition to
Iigating complementary sticky ends, the DNA ligase from bac-
teriophage T4 can ligate any two blunt DNA ends. However,
blunt-end ligation is inherently inefficient and requires a higher
concentration of both DNA and DNA ligase than does ligation
of sticky ends.

E. col iPlasmid Vectors Are Suitable for Cloning
lsolated DNA Fragments
Plasmids are circular, double-stranded DNA (dsDNA) mole-
cules that are separate from a cell 's chromosomal DNA.
These extrachromosomal DNAs, which occur naturally in
bacteria and in lower eukaryotic cells (e.g., yeast), exist in a

Plasmid
cloning vector

  FIGURE 5-13 Basic components of a plasmid cloning vector
that can replicate within an E. coli cell. plasmid vectors contain a
selectable gene such as amp', which encodes the enzyme
P-lactamase and confers resistance to ampicil l in. Exogenous DNA can
be inserted into the bracketed region without disturbing the abil ity of
the plasmid to replicate or express the amp, gene plasmid vectors
also contain a replication origin (ORl) sequence where DNA
replication is init iated by host-cell enzymes. Inclusion of a synthetic
polylinker containing the recognition sequences for several different
restriction enzymes increases the versatility of a plasmid vector The
vector is designed so that each site in the polvlinker is unioue on
the p lasmid.

parasitic or symbiotic relationship with their host cell. Like
the host-cell chromosomal DNA, plasmid DNA is dupli-
cated before every cell division. During cell division, copies
of the plasmid DNA segregate to each daughter cell, assuring
continued propagation of the plasmid through successive
generations of the host cell.

The plasmids most commonly used in recombinant DNA
technology are those that replicate in E. col/. Investigators
have engineered these plasmids to optimize their use as vec-
tors in DNA cloning. For instance, removal of unneeded
portions from naturally occurring E. coli plasmids yields
plasmid vectors, (=1.2-3 kb in circumferential length, that
contain three regions essential for DNA cloning: a replica-
tion origin; a marker that permits selection, usually a drug-
resistance gene; and a region in which exogenous DNA frag-
ments can be inserted (Figure 5-13). Host-cell enzymes
replicate a plasmid beginning at the replication origin (ORI),
a specific DNA sequence of 50-100 base pairs. Once DNA
replication is initiated at the ORI, it continues around the
circular plasmid regardless of its nucleotide sequence. Thus
any DNA sequence inserted into such a plasmid is replicated
along with the rest of the plasmid DNA.

Figure 5-14 outlines the general procedure for cloning a
DNA fragment using E. coli plasmid vectors. \lhen E. coli
cells are mixed with recombinant vector DNA under certain
conditions, a small fraction of the cells will take up the
plasmid DNA, a process known as transformation. Typi-
cally, 1, cell in about 10,000 incorporates a single plasmld
DNA molecule and thus becomes transformed. After
plasmid vectors are incubated with E. coli, those cells that
take up the plasmid can be easily selected from the much
larger number of cells. For instance, if the plasmid carries a
gene that confers resistance to the antibiotic ampicillin,
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  FIGURE 5-12 Ligation of restriction fragments with
complementary sticky ends. In this example, vector DNA cut with
EcoRl is mixed with a sample containing restriction fragments
produced by cleaving genomic DNA with several different restriction
enzymes The short base sequences composing the sticky ends of
each fragment type are shown The sticky end on the cut vector DNA
(a') base-pairs only with the complementary sticky ends on the EcoR/
fragment (a) in the genomic sample. The adjacent 3, hydroxyl and 5,
phosphate groups (red) on the base-paired fragments then are
covalently joined (l igated) by T4 DNA ligase.
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> EXPERIMENTAL FIGURE 5-14 DNA cloning in a plasmid
vector permits amplification of a DNA fragment. A fragment of
DNA to be cloned is f irst inserted into a plasmid vector containing an
ampicil l in-resistance gene (amp'), such as that shown in Figure 5-13
Only the few cells transformed by incorporation of a plasmid molecule
will survive on ampicil l in-containing medium In transformed cells, the
plasmid DNA replicates and segregates into daughter cells, resulting in
formation of an ampicil l in-resistant colonv

transformed cells can be selected by growing them in an
ampicillin-containing medium.

DNA fragments from a few base pairs up to =10 kb
commonly are inserted into plasmid vectors. When a recom-
binant plasmid with an inserted DNA fragment transforms
an E. coli cell, all the antibiotic-resistant progeny cells that
arise from the initial transformed cell will contain plasmids
with the same inserted DNA. The inserted DNA is replicated
along with the rest of the plasmid DNA and segregates to
daughter cells as the colony grows. In this way, the initial
fragment of DNA is replicated in the colony of cells into a
large number of identical copies. Since all the cells in a
colony arise from a single transformed parental cell, they
constitute a clone of cells, and the initial fragment of DNA
inserted into the parental plasmid is referred to as cloned
DNA or a DNA clone.

The versati l i ty of an E. coli plasmid vector is increased
by the addition of a polylinker, a synthetically generated
sequence containing one copy of several different restric-
tion sites that are not present elsewhere in the plasmid se-
quence (see Figure 5-13). \fhen such a vector is treated
with a restriction enzyme that recognizes a restriction site
in the polylinker, the vector is cut only once within the
polylinker. Subsequently any DNA fragment of appropri-
ate length produced with the same restriction enzyme can
be inserted into the cut plasmid with DNA ligase. Plasmids
containing a polylinker permit a researcher to use the
same plasmid vector when cloning DNA fragments gener-
ated with different restriction enzymes, which simplif ies
experimental procedures.

For some purposes, such as the isolation and manipula-
tion of large segments of the human genome, it is desirable
to clone DNA segments as large as several megabases

[L megabase (Mb) : 1 million nucleotides). For this purpose
specialized plasmid vectors known as BACs (bacterial artifi-
cial chromosomes) have been developed. One type of BAC
uses a replication origin derived from an endogenous plas-
mid of E. coli known as the F factor. The F factor and
cloning vectors derived from it can be stably maintained at a
single copy per E. coli cell even when they contain inserted
sequences of up to about 2 Mb. Production of BAC libraries
requires special methods for the isolation, l igation, and

transformation of large segments of DNA because segments
of DNA larger than about 20 kb are highly vulnerable to
mechanical breakage by even standard manipulations such
as prpetung.
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DNA fragment
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Enzymatical ly insert
DNA into plasmid vector

Mix E. col iwith olasmids
in presence ol CaCl2; heat-pulse

Cul tu re  on  nu t r ien t  agar
p la tes  conta in ing  ampic i l l i n

E. coli
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Cells that do not
take  up  p lasmid  d ie
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I
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+

I  
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GDNA Libraries Represent the Sequences
of Protein-Coding Genes

A collection of DNA molecules each cloned into a vector

molecule is known as a DNA library. !7hen genomic DNA

from a particular organism is the source of the starting

DNA, the set of clones that collectively represent all the

DNA sequences in the genome is known as a genomic

g
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< FIGURE 5-15 A cDNA library contains representative
copies of cellular mRNA sequences. A mixture of mRNAs is
the starting point for preparing recombinant plasmid clones
each containing a cDNA. Transforming E coli with the
recombinant plasmids generates a set of cDNA clones
representing all the cellular mRNAs. See the text for a step-by-
steo discussion.
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library. Such genomic libraries are ideal for representing the
genetic content of relatively simple organisms such as bacte-
ria or yeast, but present certain experimental difficulties for
higher eukaryotes. First, the genes from such organisms usu-
ally contain extensive intron sequences and therefore can be
too large to be inserted intact into plasmid vectors. As a re-
sult, the sequences of individual genes are broken apart and
carried in more than one clone. Moreover, the presence of in-
trons and long intergenic regions in genomic DNA often
makes it difficult to identify the important parts of a gene
that actually encode protein sequences. For example, only
about 1.5 percent of the hunran genome actually represents
protein-coding gene sequences. Thus for many studies, cellu-
lar mRNAs, which lack the noncoding regions present in ge-
nomic DNA, are a more useful starting material for generat-
ing a DNA library. In this approach, DNA copies of
mRNAs, called complementary DNAs (cDNAs), are synthe-
sized and cloned into plasmid vectors. A large collection of
the resulting cDNA clones, representing all the mRNAs
expressed in a cell type, is called a cDNA library.

cDNAs Prepared by Reverse Transcript ion
of  Cel lu lar  mRNAs Can Be Cloned to
Generate cDNA Librar ies

The first step in preparing a cDNA library is to isolate the to-
tal mRNA from the cell type or tissue of interest. Because of
their poly(A) tails, mRNAs are easily separated from the
much more prevalent rRNAs and tRNAs present in a cell ex-
tract by use of a column to which short strings of thymidy-
late (oligo-dTs) are linked to the matrix. The general proce-
dure for preparing a cDNA library from a mixture of cellular
mRNAs is outlined in Figure 5-15. The enzyme reverse tran-
scriptase, which is found in retroviruses, is used to synthesize
a strand of DNA complementary to each mRNA molecule,
starting from an oligo-dT primer (steps 1 and2). The result-
ing cDNA-mRNA hybrid molecules are converted in several
steps to double-stranded cDNA molecules corresponding to
all the mRNA molecules in the original preparation (steps

3-5). Each double-stranded cDNA contains an oligo-
dC.oligo-dG double-stranded region at one end and an
oligo-dT.oligo-dA double-stranded region at the other end.
Methylation of the cDNA protects it from subsequent
restriction enzyme cleavage (step 6).

To prepare double-stranded cDNAs for cloning, short
double-stranded DNA molecules containing the recognition
site for a particular restriction enzyme are ligated to both ends
of the cDNAs using DNA ligase from bacteriophage T4 (Fig-

ure 5-15, step 7). As noted earlier, this ligase can join "blunt-
ended" double-stranded DNA molecules lacking sticky ends.
The resulting molecules are then treated with the restriction
enzyme specific for the attached linker, generating cDNA mol-
ecules with sticky ends at each end (step 8a). In a separate pro-
cedure, plasmid DNA first is treated with the same restriction
enzyme to produce the appropriate sticky ends (step 8b).

The vector and the collection of cDNAs, all containing
complementary sticky ends, then are mixed and joined

covalently by DNA ligase (Figure 5-15, step 9). The resulting

DNA molecules are transformed into E. coli cells to generate

individual clones; each clone carrying a cDNA derived from

a single mRNA.
Because different genes are transcribed at very different

rates, cDNA clones corresponding to abundantly transcribed
genes will be represented many times in a cDNA library,

whereas cDNAs corresponding to infrequently transcribed
genes will be extremely rare or not present at all. This prop-

erty is advantageous if an investigator is interested in a gene

that is transcribed at a high rate in a particular cell type' In this

case, a cDNA library prepared from mRNAs expressed in that

cell type will be enriched in the cDNA of interest, facilitating

isolation of clones carrying that cDNA from the library. How-

eve! to have a reasonable chance of including clones corre-

sponding to slowly transcribed genes' mammalian cDNA li-

biaries must contain 1.06-107 individual recombinant clones.

DNA Librar ies Can Be Screened by Hybr id izat ion
to an Ol igonucleot ide Probe

Both genomic and cDNA libraries of various organisms

contain hundreds of thousands to upwards of a mill ion in-

dividual clones in the case of higher eukaryotes. Two gen-

eral approaches are available for screening l ibraries to

identify clones carrying a gene or other DNA region of in-

terest: (1) detection with oligonucleotide probes that bind

to the clone of interest and (2) detection based on expres-

sion of the encoded protein. Here we describe the first

method; an example of the second method is presented in

the next section.
The basis for screening with oligonucleotide probes is

hybridization, the abil ity of complementary single-

stranded DNA or RNA molecules to associate (hybridize)

specifically with each other via base pairing. As discussed

in Chapter 4, double-stranded (duplex) DNA can be dena-

tured (melted) into single strands by heating in a dilute

salt solution. If the temperature then is lowered and the

ion concentration raised, complementary single strands

will reassociate (hybridize) into duplexes. In a mixture of

nucleic acids, only complementary single strands (or

strands containing complementary regions) wil l reassoci-

ate; moreover, the extent of their reassociation is virtually

unaffected by the presence of noncomplementary strands.

As we wil l see later in this chapter, the abil ity to identify a

particular DNA or RNA sequence within a highly com-

plex mixture of molecules through nucleic acid hybridiza-

tion is the basis for many techniques employed to study

gene expresslon.
The steps involved in screening an E. coli plasmid cDNA

library are depicted in Figure 5-16. First' the DNA to be

screened must be attached to a solid support. A replica of the

petri dish containing a large number of individual E. coli

clones is reproduced on the surface of a nitrocellulose mem-

brane. The DNA on the membrane is denatured, and the

membrane is then incubated in a solution containing a ra-

dioactively labeled probe specific for the recombinant DNA

containing the fragment of interest. Under hybridization

conditions (near neutral pH, 40-65 "C' 0.3-0'6 M NaCl),
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locate the corresponding clone from which E coli cells can be
recovered

used technique for amplifying specific DNA sequences rhat
is described later.

How might an investigator design an oligonucleotide
probe to identify a clone encoding a particular protein? It
helps if all or a portion of the amino acid sequence of the
protein is known. Thanks to the availability of the complete
genomic sequences for humans and some important model
organisms such as the mouse, Drosophila, and the round-
worm Caenorbabditis elegans, a researcher can use an ap-
propriate computer program to search the genomic sequence
database for the coding sequence that corresponds to the
amino acid sequence of the protein under study. If a match is
found, then a single, unique DNA probe based on this
known genomic sequence will hybridize perfectly with the
clone encoding the protein of interest.

Yeast Genomic Libraries Can Be Constructed
with Shutt le Vectors and Screened by
Funct ional  Complementat ion
In some cases a DNA library can be screened for the ability to
express a functional protein that complements a recessive

I
to rad iographyf  

r"uorr autoradiography

Signa l  appears  over
p lasmid  DNA tha t  i s
complementary
to probe

A EXPERIMENTAL FIGURE 5-16 cDNA libraries can be screened
with a radiolabeled probe to identify a clone of interest. The
appearance of  a spot  on the autoradiogram indicates the presence
of  a recombinant  c lone conta in ing DNA complementary to the
probe The position of the spot on the autoradioqram is the mirror

this labeled probe hybridizes ro any complemenrary nucleic
acid strands bound to the membrane. Any excess probe that
does not hybridize is washed away, and the labeled hybrids
are detected by autoradiography of the filter. This technique
can be used to screen both genomic and cDNA libraries, but
is most commonly used to isolate specific cDNAs.

Clear lS ident i f icat ion of  speci f ic  c lones by the
membrane-hybridization technique depends on the avail-
abi l i ty  of  complemenrary radio labeled probes.  For  an
oligonucleotide to be useful as a probe, ir must be long
enough for its sequence to occur uniquely in the clone of
interest and not in any other clones. For most purposes,
this condition is satisfied by oligonucleotides containing
about  20 nucleot ides.  This is  because a speci f ic  20-nu-
c leot ide sequence occurs once in every 420 (=1012) nu-
cleotides. Since all genomes are much smaller (=3 x t0e
nucleotides for humans), a specific 20-nucleotide sequence
in a genome usually occurs only once. With automated in-
st ruments now avai lable,  researchers can program the
chemical synthesis of oligonucleotides of specific sequence
up to about 100 nucleotides long. Longer probes can be
prepared by the polymerase chain reaction (pCR), a widely

o )
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mutation. Such a screening strategy would be an efficient way
to isolate a cloned gene that corresponds to an interesting re-

cessive mutation identified in an experimental organism. To
illustrate this method, referred to as functional complementa-
tion, we describe how yeast genes cloned in special E. coli
plasmids can be introduced into mutant yeast cells to identify

the wild-type gene that is defective in the mutant strain.
Libraries constructed for the purpose of screening

among yeast gene sequences usually are constructed from
genomic DNA rather than cDNA. Because Saccharomyces
genes do not contain multiple introns, they are sufficiently
compact that the entire sequence of a gene can be included

< EXPERIMENTAL FIGURE 5-17 A yeast genomic l ibrary can be
constructed in a plasmid shuttle vector that can replicate in
yeast and E. coli. (a) Components of a typical plasmid shuttle vector

for cloning Saccharomyces genes The presence of a yeast origin of
DNA replication (ARS) and a yeast centromere (CEN) allows stable
replication and segregation in yeast Also included is a yeast

selectable marker such as URA3, which allows a ura3 mutant to
grow on medium lacking uracil Finally, the vector contains sequences
for replication and selection in E. coli (ORl and amp') and a polylinker

for easy insertion of yeast DNA fragments. (b) Typical protocol for
constructing a yeast genomic l ibrary Partial digestion of total yeast

genomic DNA with 5au3A is adjusted to generate fragments with an

average size of about 1 0 kb The vector is prepared to accept the
genomic fragments by digestion with BamHl, which produces the

same sticky ends as 5au3A. Each transformed clone of E. coli that
grows after selection for ampicil l in resistance contains a single type

of yeast DNA fragment

in a genomic DNA fragment inserted into a plasmid vector.

To construct a plasmid genomic l ibrary that is to be

screened by functional complementation in yeast cells, the

plasmid vector must be capable of replication in both E.

coli cells and yeast cells. This type of vector' capable of

propagation in two different hosts, is called a shuttle vec-

tor. The structure of a typical yeast shuttle vector is shown

in Figure 5-L7a. This vector contains the basic elements

that permit cloning of DNA fragments in E- coli.In addi-

tion, the shuttle vector contains an autonomously replicat-

ing sequence (ARS), which functions as an origin for DNA

replication in yeast; a yeast centromere (called CEN),

which allows faithful segregation of the plasmid during

yeast cell division; and a yeast gene encoding an enzyme for

uracil synthesis (URA3), which serves as a selectable

marker in an approprlate yeast mutant.

To increase the probabil ity that all regions of the yeast

genome are successfully cloned and represented in the

plasmid l ibrary, the genomic DNA usually is only partially

digest.d to yield overlapping restriction fragments of
=tb t U. These fragments are then ligated into the shuttle

vector in which the polylinker has been cleaved with a re-

striction enzyme that produces sticky ends complementary

to those on the yeast DNA fragments (Figure 5-17b). Be-

cause the 10-kb restriction fragments of yeast DNA are in-

corporated into the shuttle u.ito., randomly, at least 10s

E. coli colonies, each containing a particular recombinant

shuttle vector, are necessary to assure that each region of

yeast DNA has a high probabil ity of being represented in

the l ibrary at least once.
Figure 5-18 outlines how such a yeast genomic library

can be screened to isolate the wild-type gene corresponding

to one of the temperature-sensitive cdc mutations mentioned

earlier in this chapter. The starting yeast strain is a double

mutant that requires uracil for growth due to a ura3 mtta-

tion and is temperature-sensitive due to a cdc28 mutation

identified by its phenotype (see Figure 5-6). Recombinant

plasmids isolated from the yeast genomic library are mixed

with yeast cells under conditions that promote transforma-

tion of the cells with foreign DNA. Since transformed yeast

cells carry a plasmid-borne copy of the wild-type URA3
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  EXPERIMENTAL FIGURE 5-18 Screening of a yeast genomic
library by functional complementation can identify clones
carrying the normal form of a mutant yeast gene. In this
example, a wild-type CDC gene is isolated by complementation of a
cdc yeast mutant The Saccharomyces strain used for screentng rne
yeast l ibrary carries ura3 and a temperature-sensitive cdc mutation
This mutant strain is grown and maintained at a permisstve
temperature (23 "C) Pooled recombinant plasmids prepared as

gene, they can be selected by their ability to grow in the ab-
sence of uracil. Typically, about 20 petri dishes, each con-
taining about 500 yeast transformants, are sufficient to
represent the entire yeast genome. This collection of yeast
transformants can be maintained at 23"C, a temperature
permissive for growth of the cdc28 mutant. The entire col-
Iection on 20 plates is then transferred to replica plates,
which are placed at 36 "C, a nonpermissive temperature for
cdc mutants. Yeast colonies that carry recombinant plasmids
expressing a wild-type copy of the CDC28 gene will be able
to grow at 36'C. Once temperature-resistant yeast colonies
have been identified, plasmid DNA can be extracted from
the cultured yeast cells and analyzed by subcloning and
DNA sequencing, topics we take up next.

Gel Electrophoresis Allows Separation of Vector
DNA from Cloned Fragments
In order to manipulate or sequence a cloned DNA fragment, it
sometimes must first be separated from the vector DNA. This
can be accomplished by cutting the recombinant DNA clone
with the same restriction enzyme used to produce the recombi-
nant vectors originally. The cloned DNA and vector DNA then
are subjected to gel electrophoresis, a powerful method for
separating DNA molecules of different size (Figure 5-19).

Near neutral pH, DNA molecules carry a large negative
charge and therefore move toward the positive electrode
during gel electrophoresis. Because the gel marrix restricrs
random diffusion of the molecules, molecules of the same
length migrate together as a band whose width equals that of
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Repl ica-p la te  and
incubate at nonpermissive
te m pe ratu re 3 6 ' C

shown in Figure 5-17 are rncubated with the mutant yeast cells under
conditions that promote transformation The relatively few
transformed yeast cells, which contain recombinant plasmid DNA.
can grow in the absence of uracil at 23 'C When transformed yeast
colonies are replica-plated and placed at 36'C (a nonpermissrve
temperature), only clones carrying a l ibrary plasmid that contains the
wild-type copy of the CDC gene wil l survive L|OAC = lithium acetate;
PEG = polyethylene glycol

the well into which the original DNA mixture was placed at
the start of the electrophoretic run. Smaller molecules move
through the gel matrix more readily than larger molecules,
so that molecules of different length migrate as distinct
bands. Smaller DNA molecules from about 10 to 2000 nu-
cleotides can be separated electrophoretically on polyacry-
lamide gels, and larger molecules from about 200 nu-
cleotides to more than 20 kb on agarose gels.

A common method for visualizing separated DNA bands
on a gel is to incubate the gel in a solution containing the flu-
orescent dye ethidium bromide. This planar molecule binds to
DNA by intercalating berween the base pairs. Binding con-
centrates ethidium in the DNA and also increases its intrinsic
fluorescence. As a result, when the gel is illuminated with ul-
traviolet light, the regions of the gel containing DNA fluoresce
much more brightly than the regions of the gel without DNA.

Once a cloned DNA fragment, especially a long one, has
been separated from vector DNA, it often is treated with var-
ious restriction enzymes to yield smaller fragments. After sep-
aration by gel electrophoresis, all or some of these smaller
fragments can be ligated individually into a plasmid vector
and cloned in E. coli by the usual procedure. This process,
known as subcloning, is an important step in rearranging
parts of genes into useful new configurations. For instance,
an investigator who wants to change the conditions under
which a gene is expressed might use subcloning to replace the
normal promoter associated with a cloned gene with a DNA
segment containing a different promoter. Subcloning also can
be used to obtain cloned DNA fragments that are of an ap-
propriate length for determining the nucleotide sequence.
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< EXPERIMENTAL FIGURE 5-19 Gel electrophoresis separates
DNA molecules of different lengths. (a) A gel is prepared by
pour ing a l iqu id conta in ing e i ther  mel ted agarose or
unpolymer ized acry lamide between two g lass p lates a few

mi l l imeters apar t  As the agarose sol id i f ies or  the acry lamide
polymer izes in to polyacry lamide,  a gel  matr ix  (orange ovals)  forms

consist ing of  long,  tangled chains of  polymers The d imensions of

the in terconnect ing channels,  or  pores,  depend on the
concentrat ion of  the agarose or  acry lamide used to form the gel

The separated bands can be v isual ized by autoradiography ( i f  the

f  ragments are radio labeled)  or  by addi t ion of  a f  luorescent  dye
(e g ,  e th id ium bromide)  that  b inds to DNA (b)  A photograph of  a
gel  s ta ined wi th eth id ium bromide (EtBr)  EtBr  b inds to DNA and

f luoresces under UV l ight ,  The bands in the far  le f t  and far  r ight

lanes are known as DNA ladders-DNA f ragments of  known s ize

that  serve as a reference for  determin ing the length of  the DNA

f ragments in  the exper imenta l  sample IPar t  (b)  Science Photo
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  FIGURE 5-20 Structures of deoxyribonucleoside
triphosphate (dNTP) and dideoxyribonucleoside triphosphate
(ddNTP). Incorporation of a ddNTP residue into a growing DNA

strand terminates elongation at that point
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a EXPERIMENTAL FTGURE 5-21 Cloned DNAs can be
sequenced by the Sanger method, using fluorescent-tagged
dideoxyribonucleoside triphosphates (ddNTps). (a) A single
(template) strand of the DNA to be sequenced (blue letters) is
hybridized to a synthetic deoxyribonucleotide primer (black letters)
The primer is elongated in a reaction mixture containing the four
normal deoxyribonucleoside triphosphates plus a relatively small
amount of one of the four dideoxyribonucleoside triphosphates. ln
this example, ddGTP (yellow) is present Because of the relatively
low concentration of ddGTP, incorporation of a ddGTB and thus
chain termination, occurs at a given position in the sequence only
about 1 percent of the time Eventually the reaction mixture wil l
contain a mixture of prematurely terminated (truncated) dauqhter

Technique Animation: Dideoxy Sequencing of DNA {tttt

P r i m e r  5 ' -
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Denature and separate daughter strands by electrophoresis

fragments ending at every occurrence of ddGTp (b) To obtain the
complete sequence of a template DNA, four separate reactions are
performed, each with a different dideoxyribonucleoside triphosphate
(ddNTP) The ddNTP that terminates each truncated fragment can be
identified by use of ddNTPs tagged with four different fluorescent
dyes (indicated by colored highlights). (c) In an automated
sequencing machine, the four reaction mixtures are subjected to gel
electrophoresis, and the order of appearance of each of the four
drfferent fluorescent dyes at the end of the gel is recorded Shown
here is a sample printout from an automated sequencer from which
the sequence of the original template DNA can be deduced from the
sequence of the synthesized strand N = nucleotide that cannot be
assigned [Part (c) from Griffiths et al , Figure 14-27 I

(b )

etc.
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II
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lsolation of a genomic library spanning the genome of interest

A l ign ing  l ib ra ry  c lones
by hybridization or

restr ict ion-site mapping

Ordered set of clones
spanning the genome

Sequenc ing  o f
ordered clones

Genomic sequence

> FIGURE 5-22 Two Strategies for Assembling Whole Genome
Sequences. One method depends on isolating and assembling a set
of cloned DNA segments that span the genome This can be done by
matching cloned segments by hybridization or by alignment of
restriction site maps The DNA sequence of the ordered clones can
then be assembled into a complete genomic sequence The

Cloned DNA Molecules Are Sequenced Rapid ly
by the Dideoxy Chain-Terminat ion Method

The complete characterization of any cloned DNA fragment
requires determination of its nucleotide sequence. F. Sanger
and his colleagues developed the method now most com-
monly used to determine the exact nucleotide sequence of
DNA fragments up to =500 nucleotides long. The basic idea
behind this method is to synthesize fromthe DNA fragment to
be sequenced a set of daughter strands that are labeled at one
end and differ in length by one nucleotide. Separation of the
truncated daughter strands by gel electrophoresis can then es-
tablish the nucleotide sequence of the original DNA fragment.

Synthesis of truncated daughter stands is accomplished by
use of 2',3'-dideoxyribonucleoside triphosphates (ddNTPs).
These molecules, in contrast to normal deoxyribonucleotides
(dNTPs), lack a 3' hydroxyl group (Figure 5-20). Although
ddNTPs can be incorporated into a growing DNA chain by
DNA polymerase, once incorporated they cannot form a
phosphodiester bond with the next incoming nucleotide
triphosphate. Thus incorporation of a ddNTP terminates
chain synthesis, resulting in a daughter strand truncated at
specific positions corresponding to the base complementary
to the added ddNTP on the template strand.

Sequencing using the Sanger dideoxy chain-termination
method is usually carried out using an automated DNA se-
quencing machine. The reaction begins by denaturing a
double-stranded DNA fragment to generate template strands
for in vitro DNA synthesis. A synthetic oligodeoxynucleotide
is used as the primer for the polymerization reaction that con-
tains a low concentration of each of the four ddNTPs in addi-
tion to higher concentrations of the normal dNTPs. The
ddNTPs are randomly incorporated at the positions of the
corresponding dNTP, causing termination of polymerization
at those positions in the sequence (Figure 5-21,a).Inclusion of
fluorescent tags of different colors on each of the four ddNTPs
allows each set of truncated daughter fragments to be distin-

Sequenc ing  o f
random l ib ra ry  c lones

Sequence of unordered fragments,
for about lO-fold coverage of

each genomic segment

Al igning sequenced
clones by comPuter

Assembled
genomlc sequence

alternative method depends on the relative ease of automated DNA
sequencing and bypasses the laborrous step of ordering the l ibrary
By sequencing enough random library clones so that each segment
of the genome is represented from 3 to 10 times it is possible to
reconstruct the genomrc sequence by computer alignment of the
very large number of sequence fragments

guished by their corresponding fluorescent label (Figure 5-

21b). For example, all truncated fragments that end with a G

would fluoresce one color (e.g., yellow), and those ending

with an A would fluoresce another color (e.g', red), regardless

of their lengths. The mixtures of truncated daughter frag-

ments from each of the four reactions are subjected to elec-

trophoresis on special polyacrylamide gels that can separate

single-stranded DNA molecules differing in length by only 1

nucleotide. A fluorescence detector that can distinguish the

four fluorescent tags is located at the end of the gel. The se-

quence of the original DNA template strand can be deter-

mined from the order in which different labeled fragments mi-

grate past the fluorescence detector (Figure 5-21'c).
In order to sequence a long continuous region of genomic

DNA or even the entire genome of an organism, researchers

usually employ one of the strategies outlined in Figure 5-22.

The first method requires the isolation of a collection of cloned

DNA fragments whose sequences overlap. Once the sequence

of one of these fragments is determined, oligonucleotides based

on that sequence can be chemically synthesized for use as

primers in sequencing the adjacent overlapping fragments. In

this way, the sequence of a long stretch of DNA is determined

incrementally by sequencing of the overlapping cloned DNA

fragments that compose it. A second method, which is called

whole genome shotgun seqwencing, bypasses the time-consum-

ing step of isolating an ordered collection of DNA segments

that span the genome. This method involves simply sequencing

random clones from a genomic library. A total number of

clones are chosen for sequencing so that on average each seg-

ment of the genome is sequenced about 10 times. This degree of

coverage ensures that each segment of the genome is sequenced

more than once. The entire genomic sequence is then assembled

using a computer algorithm that aligns all the sequences, using

their regions of overlap. \7hole genome shotgun sequencing is

the fastest and most cost-effective method for sequencing long

stretches of DNA, and most genomes' including the human

genome, have been sequenced by this method.
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The Polymerase Chain React ion Ampl i f ies a
Specif ic DNA Sequence from a Complex Mixture
If the nucleotide sequences at the ends of a parricular DNA
region are known, the intervening fragment can be amplified
directly by the polymerase chain reaction (PCR). Here we
describe the basic PCR technique and three situations in
which it is used.

Technique Animation: Polymerase Chain Reaction {tt t t

< EXPERIMENTAL FIGURE 5-23 The polymerase chain reaction (PCR) is widely used
to amplify DNA regions of known sequences. To amplify a specific region of DNA, an
investigator will chemically synthesize two different oligonucleotrde primers complementary to
sequences of approximately 18 bases flanking the region of interest (designated as light blue
and dark blue bars) The complete reaction is composed of a complex mixture of double-
stranded DNA (usually genomic DNA containing the target sequence of interest), a
stoichiometric excess of both primers, the four deoxynucleoside triphosphates, and a heat-
stable DNA polymerase known as Taq polymerase. During each PCR cycle, the reaction
mixture is first heated to separate the strands and then cooled to allow the primers to bind to
complementary sequences flanking the region to be amplified. Iaq polymerase then extends
each primer from its 3' end, generating newly synthesized strands that extend in the 3'
direction to the 5' end of the template strand. During the third cycle, two double-stranded
DNA molecules are generated equal in length to the sequence of the region to be amplified
In each successive cycle the target segment, which will anneal to the primers, is duplicated,
and will eventually vastly outnumber all other DNA segments in the reaction mixture
Successive PCR cycles can be automated by cycling the reaction for timed intervals at high
temperature for DNA melting and at a defined lower temperature for the annealing and
elongation portions of the cycle A reaction that cycles 20 times will amplify the specific target
sequence 1 -mill ion-fold

The PCR depends on the ability to alternately denature
(melt) double-stranded DNA molecules and hybridize comple-
mentary single strands in a controlled fashion. As outlined in
Figure 5-23, a typical PCR procedure begins by heat-denatura-
tion of a DNA sample into single strands. Next, two synthetic
oligonucleotides complementary to the 3' ends of the target
DNA segment of interest are added in great excess to the dena-
tured DNA, and the temperarure is lowered to 50-60 'C.

These specific oligonucleotides, which are at a very high con-
centration, will hybridize with their complementary sequences
in the DNA sample, whereas the long strands of the sample
DNA remain apart because of their low concentration. The hy-
bridized oligonucleotides then serve as primers for DNA chain
synthesis in the presence of deoxynucleotides (dNTPs) and a
temperature-resistant DNA polymerase such as that from
Thermus aquaticus (a bacterium that lives in hot springs). This
enzymq called Taq polymerase, can remain active even after
being heated to 95 oC and can extend the primers at tempera-
tures up to72"C. When synthesis is complete, the whole mix-
ture is then heated to 95 "C to denature the newly formed DNA
duplexes. After the temperature is lowered again, another cycle
of synthesis takes place because excess primer is still present.
Repeated cycles of denaturation (heating) followed by hy-
bridization and synthesis (cooling) quickly amplify the se-
quence of interest. At each cycle, the number of copies of the
sequence between the primer sites is doubled; therefore, the de-
sired sequence increases exponentially-about a million-fold
after 20 cycles-whereas all other sequences in the original
DNA sample remain unamplified.

Direct lsolation of a Specific Segment of Genomic DNA
For organisms in which all or most of the genome has been
sequenced, PCR amplification starting with the total genomic
DNA often is the easiest way to obtain a specific DNA region
of interest for cloning. In this application, the two oligonu-
cleotide primers are designed to hybridize to sequences flank-
ing the genomic region of interest and to include sequences
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that are recognized by specific restriction enzymes (Figure 5-
24). After amplification of the desired target sequence for
about 20 PCR cycles, cleavage with the appropriate restric-
tion enzymes produces sticky ends that allow efficient liga-
tion of the fragment into a plasmid vector cleaved by the
same restriction enzymes in the polylinker. The resulting re-
combinant plasmids, all carrying the identical genomic DNA
segment, can then be cloned in E. coli cells. \fith certain re-
finements of the PCR, even DNA segments greater than 10
kb in length can be amplified and cloned in this way.

Note that this method does not involve cloning of large
numbers of restriction fragments derived from genomic DNA
and their subsequent screening to identify the specific fragment
of interest. In effect, the PCR method inverts this traditional
approach and thus avoids its most tedious aspects. The PCR
method is useful for isolating gene sequences to be manipulated
in a variety of useful ways described later. In addition the PCR
method can be used to isolate gene sequences from mutant or-
ganisms to determine how they differ from the wild type.

A variation on the PCR method allows PCR amplifica-
tion of a specific cDNA sequence from cellular mRNAs. This

< EXPERIMENTAL FIGURE 5-24 A specific target region in total
genomic DNA can be amplif ied by PCR for use in cloning. Each
primer for PCR is complementary to one end of the target sequence
and includes the recognition sequence for a restriction enzyme that
does not have a site within the target region. In this example, primer
1 contains a BamHl sequence, whereas primer 2 contains a Hindll l
sequence (Note that for clarity, in any round, amplif ication of only
one of the two strands is shown, the one in brackets ) After
amplif ication, the target segments are treated with appropriate
restriction enzymes, generating fragments with sticky ends These
can be incorporated into complementary plasmid vectors and cloned
in E coli by the usual procedure (see Figure 5-13).

method, known as reuerse transcriptase-PcR /R?PCR/, be-
gins with the same procedure described previously for isola-

tion of cDNA from a collection of cellular mRNAs' Typically'

an oligo-dT primer, which will hybridize to the 3' poly(A) tail

of the mRNA, is used as the primer for the first strand of

cDNA synthesis by reverse transcriptase. A specific cDNA

can then be isolated from this complex mixture of cDNAs by

PCR amplification using two oligonucleotide primers de-

signed to match sequences at the 5' and 3' ends of the corre-

sponding mRNA. As described previously, these primers

could be designed to include restriction sites to facilitate the

insertion of amplified cDNA into a suitable plasmid vector.

Preparation of Probes Earlier we discussed how oligonu-

cleotide probes for hybridization assays can be chemically

synthesized. Preparation of such probes by PCR amplifica-

tion requires chemical synthesis of only two relatively short
primers corresponding to the two ends of the target se-
quence. The starting sample for PCR amplification of the

target sequence can be a preparation of genomic DNA, or a

preparation of cDNA synthesized from the total cellular

mRNA. To generate a radiolabeled product from PCR, 32P-

labeled dNTPs are included during the last several amplifi-

cation cycles. Because probes prepared by PCR are relatively

long and have many radioactive 3'P atoms incorporated into

them, these probes usually give a stronger and more specific

signal than chemically synthesized probes.

Tagging of Genes by Insertion Mutations Another useful

application of the PCR is to amplify a "tagged" gene from

the genomic DNA of a mutant strain. This approach is a

simpler method for identifying genes associated with a par-

ticular mutant phenotype than screening of a library by

functional complementation (see Figure 5-18).
The key to this use of the PCR is the ability to produce

mutations by insertion of a known DNA sequence into the

genome of an experimental organism. Such insertion muta-

tions can be generated by use of mobile DNA elements,

which can move (or transpose) from one chromosomal site

to another. As discussed in more detail in Chapter 5, these

DNA sequences occur naturally in the genomes of most or-

ganisms and may give rise to loss-of-function mutations if

they transpose into a protein-coding region.

For example, researchers have modified a Drosophila

mobile DNA element, known as the P element, to optimize

Region to be ampli f ied

5 '  3 '

Pr imer  1

Pr imer  2

Pr imer  1

Cont inue fo r  =20
PCR cycles
Cut with restr ict ion
enzymes

c

Sticky end
-
Sticky end

Ligate with plasmid vector
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> EXPERIMENTAL FIGURE 5-25 The genomic
sequence at the insertion site of a transposon
is revealed by PCR amplif ication and
sequencing. To obtain the DNA sequence of the
insertion site of a P-element transooson it is
necessary to PCR-amplify the junction between
known transposon sequences and unknown
flanking chromosomal sequences One method to
achieve this is to cleave genomic DNA with a
restriction enzyme that cleaves once within the
transposon sequence Ligation of the resulting
restriction fragments wil l generate circular DNA
molecules. By using appropriately designed DNA
primers that match transposon sequences it is
possible to PCR-amplify the desired junction
fragment Finally, a DNA sequencing reaction (see
Figure 5-21) is performed usrng the PCR-amplif ied
fragment as a template and an oligonucleotide
primer that matches sequences near the end of the
transposon, to obtain the sequence of the junction
between the transposon and chromosome

Restriction sites:t

its use in the experimental generation of insertron muta-
tions. Once it has been demonstrated that insertion of a P
element causes a mutation with an interesting phenotype,
the genomic sequences adjacent to the insertion site can be
amplif ied by a variation of the standard PCR protocol that
uses synthetic primers complementary to the known P-ele-
ment sequence but that allows unknown neighboring se-
quences to be amplif ied. One such method, depicted in
Figure 5-25, begins by cleaving Drosophila genomic DNA
containing a P-element insertion with a restriction enzyme
that cleaves once within the P-element DNA. The collec-
tion of cleaved DNA fragmenrs treated with DNA ligase
yields circular molecules, some of which wil l contain P-ele-
ment DNA. The chromosomal region flanking the P ele-
ment can then be amplif ied by PCR using primers that
match P-element sequences and are elongated in opposite
directions. The sequence of the resulting amplif ied frag-
ment can then be determined using a third DNA primer.
The crucial sequence for identifying the site of P-element
insertion is the junction between the end of the P-element
and genomic sequences. Overall, this approach avoids the
cloning of large numbers of DNA fragments and their
screening to detect a cloned DNA corresponding to a mu-
tated gene of interest.

Similar methods have been applied to other organrsms
for which insertion mutations can be generated using either
mobile DNA elements or viruses with sequenced genomes
that can insert randomly into the genome.

I  r ansDoson

I cr, *it,

I 
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PCR primers

I PCR amplif ication

I 
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DNA Cloning and Characterization

r In DNA cloning, recombinant DNA molecules are
formed in vitro by inserting DNA fragments into vecror
DNA molecules. The recombinant DNA molecules are
then introduced into host cells, where they replicate, pro-
ducing large numbers of recombinant DNA molecules.
r Restriction enzymes (endonucleases) typically cut DNA
at specific 4- to 8-bp palindromic sequences, producing de-
fined fragments that often have self-complementary single-
stranded tails (sticky ends).

I Two restriction fragments with complementary ends can
be joined with DNA ligase to form a recombinant DNA
molecule (see Figure 5-12).

t E. coli cloning vectors are small circular DNA molecules
(plasmids) that include three functional regions: an origin of
replication, a drug-resistance gene, and a site where a DNA
fragment can be inserted. Transformed cells carrying a vector
grow into colonies on the selection medium (see Figure 5-13).
r A cDNA library is a set of cDNA clones prepared from
the mRNAs isolated from a particular type of tissue. A
genomic library is a set of clones carrying restriction frag-
ments produced by cleavage of the entire genome.
r In cDNA cloning, expressed mRNAs are reverse-
transcribed into complementary DNAs, or cDNAs. By a se-
ries of reactions, single-stranded cDNAs are converted into
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double-stranded DNAs, which can then be ligated into a
plasmid vector (see Figure 5-15).

r A particular cloned DNA fragment within a library can
be detected by hybridization to a radiolabeled oligonu-
cleotide whose sequence is complementary to a portion of
the fragment (see Figure 5-16).

r Shuttle vectors that replicate in both yeast and E. coli can
be used to construct a yeast genomic library. Specific genes
can be isolated by their abil ity to complement the corre-
sponding mutant genes in yeast cells (see Figure 5-17).

r Long cloned DNA fragments often are cleaved with re-
striction enzymes, producing smaller fragments that are then
separated by gel electrophoresis and subcloned in plasmid
vectors prior to sequencing or experimental manipulation.

r DNA fragments up to about 500 nucleotides long are se-
quenced in automated instruments based on the Sanger
(dideoxy chain-termination) method (see Figure 5-21).

r lil/hole genome sequences can be assembled from the se-
quences of a large number of overlapping clones from a
genomic l ibrary (see Figure 5-22).

r The polymerase chain reaction (PCR) permits exponential
amplification of a specific segment of DNA from just a sin-
gle initial template DNA molecule if the sequence flanking
the DNA region to be amplif ied is known (see Figure 5-23).

r PCR is a highly versati le method that can be programmed
to amplify a specific genomic DNA sequence, a cDNA, or
a sequence at the junction between a transposable element
and flanking chromosomal sequences.

EE Using Cloned DNA Fragments to
Study Gene Expression
In the last section we described the basic techniques for using
recombinant DNA technology to isolate specific DNA clones,
and ways in which the clones can be further characterized.

Now we consider how an isolated DNA clone can be used to

study gene expression. We discuss several widely used general

techniques that rely on nucleic acid hybridization to elucidate
when and where genes are expressed, as well as methods for
generating large quantities of protein and otherwise manipu-
lating amino acid sequences to determine their expression pat-

terns, structure, and function. More specific applications of all
these basic techniques are examined in the following sections.

Hybr id izat ion Techniques Permi t  Detect ion of
Speci f ic  DNA Fragments and mRNAs

Two very sensitive methods for detecting a particular DNA or
RNA sequence within a complex mixture combine separation
by gel electrophoresis and hybridization with a complementary
radiolabeled DNA probe. A third method involves hybridizing
labeled probes directly onto a prepared tissue sample. \We will

encounter references to all three of these techniques, which
have numerous applications, in other chapters.

Southern Blotting The first hybridization technique to detect

DNA fragments of a specific sequence is known as Southern

blotting after its originator E. M. Southern. This technique is ca-
pable of detecting a single specific restriction fragment in the

highly complex mixture of fragments produced by cleavage of

the entire human genome with a restriction enzyme. When such a

complex mixture is subjected to gel electrophoresis, so many dif-

ferent fragments of nearly the same length are present it is not

possible to resolve any particular DNA fragments as a discrete

band on the gel. Nevertheless it is possible to identify a particular

fragment migrating as a band on the gel by its ability to hybridize

to a specific DNA probe. To accomplish this, the restriction

fragments present in the gel are denatured with alkali and

transferred onto a nitrocellulose filter or nylon membrane by

blotting (Figure 5-26). This procedure preserves the distribution

of the fragments in the gel, creating a replica of the gel on the fil-

ter. (The blot is used because probes do not readily diffuse into the

original gel.) The filter then is incubated under hybridization con-

ditions with a specific radiolabeled DNA probe, which usually is

DNA
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A EXPERIMENTAL FIGURE 5-25 Southern blot technique can
detect a specific DNA fragment in a complex mixture of
restriction fragments. The diagram depicts three different
restriction fragments in the gel, but the procedure can be applied to

N i t roce l lu  lose

a mixture of mil l ions of DNA fragments Only fragments that
hybridize to a labeled probe wil l give a signal on an autoradiogram
A similar technique called tVorthern blotting detects specifrc mRNAs

within a mixture lsee E M Southern, 1975, J Mol Blol 98:508 l
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generated from a cloned restriction fragment. The DNA restric-
tion fragment that is complementary to the probe hybridizes, and
its location on the filter can be revealed by autoradiography.

Northern Blotting One of the most basic ways to character-
ize a cloned gene is to determine when and where rn an organ-
ism the gene is expressed. Expression of a particular gene can be
followed by assaying for the corresponding mRNA by North-
ern blotting, named, in a play on words, after the related
method of Southern blotting. An RNA sample, often the total
cellular RNA, is denatured by treatment with an agent such as
formaldehyde that disrupts the hydrogen bonds between base
pairs, ensuring that all the RNA molecules have an unfolded,
linear conformation. The individual RNAs are separated
according to size by gel electrophoresis and transferred to a
nitrocellulose filter to which the extended denatured RNAs ad-
here. As in Southern bloning, the filter then is exposed to a la-
beled DNA probe that is complementary to the gene of interest;
finally, the labeled filter is subjected to autoradiography. Be-
cause the amount of a specific RNA in a sample can be esti-
mated from a Norrhern blot, the procedure is widely used ro
compare the amounts of a particular mRNA in cells under dif-
ferent conditions (Figure 5-27).

In Situ Hybridization Northern blotting requires extracring
the mRNA from a cell or mixture of cells, which means that the
cells are removed from their normal location within an orsan-
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ism or tissue. As a result, the location of a cell and its relation to
its neighbors is lost. To retain such positional information in
precise studies of gene expression, a whole or sectioned tissue or
even a whole permeabilized embryo may be subjected to in situ
hybridization to detect the mRNA encoded by a particular
gene. This technique allows gene transcription to be monitored
in both time and space (Figure 5-28).

DNA Microarrays Can Be Used to Evaluate the
Express ion of  Many Genes at  One Time
Monitoring the expression of thousands of genes simultane-
ously is possible with DNA microarray analysis, another
technique based on the concept of nucleic acid hybridiza-
tion. A DNA microarray consists of an organized array of
thousands of individual, closely packed gene-specific
sequences attached to the surface of a glass microscope slide.
By coupling microarray analysis with the results from
genome sequencing projects, researchers can analyze the
global patterns of gene expression of an organism during
specific physiological responses or developmental processes.

Preparation of DNA Microarrays In one method for prepar-
ing microarrays, an =1-kb portion of the coding region of each
gene analyzed is individually amplified by the PCR. A robotic
device is used to apply each amplified DNA sample to the sur-
face of a glass microscope slide, which then is chemically
processed to permanently attach the DNA sequences to the
glass surface and to denature them. A typical array might con-
tain =6000 spots of DNA in a2 x 2- cm grid.

In an alternative merhod, multiple DNA oligonu-
cleotides, usually at least 20 nucleotides in length, are syn-
thesized from an initial nucleotide that is covalently bound
to the surface of a glass slide. The synthesis of an oligonu-
cleotide of specific sequence can be programmed in a small
region on the surface of the slide. Several oligonucleotide se-
quences from a single gene are thus synthesized in neighbor-
ing regions of the slide to analyze expression of that gene.
Vith this method, oligonucleotides representing thousands
of genes can be produced on a single glass slide. Because the
methods for constructing these arrays of synthetic oligonu-
cleotides were adapted from methods for manufacturing mi-
croscopic integrated circuits used in computers, these types
of oligonucleotide microarrays are often called DNA chips.

Using Microarrays to Compare Gene Expression under
Different Conditions The initial step in a microarray expres-
sion study is to prepare fluorescently labeled cDNAs correspon-
ding to the mRNAs expressed by the cells under study. When the
cDNA preparation is applied to a microarray, spors representing
genes that are expressed will hybridize under appropriate condi-
tions to their complementary cDNAs in the labeled probe mix,
and can subsequently be detected in a scanning laser microscope.

Figure 5-29 depicts how this method can be applied to
examine the changes in gene expression observed after
starved human fibroblasts are transferred to a rich, serum-
containing, growth medium. In this type of experiment, the
separate cDNA preparations from starved and serum-grown

2 k b -

1 k b -

-0.6s kb - w t-flHl,.'l'"
A EXPERIMENTAL FIcURE 5-27 Northern blot analysis reveals
increased expression of p-globin mRNA in differentiated
erythroleukemia cells. The total mRNA in extracts of
erythroleukemia cells that were growing but uninduced and in cells
induced to stop growing and allowed to differentiate for 4g hours or
96 hours was analyzed by Northern blotting for B-globin mRNA The
density of a band is proportional to the amount of mRNA present
The B-globin mRNA is barely detectable in uninduced cells (UN lane)
but increases more than 1000-fold by 96 hours after differentiation is
induced [Courtesy of L Kole ]
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A EXPERIMENTAL FIGURE 5-28 In situ hybridization can detect
activity of specific genes in whole and sectioned embryos. The
specimen is  permeabi l ized by t reatment  wi th detergent  and a
protease to expose the mRNA to the probe A DNA or RNA probe,
speci f ic  for  the mRNA of  in terest ,  is  made wi th nucleot ide analogs
conta in ing chemical  groups that  can be recognized by ant ibodies
Af ter  the permeabi l ized specimen has been incubated wi th the
probe under condi t ions that  promote hybr id zat ion,  the excess
probe is  removed wi th a ser ies of  washes The specimen is  then
incubated in a solut ion conta in ing an ant ibody that  b inds to the
probe Th s ant ibody is  covaient ly  lo ined to a repor ter  enzyme (e g ,
horserad sh peroxidase or  a lka l ine phosphatase)  that  produces a
colored reaction product After excess antibody has been removed,

fibroblasts are labeled with differently colored fluorescent
dyes. A DNA array comprising 8600 mammalian genes then
is incubated with a mixture containing equal amounts of the
two cDNA preparat ions under hybr id izat ion condi t ions.
After unhybridized cDNA is washed away, the intensity of
green and red fluorescence at each DNA spot is measured
using a fluorescence microscope and stored in computer fi les
under the name of each gene according to its known position
on the slide. The relative intensities of red and green fluores-
cence signals at each spot are a ffreasure of the relative level
of expression of that gene in resp()nse to serum. Genes that
are not transcribed under these growth conditions give no
detectable signal. Genes that are transcribed at the same
level under both conditions wil l hybridize equally to both
red and green- labeled cDNA preparat ions.  Microarray
analysis of gene expression in fibroblasts showed that tran-
scription of about 500 of the 8600 genes examined changed
substantially after addition of serum.

Cluster  Analys is  of  Mul t ip le  Express ion
Exper iments ldent i f ies Co-regulated Genes
Firm conclus ic lns rare ly  can be drawn f rom a s ingle mi-
croarray exper iment  about  whether  genes that  exhib i t
s imi lar  changes in expression are co-regulated and hence
l ike ly  to be c losely re lated funct ional ly .  For  example,
many of  the observed d i f ferences in  gene expression just

descr ibed in f ibroblasts could be indi rect  conse<ruences of

substrate for  the repor ter  enzyme is  added A colored precip i ta te
forms where the probe has hybr id ized to the mRNA being
detected (a)  A whole mouse embryo at  about  10 days of
development probed for Sonic hedgehog mRNA The stain marks
the notochord ( red arrow),  a rod of  mesoderm running a long the
future spinal  cord (b)  A sect ion of  a mouse embryo s imi lar  to  that
in  oar t  (a)  The dorsal /ventra l  ax is  of  the neural  tube (NT) can be
seen, with the Sonic hedgehog-expressing notochord (red arrow)
below i t  and the endoderm (b lue arrow) st i l l  far ther  ventra l  (c)  A
whole Drosophila embryo probed for an mRNA produced during
trachea development The repeating pattern of body segments is
visible Anterior (head) is up, ventral is to the left Icourtesy of L
Milenkovic and N/ P Scott l

the many different changes in cell physiology that occur

when cells are transferred from one medium to another.

In other  words,  genes that  appear to be co-regulated in  a

s ingle microarray expression exper iment  may undergo

changes in expression for very different reasons and may

actual ly  have very d i f ferent  b io logical  funct ions.  A solu-

t ion to th is  problem is  to combine the in format ion f rom a

set of expression array experiments to find genes that are

similarly regulated under a variety of conditions or over a

oer iod of  t ime.
This more informative use of multiple expression array

experiments is illustrated by examining the relative expres-

sion of the 8600 genes at different t imes after serum addi-

tion, generating more than 104 individual pieces of data. A

computer program, related to the one used to determine the

relatedness of different protein sequences' can organize these

data and cluster genes that show similar expression over the

time course after serum addition. Remarkably, such cluster

analysis groups sets of genes whose encoded proteins partic-

ipate in a common cellular process, such as cholesterol

biosynthesis or the cell cycle (Figure 5-30).

F.i In the future, microarray analysis wil l be a powerful

f i i l  di"enustic tool in medicine. For instance, particular

sets of .RXRt have been found to distinguish tumors with a

poor prognosis from those with a good prognosis. Previously

indistinguishable disease variations are now detectable'

Analysis of tumor biopsies for these distinguishing mRNAs

C L O N E D  D N A  F R A G M E N T S  T O  S T U D Y  G E N E  E X P R E S S I O N  .  1 9 3

Head

U S I N G



Fibrob las ts
wi thout  serum

I
Green dye --J

cDNAs hvbridized to
DNAs for a single gene

Hybridize to DNA
mrcroarrayJ
I
I

A

.E

Wash

Measure green and red
fluorescence over each spot
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Technique Animation: Synthesizing an Oligonucleotide Array fl l l t
Technique Animation: Screening for Patterns of Gene Expression

tsotate totat  mRNA I+
Reverse-transcribe I

to cDNA labeled with lr /
a f luorescent dye {

< EXPERIMENTAL FIGURE 5-29 DNA microarray analysis can
reveal differences in gene expression in fibroblasts under
different experimental conditions. (a) In this example, cDNA
prepared from mRNA isolated from fibroblasts either starved for
serum or after serum addition is labeled with different f luorescent
dyes A microarray composed of DNA spots representing 8600
mammalian genes is exposed to an equal mixture of the two cDNA
preparations under hybridization conditions The ratio of the
intensities of red and green fluorescence over each spot, detected
with a scanning confocal laser microscope, indicates the relative
expression of each gene in response to serum. (b) A micrograph of a
small segment of an actual DNA microarray. Each spot in this 16 x
16 array contains DNA from a different gene hybridized to control
and experimental cDNA samples labeled with red and green
fluorescent dyes (A yellow spot indicates equal hybridization of
green and red fluorescence, indicating no change in gene
expression) [Part (b) Alfred Pasieka/Photo Researchers, Inc ]

wil l help physicians to select the most appropriate treat-
ment. As more patterns of gene expression characteristic of
various diseased tissues are recognized, the diagnostic use
of DNA microarrays will be extended to other conditions. I

E. col iExpression Systems Can Produce Large
Quantit ies of Proteins from Cloned Genes

Many protein hormones and other signaling or regu-
latory proteins are normally expressed at very low

concentrations, precluding their isolation and purif ication
in large quantit ies by standard biochemical techniques.
Widespread therapeutic use of such proteins, as well as
basic research on their structure and functions, depends on
efficient procedures for producing them in large amounts
at reasonable cost. Recombinant DNA techniques that turn
E. coli cells into factories for synthesizing low-abundance
proteins now are used to commercially produce granulo-
cyte colony-stimulating factor (G-CSF), insulin, growth
hormone, and other human proteins with therapeutic uses.
For example, G-CSF stimulates the production of granulo-
cytes, the phagocytic white blood cells crit ical to defense
against bacterial infections. Administration of G-CSF to
cancer patients helps offset the reduction in granulocyte
production caused by chemotherapeutic agents, thereby
protecting patients against serious infection while they are
receiving chemotherapy. I

The first step in producing large amounts of a low-
abundance protein is to obtain a cDNA clone encoding the
full-length protein by methods discussed previously. The sec-
ond step is to engineer plasmid vectors that will express large
amounts of the encoded protein when it is inserted into
E. coli cells. The key to designing such expression vectors is
inclusion of a promoter, a DNA sequence from which tran-
scription of the cDNA can begin. Consider, for example, the
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Each column represents a dif ferent gene at
t imes after addit ion of serum
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E
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A EXPERIMENTAL FIGURE 5-30 Cluster analysis of data from
multiple microarray expression experiments can identify co-
regulated genes. The expression of 8600 mammalian genes was
detected by microarray analysis at t ime intervals over a 24-hour
period after serum-starved fibroblasts were provided with serum. The
cluster diagram shown here is based on a computer algorithm that
groups genes showing similar changes in expression compared with a
serum-starved control sample over time. Each column of colored
boxes represents a single gene, and each row represents a time
point. A red box indicates an increase in expression relative to the
control; a green box, a decrease in expression; and a black box, no

relatively simple system for expressing G-CSF shown in
Figure 5-31 . In this case, G-CSF is expressed in E. coli trans-
formed with plasmid vectors that contain the lac promoter
adjacent to the cloned cDNA encoding G-CSF. Transcription
from the lac promoter occurs at high rates only when lac-
tose, or a lactose analog such as isopropylthiogalactoside
(IPTG), is added to the culture medium. Even larger quanti-
ties of a desired protein can be produced in more compli-
cated E. coli expression systems.

To aid in purification of a eukaryotic protein produced in
an E. coli expression system, researchers often modify the
cDNA encoding the recombinant protein to facilitate its sep-
aration from endogenous E. coli proteins. A commonly used
modification of this type is to add a short nucleotide
sequence to the end of the cDNA, so that the expressed pro-

tein will have six histidine residues at the C-terminus. Pro-
teins modified in this way bind tightly to an affinity matrix

> EXPERIMENTAL FIGURE 5-31 Some eukaryotic proteins can
be produced in E coli cells from plasmid vectors containing the
lac promoter. (a) The plasmid expression vector contains a fragment
of the E coli chromosome containing the /ac promoter and the
neighboring lacZ gene. In the presence of the lactose analog IPTG,
RNA polymerase normally transcribes the iacZ gene, producing /acZ
mRNA, which is translated into the encoded protein, B-galactosidase
(b) The /acZ gene can be cut out of the expression vector with
restriction enzymes and replaced by a cloned cDNA, in this case one
encoding granulocyte colony-stimulating factor (G-CSF). When the
resulting plasmid is transformed into E. coll cells, addition of IPTG
and subsequent transcription from the /ac promoter produce G-CSF
mRNA. which is translated into G-CSF protein

- r -

B C D

signif icant change in expression. The "tree" diagram at the top
shows how the expression patterns for individual genes can be
organized in a hierarchical fashion to group together the genes with
the greatest similarity in their patterns of expression over time' Five

clusters of coordinately regulated genes were identif ied in this
experiment, as indicated by the bars at the bottom. Each cluster

contains multiple genes whose encoded proteins function in a
particular cellular process: cholesterol biosynthesis (A), the cell cycle
(B), the immediate-early response (C), signaling and angiogenesis
(D), and wound healing and tissue remodeling (E). [Courtesy of Michael
B Eisen, Lawrence Berkeley National Laboratoryl

- IPTG

Transform
E. coli

-  IPTG + IPTG

STUDY GENE EXPRESSION
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that contains chelated nickel atoms, whereas most E. coli
proteins will not bind to such a matrix. The bound proteins
can be released from the nickel atoms by decreasing the pH
of the surrounding medium. In most cases, this procedure
yields a pure recombinant protein that is functional, since
addition of short amino acid sequences to either the C-
terminus or the N-terminus of a protein usually does not in-
terfere with the protein's biochemical activity.

Plasmid Expression Vectors Can Be Designed for
Use  i n  An ima l  Ce l l s
\Vhile bacterial expression systems can be used successfully
to create large quantities of some proteins, bacteria cannot be
used in all cases. Many experimenrs to examine the function
of a protein in an appropriate cellular context requlre expres-
sion of a genetically modified protein in cultured animal cells.
Genes are cloned into specialized eukaryotic expression vec,
tors and are introduced into cultured animal cells by a
process called transfection. Two common methods for trans-
fecting animal cells differ in whether the recombinant vecor
DNA is or is not integrated into the host-cell genomic DNA.

In both methods, cultured animal cells must be treated to
facil i tate their init ial uptake of the recombinant plasmid vec-
tor. This can be done by exposing cells to a preparation of
l ipids that penetrare the plasma membrane, increasing its
permeabil ity to DNA. Alternatively, subjecting cells to a
brief electric shock of several thousand volts, a technique
known as electroporation, makes them transiently perme-
able to DNA. Usually the plasmid DNA is added in sufficient
concentration to ensure that a large proportion of the cul-
tured cells wil l receive at least one copy of the plasmid DNA.
Researchers have also harnessed viruses for their use in the
laboratory; viruses can be modified ro contain DNA of in-
terest, which is then introduced into host cells by simply
infecting them with the recombinant virus.

Transient Transfection The simplest of the two expression
methods, called transient transfectioz, employs a vector similar
to the yeast shuttle vectors described previously. For use in
mammalian cells, plasmid vectors are engineered also to carry
an origin of replication derived from a virus that infecrs mam-
malian cells, a strong promoter recognized by mammalian
RNA polymerase, and the cloned cDNA encoding the protein
to be expressed adjacent to the promoter (Figure 5-32a). Once
such a plasmid vector enters a mammalian cell, the viral origin
of replication allows it to replicate efficientl5 generating
numerous plasmids from which the protein is expressed. How-
ever, during cell division such plasmids are nor faithfully segre-
gated into both daughter cells and in time a substantial fraction
of the cells in a culture will not contain a plasmid, hence the
name t rans i ent t ra n s fe ct i on.

Stable Transfection (Transformation) If an introduced vec-
tor integrates into the genome of the host cell, the genome is
permanently altered and the cell is said to be transformed.ln-
tegration most likely is accomplished by mammalian enzymes
that normally function in DNA repair and recombination.

{a) Transient transfection

(b) Stable transfection (transformation)

cDNA
Promoter

I transtect cultured
I  ce l ls  by l ip id t reatment

J 
or electroporation

I Transfect cultured
I  ce l ls  by l ip id t reatment

{ 
or electroporation

Protein is expressed from cDNA integrated
in to  hos t  chromosome

A EXPERIMENTAL FIGURE 5-32 Transient and stable transfection
with specially designed plasmid vectors permit expression of
cloned genes in cultured animal cel ls. Both methods employ plasmid
vectors that contain the usual elements-ORl, selectable marker (e.g ,
amp'), and polylinker-that permit propagation in E. coli and inserlion of
a cloned cDNA with an adjacent animal promoter. For simplici ty, these
elements are not depicted (a) In transient transfection, the plasmid
vector contains an origin of replication for a virus that can replicate rn the
cultured animal cells Since the vector is not incorporated into the genome
of the cultured cel ls, production of the cDNA-encoded protein continues
only for a l imited t ime (b) In stable transfection, the vector carr ies a
selectable marker such as neo',  which confers resistance to G-418, The
relatively few transfected animal cells that integrate the exogenous DNA
into their genomes are selected on medium containing G-418 Because
the vector is integrated into the genome, these stably transfected, or
transformed, cel ls wi l l  continue to produce the cDNA-encoded protein
as long as the culture is maintained See the text for discussion

cDNA

Prote in  i s  expressed f rom cDNA in  p lasmid  DNA
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AUTOSOMAL RECESSIVE

Sickle-cell anemia Abnormal hemoelobin causes deformation of 11625 of sub-Saharan African origin

red blood cells, which can become lodged in

capillaries; also confers resistance to malaria'

Cysric fibrosis Defective chloride channel (CFTR) in epithelial cells 1'12500 of European origin

leads to excessive mucus in lungs.

Phenylketonuria (PKU) Defective enzyme in phenylalanine metabolism 1/10,000 of European origin

(tyrosine hydroxylase) results in excess phenylalanine,

leading to mental retardation, unless restricted by diet.

Tay-Sachs disease Defective hexosaminidase enzyme leads to accumulation 1/1000 eastern European Jews

of excess sphingolipids in the lysosomes of neurons,

impairing neural development.

AUTOSOMAL DOMINANT

Huntington's disease

Hypercholesterolemia

Defective neural protein (huntingtin) may assemble into

aggregates causing damage to neural ttssue.

Defective LDL receptor leads to excessive cholesterol in

blood and early heart attacks.

1/10,000 of European origin

tlI22French Canadians

X-LINKED RECESSIVE

Duchenne muscular Defective cytoskeletal protein dystrophin leads to 1/3500 males

dystrophy (DMD) impaired muscle function.

Hemophilia A Defective blood clotting factor VIII leads to 1-2110,000 males

uncontrolled bleedine.

provide clues to the molecular and cellular cause of the dis-

ease. Historically, researchers have used whatever phenotypic

clues might be relevant to make guesses about the molecular
basis of inherited diseases. An early example of successful
guesswork was the hypothesis that sickle-cell anemia, known

to be a disease of blood cells, might be caused by defective he-

moglobin. This idea led to identification of a specific amino

acid substitution in hemoglobin that causes polymerization

of the defective hemoglobin molecules, causing the sickle-like
deformation of red blood cells in individuals who have inher-

ited two copies of the Hb' allele for sickle-cell hemoglobin.
Most often, however, the genes responsible for inherited

diseases must be found without any prior knowledge or rea-

sonable hypotheses about the nature of the affected gene or its

encoded protein. In this section, we will see how human ge-

neticists can find the gene responsible for an inherited disease

by following the segregation of the disease in families' The

segregation of the disease can be correlated with the segrega-

tion of many other genetic markers, eventually leading to

identif ication of the chromosomal position of the affected

gene. This information, along with knowledge of the sequence

of th. hn-".t genome, can ultimately allow the affected gene

and the disease-causing mutations to be pinpointed.

Many Inher i ted Diseases Show One of  Three

Major Patterns of Inheritance

Human genetic diseases that result from mutation in one

specific gene exhibit several inheritance patterns depend-

ing on the nature and chromosomal location of the alleles

that cause them. One characteristic pattern is that exhib-

ited by a dominant allele in an autosome (that is, one of

the 22 human chromosomes that is not a sex chromo-

some). Because an autosomal dominant allele is expressed

in the heterozygote, usually at least one of the parents of

an affected individual wil l also have the disease' It is of-

ten the case that the diseases caused by dominant alleles

appear later in l i fe after the reproductive age. If this were

noi  the case,  natura l  se lect ion would have e l iminated

the a l le le dur ing human evolut ion.  An example of  an

I D E N T I F Y I N G  A N D  L O C A T I N G  H U M A N  D I S E A S E  G E N E S  .  1 9 9
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probability of being carriers for the same recessive alleles.
Thus children born to related parents are much more likely
than those born to unrelated parents to be homozygous for,
and therefore affected by, an autosomal recessive disorder.

The third common pattern of inheritance is that of an X-
Linked recessiue allele. A recessive allele on the X chromo-
some will most often be expressed in males, who receive only
one X chromosome from their mother, but not in females,
who receive an X chromosome from both their mother and
their father. This leads to a distinctive sex-linked segregation
pattern where the disease is exhibited much more frequently
in males than in females. For example, Duchenne muscular
dystrophy (DMD), a muscle degenerative disease that specif-
ically affects males, is caused by a recessive allele on the X
chromosome. DMD exhibits the typical sex-linked segrega-
tion pattern in which mothers who are heterozygous and
therefore phenotypically normal can act as carriers, rrans-
mitting the DMD allele, and therefore the disease, to 50 per-
cent of their male progeny (Figure 5-35c).

DNA Polymorphisms Are Used in  L inkage-
Mapp ing  Human  Muta t i ons
Once the mode of inheritance has been determined, the next
step in determining the position of a disease allele is to ge-
netically map its position with respect to known genetic
markers using the basic principle of genetic linkage as de-
scribed in Section 5.1. The presence of many different al-
ready mapped genetic rraits, or markers, distributed along
the length of a chromosome facilitates the mapping of a new
mutation by assessing its possible l inkage to these marker
genes ln appropriate crosses. The more markers that are
available, the more precisely a mutarion can be mapped. The
density of genetic markers needed for a high-resolution hu-
man genetic map is about one marker every 5 centimorgans
(cM) (as discussed previously, one genetic map unir, or cen-
timorgan, is defined as the distance between two positions
along a chromosome that results in one recombinant indi-
vidual in 100 progeny). Thus a high-resolution generic map
requires 25 or so genetic markers of known position spread
along the length of each human chromosome.

In the experimental organisms commonly used in genetic
studies, numerous markers with easily detectable phenotypes
are readily available for genetic mapping of mutations. This is
not the case for mapping genes whose mutant alleles are asso-
ciated with inherited diseases in humans. However" recombi-
nant DNA technology has made available a wealth of useful
DNA-based molecular markers. Because most of the human
genome does not code for protein, alarge amount of sequence
variation exists between individuals. Indeed, it has been esti-
mated that nucleotide differences between unrelated individu-
als can be detected on an average of every 103 nucleotides. If
these variations in DNA sequence, referred to as DNA poly-
morphisms, can be followed from one generation to the next,
they can serve as genetic markers for linkage studies. Cur-
rently, a panel of as many as 104 different known polymor-
phisms whose locations have been mapped in the human
genome is used for genetic linkage studies in humans.

d AHD/A*
Affected

AHD/A+

Affected

(b) Autosomal d AcFrR/A+
recessive: Carrier
Cystic fibrosis

ACFTR /ACFTR ACFTR/A+ A+/AcFrR
Affected Carrier Carrier

A-/A-
Nonca rrier

(c) X-finked recessive: d X* ly x
Duchenne muscular
dystrophy Iv

Males

PMDIY x+ly
Affected Unaffected

XDMD /X+ Q
Carr ie r

Females

YDMD /x+ x+/x+
Car r ie r  Noncar r ie r

  FIGURE 5-35 Three common inheritance patterns for human
genetic diseases. Wild-type autosomal (A) and sex chromosomes (X
and Y) are indicated by superscript plus signs (a) In an autosomal
dominant  d isorder  such as Hunt ington s d isease,  only  one mutant
allele is needed to confer the disease lf either parent is heterozygous
for the mutant HD allele, his or her children have a 50 percent
chance of  inher i t ing the mutant  a l le le and get t ing the d isease (b)  ln
an autosomal recessive disorder such as cystic f ibrosis, two mutant
alleles must be present to confer the disease Both parents must be
heterozygous carriers of the mutant CFIR gene for their children to
be at risk of being affected or being carriers (c) An X-linked recessive
disease such as Duchenne muscular dystrophy is causeo oy a
recessive mutation on the X chromosome and exhibits the typical sex_
linked segregatron pattern Males born to mothers heterozygous for
a mutant DMD allele have a 50 percent chance of inherit ing the
mutant allele and being affected Females born to heterozvqous
mothers have a 50 percent chance of beinq carriers

autosomal  dominant  d isease is  Hunt ington 's  d isease,  a
neural degenerative disease that generally strikes in mid-
to late l ife. If either parenr carries a murant HD allele,
each of  h is  or  her  chi ldren ( regardless of  sex)  has a 50
percent chance of inherit ing rhe mutanr allele and being
af fected (F igure 5-35a).

A recessive allele in an autosome exhibits a quite different
segregatron pattern. For an autosomal recessiue allele, both
parents must be hererozygous carriers of the allele in order for
their children to be at risk of being affected with the disease.
Each child of heterozygous parenrs has a 25 percent chance of
receiving both recessive alleles and thus being affected, a 50
percent chance of receiving one normal and one mutant allele
and thus being a carrier, and a 25 percent chance of receiving
two normal alleles. A clear example of an autosomal recessive
disease is cystic fibrosis, which results from a defective chlo-
ride-channel gene known as CFTR (Figure 5-35b). Related in-
dividuals (e.g., first or second cousins) have a relatively high
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Restriction fragment length polymorphisms (RFLPs)

were the first type of molecular markers used in l inkage
studies. RFLPs arise because mutations can create or destroy
the sites recognized by specific restriction enzymes that hap-
pen to l ie in human DNA, leading to variations between in-

dividuals in the length of restriction fragments produced
from identical regions of the genome. Differences in the sizes
of restriction fragments between individuals can be detected
by Southern blotting with a probe specific for a region of
DNA known to contain an RFLP (Figure 5-36a). The segre-
gation and meiotic recombination of such DNA polymor-
phisms can be followed like typical genetic markers. Figure
5-36b illustrates how RFLP analysis of a family can detect
the segregaticln of an RFLP that can be used to test for sta-
tistically significant linkage to the allele for an inherited dis-
ease or some other human trait of interest.

The amassed genomic sequence information from differ-
ent humans has led to identification of other useful DNA
polymorphisms in recent years. Single-nwcleotide polymor-
phisms (SNPs) constitute the most abundant type and are
therefore useful for constructing genetic maps of maximum
resolution. Another useful type of DNA polymorphism con-
sists of a variable number of repetit ions of a one- two-, or

three-base sequence. Such polymorphisms, known as simple
sequence repeats (SSRs) or microsatellites, presumably are
formed by recombination or a slippage mechanism of either
the template or newly synthesized strands during DNA

Hybridization
banding pattern
from individual
with both al lele 1
and al lele 2

Enzyme Enzynre

replication. A useful property of SSRs is that different indi-

viduals will often have different numbers of repeats. The ex-

istence of multiple versions of an SSR makes it more likely to

produce an informative segregation pattern in a given pedi-

gree and therefore be of more general use in mapping the po-

sit ions of disease genes. If an SNP or SSR alters a restriction

site, it can be detected by RFLP analysis. More commonly'

however, these polymorphisms do not alter restriction frag-

ments and must be detected by PCR amplification and DNA

sequenclng.

Linkage Studies Can Map Disease Genes with a

Resolution of About 1 Centimorgan
lVithout going into all the technical considerations, let's see

how the allele conferring a particular dominant trait (e.9.,

familial hypercholesterolemia) might be mapped. The first

step is to obtain DNA samples from all the members of a

family containing individuals that exhibit the disease. The

DNA from each affected and unaffected individual then is

analyzed to determine the identity of a large number of

known DNA polymorphisms (either SSR or SNP markers

can be used). The segregation pattern of each DNA poly-

morphism within the family is then compared with the

segrigation of the disease under study to find those poly-

morphisms that tend to segregate along with the disease'

Finaily, computer analysis of the segregation data is used to

( b )

G rand pa rents G randparents

A l le les Fragment
lengths

F-o kb-l

r,,*, Il ikb-l
.!!, Fs kb-l

(a1-a2 and a1-a3), and two bands are seen, indicating that a

mutation has caused the loss of one of the a sites in one of the two

chromosomes (b) Pedigree based on RFLP analysis of the DNA from a

region known to be present on chromosome 5. The DNA samples

were cut with the restr ict ion enzyme Iaql and analyzed by Southern

blott ing In this family, this region of the genome exists in three al lel ic

forms characterized by Iaql si tes spaced 10, 7 '7, or 6 5 kb apart

Each individual has two al leles; some contain al lele 2 (7 7 kb) on both

chromosomes, and others are heterozygous at this site Circles

indicate females; squares indicate males The gel lanes are in the

same order as the subjects in the pedigree above and are general ly
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dif ferent sequences (a and b) The result ing f ragments are subjected

to Southern blot analysis (see Figure 5-26) with a radioactive probe

that binds to the indicated DNA region (green) to detect the

fragments Since no dif ferences between the two homologous

chromosomes occur in the sequences recoqnized by the B enzyme,

only one fragment is recognized by the probe, as indicated by a

single hybridization band However, treatment with enzyme A

produces radiographical ly dist inct f  ragments of two dif ferent lengths
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calculate the likelihood of linkage between each DNA poly-
morphism and the disease-causing allele.

In practice, segregation data are collected from different
families exhibiting the same disease and pooled. The more
families exhibiting a parricular disease thaican be examined,
the greater the statistical significance of evidence for linkage
that can be obtained and the grearer the precision with which
the distance can be measured between a linked DNA oolvmor-
phism and a disease allele. Most family studies have a maxi-
mum of about 100 individuals in which linkage between a dis-
ease gene and a panel of DNA polymorphisms can be tested.
This number of individuals sets the practical upper limit on the
resolution of such a mapping study to about 1 cenrimorgan, or
a physical distance of about 7.5 x 10s base pairs.

A phenomenon called linkage disequilibriumis the basis for
an alternative strategy, which in some cases can afford a higher
degree of resolution in mapping studies. This approach de-
pends on the particular circumstance in which a generic disease
commonly found in a particular population results from a sin-
gle mutation that occurred many generations in the past. The
DNA polymorphisms carried by this ancestral chromosome are
collectively known as the haplotype of that chromosome. As
the disease allele is passed from one generation to the next, only
the polymorphisms that are closest to the disease gene will not
be separated from it by recombination. After many generarlons
the region that contains the disease gene will be evident because
this will be the only region of the chromosome thar will carry
the haplotype of the ancestral chromosome conserved through
many generations (Figure 5-37).By assessing the distribution of
specific markers in all the affected individuals in a population,
geneticists can identify DNA markers tightly associated with

appeared on the ancestral chromosome-in some cases this can
amount to finding markers that are so closely linked to the dis-
ease gene that even after hundreds of meioses they have never
been separated by recombinarion.

Further Analysis ls Needed to Locate a Disease
Gene in  Cloned DNA
Although linkage mapping can usually locare a human dis-
ease gene to a region containing about 105 base pairs, as
many as 10 different genes may be located in a region of this
size. The ultimate objective of a mapping study is to locate
the gene within a cloned segmenr of DNA and then to deter-
mine the nucleotide sequence of this fragment. The relative
scales of a chromosomal genetic -ap anJphysical maps cor-
responding to ordered sers of plasmid clones and the nu-
cleotide sequence are shown in Figure 5-38.

One strategy for further localizing a disease gene within the
genome is to identify mRNA encoded by DNA in the region of
the gene under study. Comparison of gene expression in tissues
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A FIGURE 5-37 Linkage disequil ibrium studies of human
populations can be used to map genes at high resolution. A
new disease mutation wil l arise in the context of an ancestral
chromosome among a set of polymorphisms known asthe haplotype
(indicated by pink shading). After many generations, chromosomes
that carry the disease mutation wil l also carry segments of the
ancestral haplotype that have not been separated from the disease
mutation by recombination The blue segments of these
chromosomes represent general haplotypes derived from the general
population and not from the ancestral haplotype in which the
mutatron originally arose This phenomenon is known as l inkage
disequilibrium The position of the disease mutation can be located
by scanning chromosomes containing the disease mutation for highly
conserved polymorphisms corresponding to the ancestral haplotype

from normal and affected individuals may suggest tissues in
which a particular disease gene normally is expressed. For in-
stance, a mutation that phenotypically affects muscle, but no
other tissue, might be in a gene that is expressed only in muscle
tissue. The expression of mRNA in both normal and affected
individuals generally is determined by Northern blotting or in
situ hybridization of labeled DNA or RNA to tissue sections.
Northern blots, in situ hybridization, or microarray experi-
ments permit comparison of both the level of expression and
the size of mRNAs in mutant and wild-type tissues. Although
the sensitivity of in situ hybridization is lower than that of
Northern blot analysis, it can be very helpful in identifying an
mRNA that is expressed at low levels in a given tissue but at
very high levels in a subclass of cells within that tissue. An
mRNA that is altered or missing in various individuals affected
with a disease compared with wild-type individuals would be
an excellent candidate for encoding the protein whose dis-
rupted function causes that disease.

In many cases, point mutations that give rise to disease-
causing alleles may result in no detectable change in the
level of expression or electrophoretic mobility of mRNAs.
Thus if comparison of the mRNAs expressed in normal and
affected individuals reveals no detectable differences in the
candidate mRNAs, a search for point mutarions in the



Polymorph ic
or BAC

DNA regions encoding the mRNAs is undertaken. Now

that highly efficient methods for sequencing DNA are avail-

able, researchers frequently determine the sequence of can-

didate regions of DNA isolated from affected individuals to

identify point mutations. The overall strategy is to search

for a coding sequence that consistently shows possibly dele-

rerious alterations in DNA from individuals that exhibit the

disease. A l imitation of this approach is that the region near

the affected gene may carry naturally occurring polymor-

phisms unrelated to the gene of interest. Such polymor-

phisms, not functionally related to the disease, can lead to

misidentif ication of the DNA fragment carrying the gene of

interest. For this reason, the more mutant alleles available

for analysis, the more l ikely that a gene wil l be correctly

identif ied.
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A FIGURE 5-38 The relationship between the genetic and
physical maps of a human chromosome' The diagram deptcts a

human chromosome analyzed at different levels of detail The

chromosome as a whole can be viewed in the l ight microscope when

it is in a condensed state that occurs at metaphase, and the
approximate location of specif ic sequences can be determined by lAdapted from L Hartwell et al , 2003, Genetics: From Genes to Genomes' 2d

fluorescence in sltu hybridization (FISH) At the next level of detail, ed , McGraw Hill I

Many Inher i ted Diseases Resul t  f rom Mul t ip le

Genetic Defects

Most of the inherited human diseases that are now un-

derstood at the molecular level are monogenetic traits;

that is, a clearly discernible disease state is produced by a

defect in a single gene. Monogenic diseases caused by mu-

tation in one specific gene exhibit one of the characteris-

tic inheritance patterns shown in Figure 5-35' The genes

associated with most of the common monogenic diseases

have already been mapped using DNA-based markers as

described previouslY.
However, many other inherited diseases show more

complicated patterns of inheritance, making the identif ica-

tion of the underlying genetic cause much more diff icult '
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One type of added complexity that is frequently encoun-
tered is genetic heterogeneity. In such cases, mutations in
any one of multiple different genes can cause the same
disease. For example, retinit is pigmentosa, which is char-
acterized by degeneration of the retina usually leading to
blindness, can be caused by mutations in any one of more
than 60 different genes. In human linkage studies, data
from multiple families usually must be combined to deter_
mine whether a statisrically significant l inkage exists be_
tween a d isease gene and known molecular  markers.
Genetic heterogeneity such as rhar exhibited by retinit is
pigmentosa can confound such an approach because any
statistical trend in the mapping data from one family tends
to be canceled out by the data obtained from anothe r fam_
i ly  wi th an unrelated causat ive gene.

_ Human geneticisrs used two different approaches to
identify the many genes associated with retinitii pigmenrosa.
The first approach relied on mapping studies in &ception_
ally large single families rhar contained a sufficient number
of affected individuals to provide statistically significant evi-
dence for linkage between known DNA polymolphisms and
a single causative gene. The genes identified in such studies

retinit is pigmentosa. This approach of using additional in_
formation to focus screening efforts on a s.rbiet of candidate
genes led to identif ication of additional rare causative mura_

ldentifying and Locating Human Disease Genes

r Inherited diseases and other traits in humans show
three major  pat terns of  inher i tance:  autosomal  domi-
nant, autosomal recessive, and X-linked recessive (see
Figure 5-35) .

r Genes for human diseases and other trairs can be mapped
by determining their cosegregation during meiosis with
markers whose locations in the genome are known. The
closer a gene is to a particular marker, the more likelv thev
are to cosegregate,

of human genes with great precision requires
of molecular markers distributed along the
es. The most useful markers are differences in

the DNA sequence (polymorphisms) between individuals
in noncoding regions of the genome.

r DNA polymorphisms useful in mapping human genes in-
clude restriction fragment length polymorphisms (RFLps),
single-nucleotide polymorphisms (SNps), and simple se-
quence repeats (SSRs).

inkage mapping often can locate a human disease gene
a chromosomal region that includes as many as l0

genes. To identify the gene of interest within this candidate
region_typically requires expression analysis and compari_
son of DNA sequences between wild-type and disiase-
affected individuals.

r Some inherited diseases can result from mutations in dif_
ferent genes in different individuals (genetic heterogeneity).
The occurrence and severity of other diseases depend on
the presence of mutant alleles of multiple genes in the same
individuals (polygenic traits). Mapping of the genes associ-
ated with such diseases is particularly difficult because the
occurrence of the disease cannot readily be correlated to a
single chromosomal locus.

ff,l Inactivating the Function of
Specific Genes in Eukaryotes
The elucidation of DNA and protein sequences rn recent
years has led to ident i f icat ion of  many genes.  us ing se-
quence patterns in genomic DNA and the sequence similar_
ity of the encoded proteins with proteins oi known func-
tion. As discussed in Chapter 6, the general functions of
proteins identif ied by sequence searches may be predicted
by analogy with known proteins. However, the precise in
vivo roles of such "new" proteins may be lrnclear in the ab_
sence of mutant forms of the corresponding genes. In this

C H A P T E R  5  J  M O L E C U L A R  G E N E T I C  T E C H N I Q U E S



Three basic approaches underlie these gene-inactivation

techniques: (1) replacing a normal gene with other sequences,
(2) introducing an allele whose encoded protein inhibits func-

tioning of the expressed normal protein, and (3) promoting

destruction of the mRNA expressed from a gene. The normal

endogenous gene is modified in techniques based on the first

approach but is not modified in the other approaches'

Normal Yeast Genes Can Be Replaced with
Mutant  A l le les by Homologous Recombinat ion

Modifying the genome of the yeast S. cereuisiae is particularly

easy for two reasons: yeast cells readily take up exogenous

DNA under certain conditions, and the introduced DNA is

efficiently exchanged for the homologous chromosomal site

in the recipient cell. This specific, targeted recombination of

identical stretches of DNA allows any gene in yeast chromo-

somes to be replaced with a mutant allele. (As we discuss in

Section 5.1, recombination between homologous chromo-

somes also occurs naturally during meiosis.)
In one popular method for disrupting yeast genes in this

fashion, the PCR is used to generate a disruption construct

containing a selectable marker that subsequently is trans-

fected into yeast cells. As shown in Figure 5-39a, primers for

PCR amplif ication of the selectable marker are designed to

include about 20 nucleotides identical with sequences flank-

ing the yeast gene to be replaced. The resulting amplif ied

construct comprises the selectable marker (e.g., the kdnMX

gene, which llke neo' confers resistance to G-41 8 ) flanked by

about 20 base pairs that match the ends of the target yeast

gene. Transformed diploid yeast cells in which one of the

two copies of the target endogenous gene has been replaced

by the disruption construct are identified by their resistance

to G-418 or other selectable phenotype. These heterozygous

diploid yeast cells generally grow normally regardless of the

function of the target gene, but half the haploid spores de-

rived from these cells wil l carry only the disrupted allele (Fig-

ure 5-39b). If a gene is essential for viabil ity, then spores car-

rying a disrupted allele wil l not survive.
Disruption of yeast genes by this method is proving par-

ticularly useful in assessing the role of proteins identif ied by

analysis of the entire genomic DNA sequence (see Chapter

6). A large consortium of scientists has replaced each of the

approximately 6000 genes identif ied by this analysis with

the kanMX disruption construct and determined which gene

disruptions lead to nonviable haploid spores. These analyses

have shown that about 4500 of the 6000 yeast genes are not

gene may be viable because of operation of backup or

compensatory pathways. To investigate this possibil i ty, yeast

geneticists currently are searching for synthetic lethal muta-

tions that might reveal nonessential genes with redundant

functions (see Figure 5-9c).

( a )

.-f-hi"_l
DNJA synrhr  s is  

*Fr i - " | .  
Z

Disruption
co nstruct

( b )

20-nt f lanking
s e q u e n c e

- -
- -

Fou r
h a p l o i d
spores

a EXPERIMENTAL FIGURE 5-39 Homologous recombina t ion

with transfected disruption constructs can inactivate specif ic

ta rge t  genes  in  yeas t .  (a )  A  su i tab le  cons t ruc t  fo r  d is rup t ing  a

ta rge t  gene can be  prepared by  the  PCR.  The two pr imers

des igned fo r  th is  purpose each conta in  a  sequence o f  about  20

nuc leo t ides  (n t )  tha t  i s  homologous to  one end o f  the  ta rge t  yeas t

gene as  we l l  as  sequences  needed to  ampl i f y  a  segment  o f  DNA

carrying a selectable marker gene such as kanMX, which confers

resistance to G-418. (b) When recipient diploid Saccharomyces

ce l ls  a re  t rans formed w i th  the  gene d is rup t ion  cons t ruc t ,

homologous recombina t ion  be tween the  ends  o f  the  cons t ruc t

and the  cor respond ing  chromosomal  sequences  w i l l  in tegra te  the

nonvrab le
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Gene X rep lacement  cons t ruc t

(a) Formation of ES cells carrying a knockout mutation

neor fuHSV

< EXPERIMENTAL FIGURE 5-40 lsolation of mouse ES cells with
a gene-targeted disruption is the first stage in production of
knockout mice. (a) When exogenous DNA is introduced rnto
embryonic stem (ES) cells, random insertion via nonhomologous
recombrnation occurs much more frequently than gene-targeted
insertion via homologous recombination Recombinant cells in which
one allele of gene X (orange and white) is disrupted can be obtained
by using a recombinant vector that carries gene X disrupted with
neo'(green), which confers resistance to G-418, and, outside the
region of homology, tkHsv(yellow), the thymidine kinase gene from
herpes simplex vrrus The viral thymidlne kinase, unlike the
endogenous mouse enzyme, can convert the nucleotide analog
ganciclovir into the monophosphate form; this is then modified to
the t r iphosphate form, which inhib i ts  ce l lu lar  DNA repl icat ion in  ES
cells Thus ganciclovir is cytotoxic for recombinant ES cells carrying
the tkHsv gene. Nonhomologous insertion includes the tkHsv gene,
whereas homologous insertion does not; therefore, only cells with
nonhomologous insertion are sensitive to ganciclovir
(b) Recombinant cells are selected by treatment with G-41g, since
cells that fail to pick up DNA or integrate it into their genome are
sensitive to this cytotoxic compound The survivrng recombinant cells
are treated with ganciclovir Only cells with a targeted disruption in
gene X, and therefore lacklng the fkHsv gene and its accompanying
cytotoxicity, wil l survive [See S L Mansour et al , 1988, Nature336.348l

Homologous , /  r .
recombination ,? " i l"./r'

;  ES-ce i lDNA

Gene X

I
I Gene-targeted

l i n s e r t i o nv

Muta t ion  in  gene X

Cells are resistant to
G-418 and ganc ic lov i r

Other  genes

I
I  Random
I

l t n s e r i l o nv

No muta t ion  in  gene X

Cel ls  a re  res is tan t  to
G-418 bu t  sens i t i ve
to  ganc ic lov i r

(b) Positive and negative selection of recombinant ES cells

O O-  Nonrecombinant  ce l l s

O 6+ Recombinants with
gene-targeted insert ion

|  - r " . ,  wi th G-418

J 
(posi t ive select ion)

o. ' ,oo
o-oo

Ag

I  f r "u ,  w i th  ganc ic lov i r

|  
(negat ive  se lec t ion)

*
o,-o

r r o  c ' l

o o-
ES ce l l s  w i th  ta rge ted  d is rup t ion  in  gene X

Transcript ion of Genes Ligated to a Regulated
Promoter  Can Be Contro l led Exper imenta l ly
Although disruption of an essenrial gene required for cell
growth wi l l  y ie ld nonviahle spores.  rh i imerhod provides l imle
infclrmation about what the encoded protein actually does in
cells. To learn more about how a specific gene contributes to
cell growth and viability investigarors must be able to selec_
tively inactivate the gene in a population of growing cells. One
method for doing rhis empkrys a regulared pro-oi.. to selec_
tively shut off transcription of an essential gene.

206  o  cHAprER 5  I  MoLEcuLAR GENETtc  rEcHNtouES

A useful promoter for this purpose is the yeast GAL1
promoter, which is active in cells grown on galactose but
completely inactive in cells grown on glucose. In this ap-
proach, the coding sequence of an essential gene (X) ligated
to the GALl promoter is inserted into a yeast shuttle u..to.
(see Figure 5-17a). The recombinant vector then is intro-
duced into haploid yeast cells in which gene X has been dis-
rupted. Haploid cells that are transformed wil l grow on
galactose medium, since the normal copy of gene X on the
vector is expressed in the presence of galactose. \fhen the
cells are transferred to a glucose-containing medium, gene X
no longer is transcribed; as the cells divide, the amount of

In an early application of this method, researchers ex,
plored the function of cytosolic Hsc70 genes ln yeasr.
Haplo id cel ls  wi th a d isrupt ion in  a l l  four  redundant
Hsc70 genes were nonviable, unless the cells carried a vec-
tor containing a copy of the Hsc70 gene that could be ex_
pressed from the GALI promoter on galactose medium.
On transfer to glucose, the vector-carrying cells eventually
stopped growing because of insufficient Hsc70 acivity.
Carefu l  examinar ion of  these dying cel ls  revealed that
their secretory proteins could no longer enter the endo-
plasmic rericulum (ER). This study provided the first evi_
dence for the unexpected role of Hsc70 protein in translo-
cat ion of  secretory prote ins in to the ER, a process
examined in deta i l  in  Chapter  13.



# uia"o: Microinjection of ES Cells into a Blastocyst

> EXPERIMENTAL FIGURE 5-41 ES cells heterozygous for a
disrupted gene are used to produce gene-targeted knockout
mice. Step 1 : Embryonic stem (ES) cells heterozygous for a knockout
mutation in a gene of interest (X and homozygous for a dominant
allele of a marker gene (here, brown coat color, A) are transplanted
into the blastocoel cavity of 4 5-day embryos that are homozygous
for a recessive allele of the marker (here, black coat color, a) Step 2:
The early embryos then are implanted into a pseudopregnant female
Those progeny containing ES-derived cells are chimeras, indicated by
their mixed black and brown coats. Step 3: Chimeric mice then are
backcrossed to black mice; brown progeny from this mating have E5-
derived cells in their germ line Steps 4-6: Analysis of DNA isolated
from a small amount of tail t issue can identify brown mice
heterozygous for the knockout allele Intercrossing of these mice
produces some individuals homozygous for the disrupted allele, that
is, knockout mice. lAdapted from M R. Capecchi, 1989,Trends
Genet 5:70.1

Specif ic Genes Can Be Permanently Inactivated
in the Germ Line of  Mice

Many of the methods for disrupting genes in yeast can be ap-

plied to genes of higher eukaryotes. These altered genes can be

introduced into the germ line via homologous recombination

to produce animals with a gene knockout, or simply "knock-

out." Knockout mice in which a specific gene is disrupted are a

powerful experimental system for studying mammalian devel-

opment, behavior, and physiology. They also are useful in

studying the molecular basis of certain human genetic diseases.

Gene-targeted knockout mice are generated by a two-stage

procedure. In the first stage, a DNA construct containing a dis-

rupted allele of a particular target gene is introduced into em-

bryonic stem (ES) cells. These cells, which are derived from the

blastocyst, can be grown in culture through many generations
(see Figure 21'-7).In a small fraction of transfected cells, the

introduced DNA undergoes homologous recombination with

the target gene, although recombination at nonhomologous

chromosomal sites occurs much more frequently' To select for

cells in which homologous gene-targeted insertion occurs' the

recombinant DNA construct introduced into ES cells needs to

include two selectable marker genes (Figure 5-40). One of

these genes (neo'),which confers G-418 resistance, is inserted

within the target gene (X), thereby disrupting it. The other se-

lectable gene, the thymidine kinase gene from herpes simplex

virus (lAHsv), confers sensitivity to ganciclovir, a cytotoxic nu-

cleotide analog; it is inserted into the construct outside the tar-

get-gene sequence. Only ES cells that undergo homologous re-

Io-bitr"tiott, and therefore do not incorporate tkHsv, can

survive in the presence of both G-418 and ganciclovir. In these

cells one allele of gene X will be disrupted.
In the second stage in production of knockout mice' ES

cells heterozygous for a knockout mutation in gene X are in-
jected into a recipient wild-type mouse blastocyst, which

subsequently is transferred into a surrogate pseudopregnant

female mouse (Figure 5-41). The resulting progeny wil l be

chimeras, containing tissues derived from both the trans-

planted ES cells and the host cells. If the ES cells also are ho-

Brown mouse
(NA, X-lx+)

E gffl'"? ::l[ T;"0?]X'J"'""'

4.5-day blastocyst

IE I l"[';:Xl'.ffi ['Ji: ;i]: il:;
*

A

Foster  mother

B lack  mouse
(ala, X+lX+l

Black

I S.t""t chimeric mice for

I crosses to wild-type black mice
v

Possible germ cells: All germ cells:
A/X+t A/X-: a/X* a/X+

=r I tt cell-deriveo ProgenY
s 

I wil l be brown
v

Progeny from ES cel l-derived
germ ce l l s

! |  |  s.re"n brown ProgenY DNA-* 
to identify X'lX+ heterozygotes

a l
EI Mate X-lX* heterozYgotes

lil I Screen Progeny DNA to identifY
- 

l, X tx- homozYgotes

Knockout mouse

mozygous for a visible marker trait (e.g., coat color)' then

chimeric progeny in which the ES cells survived and prolifer-

ated can te identified easily. Chimeric mice are then mated

with mice homozygous for another allele of the marker

trait to determine if the knockout mutation is incorporated

into the germ line. Finally, mating of mice' each heterozy-

gous for the knockout allele, wil l produce progeny ho-

mozygous for the knockout mutation.

a/a, X+/X*
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loxP
mouse

Al l  ce l l s  car ry  endogenous gene
Xwith /oxPsites f lanking exon 2

Cells not expressing Cre
- 4 l J @

Gene func t ion  is  normar

IoxP-Cre
mouse

All  cel ls carry one copy of loxp-
modif ied gene X, one copy of
gene X knockout ,  and c re  genes

  EXPERIMENTAL FTGURE 5-42 The loxp-Cre recombination
system can knock out genes in specif ic cel l  types. A /oxp sjte is
inserted on each side of the essential exon 2 of the target gene X
(blue) by homologous recombination, producing a /oxp mouse. Since
the /oxPsites are in introns, they do not disrupt the function of X
The Cre  mouse car r ies  one gene X knockout  a l le le  and an  in t roduced
cre gene (orange) from bacteriophage p' l  l inked to a cel l- type_specif ic
promoter (yel low) The cre gene is incorporated into the mouse
genome by nonhomologous recombination and does not affect the

Development of knockout mice that mimic certain
human diseases can be i l lustrated by cystic f ibrosis.

By methods discussed in Section 5.4, the recessrve murarion
that causes this disease eventually was shown to be located
in a gene known as CFTR, which encodes a chloride chan_

rnice are currently being used as a model system for stud
ing this genetic disease and developing effective therapies

Somat ic  Cel l  Recombinat ion Can Inact ivate
Genes in  Speci f ic  T issues
Investigators often are interested in examining the effects
of  knockout  mutat ions in  a par t icu lar  t issue o i  the mouse,
at a specific stage in development, or both. However, mice
carrying a germ-line knockout may have defects in numer_
ous tissues or die before the developmental stage of inter_
est. To address this problem, mouse geneticists have de_
v i sed  a  c l eve r  t echn ique  to  i nac t i va le  ra rge r  genes  l n
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Cre
mouse

Heterozygous for gene X knock-
out; al l  cel ls carry cre gene

Cell{ype-specif ic
promoter

FE
-

Gene funct ion is  d isrupted

function of other genes ln the /oxp-Cre mtce that result from
crossing, Cre protein is produced only in those cells in which the
promoter is active Thus these are the only cells in which
recombrnation between the /oxPsites catalyzed by Cre occurs,
leading to deletion of exon 2 Since the other allele is a constitutive
gene X knockout, deletion between the /oxp sites results in complete
loss of  funct ion of  geneXin a l l  ce l ls  expressing Cre By us ing
different promoters, researchers can study the effects of knockinq
out gene X in various types of cells

specific types of somatic cells or at particular t imes during
deve lopmen t

This technique employs site-specific DNA recombination
sites (called loxP sires) and the enzyme Cre that catalyzes re-
combination between them. The loxP-Cre recombination
system is derived from bacteriophage P1, but this site-
specific recombination sysrem also functions when placed in
mouse cells. An essential feature of this technique is that
expression of Cre is controlled by a cell-type-specific pro-
moter. In loxP-Cre mice generated by the procedure depicted
in Figure 5-42,inactivation of the gene of interest (X) occurs
only in cells in which the promoter controlling the cre gene
is active.

An early application of this technique provided strong
evidence that a particular neurotransmitter receptor is im-
portant for learning and memory. Previous pharmacological
and physiological studies had indicated that normal learn-
ing requires the NMDA class of glutamate receptors in the
hippocampus, a region of the brain. But mice in which the
gene encoding an NMDA receptor subunit was knocked
out died neonatally, precluding analysis of the receptor's
role in learning. Following the protocol in Figure 5-42, re-
searchers generated mice in which the receptor subunit gene
was inactivated in the hippocampus but expressed in other
tissues. These mice survived to adulthood and showed

Cells expressing Cre



l l l l+ Technique Animation: creating a Transgenic Mouse
z/ar\
\\"2 DNA injected into a Pronucleus of a Mouse

> EXPERIMENTAL FIGURE 5-43 Transgenic mice are produced
by random integration of a foreign gene into the mouse germ
line. Foreign DNA injected into one of the two pronuclei (the male
and female haploid nuclei contributed by the parents) has a good
chance of being randomly integrated into the chromosomes of the
diploid zygote Because a transgene is integrated into the recipient
genome by nonhomologous recombination, it does not disrupt
endogenousgenes [SeeR L Br instereta l  ,1981,  Cel l  27.2731

learning and memory defects, confirming a role for these re-

ceptors in the abil ity of mice to encode their experiences

rnto memory.

Dominant-Negat ive Al le les Can Funct ional ly
lnh ib i t  Some Genes

In diploid organisms, as noted in Section 5.1, the phenotypic

effect of a recessive allele is expressed only in homozygous

individuals, whereas dominant alleles are expressed in het-

erozygotes. Thus an individual must carry two copies of a

recessive allele but only one copy of a dominant allele to ex-

hibit the corresponding phenotypes. Sfe have seen how

strains of mice that are homozygous for a given recessive

knockout mutation can be produced by crossing individuals

that are heterozygous for the same knockout mutation (see

Figure 5-41). For experiments with cultured animal cells,

however, it is usually difficult to disrupt both copies of a

gene in order to produce a mutant phenotype. Moreover, the

difficulty in producing strains with both copies of a gene mu-

tated is often compounded by the presence of related genes

of similar function that must also be inactivated in order to

reveal an observable phenotype.
For certain genes, the difficulties in producing homozy-

gous knockout mutants can be avoided by use of an allele

carrying a dominant-negative mutation. These alleles are ge-

netically dominant; that is, they produce a mutant pheno-

type even in cells carrying a wild-type copy of the gene.

However, unlike other types of dominant alleles, dominant-

negative alleles produce a phenotype equivalent to that of a

loss-of-function mutatton.
Useful dominant-negative alleles have been identified for

a variety of genes and can be introduced into cultured cells

by transfection or into the germ line of mice or other organ-

isms. In both cases, the introduced gene is integrated into the

genome by nonhomologous recombination. Such randomly

inserted genes are called transgenes; the cells or organisms

carrying them are referred to as transgenic. Transgenes car-

rying a dominant-negative allele usually are engineered so

that the allele is controlled by a regulated promoter, allowing

expression of the mutant protein in different tissues at dif-

ferent times. As noted above, the random integration of ex-

ogenous DNA via nonhomologous recombination occurs at

Inject foreign DNA
in to  one o f the  pronuc le i

Pronuc le i

Fert i l ized mouse egg Prlor
to  fus ion  o f  ma le  and

female  pronuc le i

I
I  Transfer injected eggs

I into foster mother
I+

o
About 10-30% of offspring wil l  contain

foreign DNA in chromosomes of
a l l  the i r  t i ssues  and germ l ine

Breed mice expressing
foreign DNA to proPagate
DNA in  germ l ine

@@

a much higher frequency than insertion via homologous re-

combination. Because of this phenomenon' the production

of transgenic mice is an efficient and straightforward process

GTPases from an inactive GDP-bound state to an active

GTP-bound state depends on their interacting with a cor-

responding guanine nucleotide exchange factor (GEF)' A

,rr,.riu.r, small GTPase that permanently binds to the GEF

orotein wil l block conversion of endogenous wild-type

imall GTPases to the active GTP-bound state' thereby in-

hibit ing them from performing their switching function

(Figure 5-44) .
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(a) Cells expressing only
wild-type al leles of a
small  GTPase

fGo'\ - /
Wild type

(b) Cells expressing both
wild-type al leles and a
dominant-negative al lele

Inactive

Dominant-nega
mutant

uve

RNA Inter ference Causes Gene Inact ivat ion by
Destroying the Corresponding mRNA
A recently discovered phenomenon known as RNA inter-
ference (RNAi)  is  perhaps the mosr s t ra ight forward
method to inhibir the function of specific genes. This ap-
proach is technically simpler than the methods described
above for disrupting genes. First observed in the round-
worm C. elegans, RNAi refers to rhe abil ity of double-
stranded RNA to block expression of its corresponding
single-stranded mRNA but not that of mRNAs with a dif l
ferent sequence.

As described in Chapter 8, the phenomenon of RNAi
rests on the general abil ity of eukaryotic cells to cleave
double-stranded RNA inro short (23-nt) double-stranded
segments known as small inhibitory RNA (siRNA). The
RNA endonuclease that catalyzes this reaction, known as

tween one strand of the siRNA and its complementary se_
quence on the target nRNA; subsequently, specific nucle_
ases in the RISC complex then cleave the mRNA/siRNA
hybrid. This model accounts for the specificity of RNAi,
since it depends on base pairing, and for its potency in si_
lencing gene function, since the complem entary mRNA is

j

  FIGURE 5-44 Inactivation of the function of a wild-type
GTPase by the action of a dominant-negative mutant allele.
(a) Small (monomeric) GTPases (purple) are activated by their
interaction with a guanine nucleotide exchange factor (GEF), which
catalyzes the exchange of GDp for GTp (b) Introduction of a
dominant-negative allele of a small GTpase gene into cultured cells or
transgenic animals leads to expression of a mutant GTpase that binds
to and inactivates the GEF As a result, endogenous wild-type copies
of the same small GTPase are trapped in the inactive GDp-bound
state A single dominant-negative allele thus causes a loss-of-
function phenotype in heterozygotes similar to that seen in
homozygotes carrying two recessive loss-of-f unction alleles

permanently destroyed by nucleolytic degradation. The
normal function of both Dicer and RISC is to allow for
gene regulation by small endogenous RNA molecules
known as micro RNAs (miRNAs).

Researchers exploit the micro RNA pathway for inten-
tional silencing of a gene of interest by using either of two
general methods for generating siRNAs of defined sequence.
In the first method a double-stranded RNA corresponding to
the target gene sequence is produced by in vitro transcription of
both sense and antisense copies ofthis sequence (Figure 5-45a).
This dsRNA is injected into the gonad of an adult worm.
where it is converted to siRNA by Dicer in the developing
embryos. In conjunction with the RISC complex, the siRNA
molecules cause the corresponding mRNA molecules to be
destroyed rapidly. The resulting worms display a pheno-
type similar to the one that would result from disruption
of the corresponding gene itself. In some cases, entry of
just a few molecules of a particular dsRNA into a cell is
sufficient to inactivate many copies of the corresponding
mRNA. Figure 5-45b illustrates the ability of an injected
dsRNA to interfere with production of the corresponding en-
dogenous mRNA in C. elegans embryos. In this experiment, the
mRNA levels in embryos were determined by incubating
the embryos with a fluorescently labeled probe specific for
the mRNA of interest. This technique, in situ hybridization,
is useful in assaying expression of a particular mRNA in cells
and tissue sections.

The second method is to produce a specific double-
stranded RNA in vivo. An efficient way ro do this is to
express a synthetic gene thar is designed to contain tandem
segments of both sense and anti-sense sequences corresDon-
ding to the target gene (Figure 5-45c). \X/hen this gene is
transcribed, a double-stranded RNA "hairpin" srructure
forms, known as small hairpin RNA, or shRNA. The
shRNA will then be cleaved by Dicer to form siRNA mole-
cules. The lentiviral expression vectors are particularly use-
ful for introducing synrheric genes for the expression of
shRNA constructs into animal cells.

Both RNAi methods lend themselves to systematic
studies to inactivate each of the known genes in an organ-
ism and to observe what goes wrong. For example, in ini-
tial studies with C. elegans, RNA interference with 16,700
genes (about 86 percent of the genome) yielded 1722 visi-
bly abnormal phenotypes. The genes whose functional in-
activation causes particular abnormal phenotypes can be
grouped into sets; each member of a set presumably con-
trols the same signals or events. The regulatory relations
between the genes in the set-for example, the genes that
control muscle development-can then be worked out.

Other organisms in which RNAi-mediated gene inactiva-
tion has been successful include Drosophila, many kinds of
plants, zebra fish, the frog Xenopus, and mice, and are now
the subjects of large-scale RNAi screens. For example,
lentiviral vectors have been designed to inactivate by RNAi
more than 10,000 different genes expressed in cultured
mammalian cells. The function of the inactivated genes can
be inferred from defects in growth or morphology of cell
clones transfected with lentiviral vectors.
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fi| ,oo."rt: RNA Interference

Antisense transcript

(a) In vitro production of double-stranded RNA

- - \ ( -

Noninjected Injected

(c) In vivo production of double-stranded RNA

Sense transcript

Inactivating the Function of Specific Genes in
Eukaryotes

r Once a gene has been cloned, important clues about its
normal function in vivo can be deduced from the observed
phenotypic effects of mutating the gene.

r Genes can be disrupted in yeast by inserting a selectable
marker gene into one allele of a wild-rype gene via homolo-
gous recombination, producing a heterozygous mutant. \7hen
such a heterozygote is sporulated, disruption of an essential
gene will produce two nonviable haploid spores (Figure 5-39).

r A yeast gene can be inactivated in a controlled manner by
using the GALI promoter to shut off transcription of a
gene when cells are transferred to glucose medium.

r In mice, modified genes can be incorporated into the
germ line at their original genomic location by homologous
recombination, producing knockouts (see Figures 5-40 and
5-41). Mouse knockouts can provide models for human ge-
netic diseases such as cystic f ibrosis.

< EXPERIMENTAL FIGURE 5-45 RNA interference (RNA|) can
functionally inactivate genes in C. elegans and other
organisms. (a) In vitro production of double-stranded RNA (dsRNA) for
RNA| of a specific target gene The coding sequence of the gene,

derived from either a cDNA clone or a segment of genomic DNA, is
placed in two orientations in a plasmid vector adjacent to a strong
promoter Transcription of both constructs in vitro using RNA
polymerase and ribonucleoside triphosphates yields many RNA coptes in

the sense orientation (identical with the mRNA sequence) or
complementary antisense orientation Under suitable conditions, these

complementary RNA molecules wil l hybridize to form dsRNA When the

dsRNA is injected into cells, it is cleaved by Dicer into siRNAs (b)

lnhibition of mex3 RNA expression in worm embryos by RNA| (see the

text for the mechanism) (Left) Expression of mex3 RNA in embryos was

assayed by in situ hybridization with a probe specific for this mRNA, that
is, linked to an enzyme that produces a colored (purple) product (Rtgtht)

The embryo derived from a worm injected with double-stranded mex3
mRNA produces little or no endogenous mex3 mRNA, as indicated by
the absence of color. Each four-cell-stage embryo is =50 Fm in length
(c) In vivo production of double-stranded RNA occurs via an engineered
plasmid introduced directly into cells The synthetic gene construct is a

tandem arrangement of both sense and antisense sequences of the
target gene When it is transcribed, double-stranded small hairpin RNA

forms (shRNA) The shRNA is cleaved by Dicer to form siRNA lPart (b)

from A Fire et al . 1998, Nature 391:806 l

r The /oxP-Cre recombination system permits production

of mice in which a gene is knocked out in a specific tissue.

r In the production of transgenic cells or organisms, exoge-

nous DNA is integrated into the host genome by

nonhomologous recombination (see Figure 5-43). Intro-

duction of a dominant-negative allele in this way can func-

tionally inactivate a gene without altering its sequence.

r In many organisms, including the roundworm C. elegans,

double-stranded RNA triggers destruction of the all the

mRNA molecules with the same sequence (see Figure 5-45).

This phenomenon, known as RNAI (RNA interference),

provides a specific and potent means of functionally inacti-

vating genes without altering their structure.

s iRNA
2 +

As the examples in this chapter and throughout the book il-

lustrate, genetic analysis is the foundation of our under-

standing of many fundamental processes in cell biology. By

examining the phenotypic consequences of mutations that

inactivate a particular gene' geneticists are able to connect

knowledge about the sequence' structure' and biochemical
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Although scientists continue to use this classical genetic
approach to dissect fundamental cellular processes and bio-
chemical pathways, the availabil ity of iomplete genomic
sequence information for most of the common experimental
organisms has fundamentally changed the way genetic ex-
periments are conducted. Using various computational
methods, scientists have identified the protein-coding gene
sequences in most experimental organisms including E. coli,
yeast, C. elegans, Drosophila, Arabidopsis, mouse, and hu-
mans. The gene sequences, in turn, reveal the primary amino
acid sequence of the encoded protein products, providing us
with a nearly complete list of the proteins found in each of
the major experimental organisms.

The approach taken by most researchers has thus shifted
from discovering new genes and proteins to discovering the
functions of genes and proteins whose sequences are already
known. Once an interesting gene has been identified, genomic
sequence information greatly speeds subsequent genetic ma-
nipulations of the gene, including its designed inactivation, to
learn more about its function. Already sets of vectors for
RNAi inactivation of most defined senes in the nematode C.
elegans now allow efficient generic ,ir..n, to be performed in
this multicellular organism. These methods are now being ap-
plied to large collections of genes in cultured mammalian cells
and in the near future either RNAi or knockout methods will
have been used to inactivate every gene in the mouse.

In the past, a scientist might spend many years studying
only a single gene, but nowadays scientists commonly study
whole sets of genes ar once. For example, with DNA microar-
rays the level of expression of all genes in an organism can be
measured almost as easily as the expression of a single gene.
One of the great challenges facing geneticists in the twenty-
first century will be to exploit the vast amount of available
data on the function and regulation of individual genes to un-
derstand how groups of genes are organized to form complex
biochemical pathways and regulatory nerworks.
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1, Genetic mutations can provide insights into the mecha-
nisms of complex cellular or developmental processes. How
might your analysis of a genetic mutation be different depend-
ing on whether a particular mutation is recessive or dominant?
2. Give an example of how and why temperature-sensitive
mutations might be used to study the function of essential genes.
3. Describe how complementation analysis can be used to
reveal whether two mutations are in the same or in different
genes. Explain why complementation analysis will not work
with dominant mutations.

4, Compare the different uses of suppressor and synthetic
lethal mutations in genetic analysis.

5. Restriction enzymes and DNA ligase play essential roles
in DNA cloning. How is it that a bacterium that produces a
restriction enzyme does not cut its own DNA? Describe
some general features of restriction enzyme sites. ril/hat are
the three types of DNA ends that can be generated after cut-
ting DNA with restriction enzymes? \{hat reaction is cat-
alyzed by DNA ligase?

6. Bacterial plasmids often serve as cloning vectors. De-
scribe the essential features of a plasmid vector. Sfhat are the
advantages and applications of plasmids as cloning vectors?
7. A DNA library is a collection of clones, each containing
a different fragment of DNA, inserted into a cloning vector.
What is the difference between a cDNA and a genomic DNA
library? How can you use hybridization or expression to
screen a library for a specific gene? How many different
oligonucleotide primers would need to be synthesized as
probes to screen a library for the gene encoding the peptide
Met-Pro-Glu-Phe-Tyr?

8. In 1993, Kerry Mullis won rhe Nobel prize in chemistry
for his invention of the PCR process. Describe the three steps
in each cycle of a PCR reaction. $fhy was the discovery of a
thermostable DNA polymerase (e.g., Taq polymerase) so im-
portant for the development of PCR?

9. Southern and Northern blotting are powerful tools in
molecular biology based on hybridization of nucleic acids.
How are these techniques the same? How do they differ?
Give some specific applications for each blotting technique.
10. A number of foreign proteins have been expressed in
bacterial and mammalian cells. Describe the essential
features of a recombinant plasmid that are required for ex-
pression of a foreign gene. How can you modify the foreign
protein to facil i tate its purif ication? What is the advantage
of expressing a protein in mammalian cells versus bacteria?
11. What is a DNA microarray? How are DNA microarrays
used for studying gene expression? How do experiments with
microarrays differ from Northern blotting experiments?
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12. In determining the identity of the protein that corre-
sponds to a newly discovered gene, it often helps to know
the pattern of t issue expression for that gene. For example,
researchers have found that a gene called SERPINA6 is ex-
pressed in the l iver, kidney, and pancreas but not in other
tissues. !7hat techniques might researchers use to find out
which tissues express a particular gene?

13. DNA polymorphisms can be used as DNA markers.
Describe the differences between RFLR SNR and SSR poly-
morphisms. How can these markers be used for DNA map-
ping studies?

14. How can linkage disequil ibrium mapping sometimcs
provide a much higher resolution of gene location than clas-
sical l inkage mapping?

15. Genetic linkage studies can usually only roughly locate
the chromosomal position of a "disease" gene. How can ex-
pression analysis and DNA sequence analysis help locate a
disease gene within the region identified by linkage mapping?

16. Gene targeting by siRNA techniques exploits a normal
micro RNA pathway that is found in all metazoans but not
in simpler eukaryotes such as yeast. \7hat are the roles of
Dicer and RISC in this pathway?

77. The abil ity to selectively modify the genome in the
mouse has revolutionized mouse genetics. Outline the proce-
dure for generating a knockout mouse at a specific genetic
locus. How can the loxP-Cre system be used to conditionally
knock out a gene? \Vhat is an important medical application
of knockout mice?

18. Two methods for functionally inactivating a gene with-
out altering the gene sequence are by dominant-negative mu-
tations and RNA interference (RNAi). Describe how each
method can inhibit expression of a gene.

Analyze the Data

A culture of yeast that requires uracil for growth (ura3-)
was mutagenized, and two mutant colonies, X and Y, have
been isolated. Mating type a cells of mutant X are mated
with mating type o cells of mutant Y to form diploid cells.
The parental (ura3 ), X, Y, and diploid cells are streaked
onto agar plates containing uracil and incubated at 23 "C or
32 'C.  Cel l  growth was moni tored by the format ion of
colonies on the culture plates as shown in the figure below.

b. A wild-type yeast cDNA library, prepared in a plas-

mid that contains the wild-type URA3* gene' is used to

transform X cells, which are then cultured as indicated. Each

black spot below represents a single clone growing on a petri

plate. 
'$7hat 

are the molecular differences between the clones

growing on the two plates? How can these results be used to

identify the gene encoding X?

c. DNA is extracted from the parental cells, from X

cells, and from Y cells and digested with a restriction

enzyme. The digests are analyzed by Southern blot analysis,

shown at the left below, using a probe obtained from the

gene encoding X. In addition, PCR primers are used to

amplify the gene encoding X in both the parental and the X

cells. The primers are complementary to regions of DNA just

external to the gene encoding X. The PCR results are shown

in the gel at the right. What can be deduced about the muta-

tion in the X gene from these data?

Growth  a t  23 'C on
media  lack ing  urac i l

Parenta l  X

Southern

Growth  a t  32 'C on
media  lack ing  urac i l

Parenta l  X

PCR

d. A construct of the wild-type gene X is engineered to

encode a fusion protein in which the green fluorescent pro-

tein (GFP) is present at the N-terminus (GFP-X) or the C-

terminus (X-GFP) of protein X. Both constructs' present on

a URA3* plasmid, are used to transform X cells grown in

the absence of uracil. The transformants are then monitored

for growth at 32oC, shown below at the left. At the right are

typical fluorescent images of X-GFP and GFP-X cells grown

at 23 "C in which green denotes the presence of green fluo-

rescent protein. What is a reasonable explanation for growth

of  GFP-X but  not  X-GFP cel ls  at  32 'C?

Growth at 23'C

a. What can be deduced
the data provided?

Denotes growth of cel ls

ura

Dip lo id

Growth  a t32 'C

about mutants X and Y from

GFP-X ce l l

GFP loca l i za t ion  in  ce l l s
grown at 23 'C
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e. Haploid offspring of the diploid cells from part (a)
above are generated. XY double mutants constitute 114 of
these offspring. Haploid X cells, Y cells, and XY cells in liquid
culture are synchronized at a stage just prior to budding and
then are shifted from 23'C to 32 oC. Examination of the cells
24 hours later reveals that X cells are arresred with small buds,
Y cells are arrested with large buds, and XY cells are arrested
with small buds. \What is the relationship between X and Y?
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These brightly colored RxFISH-painted chromosomes are both
beautiful and useful in revealing chromosome anomalies and in
comparing karyotypes of different species [@ Department of Clinical
Cytogenetics, Addenbrookes Hospital/Photo Researchers, Inc l

I n previous chapters we learned how the structure and com-

I position of proteins allow them to perform a wide variety
I of cellular functions. We also examined another vital com-
ponent of cells, the nucleic acids, and the process by which
information encoded in the sequence of DNA is translated
into protein. In this chapter, our focus again is on DNA and
proteins as we consider the characteristics of eukaryotic nu-
clear and organellar genomes: the features of genes and the
other DNA sequence that comprise the genome, and how
this DNA is structured and organized by proteins within the
cell.

By the beginning of the twenty-first century, molecular
biologists had completed sequencing the entire genomes of
hundreds of viruses, scores of bacteria, and one unicellular
eukaryote, the budding yeast S. cereuisiae. In addition, the
vast majority of the genome sequence is also known for the
fission yeast S. pombe, and several multicellular eukaryotes
including the roundworm C. elegans, the fruit fly D.
melanogastel, mice, and humans. Detailed analysis of these
sequencing data has revealed insights into genome organtza-
tion and gene function. It has allowed researchers to identify
previously unknown genes and to estimate the total number
of protein-coding genes encoded in each genome. Compar-
isons between gene sequences often provide insight into pos-
sible functions of newly identified genes. Comparisons of
genome sequence and organization between species also help
us understand the evolution of organisms.

Surprisingly, DNA sequencing revealed that a large por-
tion of the genomes of higher eukaryotes does not encode
mRNAs or any other RNAs required by the organism. Re-
markably, such noncoding DNA constitutes :98.5 percent

CHAPTER

G EN ES,
GENOMICS, AND
CHROMOSOMES

of human chromosomal DNA! The noncoding DNA in mul-

ticellular organisms contains many regions that are similar

but not identical. Variations within some stretches of this

repetitious DNA between individuals are so great that every

person can be distinguished by a DNA "fingerprint" based

on these sequence variations. Moreover, some repetitious

DNA sequences are not found in the same positions in the

genomes of different individuals of the same species. At one

time, all noncoding DNA was collectively termed "junk

DNA" and was considered to serve no purpose. 
'We 

now

understand the evolutionary basis of all this extra DNA, and

the variation in location of certain sequences between
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individuals. Cellular genomes harbor symbiotic transposable
(mobile) DNA elements, sequences that can copy themselves
and move throughout the genome. Although transposable
DNA elements seem ro have litt le funcrion in the l ife cycle of
an individual organism, over evolutionary time they have
shaped our genomes and contributed to the rapid evolution
of multicellular organisms.

In higher eukaryores, DNA regions encoding proteins or
functional RNAs-that is, genes-lie amidst this expanse of
apparently nonfunctional DNA. In addition ro the nonfunc-
tional DNA between genes, noncoding introns are common
within genes of multicellular plants and animals. Sequencing
of the same protein-coding gene in a variety of eukaryotic
species has shown that evolutionary pressure selects for
maintenance of relatively similar sequences in the coding re-
glons, or exons. In contrast, wide sequence variation, even in-
cluding total loss, occurs amon€l introns, suggesting that most
intron sequences have little functional significance. However,
as we shall see, although most of the DNA sequence of in-
trons is not functional, the existence of introns has favored
the evolution of multidomain proteins that are common ln
higher eukaryotes. It also allowed the rapid evolution of pro-
teins with new combinations of functional domains.

Mitochondria and chloroplasts also contain DNA that
encodes proteins essential to the function of these vital or-
ganelles. !7e shall see that mitochondrial and chloroplast
DNAs are evolutionary remnants of the origins of these or-
ganelles. Comparison of DNA sequences between different
classes of bacteria and mitochondrial and chloroolast
genomes has revealed that these organelles evolved from in-

tracellular bacteria that developed symbiotic relationships
with ancient eukaryotic cells.

The sheer length of cellular DNA is a significant problem
with which cells must contend. The DNA in a single human
cell, which measures about 2 meters in total length, must be
contained within cells with diameters of less than 10 pm, a
compaction ratio of greater than 105 to 1.In relative terms, if
a cell were 1 centimeter in diameter, the length of DNA
packed into its nucleus would be about 2 kilometers! Special-
ized eukaryotic proteins associated with nuclear DNA ex-
quisitely fold and organize the DNA so thar it fits into nuclei.
And yet at the same time, any given portion of this highly
compacted DNA can be accessed readily for transcription,
DNA replication, and repair of DNA damage without the
long DNA molecules becoming tangled or broken. Further-
more, the integrity of DNA must be maintained during the
process of cell division when it is partitioned into daughter
cells. In eukaryotes, the complex of DNA and the proteins
that organize it, called chromatin, can be visualized as indi-
vidual chromosomes during mitosis (see chapter opening fig-
ure). As we will see in this and the following chapter, the or-
ganization of DNA into chromatin allows a mechanism for
regulation of gene expression that is not available in bacteria.

In the first five sections of this chapter, we provide an
overview of the landscape of eukaryotic genes and genomes.
First we discuss the structure of eukaryotic genes and the com-
plexities that arise in higher organisms from the processing of
mRNA precursors into alternatively spliced mRNAs. Next we
discuss the main classes of eukaryotic DNA including the special
properties of transposable DNA elements and how they shaped

> FIGURE 6-1 Overview of the structure of
genes and chromosomes. DNA of higher
eukaryotes consists of unique and repeated
sequences  On ly  :1  5  percent  o f  human DNA
encodes proteins and functional RNAs and
the regulatory sequences that control their
expression; the remainder is merely introns
within genes and intergenic DNA between
genes Much o f  the  in te rgen ic  DNA,  -45
percent in humans, is derived f rom transposable
(mobile) DNA elements, genetic symbionts that
have contr ibuted to the evolut ion of
contemporary genomes Each chromosome
consrsts of a single, long molecule of DNA up
to  :280 Mb in  humans,  o rgan ized in to
increasing levels of condensation by the histone
and nonh is tone pro te ins  w i th  wh ich  i t  i s
intr icately complexed Much smaller DNA
molecu les  are  loca l i zed  in  mi tochondr ia  and
chloroplasts

Major Types of DNA Sequence
Sing le -copy  genes
Gene fami l ies
Tandemly  repeated  genes
I ntrons
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contemporary genomes. We then consider organelle DNA and
how it differs from nuclear DNA. This background prepares us
to discuss genomics, computer-based methods for analyzing and
interpreting vast amounts of sequence data. The final two sec-
tions of the chapter address how DNA is physically organized in
eukaryotic cells.'Sfe consider the packaging of DNA and histone
proteins into compact complexes (nucleosomes) that are the
fundamental building blocks of chromatin, the large-scale struc-
ture of chromosomes, and the functional elements required for
chromosome duplication and segregation. Figure 6-1 provides
an overview of these interrelated subjects. The understanding of
genes, genomics, and chromosomes gained in this chapter will
prepare us to explore current knowledge about how the synthe-
sis and concentration of each protein and functional RNA in a
cell is regulated in the following two chapters.

lil Eukaryotic Gene Structure
In molecular terms, a gene commonly is defined as tbe entire
nucleic acid seqwence that is necessary for the synthesis of a

fwnctional gene product (polypeptide or RNA). According to
this definition, a gene includes more than the nucleotides en-
coding an amino acid sequence or a functional RNA, referred
to as the coding region. A gene also includes all the DNA se-
quences required for synthesis of a particular RNA transcript,
no matter where those sequences are located in relation to the
coding region. For example, in eukaryotic genes, transcription-
control regions known as enhancers can lie 50 kb or more
from the coding region. As we learned in Chapter 4, other crit-
ical noncoding regions in eukaryotic genes include the pro-
moter, as well as sequences that specify 3' cleavage and
polyadenylation, known as poly(A) sites, and splicing of pri-
mary RNA transcripts, known as splice siles (see Figure 4-15).
Mutations in these sequences, which control transcription ini-
tiation and RNA processing, affect the normal expression and
function of RNAs, producing distinct phenotypes in mutant
organisms. We examine these various control elements of
genes in greater detail in Chapters 7 and 8.

Although most genes are transcribed into mRNAs,
which encode proteins, some DNA sequences are tran-
scribed into RNAs that do not encode proteins (e.g., tRNAs
and rRNAs described in Chapter 4 and micro RNAs that
regulate mRNA stabil ity and translation discussed in Chap-
ter 8). Because the DNA that encodes tRNAs, rRNAs and
micro RNAs can cause specific phenotypes when mutated,
these DNA regions generally are referred to as tRNA, rRNA
and micro RNA genes, even though the final products of
these genes are RNA molecules and not proteins.

In this section, we will examine the structure of genes in
bacteria and eukaryotes and discuss how their respective
gene structures influence gene expression and evolution.

Most  Eukaryot ic  Genes Conta in In t rons
and Produce mRNAs Encoding Single Prote ins

As discussed in Chapter 4, many bacterial mRNAs (e.g., the
mRNA encoded by the trp operon) include the coding region

for several proteins that function together in a biological
process. Such mRNAs are said to be polycistronic. (A cistron
is a genetic unit encoding a single polypeptide.) In contrast'

most eukaryotic mRNAs are monocistronic; that is, each
mRNA molecule encodes a single protein. This difference
between polycistronic and monocistronic mRNAs correlates
with a fundamental difference in their translatton.

Within a bacterial polycistronic mRNA a ribosome-binding

site is located near the start site for each of the protein-coding

regions, or cistrons, in the mRNA. Translation initiation can

begin at any of these multiple internal sites, producing multiple
proteins (see Figure 4-13a).In most eukaryotic mRNAs' how-

ever, the 5'-cap structure directs ribosome binding, and trans-

lation begins at the closest AUG start codon (see Figure 4-13b).

As a result, translation begins only at this site. In many cases,

the primary transcripts of eukaryotic protein-coding genes are

processed into a single type of mRNA, which is translated to
give a single type of polypeptide (see Figure 4-15).

Unlike bacterial and yeast genes, which generally lack in-

trons, most genes in multicellular animals and plants contain
introns, which are removed during RNA processing in the nu-

cleus before the fully processed mRNA is exported to the cy-

tosol for translation. In many cases, the introns in a gene are

considerably longer than the exons. Although many introns

are :90 bp long, the median intron length in human genes is

3.3 kb. Some, however, are much longer: the longest known

human intron is 17,1.06 bp, and lies within titan, a gene en-

coding a structural protein in muscle cells. In comparison,

most human exons contain only 50-200 base pairs. The typi-

cal human gene encoding an average-size protein is :50,000

bp long, but more than 95 percent of that sequence is present

in introns and flanking noncoding 5' and 3' regions.

Many large proteins in higher organisms that have re-

peated domains are encoded by genes consisting of repeats

of similar exons separated by introns of variable length. An

example of this is fibronectin, a component of the extracel-

lular matrix. The fibronectin gene contains multiple copies

of f ive types of exons (see Figure 4-16). Such genes evolved

by tandem duplication of the DNA encoding the repeated

exon, probably by unequal crossing over during meiosis as

shown in Figure 6-2a.

Simple and Complex Transcr ip t ion Uni ts
Are Found in  Eukaryot ic  Genomes

The cluster of genes that form a bacterial operon comprises

a single transcription unit that is transcribed from a specific

promoter in the DNA sequence to a termination site. pro-

ducing a single primary transcript. In other words, genes and

transcription units often are distinguishable in prokaryotes

since a single transcription unit contains several genes when

they are part of an operon. In contrast' most eukaryotic

genes are expressed from separate transcription units' and

each mRNA is translated into a single protein. Eukaryotic

transcription units, however, are classified into two types,

depending on the fate of the primary transcript.
The primary transcript produced from a simple transcrip-

tion unit is processed to yield a single type of mRNA' encoding
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(a) Exon duplication

Pa rental
chromosomes

Recombinant
cnromosomes

(b) Gene duplication

L1 Exon 1  Exon 2 Exon 3

B-g lob in  gene

 
L1 Exon 1 Exon 2 Exon 3

===  ===
I
I  Recombinat ion  (unequa l  c ross ing  over )
+

Parentat I
chromosomes 

I

Recombinant
cnromosomes

A FIGURE 5-2 Exon and gene duplication. (a) Exon duplication
results from unequal crossing over during meiosrs Each parental
chromosome contains one ancestral gene containing three exons
(numbered 1-3)  and two int rons Homologous noncoding L1
repeated sequences l ie  5 'and 3 'of  the gene,  and a lso in  the in t ron
between exons 2 and 3 As discussed in Section 6 3, L1 sequences
have been repeatedly transposed to new sites in the genome over rne
course of human evolution, so that all chromosomes are peppered
with them The parental chromosomes are shown displaced relative
to each other, so that the L1 sequences are aligned Homologous
recombination between L1 sequences as shown would generate one
recombinant chromosome in which the gene has four exons (two

a single protein. Mutations in exons, introns, and transcription-
control regions all may influence expression of the protein
encoded by a simple transcription unit (Figure 6-3a).

In the case of complex rranscription units, which are quite
common in multicellular organisms, the primary RNA tran-
script can be processed in more than one way, leading to for-
mation of mRNAs containing different exons. Each alternate
mRNA, however, is monocistronic, being translated into a
single polypeptide, with translation usually initiating ar the
first AUG in the mRNA. Multiple mRNAs can arise from a
primary transcript in three ways, as shown in Figure 6-3b.

Examples of all three types of alternarive RNA process-
ing occur in the genes that regulate sexual differentiation in
Drosophila (see Figure 8-16). Commonly, one mRNA is
produced from a complex transcription unit in some cell
types, and a different mRNA is made in other cell types. For
example, alternative splicing of the primary fibronectin tran-

L1 Exon 1 Exon 2 Exon 3 Exon 3

-
Exon 1 Exon 2

copies of exon 3) and one chromosome in which the gene is missing
exon 3 (b) Unequal crossing over between L'1 sequences also can
generate duplications of entire genes In this example, each parental
chromosome contains one ancestral B-globin gene, and one of the
recombinant chromosomes contains two duplicated B-globin genes
Subsequent  independent  mutat ions in  the dupl icated genes could
lead to s l ight  changes in sequence that  might  resul t  in  s l ight ly
different functional properties of the encoded proteins Unequal
crossing over also can result from rare recombinations between
unrelated sequences Note that the scale in part (b) is much larger
than in part (a) [Part (b) see D H A Fitch er al , 1 991, Proc Nat'|. Acad Sci.
USA 88:7396 I

script in fibroblasts and hepatocytes determines whether or
not the secreted protein includes domains that adhere to cell
surfaces (see Figure 4-16). The phenomenon of alternative
splicing greatly expands the number of proteins encoded in
the genomes of higher organisms. It is estimated that -60
percent of human genes are contained within complex tran-
scription units that give rise to alternatively spliced mRNAs
encoding proteins with distinct functions, as for the fibrob-
last and hepatocyte forms of fibronectin.

The relationship between a mutation and a gene is not
always straightforward when it comes to complex tran-
scription units. A mutation in the control region or in an
exon shared by alternatively spliced mRNAs will affect all
the alternative proteins encoded by a given complex tran-
scription unit. On the other hand, mutations in an exon
present in only one of the alternative mRNAs will affect
only the protein encoded by that mRNA. As explained in

t
I  

Recombinat ion  (unequa l  c ross ing

*  B-s lob in  gene
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ffi ,od."rt: Eukaryotic Transcription Units
> FIGURE 6-3 Simple and complex eukaryotic trans€ription
units. (a) A simple transcription unit includes a region that encodes
one protein, extending from the 5' cap site to the 3' poly(A) site,
and associated control regions Introns l ie between exons (l ight
blue rectangles) and are removed during processing of the primary
transcripts (dashed red lines); thus they do not occur in the functional
monocist ronic  mRNA Mutat ions in  a t ranscr ipt ion-contro l  region
(a b) may reduce or prevent transcription, thus reducing or eliminatrng
synthesis of the encoded protein. A mutation within an exon (c) may
result in an abnormal protein with diminished activity A mutation
within an intron (d) that introduces a new splice site results in an
abnormally spliced mRNA encoding a nonfunctional protein (b)
Complex transcription units produce primary transcripts that can be
processed in alternative ways. (Iop) lf a primary transcript contains
alternative splice sites, it can be processed into mRNAs with the same
5' and 3' exons but different internal exons (Middle) lf a primary
transcript has two poly(A) sites, it can be processed into mRNAs with
alternative 3' exons (Botton) lf alternative promoters (f or g) are
active in different cell types, mRNA1, produced in a cell type in which
f is activated, has a different f irst exon (1A) than mRNA2 has, which
is produced in a cell type in which g is activated (and where exon 1B
is used) Mutations in control regions (a and b) and those designated
c within exons shared by the alternative mRNAs affect the proteins
encoded by both alternatively processed mRNAs In contrast,
mutations (designated d and e) within exons unique to one of the
alternatively processed mRNAs affect only the protein translated from
that mRNA For genes that are transcribed from different promoters
in different cell types (bottom), mutations in different control regions
(f and g) affect expression only in the cell type in which that control
region is active

Chapter 5, genetic complementation tests commonly are
used to determine if two mutations are in the same or dif-
ferent genes (see Figure 5-7). However, in the complex tran-
scription unit shown in Figure 6-3b (middle), mutations d
and e would complement each other in a genetic comple-
mentation test, even though they occur in the same gene.
This is because a chromosome with mutation d can express
a normal protein encoded by mRNA2 and a chromosome
with mutation e can express a normal protein encoded by
mRNA1. Both mRNAs produced from this gene would be
present in a diploid cell carrying both mutations, generating
both protein products and hence a wild-type phenotype.
However, a chromosome with mutation c in an exon com-
mon to both mRNAs would not complement either muta-
tion d or e. In other words, mutation c would be in the same
complementation groups as mutations d and e, even though
d and e themselves would not be in the same complementa-
tion group! Given these complications with the genetic def-
init ion of a gene, the genomic definit ion outl ined at the
beginning of this section is commonly used. In the case of
protein-coding genes, a gene is the DNA sequence tran-
scribed into a pre-mRNA precursor, equivalent to a tran-
scription unit, plus any other regulatory elements required
for synthesis of the primary transcript. The various proteins
encoded by the alternatively spliced mRNAs expressed
from one gene are called isoforms.

Gene

Simple transcription unit

,  5 0 k b  ,
l-l

CaP site Poly(A) site

Control regions

nRNA 5 '

(b) Complex transcription units

Gene
Exon 1

mRNAT S'f----a

or

nRNA2 5'

Gene
Exon 1

mRNAT S ' f  J

or

nRNA2 5'[---f .T

Exon 2 Exon 3 Exon 4

f_l- T_ 
-___---l3,

Poly(A)

Exon 3

E x o n l B  E x o n 2 Exon 3

Prote in-Coding Genes May Be Sol i tary  or  Belong

to a Gene Fami ly

The nucleotide sequences within chromosomal DNA can be

classified on the basis of structure and function' as shown in

Thble 6-1. 
'We 

will examine the properties of each class' begin-

ning with protein-coding genes, which comprise two groups.

In multicellular organisms, roughly 25-50 percent of the

protein-coding genes are represented only once in the haploid

genome and thus are termed solitary genes. A well-studied

example of a solitary protein-coding gene is the chicken

Cap site

Cap site

Cap site Cap site poty(A)

Gene
Exon 1A

nRNAI  5 '

or

mRNA2
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CLASS ITNGTH C0PY NUMBEB lN HUMAN GEN0ME FRACTI0N 0F HUMAN GEN()ME (0/o)

Protein-coding genes

Tandemly repeated genes
U2 snRNA
rRNAs

Repetitious DNA
Simple-sequence DNA
Interspersed repeats (mobile DNA elements)

DNA transposons
LTR retrotransposons
Non-LIR retrotransposons

LINEs
SINEs

Processed pseudogenes

Unclassified spacer DNA$

0.5-2200 kb

5.1 kb+
43 kb+

1-500 bp

2-3 kb
5 -11  kb

5-8 kb
100-400 bp
Variable

Variable

-25,000

:20
:300

Variable

300,000
440,000

850,000
1,600,000
1 - :100

n.a .

:55"  (1 .8 )1

<0.001
0.4

: $

3
8

2T
1 3
-0.4

-25

"' Complete transcription units including introns.
t Transcription units not including introns. Protein-coding regions (exons) total 1.1% ofthe genome.
+ Length of tandemly repeated sequence.
s Sequences between transcription units that are not repeated in the genome; n.a. : not applicable.
SoURcE: International Human Genome Sequencing Consortium, 200L, Nature 409860 and 2004, Nature 431:931.

lysozyme gene. The 15-kb DNA sequence encoding chicken
lysozyme constitutes a simple transcription unit containing
four exons and three introns. The flanking regions, extending
for about 20 kb upstream and downstream from the transcrip-
tion unit, do not encode any detectable mRNAs. Lysozyme, an
enzyme that cleaves the polysaccharides in bacterial cell walls,
is an abundant component of chicken egg-white protein and
also is found in human tears. Its activity helps to keep the sur-
face of the eye and the chicken egg sterile.

Duplicated genes constitute the second group of protein-
coding genes. These are genes with close but nonidentical
sequences that often are located within 5-50 kb of one
another. A set of duplicated genes that encode proteins with
similar but nonidentical amino acid sequences is called a
gene family; the encoded, closely related, homologous pro-
teins constitute a protein family. A few protein families, such
as protein kinases, vertebrate immunoglobulins, and olfac-
tory receptors include hundreds of members. Most protein
families, however, include from iust a few to 30 or so mem-
bers; common examples are cytoskeletal proteins, the
myosin heavy chain, and the o- and B-globins in vertebrates.

The genes encoding the B-like globins are a good exam-
ple of a gene family. As shown in Figure 6-4a, the B-like
globin gene family contains five functional genes desig-
nated B, E, A.y, G], and e; the encoded polypeptides are
similarly designated. Two identical B-like globin polypep-
tides combine with two identical o-globin polypeptides
(encoded by another gene family) and four small heme
groups to form a hemoglobin molecule (see Figure 3-13).
AII the hemoglobins formed from the different B-like glo-
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bins carry oxygen in the blood, but they exhibit somewhat
different properties that are suited to specific roles in
human physiology. For example, hemoglobins containing
either the A" or G, polypeptides are expressed only during
fetal l i fe. Because these fetal hemoglobins have a higher
affinity for oxygen than adult hemoglobins, they can effec-
tively extract oxygen from the maternal circulation in the
placenta. The lower oxygen affinrty of adult hemoglobins,
which are expressed after birth, permits better release of
oxygen to the tissues, especially muscles, which have a high
demand for  oxygen dur ing exerc ise.

The different B-globin genes arose by duplication of an
ancestral gene, most l ikely as the result of an "unequal
crossover" during meiotic recombination in a developing
germ cell (egg or sperm) (Figure 6-2b). Over evolutionary
time the rwo copies of the gene that resulted accumulated
random mutations; beneficial mutations that conferred some
refinement in the basic oxygen-carrying function of hemoglo-
bin were retained by natural selection, resulting in sequence
drift. Repeated gene duplications and subsequent sequence
drift are thought to have generated the contemporary globin-
like genes observed in humans and other mammals today.

Two regions in the human B-like globin gene cluster con-
tain nonfunctional sequences, called pseudogenes, similar to
those of the functional B-like globin genes (see Figure 6-4a).
Sequence analysis shows that these pseudogenes have the
same apparent exon-intron structure as the functional B-like
globin genes, suggesting that they also arose by duplication
of the same ancestral gene. However, there was little selective
pressure to maintain the function of these genes. Consequently



(a) Human B-globin gene cluster (chromosome 111

I t"on l--l Pseudogene I nlu site

lbl S. cerevisiae (chromosome lll)

l - - l  op"n reading f rame tRNA gene

80 kb

A FIGURE 6-4 Structure of p-globin gene cluster and
comparison of gene density in higher and lower eukaryotes.
(a) In the diagram of the B-globin gene cluster on human chromosome
1 1, the green boxes represent exons of B-globin-related genes Exons
spliced together to form one mRNA are connected by caret-l ike spikes
The human B-globin gene cluster contains two pseudogenes (white);
these regions are related to the functional globin-type genes but are
not transcribed. Each red arrow indicates the location of an Alu

sequence drift during evolution generated sequences that
either terminate translation or block mRNA processing,
rendering such regions nonfunctional. Because such pseudo-
genes are not deleterious, they remain in the genome and
mark the location of a gene duplication that occurred in one
of our ancestors.

Duplications of segments of a chromosome (called seg-
mentdl duplication) occurred fairly often during the evolution
of multicellular plants and animals. As a result, a large frac-
tion of the genes in these organisms today have been dupli-
cated, allowing the process of sequence drift to generate gene
families and pseudogenes. The extent of sequence divergence
between duplicated copies of the genome and characterization
of the homologous genome sequences in related organisms al-
low an estimate of the time in evolutionary history when the
duplication occurred. For example, the human fetal 1-globin
genes (G" and A") evolved following the duplication of a 5.5-kb
region in the B-globin locus that included the single 1-globin
gene in the common ancestor of caterrhine primates (old world
monkeys, apes, and humans) and platyrrhine primates (new
world monkeys) about 50 million years ago.

Although members of gene families that arose relatively
recently during evolution are often found near each other on
the same chromosome, as for genes of the human B-globin
locus, members of gene families may also be found on dif-
ferent chromosomes in the same organism. This is the case
for the human ct-globin genes, which were separated from
the B-globin genes by an ancient chromosomal transloca-
tion. Both the a- and B-globin genes evolved from a single
ancestral globin gene that was duplicated (see Figure 6-2b)
to generate the predecessors of the contemporary cr- and

B-globin genes in mammals. Both the primordial ct- and B-
globin genes then underwent further duplications to gener-
ate the different genes of the cr- and B-globin gene clusters
found in mammals today.

sequence, an :300-bp noncoding repeated sequence that is
abundant in the human genome, (b) In the diagram of yeast DNA
from chromosome ll l , the green boxes indicate open reading frames
Most of these potential protein-coding sequences are functional
genes without introns. Note the much higher proportion of
noncoding-to-coding sequences in the human DNA than in the yeast
DNA lPart (a), see F 5 Collins and S M Weissman, 1984, Prog Nucl Acid
Res Mol  Bio l .31:315 Part (b) ,seeSG Ol ivereta l  ,1992,  Nature357' -78] l

Several different gene families encode the various proteins

that make up the cytoskeleton. These proteins are present in

varying amounts in almost all cells. In vertebrates, the major

cytoskeletal proteins are the actins, tubulins, and intermedi-

ate filament proteins like the keratins discussed in Chapters

17, 18 and 19. 
'We 

examine the origin of one such family, the

tubulin family, in Section 6.5. Although the physiological ra-

tionale for the cytoskeletal protein families is not as obvious

as it is for the globins, the different members of a family

probably have similar but subtly different functions suited to

the particular type of cell in which they are expressed.

Heavily Used Gene Products Are Encoded
by Mul t ip le  Copies of  Genes

In vertebrates and invertebrates' the genes encoding riboso-

mal RNAs and some other nonprotein-coding RNAs such as

those involved in RNA splicing occur as tandemly repeated

arldys. These are distinguished from the duplicated genes of

gene families in that the multiple tandemly repeated genes

encode identical or nearly identical proteins or functional

RNAs. Most often copies of a sequence appear one after the

other, in a head-to-tail fashion, over a long stretch of DNA.

Within a tandem array of rRNA genes, each copy is nearly

exactly like all the others. Although the transcribed portions

of rRNA genes are the same in a given individual, the non-

transcribed spacer regions between the transcribed regions

can vary.
These tandemly repeated RNA genes are needed to meet

the great cellular demand for their transcripts. To under-

stand why, consider that a fixed maximal number of RNA

copies can be produced from a single gene during one cell

generation when the gene is fully loaded with RNA poly-

merase molecules. If more RNA is required than can be

transcribed from one gene, multiple copies of the gene are
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necessary. For example, during early embryonic develop-
ment in humans, many embryonic cells have a doubling time
of :24 hours and contain 5-10 mill ion ribosomes. To pro-
duce enough rRNA to form this many ribosomes, an embry-
onic human cell needs at least 100 copies of the large and
small subunit rRNA genes, and most of these must be close
to maximally active for rhe cell to divide every 24 hours.
That is, multiple RNA polymerases must be transcribing
each rRNA gene at the same time (see Figure 8-33). Indeed,
all eukaryotes, including yeasts, contain 100 or more copres
of the genes encoding 55 rRNA and the large and small
subunit rRNAs.

Multiple copies of IRNA genes and the genes encoding
the histone proteins also occur. As we'll see later in this chap-
ter, histones bind and organize nuclear DNA. Just as the cell
requires multiple rRNA and IRNA genes to support efficient
translation, multiple copies of the histone genes are required
to produce sufficient histone protein to bind the large
amount of nuclear DNA. While IRNA and histone genes of-
ten occur in clusters, they generally do not occur in tandem
arrays in the human genome.

Nonprote in-Coding Genes Encode
Funct ional  RNAs
In addition to rRNA and IRNA genes, there are hundreds of
additional genes that are transcribed into nonprotein-coding
RNAs, some with various known functions, and many
whose functions are not yet known. For example, small
nuclear RNAs (snRNAs) function in RNA splicing, and small
nucleolar RNAs (snoRNAs) function in rRNA processing
and base modification in the nucleolus. The RNase P RNA
functions in IRNA processing, and a large family (-1000) of
short micro RNAs (miRNAs) regulate the stability and
translation of specific mRNAs. The functions of these non-
protein-coding RNAs are discussed in Chapter 8. An RNA
found in telomerase (Chapter 4) functions in maintaining the
sequence at the ends of chromosomes, and the 7SL RNA
functions in the import of secreted proteins and most mem-
brane proteins into the endoplasmic reticulum (Chapter 13).
These and other nonprotein-coding RNAs encoded in the
human genome and their functions, when known, are listed
inTable 6-2.

RNA NUMBER (]F GENTS IN I|UMAN GTNI)MI FUNCTI()N

-300

:500

:80

1

:85

:1 000

1

I

1

1

1

3

:30

I

Protein synthesis

Protein synthesis

mRNA splicing

Histone mRNA 3' processing

Pre-rRNA processing and rRNA modification

Regulation of gene expressron

X-chromosome inacti  vat ion

Transcription control

IRNA 5' processing

Protein secretion (component of signal recognition particle, SRP)

rRNA processing

Template for addition of telomeres

Components of Vault ribonucleoproteins (RNPs), function unknown

Components of Ro ribonucleoproteins (RNPs), function unknown

Unknown

rRNAs

tRNAs

snRNAs

U7 snRNA

snoRNAs

miRNAs

Xist

7SK

RNAse P

7SL RNA

RNAse MRP

Telomerase RNA

Vault RNAs

hY1, hY3, hY4, hY5

Hl9

souRcE: International Human Genome Sequencing Consortium, 2001, Nature 409:860, and P. D. Zamore and B. Haley, 2005. Science 309':7519.
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Eukaryotic Gene Structure

r In molecular terms, a gene is the entire DNA sequence
required for synthesis of a functional protein or RNA mol-
ecule. In addition to the coding regions (exons), a gene in-
cludes control regions and sometimes introns.

r A simple eukaryotic transcription unit produces a single
monocistronic mRNA. which is translated into a single
proteln.

r A complex eukaryotic transcription unit is transcribed
into a primary transcript that can be processed into two or
more different monocistronic mRNAs depending on the
choice of splice sites or polyadenylation sites. A complex
transcription unit with alternate promoters also generates
two or more different mRNAs (see Figure 6-3b).

r Many complex transcription units (e.g., the fibronectin
gene) express one mRNA in one cell type and an alternate
mRNA in a different cell type.

r About half the protein-coding genes in vertebrate ge-
nomic DNA are solitary genes, each occurring only once in
the haploid genome. The remainder are duplicated genes,
which arose by duplication of an ancestral gene and subse-
quent independent mutations (see Figure 6-2b). The pro-
teins encoded by a gene family have homologous but non-
identical amino acid sequences and exhibit similar but
slightly di fferent properties.

r In invertebrates and vertebrates, rRNAs are encoded by
multiple copies of genes located in tandem arrays in ge-
nomic DNA. Multiple copies of IRNA and histone genes
also occur, often in clusters, but not generally in tandem
arrays.

r Many genes also encode functional RNAs that are not
translated into protein but nonetheless perform significant
functions, such as rRNA, IRNA and snRNAs. Among
these are micro RNAs, possibly up to 1000 in humans,
whose biological significance in regulating gene expression
has only recently been appreciated.

@ Ch romosomal Organization
of Genes and Noncoding DNA
Having reviewed the relationship between transcrlptlon
units and genes, we now consider the organization of genes
on chromosomes and the relationship of noncoding DNA se-
quences to coding sequences.

Genomes of  Many Organisms Conta in Much
Nonfunct ional  DNA

Comparisons of the total chromosomal DNA per cell in var-
ious species first suggested that much of the DNA in certain
organisms does not encode RNA or have any apparent regu-
latory function. For example, yeasts, fruit f l ies, chickens,

and humans have successively more DNA in their haploid

chromosome sets (12;  180;  1300;  and 3300 Mb, respec-

tively), in keeping with what we perceive to be the increasing

complexity of these organisms. Yet the vertebrates with the

greatest amount of DNA per cell are amphibians, which are

surely less complex than humans in their structure and be-

havior. Even more surprising, the unicellular protozoan

species Amoeba dubia has 200 times more DNA per cell

than humans. Many plant species also have considerably

more DNA per cell than humans have. For example, tulips

have 10 times as much DNA per cell as humans. The DNA

content per cell also varies considerably between closely re-

lated species. All insects or all amphibians would appear to

be similarly complex, but the amount of haploid DNA in

species within each of these phylogenetic classes varies by a

factor of 100.
Detailed sequencing and identification of exons in chro-

mosomal DNA have provided direct evidence that the

genomes of higher eukaryotes contain large amounts of non-

coding DNA. For instance, only a small portion of the B-
globin gene cluster of humans, about 80 kb long' encodes

protein (see Figure 6-4a).In contrast, a typical 8O-kb stretch

of DNA from the yeast S. cereuisiae, a single-celled eukary-

ote, contains many closely spaced protein-coding sequences

without introns and relatively much less noncoding DNA

(see Figure 6-4b). Moreover, compared with other regions of

vertebrate DNA, the B-globin gene cluster is unusually rich

in protein-coding sequences, and the introns in globin genes

are considerably shorter than those in many human genes.

The density of genes varies greatly in different regions of

human chromosomal DNA, from "gene-rich" regions, such

as the B-globin cluster, to large gene-poor "gene deserts." Of

the 96 percent of human genomic DNA that has been se-

quenced, only :1.5 percent corresponds to protein-coding

sequences (exons). We learned in the previous section that

the intron sequences of genes are often significantly longer

than the exon sequences. Approximately one-third of human

genomic DNA is thought to be transcribed into pre-mRNA

precursors or nonprotein-coding RNAs in one cell or an-

other, but some 95 percent of this sequence is intronic, and

thus removed by RNA splicing. This amounts to a large frac-

tion of the total genome. The remaining two-thirds of

human DNA is noncoding DNA between genes as well as

regions of repeated DNA sequences that make up the

centromeres and telomeres of the human chromosomes'

Consequently, -98.5 percent of human DNA is noncoding'

Different selective pressures during evolution may account,

at least in part, for the remarkable difference in the amount of

nonfunctional DNA in unicellular and multicellular organisms.

For example, microorganisms must compete for limited

amounts of nutrients in their environment, and metabolic

economy thus is a critical characteristic. Since synthesis of non-

functional (i.e., noncoding) DNA requires time, nutrients and

energy, presumably there was selective pressure to lose non-

functional DNA during the evolution of microorganisms. On

the other hand, natural selection in vertebrates depends largely

on their behavior. The energy invested in DNA synthesis is

trivial compared with the metabolic energy required for the
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movement of muscles; thus there was little selective pressure to
eliminate nonfunctional DNA in vertebrates.

Most  Simple-Sequence DNAs Are Concentrated
in Speci f ic  Chromosomal  Locat ions
Besides duplicated protein-coding genes and tandemly re-
peated genes, eukaryotic cells contain multiple copies of
other DNA sequences in the genome, generally referred to as
repetit ious DNA (see Table 6-1). Of the two main types of
repetit ious DNA, the less prevalent is simple-sequence DNA,
or satell i te DNA, which constirures about 6 percent of the
human genome and is composed of perfect or nearly perfect
repeats of relatively short sequences. The more common
type of repetit ious DNA, collectively called interspersed
repeats, is composed of much longer sequences. These se-
quences, consisting of several types of transposable ele,
ments, are discussed in Section 6.3.

The length of each repeat in simple-sequence DNA can
range from 1 to 500 base pairs. Simple-sequence DNAs in
which the repears contain 1-13 base pairs are often called
microsatell i tes. Most microsateil i te DNA has a repeat length
ol 1-4 base pairs and usually occurs in tandem repeats of
150 repeats or fewer. Microsatell i tes are rhought to have
originated by "backward slippage" of a daughrer strand on
its template strand during DNA replicarion so that the same
short sequence is copied twice (Figure 6-5).

Microsatellites occasionally occur within transcription
units. Some individuals are born with a larser number

of repeats in specific genes than observed in the general popu-
lation, presumably because of daughter-strand slippage during
DNA replication in a germ cell from which they developed.
Such expanded microsatellites have been found to cause at
least 14 different types of neuromuscular diseases, depending
on the gene in which they occur. In some cases expanded mi-
crosatell i tes behave like a recessive mutation because they in-
terfere with just the function or expression of the encoded
gene. But in the more common types of diseases associated
with expanded microsatellite repeats, such as myotonic dys-
tropby and spinocerebelldr ataxia, the expanded repeats be-
have like dominant mutarions because they interfere with all
RNA processing in the muscle cells and neurons where the af-
fected genes are expressed. For example, in patients with my-
otonic dystrophy, transcripts of the DMPK gene contain be-
tween 100-4000 repeats of the sequence CUG in the 3,
untranslated region, compared to 50-100 repeats in normal
individuals. The extended strerch of CUG reDeats in affected
individuals forms long RNA hairpins (see Figure 4-9) that in-
terfere with normal RNA processing and export of transcripts
from the nucleus to rhe cyrosol. The double-stranded (ds)
regions of these long RNA hairpins bind nuclear dsRNA-
binding proteins, interfering with their normal function in reg-
ulating the alternative splicing of other specific pre-mRNAs
essential for normal muscle and nerve cell function. I

Most satellite DNA is composed of repeats of 14-500 base
pairs in randem arrays of 20-700 kb. In situ hybridizarion

(a) Normal repl icat ion

(b) Backward sl ippage

a'  u ,

I
I  

Second repl icat ion

(c) Second replication

Dau

5 3 '

3',  5'

Normal  daughter  DNA

u'  r ,
3', s,

  FIGURE 6-5 Generation of microsatell i te repeats by
backward slippage of the nascent daughter strand during DNA
replication. lf during replication (a), the nascent daughter strand
"slips" backward relative to the template strand by one repeat, one
new copy of the repeat is added to the daughter strand when DNA
replication continues (b) This extra copy of the repeat forms a single-
stranded loop in the daughter strand of the daughter duplex DNA
molecule lf this single-stranded loop is not removed by DNA repair
proteins before the next round of DNA replication (c), the extra copy
of the repeat is added to one of the double-stranded daughter DNA
molecules,  the other  daughter  molecule wi l l  be normal

studies with metaphase chromosomes have localized these
simple-sequence DNAs to specific chromosomal regions.
Much of this DNA lies near centromeres, the discrete chro-
mosomal regions that attach to spindle microtubules dur-
ing mitosis and meiosis (Figure 6-6). Experiments in the fis-
sion yeast Schizosaccharomyces pombe indicate that these
sequences are required to form a specialized chromatin
structure called centromeric heterochromatin, necessary
for the proper segregation of chromosomes to daughter
cells during mitosis. Simple-sequence DNA is also found in
long tandem repeats at  the ends of  chromosomes,  the
telomeres, where they function to maintain chromosome
ends and prevent their joining ro the ends of other DNA
molecules, as discussed further in the last section of this
chaoter.
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DNA fingerprinting, which is superior to conventional fin-

gerprinting for identifying individuals (Figure 6-7). The use

of PCR methods allows analysis of minute amounts of

DNA, and individuals can be distinguished more precisely

and reliably than by conventional fingerprinting.

Unclass i f ied Spacer  DNA Occupies a Signi f icant
Port ion of the Genome

As Table 5.1 shows, :25 percent of human DNA lies be-
tween transcription units and is not repeated anywhere else

in the genome. Much of this DNA probably arose from

ancient transposable elements that accumulated so many

mutations over evolutionary time they can no longer be rec-

ognized as having arisen from this source (Section 6.3).

A EXPERIMENTAL FIGURE 6-6 Simple-sequence DNA is
localized at the centromere in mouse chromosomes. Purified
simple-sequence DNA from mouse cells was copied in vitro using E
coll DNA polymerase I and fluorescently labeled dNTPs to generate a
fluorescently labeled DNA probe for mouse simple-sequence DNA
Chromosomes from cultured mouse cells were fixed and denatured
on a microscope slide, and then the chromosomal DNA was
hybridized in situ to the labeled probe (blue-green) The sltde was
also stained with DAPI, a DNA-binding dye, to visualize the full-
length of the chromosomes (dark blue) Fluorescence microscopy
shows that the simple-sequence probe hybridizes primarily to one
end of the telocentric mouse chromosomes (i e . chromosomes in
which the centromeres are located near one end) [Courtesy of Sabine
Mal,  Ph D ,  Mani toba Inst i tute of  Cel l  Bio logy,  Canada l

DNA Fingerpr in t ing Depends on Di f ferences
in Length of Simple-Sequence DNAs

\(ithin a species, the nucleotide sequences of the repeat units
composing simple-sequence DNA tandem arrays are highly
conserved among individuals. In contrast, the nwmber of re-
peats, and thus the length of simple-sequence tandem arrays
containing the same repeat unit, is quite variable among in-
dividuals. These differences in length are thought to result
from unequal crossing over within regions of simple-
sequence DNA during meiosis. As a consequence of this un-
equal crossing over, the lengths of some tandem arrays are
unique in each individual.

In humans and other mammals, some of the simple-
sequence DNA exists in relatively short 1- to 5-kb regions
made up of 20-50 repeat units, each containing :14-1.00

base pairs. These regions are called minisatellites. Even slight
differences in the total lengths of various minisatellites from
different individuals can be detected by the polymerase chain
reaction (PCR), using a mixture of several primers that hy-
bridize to unique sequences flanking multiple minisatellites.
These DNA polymorphisms (i.e., di{ferences in sequence be-
tween individuals of the same species) form the basis of

A EXPERIMENTAL FIGURE 5-7 DNA fingerprinting is used
to identify individuals in paternity cases and criminal
investigations. In DNA fingerprinting, a single PCR reaction is
performed on template DNA from an individual using several sets of
primers to unique sequences flanking the minisatell i te repeat
sequences Gel electrophoresis of the PCR products generates a DNA

fingerprint for the individual: that is, a set of minisatell i tes of
different repeat lengths and hence mobil ity in the gel (a) In this
analysis of paternity, lane M shows the products using the mother's
DNA as template in the PCR reaction; C, using the child's DNA; and
F1 and F2 using DNA from two potential fathers. The child has

minisatell i te repeat lengths inherited from either the mother or F1,

demonstrating that F1 is the father Arrows indicate PCR products

from F1. but not F2, found in the child's DNA. (b) In these DNA
fingerprints of a specimen isolated from a rape victim and three men

susoected of the crime, it is clear that minisatell i te repeat lengths in

the specimen match those of suspect 1 The victim's DNA was

included in the analysis to ensure that the specimen DNA was not

contamtnated with DNA f rom the victim lFrom T. Strachan and A P

Read, Human Molecular Genetics 2, 1999, John Wiley & Sons l
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Transcription-control regions on the order of 50-200 base
pairs in length that help to regulate transcription from dis-
tant promoters also occur in these long stretches of unclassi-
fied spacer DNA. In some cases, sequences of this seemingly
nonfunctional DNA are nonetheless conserved during evolu-
tion, indicating that they may perform a significant function
that is not yet understood. For example, they may contribute
to the structures of chromosomes discussed in Section 6.7.

Chromosomal Organization of Genes
and Noncoding DNA

r In the genomes of prokaryotes and most lower eukary-
otes, which contain few nonfunctional sequences, coding
regions are densely arrayed along the genomic DNA.

r In contrast, vertebrate and higher plant genomes contain
many sequences that do not code for RNAs or have any
regulatory function. Much of this nonfunctional DNA is
composed of repeated sequences. In humans, only about
1.5 percent of total DNA (the exons) actually encodes pro-
teins or functional RNAs.

r Variation in the amount of nonfunctional DNA in the
genomes of various species is largely responsible for the
lack of a consistent relationship between the amount of
DNA in the haploid chromosomes of an animal or plant
and its phylogenetic complexity.

r Eukaryotic genomic DNA consists of three major classes
of sequences: genes encoding proteins and functional
RNAs, repetit ious DNA, and spacer DNA (see Table 6-1).

r Simple-sequence DNA, short sequences repeated in long
tandem arrays, is preferentially located in centromeres,
telomeres, and specific locations within the arms of partic-
ular chromosomes.

r The length of a particular simple-sequence tandem array
is quite variable between individuals in a species, probably
because of unequal crossing over during meiosis. Differ-
ences in the lengths of some simple-sequence tandem arrays
form the basis for DNA fingerprinting (see Figure 6-7).

!p Transposable (Mobile)
DNA Elements
Interspersed repeats, the second type of repetitious DNA in
eukaryotic genomes, is composed of a very large number of
copies of relatively few sequence families (see Table 6-1).
AIso known as moderately repeated DNA, or intermediate-
repeat DNA, these sequences are interspersed throughout
mammalian genomes and make up :25-50 percent of
mammalian DNA (-45 percent of human DNA).

Because interspersed repeats have the unique abil ity to
"move" in the genome, they are collectively referred to as
transposable DNA elements or mobile DNA elements (we
use these terms interchangeably). Although transposable
DNA elements originally were discovered in eukaryotes.

they also are found in prokaryotes. The process by which
these sequences are copied and inserted into a new site in
the genome is called transposition. Transposable DNA ele-
ments are essentially molecular symbionts that in most
cases appear to have no specific function in the biology of
their host organisms, but exist only to maintain them-
selves. For this reason, Francis Crick referred to them as
"selfish DNA."

'When 
transposition occurs in germ cells, the transposed

sequences at their new sites are passed on to succeeding gen-
erations. In this wag mobile elements have multiplied and
slowly accumulated in eukaryotic genomes over evolution-
ary time. Since mobile elements are eliminated from eukary-
otic genomes very slowly, they now constitute a significant
portion of the genomes of many eukaryotes.

Not only are mobile elements the source for much of the
DNA in our genomes, but they also provided a second mech-
anism, in addition to meiotic recombination, for bringing
about chromosomal DNA rearrangements during evolution
(see Figure 6-2). This is because during transposition of a
particular mobile element, adjacent DNA sometimes also is
mobilized. Transpositions occur rarely: in humans, about
one new germ-line transposition for every eight individuals.
Since 98.5 percent of our DNA is noncoding, most transpo-
sitions have no deleterious effects. But over time they played
an essential part in the evolution of genes having multiple
exons and of genes whose expression is restricted to specific
cell types or developmental periods. In other words, al-
though transposable elements probably evolved as cellular
symbionts, they have played a central role in the evolution of
complex, multicellular organisms.

Transposition also may occur within a somatic cell; in
this case the transposed sequence is transmitted only to the
daughter cells derived from that cell. In rare cases, such so-
matic-cell transposition may lead to a somatic-cell mutation
with detrimental phenotypic effects, for example, the inacti-
vation of a tumor-suppressor gene (Chapter 25). In this sec-
tion, we first describe the structure and transposition mech-
anisms of the major types of transposable DNA elements
and then consider their likelv role in evolution.

Movement  of  Mobi le  Elements Involves a DNA
or an RNA Intermediate
Barbara McClintock discovered the first mobile elemenrs
while doing classical generic experimenrs in maize (corn)
during the 1940s. She characterized genetic entit ies that
could move into and back out of genes, changing the
phenotype of corn kernels. Her theories were very contro-
versial unti l similar mobile elements were discovered in
bacteria, where they were characterized as specific DNA
sequences, and the molecular basis of their transposition was
deciphered.

As research on mobile elements progressed, they were found
to fall into two categories: (L) those that transpose directly as
DNA and (2) those that transpose via an RNA intermediate
transcribed from the mobile element by an RNA polymerase
and then converted back into double-stranded DNA bv a reverse
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mobi le e lements

transcriptase (Figure 5-8). Mobile elements that transpose di-
rectly as DNA are generally referred to as DNA transposons, or
simply transposons. Eukaryotic DNA transposons excise them-
selves from one place in the genome, leaving that site and mov-
ing to another. Mobile elements that transpose to new sites in the
genome via an RNA intermediate are called retrotransposons.

Retrotransposons make an RNA copy of themselves and
introduce this new copy into another site in the genome,
while also remaining at their original location. The move-
ment of retrotransposons is analogous to the infectious
process of retroviruses. Indeed, retroviruses can be thought of

as retrotransposons that evolved genes encoding viral coats,
thus allowing them to transpose between cells. Retrotrans-
posons can be further classified on the basis of their specific
mechanism of transposition. To summarize, DNA trans-
posons can be thought ofas transposing by a "cut-and-paste"
mechanism, while retrotransposons move by a "copy-and-
paste" mechanism in which the copy is an RNA intermediate.

DNA Transposons Are Present in Prokaryotes
and Eukaryotes

Most mobile elements in bacteria transpose directly as DNA.

In contrast, most mobile elements in eukaryotes are retro-

transposons, but eukaryotic DNA transposons also occur.

Indeed, the original mobile elements discovered by Barbara

McClintock are DNA transposons.

Bacterial Insertion Sequences The first molecular un-

derstanding of mobile elements came from the study of

certain E. coli mutations caused by the spontaneous inser-

tion of a DNA sequence, -1-2 kb long, into the middle of

a gene. These inserted stretches of DNA ate called inser-

tiin seqwences, or 15 elements. So far, more than 20 dif-

ferent IS elements have been found in E. coli and other

bacteria.
Transposition of an IS element is a very rare event'

occurring in only one in 105-107 cells per generation' de-

pending on the IS element. Often, transpositions inactivate

essential genes, killing the host cell and the IS elements it car-

ries. Therefore, higher rates of transposition would probably

result in too great a mutation rate for the host organism to

survive, However, since IS elements transpose more or less

randomly, some transposed sequences enter nonessential re-

gions of the genome (e.g.' regions between genes), allowing

the cell to survive. At a very low rate of transposition, most

host cells survive and therefore propagate the symbiotic IS

element. IS elements also can insert into plasmids or lyso-

genic viruses, and thus be transferred to other cells' In this

way, IS elements can transpose into the chromosomes of vir-

on the other strand, such as:

< FIGURE 6-8 Two maior classes of mobile
DNA elements. (a) Eukaryotic DNA transposons
(orange) move via a DNA intermediate, which is
excised from the donor site (b) Retrotransposons
(green) are first transcribed into an RNA molecule,
which then is reverse-transcribed into double-
stranded DNA. In both cases, the double-stranded
DNA intermediate is integrated into the target-
site DNA to complete movement Thus DNA
transposons move by a cut-and-paste mechanism,
whereas retrotransposons move by a copy-and-
oaste mechantsm.

5' GAGC-GCTC 3',
3 'CTCG-CGAG s ' ,-
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lS element {=1-2 kb)

Target-site
direct repeal

(5-11 bp)

A FIGURE 6-9 General structure of bacterial lS elements. The
relatively large central region of an lS element, which encodes one or
two enzymes required for transposition, is f lanked by an inverted
repeat at each end. The sequences of the inverted repeats are nearly
identical, but they are oriented in opposite directions The inverted-
repeat sequence is characteristic of a particular lS element The 5, and
3' short dlrect (as opposed to inverted) repeats are not transposed with
the insertion element; rather, they are insertion-site sequences that
become duplicated, with one copy at each end, during insertion of a
mobile element. The length of the direct repeats is constant for a given
lS element, but their sequence depends on the site of insertion and
therefore varies with each transposition of the lS element Arrows
indicate sequence orientation The regions in this diagram are not to
scale; the coding region makes up most of the lenqth of an lS element

Between the inverted repeats is a region that encodes trans-
posase, an enzyme required for transposition of the IS ele-
ment to a new site. The transposase is expressed very rarely
accounting for the very low frequency of transposition. An
important hallmark of IS elements is the presence of a short
direct-repeat sequence, containing 5-1 1 base pairs, immedi-
ately adjacent to both ends of the inserted element. The
length of the direct repeat is characteristic of each type of IS
element, but its sequence depends on the target site where a
particular copy of the IS element inserted. When the se-
quence of a mutated gene containing an IS element is com-
pared with the wild-type gene sequence, only one copy of the
short direct-repeat sequence is found in the wild-type gene.
Duplication of this target-site sequence ro create the second
direct repeat adjacent to an IS elemenr occurs during the in-
sertlon process.

As depicted in Figure 6-10, transposition of an IS ele-

donor DNA. Finally, a host-cell DNA polymerase fills in the
single-stranded gaps, generating the short direct repears that
flank IS elements, and DNA ligase joins the free ends.

Eukaryotic DNA Transposons McClintock's original dis-
covery of mobile elements came from observation of sDonta-

unless they occur in the presence of the first class of muta-
tions. McClintock called the agent responsible for the first
class of mutations the actiuator (Ac) element and those

responsible for the second class dissociation (Ds) elements
because they also tended to be associated with chromosome
breaks.

Many years after McClintock's pioneering discoveries,
cloning and sequencing revealed that Ac elements are equiv-
alent to bacterial IS elements. Like IS elements, they contain
inverted terminal repeat sequences that flank the coding re-
gion for a transposase, which recognizes the terminal repeats
and catalyzes transposition to a new site in DNA. Ds elements

5',

Inverted repeat
(=50 bp)

Protein-coding
reg ro n

5',
3',

9-bp target si te

I
E I llli?ffi'"xT,tsi,lx'. :yffill;s.

I 
cuts in target DNA

Donor  DNA Target DNA

5' 3',
3', s',

s'-?,s-l .. 5'mil-+3',
3' < _llulJlls' 3'+_ 5'....r

Unpa i red
bases

- |  ,r .nroosase t igates lSTo
E I  to  b 's ing te-s t r fnded ends

I of target DNA

l.

9-bp target-site
direct reoeats

A FIGURE 5-10 Model for transposition of bacterial insertion
sequences. Step [: Transposase, which is encoded by the lS
element (lS /0 in this example), cleaves both strands of the donor
DNA next to the inverted repeats (dark red), excising the lS/0
element At a largely random target site, transposase makes
staggered cuts in the target DNA. In the case of lSI0, the two cuts
are 9 bp apart. Step [: Ligation of the 3, ends of the excised lS
element to the staggered sites in the target DNA also is catalyzed by
transposase Step f, l: The 9-bp gaps of single-stranded DNA left in
the resulting intermediate are fi l led in by a cellular DNA polymerase;
finally cellular DNA ligase forms the 3'-+5, phosphodiester bonds
between the 3' ends of the extended target DNA strands and the 5,
ends of the lS70 strands This process results in duplication of the
target-site sequence on each side of the inserted lS element. Note
that the length of the target site and lS /0 are not to scale [See H W
Benjamrn and N Kleckner, 1989, Cell 59:373, and 1992, proc Nat'1. Acad Sci.
USA 89:4648 I

228 C H A P T E R  6  |  G E N E S ,  G E N O M t C S ,  A N D  C H R O M O S O M E S



are deleted forms of the Ac element in which a portion of the
sequence encoding transposase is missing. Because it does
not encode a functional transposase, a Ds element cannot
move by itself. However, in plants that carry the Ac element
and thus express a functional transposase, Ds elements can
be transposed because they retain the inverted terminal re-
peats recognized by the transposase.

Since McClintock's early work on mobile elements in
corn, transposons have been identified in other eukaryotes.
For instance, approximately half of all the spontaneous mu-
tations observed in Drosophila are due to the insertion of
mobile elements. Although most of the mobile elements in
Drosophila function as retrotransposons, at least one-the P

element-functions as a DNA transposon, moving by a
mechanism similar to that used by bacterial insertion se-
quences. Current methods for constructing transgenic
Drosophila depend on engineered, high-level expression of

the P-element transposase and use of the P-element inverted
terminal repeats as targets for transposition, as discussed in
Chapter 5 (see Figure 5-25).

DNA transposition by the cut-and-paste mechanism can
result in an increase in the copy number of a transposon if

it occurs during the S phase of the cell cycle, when DNA

synthesis occurs. An increase in the copy number happens
when the donor DNA is from one of the two daughter DNA
molecules in a region of a chromosome that has replicated
and the target DNA is in the region that has not yet repli-

cated. 
'S7hen 

DNA replication is complete at the end of the

S phase, the target DNA in its new location is also repli-

cated, resulting in a net increase in the total number of these
transposons in the cell (Figure 6-11). Vhen such a transpo-

One copy of
transposon
before S phase

S phase: DNA
replication and
DNA transposit ion

ili,lfiJ,^,ixi;3,1,?
ffirrrr ifJ#:J""JJff"

A FIGURE 6-11 Mechanism for increasing the copy number of
DNA transposons. In this model, a DNA transposon that moves by a
cut-and-paste mechanism (see Figure 6-1 0) transposes during the
S phase from a region of the chromosome that has replicated to a
regron that has not yet replicated lf this occurs, one of the two
daughter chromosomes wil l have a net increase of one transposon
insertron once chromosomal replication is completed,

sition occurs during the S phase preceding meiosis' one of

the four germ cells produced contains the extra copy of the

transposon. Repetit ion of this process over evolutionary

time has resulted in the accumulation of large numbers of

DNA transposons in the genomes of some organisms. Hu-

man DNA contains about 300,000 copies of full-length and

deleted DNA transposons, amounting to :3 percent of hu-

man DNA. As we will see shortly, this mechanism can lead

to the transposition of genomic DNA as well as the trans-

poson itself.

LTR Retrotransposons Behave Like
lnt racel lu lar  Retrov i ruses

The genomes of all eukaryotes studied from yeast to hu-

mans contain retrotransposons' mobile DNA elements

that transpose through an RNA intermediate uti l izing a

reverse transcriptase (see Figure 6-8b). These mobile ele-

ments are divided into two major categories, those con-

taining and those lacking long terminal repeats (LTRs).

LTR retrotransposons' which we discuss here, are common

in yeast (e.g., Ty elements) and in Drosophila le.g., copia

elements). Although less abundant in mammals than non-

LTR retrotransposons, LTR retrotransposons nonetheless

constitute -8 percent of human genomic DNA. In mam-

mals, retrotransposons lacking LTRs are the most com-

mon type of mobile element; these are described in the

next sectlon.
The general structure of LTR retrotransposons found in

eukaryotes is depicted in Figure 6-12'ln addition to short 5'

and 3' direct repeats typical of all transposons' these retro-

LTR retrotransposons encode all the proteins of the most

common type of retroviruses, except for the envelope pro-

teins. Lacking these envelope proteins' LIR retrotrans-

Dosons cannot bud from their host cell and infect other

cells; however, they can transpose to new sites in the DNA

5 '

LTR
(250-600 bp)

Protein-coding
regron

Target-site
direct repeat

(5-10 bp)

  FIGURE 6-12 General structure of eukaryotic LTR

retrotransposons. The central protein-coding region is flanked by

two long terminal repeats (LTRs), which are element-specific direct

repeats. Like other mobile elements, integrated retrotransposons

have short target-site direct repeats at each end Note that the

different regtons are not drawn to scale The protein-coding region

constitutes 80 percent or more of a retrotransposon and encodes

reverse transcriptase, integrase, and other retroviral proteins

LTR retrotransposon (=5;11 161
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of their host cell. Because of their clear relationship with
retroviruses, this class of retrotransposons are often called
r etr ouirus-li ke e lements.

A key step in the retroviral life cycle is formation of
retroviral genomic RNA from integrated retroviral DNA (see
Figure 4-49). This process serves as a model for generation of
the RNA intermediate during transposition of LTR retro-
transposons. As depicted in Figure 6-13, the leftward retrovi-
ral LTR functions as a promorer that directs host-cell RNA
polymerase to initiate transcription at the 5, nucleotide of the
R sequence. After the entire downstream retroviral DNA has
been transcribed, the RNA sequence corresponding to the
rightward LTR direcrs host-cell RNA-processing enzymes to
cleave the primary transcript and add a poly(A) tail at the 3,
end of the R sequence. The resulting rerroviral RNA genome,
which lacks a complete LIR, exits the nucleus and is packaged
into a virion that buds from the host cell.

After a retrovirus infects a cell, reverse transcription of
its RNA genome by the retrovirus-encoded reverie tran-
scriptase yields a double-stranded DNA containing complete
LTRs (Figure 6-14). This DNA synthesis takes place in the
cytosol. The double-stranded DNA with an LTR at each end
is then transported into the nucleus in a complex with inte-
grase, another enzyme encoded by retroviruses. Retroviral
integrases are closely related to the transposases encoded by
DNA transposons and use a similar mechanism to insert the
double-stranded retroviral DNA into the host-cell genome.
In this process, short direct repeats of the rarget-slte se-
quence are generated at either end of rhe inserted viral DNA
sequence. Although the mechanism of reverse transcription

LTR Coding region LTR Host-cel l  DNA

> FIGURE 6-14 Model for reverse transcription of retroviral
genomic RNA into DNA. In this model, a complicated series of nine
events generates a double-stranded DNA copy of the single-stranded
RNA genome of a retrovrrus (top) The genomic RNA is packaged in
the virion with a retrovirus-specific cellular IRNA hybridized to a com-
plementary sequence near its 5' end called Ihe primer-binding site
(PBS) The retroviral RNA has a short direct-repeat terminal sequence
(R) at each end. The overall reaction is carried out by reverse transcrip-
tase, which catalyzes polymerization of deoxyribonucleotides. RNaseH
digests the RNA strand in a DNA-RNA hybrid The entire process yields a
double-stranded DNA molecule that is longer than the template RNA
and has a long terminal repeat (LTR) at each end The different regions
are not shown to scale The PBS and R regions are actually much shorter
than the U5 and U3 regions, and the central coding region is very much
longer than the other regions. [See E Gilboa etal , 1979, Ce// 18:93 ]

is complex, it is a critical aspect of the retrovirus life cycle.
The process generates the complete 5' LTR that functions as
a promoter for initiation of transcription precisely at the 5,
nucleotide of the R sequence, while the complete 3, LTR
functions as a poly(A) site leading to polyadenylation pre-
cisely at the 3' nucleotide of the R sequence. Consequentlg
no nucleotides are lost from a LTR retrotransposon as it un-
dergoes successive rounds of insertion, transcription, reverse
transcriprion and re-insertion at a new site.

As noted above, LTR retrotransposons encode reverse
transcriptase and integrase. By analogy with retroviruses,
these mobile elements move by a "copy-and-paste" mecha-
nism whereby reverse transcriptase converts an RNA copy
of a donor element into DNA, which is inserted into a target
site by integrase. The experiments depicted in Figure 6-15
provided strong evidence for the role of an RNA intermedi-
ate in transposition of Ty elements.

The most common LIR rerrotransposons in humans are
called ERVs, for endogenous retroziruses. Most of the 443,000
ERV-related DNA sequences in the human genome consist
only of isolated LIRs. These are derived from fullJength provi-
ral DNA by homologous recombination between the two
LIRs, resulting in deletion ofthe internal retroviral sequences.
Isolated LTRs such as these cannot be transposed to a new po-
sition in the genome, but recombination between homologous
LTRs at different positions in the genome have likely con-
tributed to the chromosomal DNA rearrangements leading to
gene and exon duplications, the evolution of proteins with new
combinations of exons, and, as we will see in Chapter 7, the
evolution of complex control of gene expression.

Non-LTR Retrotransposons Transpose
by a Dis t inct  Mechanism
The most abundant mobile elements in mammals are retro-
transposons that lack LTRs, sometimes called nonuiral
retrotransposozs. These moderately repeated DNA se-
quences form two classes in mammalian genomes: LINEs
(long interspersed elements) and SINEs (short interspersed
elements). In humans, full-length LINEs are -6 kb long, and
SINEs are:300 bp long (see Table 6-1). Repeated sequences
with the characteristics of LINEs have been observed in pro-
tozoans, insects, and plants, but for unknown reasons they
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A FIGURE 6-13 Generation of retroviral genomic RNA from
integrated retroviral DNA. The left LTR directs cellular RNA
polymerase to init iate transcription at the first nucleotide of the
left R region The resulting primary transcript extends beyond the
right LTR. The right LTR, now present in the RNA primary transcript,
directs cellular enzymes to cleave the primary transcript at the last
nucleotide of the right R region and to add a poly(A) tail, yielding a
retroviral RNA genome with the structure shown at the top of
Figure 6-14.  A s imi lar  mechanism is  thought  to generate the RNA
intermedrate during transposition of retrotransposons The short
drrect-repeat sequences (black) of target-site DNA are generated
during integration of the retroviral DNA into the host-cell qenome
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are particularly abundant in the genomes of mammals.
SINEs also are found primarily in mammalian DNA. Large
numbers of LINEs and SINEs in higher eukaryotes have
accumulated over evolutionary time by repeated copying of
sequences at a few positions in the genome and insertion of
the copies into new positions.

LINEs Human DNA contains three major families of LINE
sequences that are similar in their mechanism of transposition,
but differ in their sequences: L1.,L2, and L3. Only members of
the L1 family transpose in the contemporary human genome.
Apparently there are no remaining functional copies of L2 or
L3. LINE sequences are present at :900,000 sites in the human
genome, accounting for a staggering 21 percent of total human
DNA. The general structure of a complete LINE is diagrammed
in Figure 6-15. LINEs usually are flanked by short direct re-
peats, the hallmark of mobile elements, and contain two long
open reading frames (ORFs). ORF1, -1 kb long, encodes an
RNA-binding protein. ORF2, -4 kb long, encodes a protein
that has a long region of homology with the reverse transcrip-
tases of retroviruses and LTR retrotransposons. but also
exhibits DNA endonuclease activiry.

Evidence for the mobility of L1 elements first came
from analysis of DNA cloned from humans with cer-

Results in galactose-
containing medium

1.  Ty  mRNAs lack
i ntron

2. Transposed Ty
elements lack intron tain genetic diseases such as hemophil ia and myotonic

dystrophy. DNA from these patients was found to carry
mutations resulting from insertion of an L1 element into a
gene, whereas no such element occurred wirhin this gene in
either parent. About 1 in 600 mutarions rhat cause signifi-
cant disease in humans are due to L1 transpositions or
SINE transpositions that are catalyzed by L1-encoded pro-
teins. Later experiments similar to those just described
with yeast Ty elements (see Figure 6-15) confirmed that L1
elements transpose through an RNA intermediate. In these
experiments, an intron was introduced into a cloned mouse
L1 element, and the recombinant L1 element was stably
transformed into cultured hamster cells. After several cell
doublings, a PCR-amplified fragment corresponding to the
L1 element but lacking the inserted intron was detected in

  EXPERIMENTAL FTGURE G-l5 The yeast Ty element
transposes through an RNA intermediate. When yeast cells are
transformed with a Ty-containing plasmid, the Ty element can
transpose to new sites, although normally this occurs at a low rate
Using the elements diagrammed at the top, researchers engineered
two different recombinant plasmid vectors containing recomornanr
Ty elements adjacent to a galactose-sensitive promoter These
plasmids were transformed into yeast cells, which were grown in a
galactose-contarn ing and a nongalactose medium In exper iment  1,
growth of cells in galactose-containing medium resulted in many
more transpositions than in nongalactose medium, indicating that
transcription tnto an mRNA intermediate is required for Ty
transposition In experiment 2, an intron from an unrelated yeast
gene was inserted into the putative protein-coding region of the
recombinant galactose-responsive Ty element. The observeo aosence
of the intron in transposed Ty elements is strong evidence that
transposition involves an mRNA intermediate from which the intron
was removed by RNA splicing, as depicted in the box in the lower
right In contrast, eukaryotic DNA transposons, l ike the Ac element of
maize, contain introns within the transposase gene, indicating that
they do not transpose via an RNA intermediate. [See J. Boeke et al..
1985. Cell 4O:491 I

Primary transcript

I RryI.
+spilcrng

l%->

Ty  mRNA

I Reverse

+transcription
r----I:

Transposed Ty

Long interspersed element (LINE) (-6 161

  FIGURE 6-16 General structure of a UNE, a non-LTR
retrotransposon. Mammalian DNA carries two classes of non_LTR
retrotransposons, LINES and SINES (not shown) The length of the
target-site direct repeats varies among copies of a LINE at different sites
in the genome Although the full- length L1 sequence is =6 kb long,
variable amounts of the left end are absent at over 90 percent of the
sites where this mobile element is found The shorter open reading
frame (ORF1), -1 kb in length, encodes an RNA-binding protein The
longer ORF2, -4 kb in length, encodes a bifunctional protein with
reverse transcriptase and DNA endonuclease activity. Note that LINEs
lack the long terminal repeats found in LTR retrotransposons.

Ty etement Ef---E
Ty mRNA tv v^er\\,r\^>
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ORF2
protei n

< FIGURE 6-17 Proposed mechanism of LINE reverse

transcription and integration. After synthesis of ORFl and ORF2

in the cytosol, a complex of LINE RNA (red), multiple copies of ORFl

and one copy of ORF2 bound to the Poly(A) tail moves into the

nucleus Only ORF2 protein, a reverse transcrlptase, is represented

Newly synthesized LINE DNA is shown in black Step [: ORF2 makes

staggered nicks in chromosomal DNA on either srde of any accessible

A/f-rich sequence in the genome. Step fl: Reverse transcription of

LINE RNA by ORF2 is primed by the single-stranded T-rich sequence

generated by the nick in the bottom strand, which hybridizes to the

LINE poly(A) tail Steps B-E: ORF2 reverse-transcribes the LINE RNA

and then continues this new DNA strand, switching to the single-

stranded region of the upper chromosomal strand as a template

Step 6: Cellular enzymes then hydrolyze the RNA and extend the 3' end

of the chromosomal DNA top strand, replacing the LINE RNA strand

with DNA Step Z: Finally, the 5' and 3' ends of the DNA strands are

ligated, completing the insertion The last two steps probably are

catalyzed by the same cellular enzymes that remove RNA primers and

ligate Okazaki fragments during DNA replication (see Figure 4-30)

lAdapted {rom D D Luan et al , 1993, Cell72:5951

the cells. This finding strongly suggests that over time the

recombinant L1 element containing the inserted intron had

transposed to new sites in the hamster genome through an

RNA intermediate that underwent RNA splicing to remove

the intron. I

Since LINEs do not contain LTRs, their mechanism of

transposition through an RNA intermediate differs from that

of LTR retrotransposons. ORF1 and ORF2 proteins are

translated from a LINE RNA. In vitro studies indicate that

orotein then bind to the LINE RNA, and ORF2 protein

tindr ,o the poly(A) tail. The LINE RNA is then transported

back into the nucleus as a complex with ORF1 and ORF2

oroteins. and is reverse-transcribed into LINE DNA in the

.rr.r.letr, by ORF2. The mechanism involves staggered cleav-

age of cellular DNA at the insertion site followed by priming

o] ,.u.r.. transcription by the resulting cleaved cellular

DNA as detailed in Figure 6-L7. The complete process re-

sults in insertion of a copy of the original LINE retrotrans-

ooson into a new site in chromosomal DNA' A short direct

,.p.", is generated at the insertion site because of the initial

staggered cleavage of the two chromosomal DNA strands'

As noted abeady, the DNA form of an ITR retrotrans-

a reverse transcriptase, is primed by the 3'-end of cleaved

chromosomal DNA' which base pairs with the poly(A) tail

Chromosomal  DNA
5', AAATACT

TTTATGA 5',

L I N E  R N A

E f 
*,.n'"n

5',
3',

a Pr iming  o f  reverse  t ranscr ip t ion
b v  c h r o m o s o m a l  D N A
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TGA

I
S I  Reverse  t ranscr ip t ion
-  

I  
o t  L I N E  R N A  b y  O R F 2
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L I N E  R N A
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l I  

I  
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of the non-LTR retroviral RNA (see Figure 6-17, step Z).
Since its synthesis is primed by the cut end of a cleaved chro-
mosome, and synthesis of the other strand of the non-LTR
retrotransposon DNA is primed by the 3,-end of chromoso-
mal DNA on the other side of the initial cut in chromosomal
DNA (step E), rhe mechanism of synthesis results in inte-
gration of the non-LTR retrotransposon DNA. There is no
need for an integrase to insert the non-LTR rerrorransposon
DNA.

The vast majority of LINEs in the human genome are
truncated at their 5' end, suggesting that reverse rranscrip-
tion terminated before completion, and the resulting frag-
ments extending variable distances from the poly(A) tail

intermediate in transposition. In addition to the fact that
most L1 insertions are truncared, nearly all the full-length
elements contain stop codons and frameshift mutations in
ORFl and ORF2; these mutations probably have accumu-
lated in most LINE sequences over eutl.rtionary time. As a re-
sult, only :0.01 percent of the LINE sequences in the human
genome are full-length with intact open reading frames for
ORF1 and ORF2, representing -60-100 in total number.

SINEs The second most abundanr class of mobile elements
in the human genome, SINEs constitute :13 percent of total
human DNA. Varying in length from about 100 to 400 base
pairs, these retrotransposons do not encode protein, but most
contain a 3' A/T:rich sequence similar to thar in LINEs. SINEs
are transcribed by the same nuclear RNA polymerase that
transcribes genes encoding tRNAs, 55 rRNAs, and other

ing and reverse transcription/integration by LINE encoded
ORF1 and ORF2.

SINEs occur at about 1.6 mill ion sites in the human
genome. Of  these,  -1.1 mi l l ion are Alu e lements,  so
named because most of them contain a single recognition
site for the restriction enzyme AluI. Alw elements exhibit
considerable sequence homology wi th and probably
evolved from 7SL RNA, a cytosolic RNA in a ribonucleo-
protein complex called the signal recognition particle.
This abundant cytosolic ribonucleoprotein particle aids in
targetlng cerrain polypeptides to the membranes of the
endoplasmic reticulum (Chapter 13). Alu elemenrs are
scattered throughout the human genome at sites where
their insertion has not disrupted gene expression: between
genes, within introns, and in the 3, untranslated regions of
some mRNAs. For instance, nine Alu elements are located
y1t\in the human B-globin gene clusrer (see Figure 6-4a).
Of the one new germ-line non-LTR retrotransposition that
is estimated to occur in about every eight individuals,
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-40 percent involve L1 and 50 percent involve SINEs, of
which -90 percent are Alw elements. (Note that nearly all
new insertions in human DNA involve retrotransposons.)

Similar to other mobile elements, most SINEs have ac-
cumulated mutations from the time of their insertion in
the germ line of an ancient ancestor of modern humans.
Like LINEs, many SINEs also are truncated at their 5,
end.

Other Retrotransposed RNAs Are Found
in Genomic DNA
In addition to the mobile elements l isted in Table 6-1, DNA
copies of a wide variety of mRNAs appear to have inte-
grated into chromosomal DNA. Since these sequences lack
introns and do not have flanking sequences similar to those
of the functional gene copies, they clearly are nor simply du-
plicated genes that have drifted into nonfunctionality and
become pseudogenes, as discussed earlier (see Figure 6-4a).
Instead, these DNA segments appear to be retrotransposed
copies of spliced and polyadenylated mRNA. Compared
with normal genes encoding mRNAs, these inserted seg-
ments generally contain multiple mutations, which are
thought to have accumulated since their mRNAs were first
reverse-transcribed and randomly integrated into the
genome of a germ cell in an ancient ancestor. These non-
functional genomic copies of mRNAs are referred to as
processed psewdogenes. Most processed pseudogenes are
flanked by short direct repeats, supporting the hypothesis
that they were generated by rare retrotransposition events
involving cellular mRNAs.

Other interspersed repeats representing partial or mutant
copies of genes encoding small nuclear RNAs (snRNAs) and
tRNAs are found in mammalian genomes. Like processed
pseudogenes derived from mRNAs, these nonfunctional
copies of small RNA genes are flanked by short direct re-
peats and most likely result from rare retrotransposition
events that have accumulated through the course of evolu-
tion. Enzymes expressed from a LINE are thought to have
carried out all these retrotransposition events involving
mRNAs, snRNAs. and tRNAs.

Mobi le  DNA Elements Have Signi f icant ly
In f luenced Evolut ion
Although mobile DNA elements appear to have no direct
function other than to maintain their own existence, their
presence has had a profound impact on the evolution of
modern-day organisms. As mentioned earlier, about half the
spontaneous mutations in Drosophila result from insertion
of a mobile DNA elemenr into or near a transcription unit.
In mammals, mobile elements cause a much smaller pro-
portion of spontaneous mutations: -10 percent in mice,
and only 0.1-0.2 percent in humans. Sti l l , mobile elements
have been found in mutant alleles associated with several
human genetic diseases. For example, insertions into the
clotting factor IX gene cause hemophilia, and insertions into
the gene encoding the muscle protein dystrophin lead to



myotonic dystrophy, commonly known as Duchenne muscu-

lar dystrophy. The genes encoding factor IX and dystrophin

are both on the X chromosome. Because the male genome

has only one copy of the X chromosome, transposition in-

sertions into these genes predominantly affect males.

In lineages leading to higher eukaryotes' homologous re-

combination between mobile DNA elements dispersed

throughout ancestral genomes may have generated gene du-

plications and other DNA rearrangements during evolution
(see Figure 6-2b). For instance, cloning and sequencing of the

B-globin gene cluster from various primate species has pro-

vided strong evidence that the human G" and A" genes arose

from an unequal homologous crossover between two L1 se-

quences flanking an ancestral globin gene. Subsequent diver-

gence of such duplicated genes could lead to acquisition of dis-

tinct, beneficial functions associated with each member of a

gene family. Unequal crossing over between mobile elements

located within introns of a particular gene could lead to the

duplication of exons within that gene (see Figure 6-2a). This

process most likely influenced the evolution of genes that con-

tain multiple copies of similar exons encoding similar protein

domains, such as the fibronectin gene (see Figure 4-16).

Some evidence suggests that during the evolution of

higher eukaryotes, recombination between mobile DNA ele-

ments (e.g., Alu elements) in introns of two sepdrdte genes

also occurred, generating new genes made from novel com-

binations of preexisting exons (Figure 6-18). This evolution-

ary process, termed exon shuffling, maY have occurred dur-

ing evolution of the genes encoding tissue plasminogen

activator, the Neu receptor, and epidermal growth factor'

which all contain an EGF domain (see Figure 3-11). In this

case, exon shuffling presumably resulted in insertion of an

EGF domain-encoding exon into an intron of the ancestral

form of each of these genes.
Both DNA transposons and LINE retrotransposons have

been shown to occasionally carry unrelated flanking se-

quences when they transpose to new sites by the mechanisms

diagrammed in Figure 6-19. These mechanisms likely also

contributed to exon shuffling during the evolution of con-

temporary genes.
In addition to causing changes in coding sequences in the

genome, recombination between mobile elements and trans-

position of DNA adiacent to DNA transposons and retro-

i."nrporon, likely played a significant role in the evolution of

regulatory sequences that control gene expression' As noted

earlier, eukaryotic genes have transcription-control regions

> FIGURE 6-18 Exon shuff l ing via

recombination between homologous

interspersed repeats. Recombination

between interspersed repeats in the introns of

separate genes produces transcript ion units

with a new combination of exons (green and

blue) ln the example shown here, a double

crossover between two sets of A/u elements,
( the  most  abundant  S INEs in  humans)  resu l ts

in an exchange of exons between the two

9enes

G e n e  1  l l ]

G e n e  2  I I I

called enhancers that can operate over distances of tens of

thousands of base pairs. Transcription of many genes is con-

trolled through the combined effects of several enhancer ele-

ments. Insertion of mobile elements near such transcription-

control regions probably contributed to the evolution of new

combinatr,ons of enhancer sequences. These in turn control

which specific genes are expressed in particular cell types and

the amount oi the encoded protein produced in modern

organisms, as we discuss in the next chapter'

These considerations suggest that the early view of mobile

DNA elements as completely selfish molecular parasites

misses the mark. Rather, they have contributed profoundly to

the evolution of higher organisms by promoting (1) the gen-

eration of gene families via gene duplication, (2) the creation

of new genes via shuffling of preexisting exons' and (3) for-

mation of -o.. complex regulatory regions that provide mul-

tifaceted control of gene expression. Today, researchers are

attempting to harness transposition mechanisms for inserting

therapeutic genes into patients as a form of gene therapy'

Transposable (Mobile) DNA Elements

r Transposable DNA elements are moderately repeated

sequences tnterspersed at multiple sites throughout the

g.r,o-., of highir eukaryotes. They are present less fre-

quently in prokarYotic genomes.

r DNA transposons move to new sites directly as DNA;

retrotransporo.t. 
".. 

first transcribed into an RNA copy of

the element, which then is reverse-transcribed into DNA

(see Figure 6-8) '

r A common feature of all mobile elements is the presence

of short direct repeats flanking the sequence'

r Enzymes encoded by transposons themselves catalyze in-

sertion of these sequences at new sites in genomic DNA'

r Although DNA transposons' similar in structure to bac-

terial IS elements, occur in eukaryotes (e'g', the Drosophila

P element), retrotransposons generally are much more

abundant, especially in vertebrates.

r LTR retrotransposons are flanked by long terminal re-

peats (LTRs), similar to those in retroviral DNA; l ike

retroviruses, they encode reverse transcriptase and inte-

grase. They move in the genome by being transcribed

into RNA, which then undergoes reverse transcription in

+

I Double crossover

{ 
between A/u elements
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< FIGURE 5-19 Exon shuffl ing via
transposition of a DNA transposon or LINE
retrotransposon. (a) Transposition of an
exon (blue) flanked by homologous DNA
transposons into an intron of a second gene
As we saw in Figure 6-10, step [, transposase
can recognize and cleave the DNA at the ends
of the transposon inverted repeats ln gene 1,
if the transposase cleaves at the left end of the
transposon on the left and at the right end of
the transposon on the right, it can transpose
al l  the in tervening DNA, inc luding the exon
from gene 1, to a new site in an intron of
gene 2 The net result is an insertion of the
exon from gene 1 into gene 2 (b) lntegration
of an exon into another gene via transposition
of  a LINE conta in ing a weak poly(A)  s ignal .  l f
such a LINE is  in  the 3 ' -most  in t ron of  gene
1,  t ranscr ipt ion of  the LINE into an RNA
intermediate may cont inue beyond i ts  own
poly(A) site and extend into the 3, exon,
t ranscr ib ing the c leavage and polyadenylat ion
si te of  gene 1 i tse l f  This  RNA can then be
reverse-transcribed and integrated by the
LINE ORF2 prote in (see Figure 6- ' l  7)  in to an
int ron on gene 2,  in t roducinq a new 3,  exon
(f rom gene 1)  in to gene 2

( b )

the cytosol, nuclear import of the resulting DNA with
LTRs, and integration into a host-cell chromosome (see
F igu re  6 -14 ) .

(see Figure 6-17) .

sequences exhibit extensive homology with small
RNAs and are rranscribed by the same RNA poly_
A/z elements, the most common SINEs in humans,
0-bp sequences found scattered throughout the hu_

man genome.

r Some interspersed repeats are derived from
RNAs that were reverse-transcribed and inserted
nomic DNA at some time in evolutionarv
Processed pseudogenes derived from mRNAs lack

cellular
rnto ge-
history.
tntrons,

a feature that distinguishes them from pseudogenes, which
arose by sequence drift of duplicated genes.

bile DNA elements most l ikely influenced evolution
cantly by serving as recombination sites and by mo_
g adjacent DNA sequences.

@ Organelle DNAs
Although the vast majority of DNA in most eukaryotes is
found in the nucleus, some DNA is present within the mi-
tochondria of animals, planrs, and fungi and within the
chloroplasts of plants. These organelles are the main cellu-
lar sites for ATP formation, during oxidative phosphoryla-
tion in mitochondria and photosynthesis in chloroplasts
(Chapter 12). Many lines of evidence indicate that mito-
chondria and chloroplasts evolved from bacteria that were
endocytosed into ancestral cells containing a eukaryotic
nucleus, forming endosymbionts (Figure 6-20). Over evo_
lutionary time, most of the bacterial genes were lost from

nucleus. However, mitochondria and chloroplasts in to_
day's eukaryotes retain DNAs encoding some prorerns es-
sential for organellar function, as well as the ribosomal and
transfer RNAs required for synthesis of these proteins.
Thus eukaryotic cells have multiple genetic sysrems: a pre-
dominant nuclear system and secondary systems with their
own DNA, ribosomes, and tRNAs in mitochondria and
chloroplasts.
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ATP

Bacterial
genome

Eukaryo t ic  p lasma membrane

Mitochondr ia l  Mi tochondr ia l
matr ix  genome

  FIGURE 6-20 Model for endosymbiotic origin of
mitochondria and chloroplasts. Endocytosis of a bacterium by an
ancestral eukaryotic cell would generate an organelle with two
membranes, the outer membrane derived from the eukaryotic
plasma membrane (gray) and the inner one from the bacterial plasma

membrane (red) Proteins localized to the ancestral bacterial

Mitochondr ia  Conta in Mul t ip le
mtDNA Molecules

Individual mitochondria arclarge enough to be seen under

the l ight microscope, and even the mitochondrial DNA
(mtDNA) can be detected by fluorescence microscopy. The

mtDNA is located in the interior of the mitochondrion, the

region known as the matrix (see Figure 12-6). As judged by

the number of yellow fluorescent "dots" of mtDNA' a

Euglena gracilis cell contains at least 30 mtDNA molecules
(Figure 6-21) .

Replication of mtDNA and division of the mitochondrial

network can be followed in living cells using time-lapse mi-

croscopy. Such studies show that in most organisms mtDNA

replicates throughout interphase. At mitosis each daughter

cell receives approximately the same number of mitochon-

dria, but since there is no mechanism for apportioning ex-

actly equal numbers of mitochondria to the daughter cells,

some cells contain more mtDNA than others. By isolating

mitochondria from cells and analyztng the DNA extracted

from them, it can be seen that each mitochondrion contains

multiple mtDNA molecules. Thus the total amount of

mtDNA in a cell depends on the number of mitochondria,

the size of the mtDNA, and the number of mtDNA mole-

cules per mitochondrion. Each of these parameters varies

greatly between different cell types.

mtDNA ls  lnher i ted Cytoplasmical ly

Studies of mutants in yeasts and other single-celled organ-

isms first indicated that mitochondria exhibit cytoplasmic

inheritance and thus must contain their own genetic system
(Figure 6-22). For instance, petite yeast mutants exhibit

structurally abnormal mitochondria and are incapable of

oxidative phosphorylation. As a result, petite cells grow

more slowly than wild-type yeasts and form smaller

phosphorylat ion

synthase
t, ./

\ /

Endocytosis of bacterium
capable of photosYnthesis

Bacteria I
genome

membrane retain their orientation, such that the portion of the

protein once facing the extracellular space now faces the

intermembrane space. Budding of vesicles from the inner chloroplast

membrane, such as occurs during development of chloroplasts in

contemporary plants, would generate the thylakoid membranes of

chloroplasts The organellar DNAs are indicated

colonies. Genetic crosses between different (haploid) yeast

strains showed that the petite mutation does not segregate

with any known nuclear gene or chromosome' In later stud-

ies, most petite mutants were found to contain deletions of

MtDNA.

Endocytosis of bacterium
caoable of oxidative

, Ancestral
ce l l

,  
1 0 t r -  

t

A EXPERIMENTAL FIGURE 6-21 Dual staining reveals the

muftipfe mitochondrial DNA molecules in a growing Euglena

gracil is cell. Cells were treated with a mixture of two dyes: ethidium

bromide, which binds to DNA and emits a red fluorescence, and

D|OC6, which is incorporated specifically into mitochondria and emits

a green fluorescence. Thus the nucleus emits a red fluorescence, and

areas rich in mitochondrial DNA fluoresce yellow-a combination of

red DNA and green mitochondrial f luorescence [From Y Hayashi and

K Ueda, 1989, J Cell Sci 93:565 l

Stroma
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( a )

Normal
mi tochondr ion

"Peti te"
mi tochondr ion

< FIGURE 6-22 Cytoplasmic inheritance of the pefite mutation
in yeast. Petite-strain mitochondria are defective in oxidative
phosphorylation owing to a deletion in mtDNA (a) Haploid cells fuse
to produce a diploid cell that undergoes meiosis, during which random
segregation of parental chromosomes and mitochondria containing
mtDNA occurs Note that alleles for genes in nuclear DNA (represented
by large and small nuclear chromosomes colored red and blue)
segregate 2:2 during meiosis (see Figure 5-5) In contrast, since yeast
normally contain -50 mtDNA molecules per cell, all products of meiosis
usually contain both normal and petite mtDNAs and are capable of
respiration (b) As these haploid cells grow and divide mitotically, the
cytoplasm (including the mitochondria) is randomly distributed to the
daughter cells Occasionally, a cell is generated that contains only
defective petite mtDNA and yields a petite colony. Thus formation of
such petite cells is independent of any nuclear genetic marker.

In the mating by fusion of haploid yeast cells, both parents
contribute equally to the cytoplasm of the resulting diploid;
thus inheritance of mitochondria is biparental. In mammals
and most other multicellular organisms, however, the sperm
contributes little (if any) cytoplasm to the zygote, and virtually
all the mitochondria in the embryo are derived from those
in the egg, not the sperm. Studies in mice have shown that
99.99 percent of mtDNA is maternally inherited, but a small
part (0.01 percent) is inherited from the male parent. In higher
plants, mtDNA is inherited exclusively in a uniparental fash-
ion through the female parent (egg), not the male (pollen).

The Size, Structure, and Coding Capacity
of mtDNA Vary Considerably Between Organisms
Surprisingly, the size of the mtDNA, the number and nature
of the proteins it encodes, and even the mitochondrial genetic
code itself vary gre^iy between different organisms. The
mtDNAs of most multicellular animals are :16-kb circular
molecules that encode intron-less genes compactly arranged
on both DNA strands. Vertebrate mtDNAs encode the two
rRNAs found in mitochondrial ribosomes, the 22 tRNAs
used to translate mitochondrial mRNAs, and 13 proteins in-
volved in electron transport and AIP synthesis (Chapter 12).
The smallest mitochondrial genomes known are in plasmod-
ium, single-celled obligate intracellular parasites rhat cause
malaria in humans. Plasmodium mtDNAs are only :6 kb,
encoding five proteins and the mitochondrial rRNAs.

The entire mitochondrial genomes from a number of
different metazoan organisms (i.e., multicellular animals)
have now been cloned and sequenced, and mtDNAs from
all these sources encode essential mitochondrial proteins
(Figure 6-23). All proteins encoded by mtDNA are synthe-
sized on mitochondrial ribosomes. Most mitochondria-
synthesized polypeptides identif ied thus far are subunits of
multimeric complexes used in electron transport. ATp svn-
thesis ,  or  inserr ion of  prore ins in to the inner  mi tochondi ia l
membrane or intermembrane space. However, most of the
proteins localized in mitochondria, such as those involved
in the processes l isted at the top of Figure 6-23, are en-
coded by nuclear genes, synthesized on cytosolic ribo-
somes, and imported into the organelle by processes dis-
cussed in Chapter  13.

Dip lo id
zygore

Meios is :  random d is t r ibu t ion
of mitochondria to
daughter  ce l l s

( b )

Petite

\
\M i tos is

\

Respiratory-
proficient

Respiratory-prof icient

.  CHAPTER 6  I

Haploid parents with
wild-type nuclear genes
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Amino ac id  metabo l ism

Carbohydra te  metabo l ism

Heme synthes is

Fe-S synthesis

Ub iqu inone syn thes is

Co-factor synthesis

Proteases

Chaperones

Signa l ing  pa thways

DNA repair,  repl icat ion, etc.

T IM

Heme
ryase

RNA
polymerase

A FIGURE 6-23 Proteins encoded in mitochondrial DNA
and their involvement in mitochondrial processes. Only the
mitochondr ia l  matr ix  and inner  membrane are depicted Most  mi to-
chondrial components are encoded by the nucleus (blue); mitochondrial
processes carried out by exclusively nucleus-encoded components
are l is ted at  the top Mi tochondr ia l  components shown in p ink are
encoded by mtDNA in some eukaryotes but by the nuclear genome in
other eukaryotes. The relatively few components invariably encoded in
mtDNA are shown in orange Complexes l-V are involved in electron
transport and oxidative phosphorylation TlM, Sec, Tat, and Oxal

In contrast to metazoan mtDNAs, plant mtDNAs are

many times larger, and most of the DNA does not encode pro-

tein. For instance, the mtDNA in the important model plant

Arabidopsis thaliana is 366,924 base pairs, and the largest

known mtDNA is =2 Mb, found in cucurbit plants (e.g.,

melon and cucumber). Most plant mtDNA consists of long in-

trons, pseudogenes, mobile DNA elements restricted to the mi-

tochondrial compartment, and pieces of foreign (chloroplast,

nuclear and viral) DNA that were probably inserted into plant

mitochondrial genomes during their evolution' Duplicated se-

quences also contribute to the greater length of plant mtDNAs.

Differences in the number of genes encoded by the

mtDNA from various organisms most l ikely reflect the

movement of DNA between mitochondria and the nucleus

during evolution. Direct evidence for this movement comes

from the observation that several proteins encoded by

mtDNA in some species are encoded by nuclear DNA in

other, closely related species. The most striking example of

this phenomenon involves the cor 11 gene, which encodes

subunit 2 of cytochrome c oxidase, which constitutes com-

plex IV in the mitochondrial electron transport chain (see

Figure 12-1.6). This gene is found in mtDNA in all multicel-

lular plants studied except for certain related species of

legumes, including the mung bean and soybeans, in which

the cox 11 gene is nuclear. The cox 1I gene is completely miss-

ing from mung bean mtDNA, but a defective cox 1/ pseudo-

Cvtochrome c

translocases are involved in protein import and export, and insertion

of  prote ins in to the inner  membrane (Chapter  13)  RNase P is  a

ribozyme that processes the 5'-end of tRNAs (Chapter 8) lt should

be noted that the majority of eukaryotes have a multi-subunit

complex I as depicted here, with three subunits invariantly encoded

by mtDNA However, in a few organisms (e g , Saccharomyces'

Schizosaccharomyces, and Plasmodium), this complex is replaced by

a nucleus-encoded, single-polypeptide enzyme. For more details on

mitochondr ia l  metabol ism and t ransport ,  see Chapters 12 and 13

lAdapted from G Burger et al , 2003, Trends Genet 19:709 ]

gene that has accumulated many mutations can still be rec-

ognized in soybean mtDNA.
Many RNA transcripts of plant mitochondrial genes are

edited, mainly by the enzyme-catalyzed conversion of se-

lected C residues to U, and occasionally U to C' (RNA edit-

ing is discussed in Chapter 8.) The nuclear cox lI gene of

mrng bean corresponds more closely to the edited cox II

RNA transcripts than to the mitochondrial cox 11 genes

found in other legumes. These observations are strong

evidence that the cox ll gene moved from the mitochondrion

to the nucleus during mung bean evolution by a process that

involved an RNA intermediate. Presumably this movement

involved a reverse-transcription mechanism similar to that

by which processed pseudogenes are generated in the nuclear

genome from nucleus-encoded mRNAs.

In addition to the large differences in the sizes of

mtDNAs in different eukaryotes' the structure of the

mtDNA also varies greatly. As mentioned above, mtDNA in

most animals is a circular molecule -16 kb' However' the

mtDNA of many organisms such as the protist Tetrahymena

exists as l inear head-to-tail concatomers of repeating se-

quence. In the most extreme examples, the mtDNA of the

protist Amoebidium parasiticum is composed of several
'h,rndred 

distinct short linear molecules' And the mtDNA of

Trypanosoma is comprised of multiple maxicircles concate-

,r"t.d (ittt.t locked) to thousands of minicircles encoding
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guide RNAs involved in editing the sequence of the mito-
chondrial mRNAs encoded in the maxicircles.

Products of  Mi tochondr ia l  Genes
Are Not Exported
As far as is known, all RNA transcripts of mtDNA and their
translation products remain in the mitochondrion in which
they are produced, and all mtDNA-encoded proteins are
synthesized on mitochondrial ribosomes. Mitochondrial
DNA encodes the rRNAs that form mitochondrial ribo-
somes, although most of the ribosomal proteins are im-
ported from the cytosol. In animals and fungi, all the tRNAs
used for protein synthesis in mitochondria also are encoded
by mtDNAs. However, in plants and many prorozoans, most
mitochondrial tRNAs are encoded by the nuclear DNA and
imported into the mitochondrion.

therefore would not be imported back into the mitochondria
if they were synthesized in the cytosol. Similarly, the large size
of rRNAs may interfere with their transport from the nucleus
through the cytosol into mitochondria. Alternatively, these
genes may not have been transferred to the nucleus during
evolution because regulation of their expression rn response
to conditions within individual mitochondria may be advan-
tageous. If these genes were located in the nucleus, conditions
within each mitochondria could not influence the exoression
of proteins found in that particular mitochondrion.

Mitochondr ia l  Genet ic  Codes Di f fer  f rom the
Standard Nuclear  Code
The genetic code used in animal and fungal mitochondria is
different from the standard code used in l[ prokaryotic and
eukaryotic nuclear genes; remarkably, the code even differs
in mitochondria from different species (Table 6-3). 

'$7hy 
and

how these differences arose during evolution is mysterious.
UGA, for example, is normally a stop codon, but is read as
tryptophan by human and fungal mitochondrial translation
systems; however, in plant mitochondria, UGA is still recog-
nized as a stop codon. AGA and AGG, the standard nuclear
codons for arginine, also code for arginine in fungal and
plant mtDNA, but they are stop codons in mammalian
mtDNA and serine codons in Droso,bila mtDNA.

Reflecting the bacterial ancestry of mitochondria, mito-
chondrial ribosomes resemble bacterial ribosomes and

differ from eukaryotic cytosolic ribosomes in their RNA and
protein compositions, their size, and their sensitivity to certain
antibiotics (see Figure 4-22). For insrance, chloramphenicol
blocks protein synthesis by bacterial and mitochondrial ribo-
somes from most organisms, but cycloheximide does not. This
sensitivity of mitochondrial ribosomes ro the imoortant
aminoglycoside class of antibiotics that includ., .hlo."--
phenicol is the main cause of the toxicity that these antibiotics
can cause. Conversely, cytosolic ribosomes are sensitive to
cycloheximide and resisrant to chloramohenicol. I

Mitochondr ia  Evolved f rom a Single
Endosymbiot ic  Event  Involv ing a
Ri cketts i a -l i ke Bacteri u m
Analysis of the mtDNA sequences from various eukaryotes,
including single-celled protists that diverged from other eu,
karyotes early in evolurion, provides rtrong support for the
idea that the mitochondrion had a single origin. Mitochon-
dria most l ikely arose from a bacterial symbiont whose clos-
est contemporary relatives are in the Rickettsiacede group.
Bacteria in this group are obligate intracellular parasitei.
Thus, the ancestor of the mitochondrion probably also had
an intracellular life style, putting it in a good location for
evolving into an intracellularuylbion,. ihe mtDNA with
the largest number of encoded genes so far found is in the
protist species Reclinomonas americana. All other mtDNAs
have a subset of the R. amertcana genes) strongly implying
that they evolved from a common ancestor with R. i*rrl-
cqna, losing different groups of mitochondrial genes by dele-
tion and/or transfer to the nucleus over time.

In organisms whose mtDNA includes only a limited num_
ber of genes, rhe same set of mitochondrial genes are re-
tained, independent of the phyla that includes these organ_
rsms (see Figure 6-23, orange proteins). One hypothesis for
why these genes were never successfully transferred to the nu-
clear genome is that their encoded polypeptides are too hy-
drophobic to cross the outer mitochondrial membrane. and
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As shown in Table 6-3, plant mitochondria appear ro
E utilize the standard genetic code. However, compar-
isons of the amino acid sequences of plant mitochondrial
proteins with the nucleotide sequences of plant mtDNAs sug-
gested that CGG could code for either arginine (the ,,stan-

dard"  amino acid)  or  t ryprophan.  This afparenr  nonspeci -
ficity of the plant mitochondrial code is explained by editing
of mitochondrial RNA rranscripts, which can converr cyro-
sine residues to uracil residues. If a CGG sequence is edited to
UGG, the codon specifies tryptophan, the standard amino
acid for UGG, whereas unedited CGG codons encode the
standard arginine. Thus the translation system in plant mito-
chondria does utilize the standard qenetic code. I

Mutat ions in  Mi tochondr ia l  DNA Cause Severa l
Genet ic  Diseases in  Humans
The severity of disease caused by a mutation in mtDNA de-
pends on the nature of the mutation and on the proportion
of mutant and wild-type mtDNAs present in a particular cell
type. Generally when mutations in mtDNA are found, cells
contain mixtures of wild-type and mutant mtDNAs-a con-
dition known as heteroplasmy. Each time a mammalian so-
matic or germ-line cell divides, the mutant and wild-type
mtDNAs segregate randomly into the daughter cells, as oc-
curs in yeast cells (see Figure 6-2Zb). Thus, the mtDNA
genotype, which fluctuates from one generation and from
one cell division to the next, can drift toward predominantlv
wi ld- type or  predominanr ly  muranr  mrDNA;.  Since a l l  en-
zymes required for the replication and growth of mam-
malian mitochondria, such as the mitochondrial DNA and
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UGA

AGA, AGG

AUA

AUU

CUU, CUC, CUA, CUG
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Ile
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Met
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Trn^ _ r

Ser

Met

Met

Leu

Trp
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Ile

Met

Leu

Trp

Arg

Met

Met

Thr
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Arg

IIe

IIe

Leu

"For nuclear-encoded proteins.
souRCEs: S. Anderson et al., 1981, Nature 290:457; P. Borst, in International Cell Biology 1980-1981, H. G' Schweiger, ed', Springer-Verlag. p' 239;

C. Breitenberger and U. L. Raj Bhandary, 1985, Trends Biochem. Sci. 10:478483; V. K. Eckenrode and C' S. Levings, 1'986, In Vitro Cell Deu' Biol'

22:169-176;J. M. Gualber etal., 1989,Nature34'1.:660-662;andP. S. Covello and M. W. Gtay, 1,989,Nature34l:662-666.

RNA polymerases, are encoded in the nucleus and imported
from the cytosol, a mutant mtDNA should not be at a "repli-
cation disadvantage"l mutants that involve large deletions of
mtDNA might even be at a selective advantage in replication
because they can replicate faster.

Recent research suggests that the accumulation of muta-
tions in mtDNA is an important component of aging in
mammals. Mutations in mtDNA have been observed to ac-
cumulate with aging, perhaps due to a decrease in the proof-
reading ability of DNA polymerase. To study this hypothe-
sis, researchers used gene "knock-in" techniques to replace

the nuclear gene encoding mitochondrial DNA polymerase
with normal proofreading activity (see Figure 4-34) with a
mutant gene encoding a polymerase defective in proofread-
ing. Mutations in mtDNA accumulated much more rapidly
in homozygous mutant mice than in wild-type mice, and the
mutant mice aged at a highly accelerated rate (Frgure 6-24).

With few exceptions, all human cells have mitochon-
dria, yet mutations in mtDNA affect only some tis-

sues. Those most commonly affected are tissues that have a
high requirement for ATP produced by oxidative phospho-
rylation and tissues that require most of or all the mtDNA
in the cell to synthesize sufficient amounts of functional
mitochondrial proteins. For instance , Leber's hereditary

optic neuropathy (degeneration of the optic nerve) is

caused by a missense mutation in the mtDNA gene encod-
ing subunit 4 of the NADH-CoQ reductase (complex I) ' a
protein required for ATP production by mitochondria. Any

of several large deletions in mtDNA causes another set of

diseases including chronic progressiue external ophthalmo'
plegia, characterized by eye defects, and Kearns-Sayre syn-

drome, characterized by eye defects, abnormal heartbeat

and central nervous system degeneration. A third condi-
tion, causing "ragged" muscle fibers (with improperly as-

sembled mitochondria) and associated uncontrolled jerky

movements, is due to a single mutation in the TIICG loop

(a) Wild-type mouse Homozygous mutant

o 100 2oo 3oo 400 500 600 700 800 900 1000

Age (days)

a EXPERIMENTAL FIGURE 6-24 Mice with a mitochondrial

DNA polymerase defective for proofreading exhibit
premature aging.  A l ine of  "knock- in"  mice were prepared

by methods d iscussed in Chapter  5 wi th a mutat ion in  the

gene encoding mi tochondr ia l  DNA polymerase that  inact ivates

the polymerase's  proofreading funct ion.  (a)  Wi ld- type and

homozygous mutant  mice at  390 days o ld (13 months)  The

mutant  mouse d isplays many of  the features of  an aged mouse
(>720 days, or 24 months of age) (b) Plot of survival versus age

of wild-type mice and heterozygous and homozygous muranls'

The homozygous mutants c lear ly  have a much shor ter  l i fe  span

than wild-type mice [From G C Kujoth et al , 2005, Sclence 309:481

Part (a) courtesy of Jeff Mil ler/Universrty of Wisconsin-Madison and Gregory
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of the mitochondrial lysine IRNA.
tion, the translation of several
apparently is inhibited. I

As a result of this muta-
mitochondrial proteins

Chloroplasts Contain Large DNAs Often
Encoding More Than a Hundred prote ins

thetic bacterium (see Figure 6-20). However, the endosymbi-
otic event giving rise to chloroplasts occurred more recently
(L2-1,.5 bil l ion years ago) than the event leading to the evo-
lution of mitochondria (1.5-2.2 bil l ion years ago). Conse-
quentlg contemporary chloroplast DNAs show less struc-
tural diversity than do mtDNAs. Also similar to
mitochondria, chloroplasts contain multiple copies of the
organellar DNA and ribosomes, which synthesize some
chloroplast-encoded proteins using the standard genetic
code. Like plant mtDNA, chloroplast DNA is inherited ex-
clusively in a uniparental fashion through the female parent
(egg). Other chloroplast proteins are encoded by nuclear
genes, synthesized on cytosolic ribosomes, and then incorpo-
rated into the organelle (Chapter 13). I

In higher plants, chloroplast DNAs are 120-160 kb long,
depending on the species. They initially were thought to be
circular DNA molecules because in genetically tractable or-
ganisms like the model plant protozoan Chlamydomonas
reinhardtii, the genetic map is circular. However, recent stud-
ies have revealed that plant chloroplast DNAs are actually
long head-to-tail linear concatomers plus recombination in-
termediates between these long linear molecules. In these
studies, researchers have used techniques that minimize me-
chanical breakage of long DNA molecules during isolation
and gel electrophoresis, permitting analysis of megabase-size
DNA.

The complere sequences of several chloroplast DNAs
from higher plants have been determined in the past several
years. They contain 120-135 genes, 130 in the important
model plant Arabidopsis thaliana. A. thaliana chloroplast
DNA encodes 76 protein-coding genes and 54 genes with
RNA products such as rRNAs and tRNAs. Chloroplast
DNAs encode the subunits of a bacterial-like RNA foly-
merase and express many of their genes from polycistronic
operons as in bacteria (see Figure 4-l3a). Some chloroplast
genes contain introns, but these are similar to the soecialized
introns found in some bacterial genes and in mirochondrial
genes from fungi and protozoans, rather than the introns of
nuclear genes. As in the evolution of mitochondrial
genomes, many genes in the ancestral chloroplast endosym_
biont that were redundant with nuclear genes have been lost
from chloroplast DNA. Also, many 

-g.n., 
.rr..rt ial for

chloroplast function have been transferred to rhe nuclear
genome of plants over evolutionary time. Recent estimates
from sequence analysis of the A. thaliana and cyanobacterial
genomes indicate that -4,500 genes have been transferred
from the original endosymbiont to the nuclear genome.

Like mitochondria, chloroplasts are thought to have
evolved from an ancestral endosymbiotic photosvn-

Methods similar to those used for the transformation
of yeast cells (Chapter 5) have been developed for sta-

bly introducing foreign DNA into the chloroplasts of higher
plants. The large number of chloroplast DNA molecules per
cell permits the introduction of thousands of copies of an en-
gineered gene into each cell, resulting in extraordinarily high
levels of foreign protein production. Chloroplast transfor-
mation has recently led to the engineering of plants that are
resistant to bacterial and fungal infections, drought, and
herbicides. The level of production of foreign proteins is
comparable with that achieved with engineered bacteria,
making it likely that chloroplast transformation will be used
for the production of human pharmaceuticals and possibly
for the engineering of food crops containing high levels of all
the amino acids essential to humans. I

Organelle DNAs

r Mitochondria and chloroplasts most likely evolved from
bacteria that formed a symbiotic relationship with ances-
tral cells containing a eukaryotic nucleus (see Figure 6-20).

r Most of the genes originally within mitochondria and
chloroplasts were either lost because their funcdons were re-
dundant with nuclear genes or moved to the nuclear genome
over evolutionary time, leaving different gene sets in the or-
ganellar DNAs of different organisms (see Figure 6-23).

r Animal mtDNAs are circular molecules, reflecting their
probable bacterial origin. Plant mtDNAs and chloroplast
DNAs generally are longer than mtDNAs from other
eukaryotes, Iargely because they contain more noncoding
regions and repetitive sequences.

r All mtDNAs and chloroplast DNAs encode rRNAs and
some of the proteins involved in mitochondrial or photo-
synthetic electron transport and ATP synthesis. Most ani-
mal mtDNAs and chloroplast DNAs also encode the
tRNAs necessary to translate the organellar mRNAs.

r Because most mtDNA is inherited from egg cells rather
than sperm, mutations in mtDNA exhibit a maternal cyto-
plasmic pattern of inheritance. Similarlg chloroplast DNA
is exclusively inherited from the maternal parent.

r Mitochondrial ribosomes resemble bacterial ribosomes
in their structure, sensitivity to chloramphenicol, and re-
sistance to cycloheximide.

r The genetic code of animal and fungal mtDNAs differs
slightly from that of bacteria and the nuclear genome and
varies between different animals and fungi (see Table 6-3).
In contrast, plant mtDNAs and chloroplast DNAs appear
to conform to the standard genetic code.

r Several human neuromuscular disorders result from mu-
tations in mtDNA. Patients generally have a mixture of
wild-type and mutant mtDNA in their cells (heteroplasmy):
the higher the fraction of mutant mtDNA, the more severe
the mutant phenotype.
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ff,| Genomics: Genome-wide Analysis
of Gene Structure and Expression
Using automated DNA sequencing techniques, methods for
cloning DNA fragments on the order of 100 kb in length,
and computer algorithms to piece together the stored se-
quence data, researchers have determined vast amounts of
DNA sequence including nearly the entire genomic sequence
of humans and many key experimental organisms. This
enormous volume of data, which is growing at a rapid pace,
has been stored and organized in two primary data banks:
the GenBank at the National Institutes of Health, Bethesda,
Maryland, and the EMBL Sequence Data Base at the
European Molecular Biology Laboratory in Heidelberg,
Germany. These databases continuously exchange newly
reported sequences and make them available to scientists
throughout the world on the Internet. By now, the genome
sequences have been completeln or nearly completely, deter-
mined for hundreds of viruses and bacteria, scores of
archaea, yeasts (eukaryotes), and model multicellular eu-
karyotes such as the roundworm C. elegans, the fruit fly
Drosophila melanogaster, mice, and humans.

The cost of sequencing a megabase of DNA has fallen so
low that projects are underway to sequence the entire
genome in cancer cells and compare it to the genome in nor-
mal cells from the same patient in order to determine all the
mutations that have accumulated in that patient's tumor
cells. This approach may reveal genes that are commonly
mutated in all cancers, as well as genes that are commonly
mutated in tumor cells from different patients with the same
type of cancer (e.g., breast versus colon cancer). Such
detailed information also may eventually lead to highly indi-
vidualized cancer treatments tailored to the specific muta-
tions in the tumor cells of a particular patient.

In this section, we examine some of the ways re-

searchers are mining this treasure trove of data to provide
insights about gene function and evolutionary relation-
ships, to identify new genes whose encoded proteins have
never been isolated, and to determine when and where
genes are expressed. This use of computers to analyze
sequence data has led to the emergence of a new field of
biology: b ioinformatics.

Stored Sequences Suggest Functions of Newly
ldentif ied Genes and Proteins

As discussed in Chapter 3, proteins with similar functions
often contain similar amino acid sequences that correspond
to important functional domains in the three-dimensional
structure of the proteins. By comparing the amino acid se-
quence of the protein encoded by a newly cloned gene with

the sequences of proteins of known function, an investigator
can look for sequence similarities that provide clues to the
function of the encoded protein. Because of the degeneracy
in the genetic code, related proteins invariably exhibit more

sequence similarity than the genes encoding them. For this
reason, protein sequences rather than the corresponding
DNA seouences are usuallv compared.

The most widely used computer program for this purpose

is known as BLAST (basic /ocal alignment search rool). The

BLAST algorithm divides the "new" protein sequence (known

as the query sequence) into shorter segments and then

searches the database for significant matches to any of the

stored sequences. The matching program assigns a high score

to identically matched amino acids and a lower score to

matches between amino acids that are related (e.g., hydropho-

bic, polar, positively charged, negatively charged) but not

identical. When a significant match is found for a segment' the

BLAST algorithm will search locally to extend the region of

similarity. After searching is completed, the program ranks the

matches between the query protein and various known pro-

teins according to their p-ualwes. This parameter is a measure

of the probability of finding such a degree of similarity be-

tween two protein sequences by chance. The lower the p-

value, the greater the sequence similarity between two se-

quences. A p-value less than about 10-' usually is considered

as significant evidence that two proteins share a common an-

cestor. Many alternative computer programs have been devel-

oped in addition to BLAST that can detect relationships be-

tween proteins that are more distantly related to each other

than can be detected by BLAST. The development of such

methods is currently an active area of bioinformatics research.

To illustrate the power of this approach, we consider

the human gene NF1 . Mutations in NF1 are associated

with the inherited disease neurofibromatosis f in which

multiple tumors develop in the peripheral nervous system'

causing large protuberances in the skin. After a cDNA clone

of NFl was isolated and sequenced, the deduced sequence of

the NF1 protein was checked against all other protein se-

quences in GenBank. A region of NF1 protein was discov-

ered to have considerable homology to a portion of the yeast

protein called Ira (Figure 6-25). Previous studies had shown

that Ira is a GTPase-activating protein (GAP) that modulates

the GTPase activity of the monomeric G protein called Ras

(see Figure 3-32). As we examine in detail in Chapter 16,

GAP and Ras proteins normally function to control cell

characteristic of the disease. I

Even when a protein shows no significant similarity to

other proteins with the BLAST algorithm, it may neverthe-

less share a short sequence that is functionally important'

Such short segments recurring in many different proteins,

referred to as structural motifs, generally have similar func-

tions. Several such motifs are described in Chapter 3 and

il lustrated in Figure 3-9.To search for these and other motifs

in a new protein, researchers compare the query protein

sequence with a database of known motif sequences.
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le t te r  amino ac id  code (see F iqure  2-14)  Amino ac ids  tha t  a re two sequences  is  1O-28,  ind ica t ing  a  h igh  degree o f  s im i la r i t y  [F rom
ident ica l  in  the  two pro te ins  a re  h igh l igh ted  in  ye l low Amino ac ids  c  Xu e ta l  ,  1990,  Ce i l62 :5991
wi th  chemica l i y  s im i la r  bu t  non ident ica l  s ide  cha ins  are  connected

  FIGURE 6-25 Compar ison of  the regions of  human NF1
protein and 5. cereylsiae lra protein that show significant
sequence s imi lar i ty .  The NF1 and the l ra sequences are shown

by a b lue dot  Amino acid numbers in  the prote in sequences are
shown at the left and right ends of each row Black dots indicate
gaps in the protein sequence inserted in order to maximize the

lins present in different organisms today evolutionary rela-
tionships can be deduced, as i l lustrated in Figure 6-26b. Of
the three types of sequence relationships, orthologous se-
quences are the most likely to share the same function.

Genes Can Be ldent i f ied Wi th in  Genomic
DNA Sequences
The complete genomic sequence of an organism contains
within it the information needed to deduce the sequence of
every protein made by the cells of that organis-. Fo. or-
ganisms such as bacteria and yeast, whose genomes have
few introns and short intergenic regions, mosr proreln-
coding sequences can be found simply by scanning the ge-
nomic sequence for open reading frames (ORFs) of signif-
icant length. An ORF usually is defined as a srretch of
DNA containing at least 100 codons that begins with a
start codon and ends with a stop codon. Because the prob-
abil ity that a random DNA sequence wil l contain no stop
codons for 100 codons in a row is very small, most ORFs
encode protein.

ORF analysis correctly identifies more than 90 percent of
the genes in yeast and bacteria. Some of the very shortest
genes, however, are missed by this method, and occasionally
long open reading frames that are not actually genes arise by
chance. Both types of mis-assignments can be corrected by
more sophisticated analysis of the sequence and by genetic
tests for gene function. Of the Saccharomyces genes identi-
f ied in this manner, about half were already known by some
functional criterion such as mutant phenotype. The func,
tions of some of the proteins encoded by the remaining pu-
tative (suspected) genes identif ied by ORF analysis have

Compar ison of  Related Sequences f rom
Dif ferent  Species Can Give Clues to
Evolut ionary Relat ionships Among prote ins

BLAST searches for related protein sequences may reveal
that proteins belong to a protein family. Earlier, we consid-
ered gene families in a single organism, using the B-globin
genes in humans as an example (see Figure 6-4a). But in a
database that includes the genome sequences of multiple
organisms, protein families also can be recognized as being
shared among related organisms. Consider, for example,
the tubulin proteins; rhese are the basic subunits of micro-
tubules, which are important components of the cytoskele-
ton (Chapter 18). According to the simplif ied scheme in
Figure 6-26a, the earliest eukaryotic cells are thought to
have contained a single tubulin gene that was duplicated
early in evolution; subsequent divergence of the different
copies of the original tubulin gene formed the ancestral
versions of the ct- and p-tubulin genes. As different species
diverged from these early eukaryotic cells, each of these
gene sequences further diverged, giving rise ro the slightly
different forms of ct-tubulin and B-tubulin now found in
each species.

All the different members of the tubulin family of genes
(or proteins) are sufficienrly similar in sequence ro suggest a
common ancestral sequence. Thus all these sequences are
considered to be homologous. More specificallS sequences
that presumably diverged as a result of gene duplication
(e.g., the ct- and B-tubulin sequences) are described as paral-
ogous. Sequences that arose because of speciation (e.g., the
ct-tubulin genes in different species) are described as irthol-
ogous. From the degree of sequence relatedness of the tubu-
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  FIGURE 6-26 Generation of diverse tubulin sequences during
the evolution of eukaryotes. (a) Probable mechanism giving rise to
the tubulin genes found in existing species lt is possible to deduce that
a gene duplication event occurred before speciation because the cr-
tubulin sequences from different species (e g , humans and yeast) are
more alike than are the ct-tubulin and P-tubulin sequences within a
species (b) A phylogenetic tree representing the relationship between
the tubulin sequences The branch points (nodes), indicated by small
numbers, represent common ancestral genes at the time that two

been assigned based on their sequence similarity to known
proteins in other organlsms.

Identif ication of genes in organisms with a more com-
plex genome structure requires more sophisticated algo-
rithms than searching for open reading frames. Because
most genes in higher eukaryotes are composed of multiple,
relatively short exons separated by often quite long non-
coding introns, scanning for ORFs is a poor method for
finding genes. The best gene-finding algorithms combine
all the available data that might suggest the presence of a
gene at a particular genomic site. Relevant data include
alignment or hybridization of the query sequence to a full-
length cDNA; alignment to a partial cDNA sequence, gen-

erally 200-400 bp in length, known as afl expressed se'
quence tag (EST); f itt ing to models for exon, intron, and
splice site sequences; and sequence similarity to other or-
ganisms. Using these computer-based bioinformatic meth-

ods,  computat ional  b io logis ts  have ident i f ied approxi -
mately 25,000 genes in the human genome. However, for

some 10,000 of these putative genes there is not yet con-
c lus ive ev idence that  they actual ly  encode prote ins or
RNAs.

A particularly powerful method for identifying human
genes is to compare the human genomic sequence with that
of the mouse. Humans and mice are sufficiently related to
have most genes in common, although largely nonfunctional
DNA sequences, such as intergenic regions and introns, wil l
tend to be very different because these sequences are not un-
der strong selective pressure. Thus corresponding segments
of the human and mouse genome that exhibit high sequence
similarity are l ikely to be functional coding regions, that is,

Orthologous

cr-Tubulin {human)

a-Tubulin (f ly)

cr-Tubulin (worm)

s-Tubulin ( yeast)

Ortho logous

- . .p -  l u b u l r n  ( n u m a n )

F-Tubulin (f ly)

p-Tubulin (worm)

p-Tubulin ( yeast)

sequences diverged For example, node 1 represents the duplication

event that gave rise to the o-tubulin and B-tubulin families, and node 2

represents the divergence of yeast from multicellular species Braces and

arrows indicate, respectively, the orthologous tubulin 9enes, which

drffer as a result of speciatron, and the paralogous genes, which differ

as a result of gene duplication This diagram is simplif ied somewhat
because each of the species represented actually contains multiple

ct-tubulin and B-tubulin genes that arose from later gene duplication

events

exons, transcription-control regions, or sequences with

other functions that are not yet understood.

The Number of  Prote in-Coding Genes
in an Organism's Genome ls  Not  Di rect ly

Related to l ts Biological Complexity

The combination of genomic sequencing and gene-finding

computer algorithms has yielded the complete inventory of

protein-coding genes for a variety of organisms. Figure 6-27

iho*t the total number of protein-coding genes in several

eukaryotic genomes that have been completely sequenced.

The functions of about half the proteins encoded in these

genomes are known or have been predicted on the basis of

sequence compansons. One of the surprising features of this

comparison is that the number of protein-coding genes

within different organisms does not seem proportional to

our intuitive sense of their biological complexity. For exam-

ple, the roundworm C. elegans apparently has more genes

than the fruit fly Drosophila, which has a much more com-

plex body plan and more complex behavior. And humans

have fewer than one and one-half the number of genes as C'

elegans. \fhen it first became apparent that humans have

fewer than twice the number of protein-coding genes as the

simple roundworm. it was difficult to understand how such

a small increase in the number of proteins could generate

such a staggering difference in complexity.

Clearly, simple quantitative differences in the number

of genes in the genomes of different organisms are inade-

quate for explaining differences in biological complexity'

Howeveq several phenomena can generate more complexity

!
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Organism

Genes

Organism

Genes

H u m a n

-25,000

Drosophila (flVl

13 ,338

Saccharomyces (yeast)

-6000

I

Arabidopsis (plantl

25,706

C. elegans (roundworm)

18,266

Metabol ism

DNA repl icat ion/modi f icat ion

Tra nscri ption/translatio n

Intracel lu lar  s ignal ing

Cel l -cel l  communicat ion

Protein fo ld ing and degradat ion

Transport

Mul t i funct ional  proteins

Cytoskeleton/structu re

Defense and immuni ty

Miscel laneous fu nct ion

Unknown

A FIGURE 6-27 Comparison of the number and types of
proteins encoded in the genomes of different eukaryotes. For
each organism, the area of the entire pie chart represents the total
number of protein-coding genes, all shown at roughly the same
scale In most cases, the functions of the proteins encoded by about
half the genes are sti l l  unknown (l ight blue) The functions of the
remainder, which are known or have been predicted by sequence
similarity to genes of known function, are classified as snown In
the color key lAdapted from International Human Genome Seouencino
Consortium, 2001, Nature 409:860 l

in the expressed proteins of higher eukaryotes than is pre-
dicted from their genomes. First, alternative splicing of a

kinds of proteins. Larger numbers of cells can interact in
more complex combinations, as in comparing the cerebral
cortex from mouse to man. Similar cells are present in both
the mouse and human cerebral cortex, but in humans more
of them make more complex connections. Evolution of the
increasing biological complexity of multicellular organisms
likely required increasingly complex regulation of cell repli-
cation and gene expression, leading to increasing complexity
of embryological development.

The specific functions of many genes and proteins iden-
tif ied by analysis of genomic sequences sti l l  have not been
determined. As researchers unravel the functions of indi-
vidual proteins in different organisms and further detail
their interactions with other proteins, the resulting ad-
vances wil l become immediately applicable to all homolo-
gous proteins in other organisms. When the function of
every protein is known, no doubt, a more sophisticated un-

derstanding of the molecular basis of complex biological
systems wil l emerge.

Single Nucleot ide Polymorphisms and Gene
Copy-Number Variation Are lmportant
Determinants of Differences Between
Indiv iduals  of  a  Species
The DNA sequence between individual humans who are not
closely related differs at about L-2 percent of the 3 x 10e base
pairs in the human genome. Most of these differences, called
single nucleotide polymorpbisms (SNPs), are probably not
functionally significant because they occur in long introns or
between genes, or result in synonymous codon changes in cod-
ing regions. Nonetheless, such SNPs are important markers
for measuring the frequency of recombination between genes
and can be used to link a specific gene with a trait or pheno-
type as discussed in Chapter 5 (see Figure 5-36). On the other
hand, some SNPs may be functionally significant because they
result in amino acid changes in protein-coding regions or
base-pair changes in control regions that affect the binding of
transcription factors. These single nucleotide polymorphisms
clearly contribute to differences between individuals.
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A second highly significant type of genetic variation, differ-
ences in gene-copy number, was discovered very recently. Re-
cent analyses of the number of copies of DNA sequences per
cell in different individuals revealed widespread deletions, tan-
dem duplications, and complex combinations of deletions and
duplications that vary benveen individuals over a remarkably
high:12 percent of the genome. The deletions average :40 kb
in length, and the tandem duplications avenge:120 kb, but
some deletions and duplications are much longer. These vary-
ing deletions and duplications probably arose from unequal
crossing over befween chromosomes during meiotic recombi-
nation in a direct ancestor (see Figure 6-2). This results in dif-
ferences in gene-copy numbers between individuals.

In some individuals. for instance. a deletion of DNA se-
quence occurs on one chromosome but the normal sequence is
present on the homologous chromosome; as a result they have
only a single copy of genes in the deleted region. Likewise,
some individuals contain a duplication of some genes on one
chromosome that is not present on the homologous chromo-
some, resulting in three copies of genes in the duplicated re-
gion. Another possibility found in some individuals is a dupli-
cation on both homologous chromosomes, generating four
gene copies; additional duplications on one or both chromo-
somes can lead to gene copy numbers greater than four. These
copy-number uariations are inherited in a Mendelian manner,
as for other alleles, and are occasionally generated as a new
variation not observed in the DNA of either parent.

Copy-number variations are even more common between
individuals than differences in DNA sequence (SNPs). Since
variations in gene copy number can affect the amount of pro-

tein expressed from a gene, copy-number variations may be
among the most important determinants of individual differ-
ences between humans, including differences in susceptibility
to various diseases. Studies are currently underway to deter-
mine the influence of gene copy number variations on indi-
vidual traits including disease susceptibility.

Genomics: Genome-wide Analysis of Gene Structure
and Expression

r The function of a protein that has not been isolated (a

query protein) often can be predicted on the basis of simi-
larity of its amino acid sequence to the sequences of pro-

teins of known function.

r A computer algorithm known as BLAST rapidly searches
databases of known protein sequences to find those with
significant similarity to a query protein.

r Proteins with common functional motifs, which often can
be quite short, may not be identified in a typical BLAST

search. Such short sequences may be located by searches of
motif databases.

r A protein family comprises multiple proteins all derived
from the same ancestral protein. The genes encoding these
proteins, which constitute the corresponding gene family,

arose by an initial gene duplication event and subsequent
divergence during speciation (see Figure 6-26).

r Related genes and their encoded proteins that derive from

a gene duplication event are paralogous' such as the o and

B-globins that combine in hemoglobin (ct2B2); those that

derive from mutations that accumulated during speciation

are orthologous. Proteins that are orthologous usually have

a similar function in different organisms, such as the mouse

and human adult B-globins.

r Open reading frames (ORFs) are regions of genomic

DNA containing at least 100 codons located between a

start codon and stop codon.

r Computer search of the entire bacterial and yeast ge-

nomic sequences for open reading frames (ORFs) correctly

identifies most protein-coding genes. Several types of addi-

tional data must be used to identify probable (putative)

genes in the genomic sequences of humans and other higher

eukaryotes because of their more complex gene structure in

which relatively short coding exons are separated by rela-

tively long, noncoding rntrons.

r Analysis of the complete genome sequences for several

different organisms indicates that biological complexity is

not directly related to the number of protein-coding genes

(seeFigure 6'27).

f[ Structural Organization
of Eukaryotic Chromosomes
Now that we have examined the various types of DNA

sequences found in eukaryotic genomes and how they are or-

ganized within it, we turn to the question of how DNA mole-

cules as a whole are organizedwithin eukaryotic cells. Because

the total length of cellular DNA is up to a hundred thousand

times a cell's diameter, the packing of DNA is crucial to cell ar-

chitecture. It is also essential to prevent the long DNA mole-

cules from getting knotted or tangled with each other during

cell division when they must be precisely segregated to daugh-

ter cells. The task of compactin g and organizing chromosomal

DNA is performed by abundant nuclear proteins called his-

tones. As noted previously' the complex of histones, nonhis-

tone proteins, and DNA constitutes chromatin' which exists

in various degrees of folding or compaction (see Figure 6-1)'

Chromatin, which is about half DNA and half protein by

mass, is dispersed throughout much of the nucleus in inter-

phase cells (those that are not undergoing mitosis). Further

folding and compaction of chromatin during mitosis pro-

duces the visible metaphase chromosomes, whose morphol-

ogy and staining characteristics were detailed by early cyto-

geneticists. Although every eukaryotic chromosome includes

millions of individual protein molecules, each chromosome

contains iust one, extremely long, linear DNA molecule. The

lonqest DNA molecules in human chromosomes, for in-

st"n.., are 2.8 x 108 base pairs, or almost 10 cm, in length!

The structur aI organization of chromatin allows this vast

length of DNA to be compacted into the microscopic con-

straints of a cell nucleus. Yet chromatin is organized in such

a way that specific DNA sequences within the chromatin are
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readily available for cellular processes l ike the transcription,
replication, repair, and recombination of DNA molecules. In
this section, we consider the properties of chromatin and its
organization into chromosomes. Important features of chro-
mosomes in their entirety are covered in the next section.

Chromatin Exists in Extended
and Condensed Forms
lfhen the DNA from eukaryotic nuclei is isolated using a
method that preserves native protein-DNA interactions, it is
associated with an equal mass of protein in the nucleopro-
tein complex known as chromatin. Histones, the most abun-

  FIGURE 5-29 Structure of the nucleosome based on x-ray
crystallography. (a) Nucleosome with space-fi l l ing model of the
histones. The sugar-phosphate backbones of the DNA strands are
represented as gray tubes to allow better vjsualizatton of the
histones Nucleosome shown from the top (/eft) and from the side
(right', the side view is rotated clockwise 90. f rom the rop vrew.,r
(b) SpaceJil l ing model of histones and DNA (white) viewed from the

< EXPERIMENTAL FIGURE 6-28 The extended
and condensed forms of extracted chromatin
have very different appearances in electron
micrographs. (a) Chromatin isolated in low-ionic-
strength buffer has an extended "beads-on-a-
string" appearance The "beads" are nucleosomes
(10-nm diameter) and the "string" is connecting
(linker) DNA (b) Chromatin isolated in buffer with
a physiological ionic strength (0 15 M KCI) appears
as a condensed fiber 30 nm in diameter. lpart (a)
courtesy of 5 McKnight and O Miller, Jr. Part (b) courtesy
ofB HamkaloandJ B Rat tner l

dant proteins in chromarin, constitute a family of small,
basic proteins. The five major types of histone proteins-
termed H1, H2A, H2B, H3, and H4-are rich in positively
charged basic amino acids, which interacr with the nega-
tively charged phosphate groups in DNA.'When 

chromatin is extracted from nuclei and examined
in the electron microscope, its appearance depends on the salt
concentration to which it is exposed. At low salt concentra-
tion in the absence of divalent cations such as Mg*', isolated
chromatin resembles "beads on a string" (Figure 6-28a).In
this extended form, the string is composed of free DNA called
"linker" DNA connecting beadlike structures termed nucleo-
somes. Composed of DNA and histones, nucleosomes are

side of the nucleosome. This model shows more clearly that DNA
"covers" much of the protein on the nucleosomes lateral surface.
H2A subunits are gold; H2Bs are red; H3s are blue; H4s are green
The N-terminal tails of the eight histones and the two H2A and H2B
C-terminal tails involved in condensation of chromatin are not visible
because they are disordered in the crystal. [After K Luger et al , 1997,
Nature 389:251 l
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about 10 nm in diameter and are the primary structural units
of chromatin. If chromatin is isolated at physiological salt
concentration, it assumes a more condensed fiberlike form
that is 30 nm in diameter (Figure 6-28b).

Structure of Nucleosomes The DNA component of nucle-
osomes is much less susceptible to nuclease digestion than is the
linker DNA between them. If nuclease treatment is carefully
controlled, all the linker DNA can be digested, releasing indi-
vidual nucleosomes with their DNA component. A nucleosome
consists of a protein core with DNA wound around its surface
like thread around a spool. The core is an octamer containing
two copies each of histones HZA, H2B, H3, and H4. X-ray
crystallography has shown that the octameric histone core is a
roughly disk-shaped structure made of interlocking histone sub-
units (Figure 6-29). Nucleosomes from all eukaryotes contain
147 base pairs of DNA wrapped one and nvo-thirds turns
around the protein core. The length of the linker DNA is more
variable among species, and even between different cells of one
organism, ranging from about 10 to 90 base pairs. During cell
replication, DNA is assembled into nucleosomes shortly after
the replication fork passes (see Figure 4-33). This process de-
pends on specific chaperones that bind to histones and assemble
them together with newly replicated DNA into nucleosomes.

Structure of the 30-nm Fiber When extracted from cells
in isotonic buffers (i.e.. buffers with the same salt concentra-
tion found in cells, :0.15 M KCl, 0.004 M MgCl2), most
chromatin appears as fibers :30 nm in diameter (see Figure
6-28b). Current research, including X-ray crystallography of
nucleosomes assembled from recombinant histones, indicate
that the 30-nm fiber has a "zig-zag ribbon" structure that is
wound into a "two-start" helix made from two "strands" of
nucleosomes stacked on top of each other like coins (Figure
6-30). The two "strands" of stacked nucleosomes are then
wound into a double helix similarly to the two strands in a
DNA double helix, except that the helix is left handed,
rather than right handed as it is in DNA. The 30-nm fibers
also include H1, the fifth major histone. Hl is bound to the
DNA as it enters and exits the nucleosome core, but its struc-
ture in the 30-nm fiber is not known at atomic resolution.

The chromatin in chromosomal regions that are not being
transcribed or replicated exists predominantly in the con-
densed, 30-nm fiber form and in higher-order folded struc-
tures whose detailed conformation is not currently under-
stood. The regions of chromatin actively being transcribed
are thought to assume the extended beads-on-a-string form.

Conservation of Chromatin Structure The general struc-
ture of chromatin is remarkably similar in the cells of all eu-
karyotes, including fungi, plants, and animals, indicating that
the structure of chromatin was optimized early in the evolution
of eukaryotic cells. The amino acid sequences for four histones
(H2A, IJ'ZB, H3, and H4) are highly conserved between dis-
tantly related species. For example, the sequences of histone H3
from sea urchin tissue and calf thymus differ by only a single
amino acid, and H3 from the garden pea and calf thymus differ
only in four amino acids. Apparently significant deviations

from the histone amino acid sequences were selected against

strongly during evolution. The amino acid sequence'of H1,

however, varies more from organism to organism than do the

sequences of the other major histones. The similarity in se-
quence among histones from all eukaryotes suggests that they

fold into very similar three-dimensional conformations, which

were optimized for histone function early in evolution in a com-

mon ancestor of all modern eukaryotes'

Chain  o f
nucleosomes

Two-start
he l i x

(a)  (b)

  FIGURE 6-30 Structure of the 30-nm chromatin fiber' (a) Model
for the folding of a nucleosomal chain at top into a "zig-zag ribbon"
of nucleosomes containing two "strands " In each "strand" the
nucleosomes are aligned with each other l ike a stack of coins. These
two "strands" of nucleosomes are then wound into a left-handed
double helix called a "two-start" helix For simplicity, DNA is not
represented in the two-start helix (b) Model of the 30-nm fiber

based on x-ray crystallography of a tetranucleosome (a short stretch
of four nucleosomes) DNA on alternating nucleosomes is colored
light and dark blue, respectively, to simplify distinguishing them [Part (a)

adapted from C L F. Woodcock et al , 1984, J Cell Biol 99:42 Part (b) from

T Schalch et  a l  ,  2005, Nature 435:1 38 l
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Minor histone variants encoded by genes that differ from
the highly conserved major types also exist, particularly in
vertebrates. For example, a special form of H2A, designated
H2AX, is incorporated into nucleosomes in place of H2A in
a small fraction of nucleosomes in all regions of chromatin.
At sites of DNA double-stranded breaks in chromosomal
DNA, H2AX becomes phosphorylated and participares in
the chromosome-repair process, probably by functioning as
a binding site for repair proteins. In the nucleosomes at cen-
tromeres, H3 is replaced by another variant histone called
CENP-A, which participates in the binding of spindle micro-
tubules during mitosis. Most minor histone variants differ
only slightly in sequence from the major histones. These
slight changes in histone sequence may influence the stabil ity
of the nucleosome as well as its rendency to fold into the
30-nm fiber and other hieher-order structures.

Modif ications of Histone Tails Control
Chromat in  Condensat ion and Funct ion
Each of the histone proteins making up the nucleosome
core contains a flexible N-terminus of 19-39 residues ex-
tending from the globular structure of the nucleosome; the
H2A and H2B proteins also contain a flexible C-terminus
extending from the globular histone octameric core. These

termini, called histone tails, are represented in the model
shown in Figure 6-31.a. The histone tails are required for
chromatin to condense from the beads-on-a-string confor-
mation into the 30-nm fiber. For example, recent experi-
ments indicate that the N-terminal tails of histone H4,
particularly lysine 16, are crit ical for forming the 30-nm
fiber. This positively charged lysine interacts with a nega-
tive patch at the H2A-H2B intefiace of the nexr nucleo-
some in the stacked nucleosomes of the 30-nm fiber (see
Figure 6-30) .

Histone tails are subject to multiple post-translational
modifications such as acetylation, methylation, phosphory-
lation, and ubiquitination. Figure 6-31b summarizes the
types of post-translational modifications observed in human
histones. A particular histone protein never has all of these
modifications simultaneously, but the histones in a single
nucleosome may collectively contain a several different types
of modifications. The particular combinations of post-
transcriptional modifications found in different regions of
chromatin have been suggested to constitute a bistone code
that influences chromatin function by creating or removing
binding sites for chromatin-associated proteins. Here we de-
scribe the most abundant kinds of modifications found in hi-
stone tails and how these modifications control chromatin
condensation and function. We end with a discussion of a
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  FIGURE 6-31 Histone tai ls and their post-translat ional
modif icat ions. (a) Model of a nucleosome viewed from top with
histones depicted as r ibbon diagrams This model depicts the lengths
of the histone tai ls (dotted l ines), which are not visible in the crystal
structure (see Figure 6-29). The H2A N-terminal tai ls are at the
bottom, and C-terminal tai ls, at the top The H2B N-terminal tat ls
are on the r ight and left ,  and C-terminal tai ls at the bottom center
Histones H3 and H4 have short C-terminal tai ls that are not modif ied

(b) Summary of post-translational modifications observed in human
histones Histone-tail sequences are shown in the one-letter amino acid
code (see Figure 2-14) The main portion of each histone is depicted as
an oval These modifications do not all occur simultaneously on a single
histone molecule Rather, specific combinations of a few modifications
of one histone are observed in any particular nucleosome [part (a) from
K Luger and T. J Richmond, 1998, Curr Opin Genet. & Deret 8:140 part (b)
adapted from R Margueron etal, 2005, Curr. Opin Genet & Devel. 15:1631
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special case of chromatin condensation, the inactivation of
X chromosomes in female mammals.

Histone Acetylation Histone-tail lysines undergo re-
versible acetylation and deacetylation by enzymes that act
on specific lysines in the N-termini. In the acetylated form,
the positive charge of the lysine e-amino group is neutral-
ized. As mentioned above, lysine 16 in histone H4 is partic-
ularly important for the folding of the 30-nm fiber because it
interacts with a negatively charged patch on the surface of
the neighboring nucleosome in the fiber. Consequently,
when H4 lysine 16 is acetylated, the chromatin tends to form
the less condensed "beads-on-a-string" conformation con-
ducive for transcription and replication.

Histone acetylation at other sites in H4 and in other his-
tones (see Figure 6-31b) is correlated with increased sensitiv-
ity of chromatin DNA to digestion by nucleases. This phe-
nomenon can be demonstrated by digesting isolated nuclei
with DNase L Following digestion, the DNA is completely
separated from chromatin protein, digested to completion
with a restriction enzyme, and analyzed by Southern blot-
ting. An intact gene treated with a restriction enzyme yields
fragments of characteristic sizes. If a gene is exposed first to
DNase, it is cleaved at random sites within the boundaries of
the restriction enzyme cut sites. Consequently, any Southern
blot bands normally seen with that gene will be lost. This
method has been used to show that the transcriptionally in-
active B-globin gene in non-erythroid cells, where it is asso-
ciated with relatively unacetylated histones, is much more
resistant to DNase I than is the active, transcribed B-globin
gene in erythroid precursor cells, where it is associated with
acetylated histones (Figure 6-32). These results indicate that
the chromatin structure of nontranscribed DNA is more
condensed, and therefore more protected from DNase diges-
tion, than that of transcribed DNA. In condensed chro-
matin, the DNA is largely inaccessible to DNase I because of
its close association with histones and other chromatin-
associated proteins that bind to unacetylated histone tails. In
contrast, actively transcribed DNA is much more accessible
to DNase I digestion because it is present in the extended,
beads-on-a-string form of chromatin.

Genetic studies in yeast indicate that histone acetylases
(HATs), which acetylate specific lysine residues in histones,
are required for the full activation of transcription of a num-
ber of genes. Consequently, the control of acetylation of his-
tone N-termini in specific chromosomal regions is thought
to contribute to the transcriptional control of gene expres-
sion by mechanisms described below and in the next chapter.

Just as genes in condensed, folded regions of chromatin are
less accessible to exogenously added DNase I than genes in
decondensed, extended regions of chromatin, RNA
polymerase and other proteins required for transcription are
also inhibited from interactins with DNA in condensed
chromatin.

Other Histone Modifications As shown in Figure 6-31.b,
histone tails in chromatin can undergo a variety of other co-
valent modifications at specific amino acids. Lysine e-amino

(a) Decondensed chromatin

4.6 kb

DNA from
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eryth roblasts

DNase (pg/ml) 0 . 0 1  . 0 5  . 1  . 5  . 1  1 . 5

14-day erythroblast MSB

4.6 kb

DNA
from
MSB

1 . 5

( b )
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  EXPERIMENTAL FIGURE 6-32 Nontranscribed genes are less
susceptible to DNase I digestion than active genes. Chick embryo
erythroblasts at 14 days actively synthesize globin, whereas cultured
undifferentiated MSB cells do not (a) Nuclei from each type of cell
were isolated and exposed to increasing concentrations of DNase l.
The nuclear DNA was then extracted and treated with the restriction
enzyme 8amHl, which cleaves the DNA around the globin sequence
and normally releases a 4 6-kb globin fragment (b) The DNase l- and
BamHl-digested DNA was subjected to Southern blot analysis with a
probe of labeled cloned adult globin DNA, which hybridizes to the
4 6-kb EarnHl fragment. lf the globin gene is susceptible to the init ial
DNase digestion, it would be cleaved repeatedly and would not be
expected to show this fragment As seen in the Southern blot, the
transcriptionally active DNA from the 14-day globin-synthesizing cells
was sensitive to DNase I digestion, indicated by the absence of the
4 6-kb band at higher nuclease concentrations. In contrast, the
inactive DNA from MSB cells was resistant to digestion. These results
suggest that the inactive DNA is in a more condensed form of
chromatin in which the globin gene is shielded from DNase digestion.

[SeeJ Stalderetal ,1980, Cell 19:973; photographcourtesyof H Weintraub]

groups can be methylated, a process that prevents acetyla-

tion, thus maintaining their positive charge. Moreover, ly-

sine e-amino groups can be methylated once, twice, or three

times. Arginine side chains can also be methylated. Serine

and threonine side chains can be reversibly phosphorylated,

introducing a negative charge. Finally, a single 76-amino-

acid ubiquitin molecule can be reversibly added to a lysine in

Condensed chromatin
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the C-terminal tails of H2A and H2B. Recall that addition of
multiple linked ubiquitin molecules to a protein can mark it
for degradation by the proteasome (see Figure 3-Z9b).In this
case, however, the addition of a single ubiquitin molecule
does not affect the stability of a hisrone, although it does in-
fluence chromatin strucrure.

As mentioned previouslS it is the precise combination of
modified amino acids in histone tails that helps control the
condensation, or compaction, of chromatin and its abil ity to
be transcribed, replicated, and repaired. This can be i l lus-
trated by comparing the specific modifications observed in
highly condensed chromarin, known as heterochromatin,
with those in less condensed chromatin, known as euchro-
matin (Figure 6-33a). Heterochromatin does not fully decon-
dense following mitosis, remaining in a compacted state dur-
ing interphase. It is typically found at the cenrromeres and
telomeres of chromosomes, as well as some other discrete lo-
cations.'When cells are subjected to dyes that bind DNA, re-
gions of heterochromatin stain very darkly. In contrast, areas
of euchromatin, which are in a less compacted state during
interphase, stain lightly with DNA dyes. Typically, most tran-
scribed regions of DNA are found in euchromatin, while het-
erochromatin remains transcriptionally inactive.

Reading the Histone Code The histone code is "read" by
proteins that bind to the modified histone tails and in turn pro-
mote condensation or decondensation of chromatin, forming
"closed" or "open" chromatin structures. Higher eukaryotes
express a number of proteins containing a so-called chromo-
domain that binds to histone rails when they are methylated at
specific lysines. One example is heterochromatin protein 1
(HP1).In addition to histones, HP1 is one of rhe major proteins
associated with heterochromatin. The HP1 chromodomain
binds the H3 N-terminal tail only when it is tri-methylated at ly-
sine 9 (Figure 6-33b). HP1 also conrains a second domain called
a chromosbadow domain because it is frequently found in pro-
teins that contain a chromodomain. The chromoshadow do-
main binds to other chromoshadow domains. Consequentlg
chromatin containing H3 tri-methylated at lysine 9 (H3K9Me3)
is assembled into a condensed chromatin structure by HP1,
although the srructure of this chromatin is not well understood
(Figure 6-34a).

In addition to binding to itself, the chromoshadow do-
main also binds the enzyme that methylates H3 lysine 9,
H3K9 histone methyl transferase (HMT). As a conse-
quence, nucleosomes adjacent to a region of HP1-contain-
ing heterochromatin also become methylated at lysine 9
(Figure 6-34b). This creates a binding site for another Hp1
that can bind the H3K9 histone merhyl transferase,
resulting in "spreading" of the heterochromatin strucrure
along the chromosome until a boundary element is en-
countered that blocks further spreading. Boundary ele-
ments so far characterized are generally regions in chro-
matin where several nonhistone proteins bind to DNA.
possib ly  b lock ing h is tone methyla i ion on rhe orher  s ide of
the boundary.

Significantly, the model of heterochromatin formation in
Figure 6-34b provides an explanation for how heterochro-

l l p m  I
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  FIGURE 6-33 Heterochromatin versus euchromatin. (a) In this
electron micrograph of a bone marrow stem cell, the dark-staining areas
in the nucleus (N) outside the nucleolus (n) are heterochromatin The
light-staining, whitish areas are euchromatin (b) The modifications of
histone N-terminal tails in heterochromatin and euchromatin differ, as
il lustrated here for histone H3 Note in oarticular that histone tarls are
generally much more extensively acetylated in euchromatin compared
with heterochromatin Heterochromatin is much more condensed (thus
less accessible to proteins) and is much less transcriptionally active than
iseuchromatin [Part(a) PC CrossandK L Mercer, 1993,Cell andTissue
Ultrastructure, W H Freeman and Company, p 1 65 Part (b) adapted from T.
Jenuwein and C D All is, 2001, Science293:10741

matic regions of a chromosome are re-established following
DNA replication during the S phase of the cell cycle. \fhen
DNA in heterochromatin is replicated, the histone octamers
that are tri-methylated at H3 lysine 9 become distributed to
both daughter chromosomes along with an equal number of
newly assembled histone octamers. The H3K9 histone
methyl transferase associated with the H3K9 tri,methylated
nucleosomes methylate lysine 9 of the newly assembled
nucleosomes, regenerating the heterochromatin in both
daughter chromosomes.
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Other protein domains associate with histone-tail modi-
fications typical of euchromatin. For example, the bromod-
omain binds to acetylated histone tails and therefore is asso-
ciated with transcriptionally active chromatin. TFIID, a
protein involved in transcription, contains two closely
spaced bromodomains, which probably help TFIID to asso-
ciate with transcriptionally active chromatin (i.e., euchro-
matin). This protein also has histone acetylase activity,
which may maintain the chromatin in a hyperacetylated
state conducive to t ranscr iot ion.

< FIGURE 5-34 Model for the formation of heterochromatin

by binding of HP1 to histone H3 tr i-methylated at lysine 9. (a)

HP1 contr ibutes to the condensation of heterochromatin by binding

to histone H3 N-terminal tai ls tr i-methylated at lysine 9 (H3K9Mer),

fol lowed by associat ion of histone-bound HP'l  molecules with each

other (b) Heterochromatin condensation can spread along a

chromosome because HP1 binds a histone methyltransferase (HMT)

that methylates lysine 9 of histone H3 This creates a binding site for

HPl on the neighboring nucleosome The spreading process

continues unti l  a "boundary element" is encountered lPart (a) adapted

from G Thiel et al . 2004, Eur. J Biochem 271:2855 Part (b) adapted from

A J Bannister et al .  2001, Nature 410i120 I

In summarS multiple types of covalent modifications of

histone tails can influence chromatin structure by altering

nucleosome-nucleosome interactions and interactions with

additional proteins that participate in or regulate processes

such as transcription and DNA replication. The mechanisms

and molecular processes governing chromatin modifications

that regulate transcription are discussed in greater detail in

the next chapter.

X-Chromosome lnact ivat ion in  Mammal ian Females

One important case of heterochromatin formation that

correlates with gene inactivation in mammals is the random in-

activation and condensation of one of the two female sex chro-

mosomes (the X chromosomes) in virtually all the diploid cells

clf adult females. Inactivation of one X chromosome in females

results in dosage compensation, a process that generates equal

expression of genes on the sex chromosome in males and

females. The inactive X appears as heterochromatin in inter-

phase cells. It is visible as a dark-staining, peripheral nuclear

structure called the Barr body, named after its discoverer'

Each female mammal has two X chromosomes? one con-

tributed by the egg from which they developed (X-) and one

contributed by the sperm (Xo). Early during embryologic de-

velopment, random inactivation of either the X* or the Xp

chromosome occurs in each cell. In the female embryo,

about half the cells have an inactive X*, and the other half

have an inactive Xe. All subsequent daughter cells maintain

the same inactive X chromosomes as their parent cells. As a

result, the adult female is a mosaic of clones, some express-

ing the genes from the X- and the rest expressing the genes

from the Xo. Histones associated with the inactive X chro-

mosome have post-translational modifications character-

istic of other regions of heterochromatin: hypoacetylation

of lysines, di- and tri-methylation of histone H3 lysine 9,

tri-methylation of H3 lysine27, and a lack of methylation

at  h is tone H3 lys ine 4 (see Figure 6-33b).  X-chromosome

inactivation at an early stage in embryonic development is

controlled by the X-inactivation center, a complex locus

on the X chromosome that determines which of the two X

chromosomes wil l be inactivated and in which cells. The

X-inactivation center also contains the Xlsr gene, which

encodes a remarkable RNA that coats only the X chromo-

some it was transcribed from, thereby triggering silencing

of the chromosome.

I ui.,on"

I 
methvl

H3K9
transferase

I  a inu ins  o f  Het

J 
chromodomain to H3K9Me3

f 
Her or isorn"r izat ion

! l

STRUCTURAL  ORGANIZAT ION OF  EUKARYOTIC  CHROMOSOMES 253



Although the mechanism of X-chromosome inactivation
is not fully understood, it involves several processes includ-
ing the action of Polycomb protein complexes that are dis-
cussed further in Chapter 7. One subunit of the Polycomb
complex contains a chromodomain that binds to histone H3
tails when they are tri-methylated at lysine 27. The Poly-
comb complex also contains a histone methyl transferase
specific for H3 lysrne 27. This finding helps to explain how
the X-inactivation process spreads along large regions of the
X chromosome and how it is maintained through DNA
replication, similar to heterochromatization by the binding
of HPl to histone H3 tails methylared at lysine 9 (see Fig-
ure 6-34b).

X-chromosome inactivation is an epigenetic process: that
is, a process that affects the expression of specific genes and
is inherited by daughter cells, but is not the result of a change
in DNA sequence. Instead, the activity of genes on the X
chromosome in female mammals is controlled by chromatin
structure rather than the nucleotide sequence of the underly,
ing DNA. And the inact ivated X chromosome le i rher  X-  or
Xu) is maintained as the inactive chromosome in the progeny
of all future cell divisions because the histones are modified
in a specific, repressing manner that is faithfully inherited
through each cell divisron.

Nonhistone Prote ins Prov ide a Structura l
Scaffold for Long Chromatin Loops
Although histones are the predominant proteins in chromatin,
less abundant, nonhistone chromatin-associated proteins, and
even the DNA molecule itself, are also crucial to chromosome
structure. Electron micrographs of histone-depleted metaphase
chromosomes from HeLa cells reveal long loops of DNA an-
chored to what appears to be a protein chromosome scaffold
composed of nonhistone proteins (Figure 6-35). Although this
chromosome scaffold has the shape of the metaphase chromo-
some, recent results indicate that it is not protein alone that
gives a metaphase chromosome lts structure.

Micromechanical studies of large metaphase chromo-
somes from newts in the presence of proteases or nucleases
indicate that DNA, nor protein, is responsible for the me-
chanical integrity of a metaphase chromosome when it is
pulled from its ends. These results are inconsistent with a
continuous protein scaffold at the chromosome axis. Rather,
the integrity of chromosome strucrure requires the complete
chromatin complex of DNA, histone octamers, and nonhis-
tone chromatin-associated proteins.

In situ hybridization experimenrs with several different
fluorescent-labeled probes to the DNA of one chromosome in
human interphase cells support a model in which chromatin is
arranged in large loops. In these experiments, some probe se-
quences separated by millions of base pairs in linear DNA ap-
peared reproducibly very close to one another in interphase
nuclei from different cells of rhe same type (Figure 6-36).
These closely spaced probe sites are postulated to lie close to
regions of chromatin, called scaffoLd-associated regions
/SARs/ or matrix-attacbment regions (MARs), that are lo-
cated at the bases of the DNA loops observed in histone-

pro te in
scaffold

A EXPERIMENTAL FIGURE 6-35 An electron micrograph of a
histone-depleted metaphase chromosome reveals an apparent
scaffold around which the DNA appears to be organized. Long
loops of DNA are visible extending from the nonhistone protein
"scaffold" (the dark structure) that reflects the shape of the metaphase
chromosome However, recent studies indicate that these nonntsrone
proteins do not form a continuous structure solely responsible for
determining the shape of a metaphase chromosome as one might
expect for a true scaffold structure The chromosome was prepared
f rom HeLa cells by treatment with a mild detergent [From I R paulson
andU K  Laemml i ,  1977 ,Ce l l  12 :817  Copy r i gh t l 977 tV [ ]

depleted metaphase chromosomes (see Figure 6-35).
SARs/MARs have been mapped by digesting histone-depleted
chromosomes with restriction enzymes and then recovenng
the fragments that remain associated with the histone-
depleted preparation. The measured distances between probes
are consistent with chromatin loops ranging in size from 1
million to 4 million base pairs in mammalian interphase cells.

In general, SARs/MARs are found between transcription
units, and genes are located primarily within the chromatin
loops. As discussed beloq the loops are tethered at their bases
by a mechanism that does not break the duplex DNA mole-
cule, which extends the entire length of the chromosome. Evi-
dence indicates that SARs/MARs may affect transcription of
neighboring genes. Experiments with transgenic mice indicate
that in some cases SARs/MARs are required for high-level ex-
pression of genes in the vicinity of SARs/MARs. And in
Drosophila, some SARs/MARs function as insulators, that is,
DNA sequences of tens to hundreds of base pairs that insulate
transcription units from each other. Proteins regulating tran-
scription of one gene cannot influence the transcription of a
neighboring gene that is separated from it by an insulator.

Loops
of
DNA
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  EXPERIMENTAL FIGURE 5-36 Fluorescent-labeled probes
hybridized to interphase chromosomes demonstrate chromatin
loops and permit their measurement. In situ hybridization of
interphase cells was carried out with several different orobes soecific
for sequences separated by known distances in l inear, cloned DNA
Lettered red circles represent probes. Measurement of the distances
between different hybridized probes, which could be distinguished
by their color, showed that some sequences (e.g., A, B, and C),
separated from one another by mill ions of base pairs, appear located
near one another within nuclei For some sets of sequences, the
measured distances in nuclei between one probe (e g , C) and
sequences successively farther away init ially appear to increase (e g ,
D, E, and F) and then appear to decrease (e g , G and H). [Adapted
from H Yokota et al . 1995. J Cell Biol 130:1239 I

Individual interphase chromosomes, which are less con-
densed than metaphase chromosomes, cannot be resolved by
standard microscopy or electron microscopy. Nonetheless, the
chromatin of one chromosome in interphase cells is not spread
throughout the nucleus. Rather, interphase chromatin is organ-
ized into chromosome territories. As illustrated in Figure 6-37,
in situ hybridization of interphase nuclei with chromosome-
specific fluorescent-labeled probes shows that the probes are
visualized within restricted regions of the nucleus rather than
appearing throughout the nucleus. Use of probes specific for
different chromosomes shows that there is little overlap be-
tween chromosomes in interphase nuclei. However, the precise
positions of chromosomes are not reproducible between cells.

Ringlike Structure of SMC Protein Complexes Charac-
terization of proteins associated with metaphase chromosomes
identified a small family of proteins called structwral mainte-
nance of chromosome proteins, or SMC proteins. These non-
histone proteins are critical for maintaining the morphological
structure of chromosomes. In yeast with mutations in certain
SMC proteins chromosome condensation during the prophase
period of mitosis does not occur. Mutants with defects in other
SMC proteins fail to properly associate daughter chromatids
following DNA replication in the S phase. As a result, chromo-
somes do not properly segregate to daughter cells during mito-
sis. Related SMC proteins are required for proper segregation
of chromosomes in bacteria and archaea, indicating that this is
an ancient class of proteins vital to chromosome structure and
segregation in all kingdoms of life.

An SMC monomer contains two globular domains, a

head domain and hinge domain, that are separated by a very

long coiled-coil domain. The head domain is formed from

the N- and C-termini of the polypeptide, which are folded

together in the native protein structure. The hinge domain

forms where the polypeptide folds back on itself. The hinge

domain of one monomer binds to the hinge domain of a sec-

ond monomer, forming a roughly U-shaped dimeric complex
(Figure 6-38a). The head domains of the monomers have

ATPase activity and are linked by members of another small

protein family called kleisins.

Interphase Chromosome Structure Studies have indi-

cated that SMC proteins can link two circular DNA molecules

by a mechanism that does not require direct protein-DNA

binding. Rather, the two DNA molecules are topologically

linked and can be separated by either cleavage of the SMC com-

plex with a protease, or cleavage of one of the circular DNA

molecules by a restriction enzyme. These results, combined with

the U-shaped structure of an SMC complex, suggest that an

SMC complex can link two 30-nm chromatin fibers by encir-

cling both of them as depicted in Figure 6-38b. Using the tech-

nique of chromatin immunoprecipitation, discussed in the next

chapter, researchers have demonstrated that SMC proteins in

yeast interphase cells associate with chromatin primarily at

regions between genes. It is possible that ringlike SMC protein

complexes are "pushed" into these regions by RNA poly-

merases transcribing the regions of chromatin between them.

a EXPERIMENTAL FIGURE 6-37 During interphase, human
chromosomes remain in specific territories in the nucleus. Fixed

interphase human fibroblasts were hybridized in situ to f luorescently

labeled probes specif ic for sequences along the f ull length of human

chromosomes 7 (cyan) and 8 (purple) DNA was stained blue with

DAPI In this diploid cell, each of the two chromosome 7s and two
chromosome 8s can be seen to be restricted to a territory or domain

within the nucleus, rather than stretching throughout the entire

nucleus. [Courtesy of Drs I Solovei and T. Cremerl

/
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  FIGURE 6-38 Models of SMC complexes and their association
with 30-nm chromatin fibers in interphase cells. (a) An SMC protein
complex consists of two monomers, SMC2 (blue) and SMC4 (red),
whose hinge domains associate The head domains, which have ATpase
activity, are Iinked by a kleisin protein, forming a ringlike structure
(b) The ringlike SMC complex topologically links two chromatin fibers
(gray cylinders). The cylinder diameter represents the diameter of a
nucleosome and is to scale relative to the dimensions of the SMC
complex (c) Loops of transcriptionally active chromatin may be tethered
at their base by several SMC complexes, forming a topological knot
[Adapted from K Nasmyth and C H Haering , ZOO5, Ann Rev_ Biochem 74:595]

Based on these various lines of evidence, a recent model
proposes that the long loops of chromatin detected in inter-
phase chromosomes (see Figure 5-36) are tethered at the
base of each loop by several SMC complexes (Figure 6-38c).
These topological knots of SMC proteins and chromatin at
the base of each loop are probably linked together in some
way to produce the apparent protein scaffold shape visual-
ized in histone-depleted metaphase chromosomes (see Fig-
ure 6-35). The linkage may require additional types of
proteins, or may result from linkage of SMC complexes
alone. In either case, the model in Figure 5-38c can explain
why cleavage of the DNA at a relatively small number of
sites leads to rapid dissolution of chromosome srructure,
whereas protease cleavage has only a minor effect on chro-
mosome structure until most of the protein is digested:
When the DNA is cut anywhere in a chromatin loop, the
broken ends can slip through the SMC protein rings, ,.unty-

ing" the topological knots that constrain the loops of chro-
matin. In contrast, most of the individual rings of SMC pro-
teins must be broken before the topological constraints
holding the base of the loops together is released.

Metaphase Chromosome Structure Condensation of
chromosomes during prophase may involve the formation of

many more loops of chromatin, so that the length of each
Ioop is greatly reduced compared with that in interphase
cells. However, the folding of chromatin in metaphase chro-
mosomes is not well understood. Microscopic analysis of
mammalian chromosomes as they condense during prophase
indicates that the 30-nm fiber folds into a 100- to 130-nm
fiber called a chromonema fiber. As depicted in Figure 6-39,
a chromonema fiber then folds into a structure with a diam-
eter of 200-250-nm called a middle prophase chromatid,
which then folds into the 500- to 750,nm diameter chro-
matids observed during metaphase.

Addi t ional  Nonhis tone Prote ins Regulate
Transcript ion and Replication
The total mass of the histones associated with DNA in
chromatin is about equal to that of the DNA. Interphase
chromatin and metaphase chromosomes also contain small
amounts of a complex set of other proteins. For instance,
hundreds to thousands of different transcription factors are
associated with interphase chromatin. The strucrure and
function of these critical nonhistone proteins, which help
regulate transcription, are examined in Chapter 7. Other
low-abundance nonhistone proteins associated with chro-
matin regulate DNA replication during the eukaryotic cell
cycle (Chapter 20).

A few other nonhistone DNA-binding proteins are pres-
ent in much larger amounts than the transcription or repli-
cation factors. Some of these exhibit high mobility during
electrophoretic separation and thus have been designated

30 nm

100-130 nm
(chromonema f iber)

200-250 nm
(middle prophase chromat id)

500-750 nm
(metaphase chromatid)

  FIGURE 6-39 Model for the folding of the 30-nm chromatin
fiber in a metaphase chromosome. This drawing depicts the
sequential folding of a single 30-nm fiber into a single chromatid of
a metaphase chromosome [Adapted from N Kireeva et-al ,2004, J Cell
Biol. 166:775l
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HMG (bigh-mobility group) proteins. !7hen genes encoding
the most abundant HMG proteins are deleted from yeast
cells, normal transcription is disturbed in most genes exam-
ined. Some HMG proteins have been found to bind to DNA
cooperatively with transcription factors that bind to specific
DNA sequences, stabilizing multiprotein complexes that reg-
ulate transcription of a neighboring gene.

Structural Organization of Eukaryotic Chromosomes

r In eukaryotic cells, DNA is associated with about an equal
mass of histone proteins in a highly condensed nucleoprotein
complex called chromatin. The building block of chromatin
is the nucleosome, consisting of a histone octamer around
which is wrapped 1.47 bp of DNA (see Figure 6-29).

r The chromatin in transcriptionally inactive regions of
DNA within cells is thought to exist in a condensed, 30-nm
fiber form and higher-order structures built from it (see
Figures 6-30b and 6-39).

r The chromatin in transcriptionally active regions of DNA
within cells is thought to exist in an open, extended form
(see Figure 6-28a).

r The histone H4 tails, particularly H4 lysine 16, arc rc-
quired for beads-on-a-string chromatin (the 10-nm chro-
matin fiber) to fold into a 30-nm fiber.

r Histone tails can be modified by acetylation, methyla-
tion, phosphorylation, and monoubiquitination (see Fig-
ure 6-31). These modifications influence chromatin struc-
ture by regulating the binding of histone tails to other less
abundant chromatin-associated proteins.

r The reversible acetylation and deacetylation of Iysine
residues in the N-termini of the core histones regulates
chromatin condensation. Proteins involved in transcrip-
tion, replication, and repair, and enzymes like DNaseI can
more easily access chromatin with hyperacetylated histone
tails (euchromatin) than chromatin with hypoacetylated hi-
stone tails (heterochromatin).

r'When metaphase chromosomes decondense during inter-
phase, areas of heterochromatin remain much more con-
densed than regions of euchromatin.

r Heterochromatin protein 1 (HP1) uses a chromodomain
to bind to histone H3 tri-methylated on lysine 9. The chro-
moshadow domain of HP1 also associates with itself and
with the histone methyl transferase that methylates H3 ly-
sine 9. These interactions cause condensation of the 30-nm
chromatin fiber and spreading of the heterochromatic
structure along the chromosome until a boundary element
is encountered (see Figure 6-34).

r One X chromosome in nearly every cell of mammalian
females is highly condensed heterochromatin, resulting in
repression of expression of nearly all genes on the inactive
chromosome. This inactivation results in dosage compen-
sation so that genes on the X chromosome are expressed at
the same level in both males and females.

r Each eukaryotic chromosome contains a single DNA

molecule packaged into nucleosomes and folded into a

3O-nm chromatin fiber, which is associated with a protein

scaffold made up in part of structural maintenance of chro-

mosome (SMC) proteins at sites between transcription

units (see Figure 6-38c). Additional folding of the scaffold

further compacts the structure into the highly condensed

form of metaphase chromosomes (see Figure 6-39).

Wl Morphology and Functional
Elements of Eukaryotic Chromosomes
Having examined the detailed structural organization of

chromosomes in the previous section' we now view them

from a more global perspective. Early microscopic observa-

tions on the number and size of chromosomes and their stain-

ing patterns led to the discovery of many important general

characteristics of chromosome structure. Researchers subse-

quently identified specific chromosomal regions critical to

their replication and segregation to daughter cells during cell

division. In this section we discuss these functional elements

of chromosomes and consider how chromosomes evolved

through rare rcarrangements of ancestral chromosomes.

Chromosome Number, Size, and ShaPe
at Metaphase Are Species-Specif ic

As noted previously in nondividing cells individual chromo-

somes are not visible, even with the aid of histologic stains for

DNA (e.g., Feulgen or Giemsa stains) or electron microscopy.

During mitosis and meiosis, however' the chromosomes con-

dense and become visible in the light microscope. Therefore,

almost all cytogenetic work (i.e., studies of chromosome

morphology) has been done with condensed metaphase chro-

mosomes obtained from dividing cells-either somatic cells

in mitosis or dividing gametes during meiosis'

The condensation of metaphase chromosomes probably

results from several orders of folding of 30-nm chromatin

fibers (see Figure 6-39\. At the time of mitosis, cells have al-

ready progressed through the S phase of the cell cycle and

have replicated their DNA. Consequently, the chromosomes

that become visible during metaphase are duplicated struc-

tures. Each metaphase chromosome consists of two sister

chromatids, which are linked at a constricted region, the cen-

tromere (Figure 5-40). The number, sizes, and shapes of the

metaphase chromosomes constitute the karyotype, which is

distinctive for each species. In most organisms' all cells have

the same karyotype. However, species that appear quite

similar can have very different karyotypes, indicating that

similar genetic potential can be organized on chromosomes

in very different ways. For example, two species of small

deer-the Indian muntjac and Reeves muntjac-contain

about the same total amount of genomic DNA. In one

species, this DNA is organized into 22 pairs of homologous

autosomes and two physically separate sex chromosomes. In

contrast, the other species contains the smallest number of

chromosomes in any mammal, only three pairs of autosomes;
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reagent produces R bands in a pattern that is approximately
the reverse of the G-band pattern. The distinctive banding pat-
terns of each chromosome permit cytologists to identify spe-
cific parts of a chromosome and to locate the sites of chromo-
somal breaks and translocations (Figure 6-42a).In addition,
cloned DNA probes that have hybridized to specific sequences
in the chromosomes can be located in particular bands.

The method of spectral karyotyping or chromosome
painting greatly simplifies differentiating chromosomes of
similar size and shape. This technique, a variation of fluores-
cence in situ hybridization (FISH), makes use of probes spe-
cific for sites scattered along the length of each chromosome.
The probes are labeled with several different fluorescent dyes
with distinct excitation and emission wavelengths. Probes spe-
cific for each chromosome are labeled with a predetermined
fraction of each of the dyes. After the probes are hybridized to
chromosomes and the excess removed, the sample is observed
with a fluorescent microscope in which a detector determines
the fraction of each dye present at each fluorescing position in
the microscopic field. This information is conveyed to a com-
puter, and a special program assigns a false color image to
each type of chromosome. A related technique called mubi-
color FISH can detect chromosomal translocations (Figure 5-
42b). The much more detailed analysis possible with these
techniques permits detection of chromosomal translocations
that banding analysis does not reveal. The photograph at the
beginning of the chapter illustrates the use of multicolor FISH
in preparing the karyotype of a human female.

  FIGURE 6-40 Typical metaphase chromosome. As seen in this
scanning electron micrograph, each chromosome has replicated and
comprises two chromatids, each containing one of two identical DNA
molecules. The centromere, where chromatids are attached at a
constriction, is required for their separation late in mitosis. Special
telomere sequences at the ends function in preventing chromosome
shortening [Andrew Syred/photo Researchers, Inc ]

one sex chromosome is physically separate, but the other is
joined to the end of one autosome.

During Metaphase, Chromosomes Can Be
Dist inguished by Banding pat terns
and Chromosome Paint ing
Certain dyes selectively stain some regions of metaphase chro-
mosomes more intensely than other regions, producing charac-
teristic banding patterns that are specific for individual chro-
mosomes. The regularity of chromosomal bands serve as useful
visible landmarks along the length of each chromosome and
can help to distinguish chromosomes of similar size and shaoe.

G bands are produced when metaphase chromoso.., 
"rasubjected briefly to mild heat or proteolysis and then stained

with Giemsa reagenr, . p.r-un.ni DNA dye (Figure 6-41). G
bands correspond to large regions of the human genome that
have an unusually low G + C content. Treatment of chromo-
somes with a hot alkaline solution before staining with Giemsa

  EXPERIMENTAL FIGURE 6-41 G bands produced with Giemsa
stains are useful markers for identifying specific chromosomes.
Shown here are the chromosomes from a human male that were
subjected to brief proteolytic treatment and then staining with
Giemsa reagent. The resulting dark bands at characteristic places are
distinctive for each chromosome. [Courtesy of Sabine Mal, ph D , Manrtoba
Inst i tute of  Cel l  Bio logy,  Canadal
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  EXPERIMENTAL FIGURE 5-42 Chromosomal translocations
can be analyzed using banding patterns and multicolor Fl5H.
C haracteristic chromosomal translocations are associated with certain
genetic disorders and specif ic types of cancers. For example, in nearly
all patients with chronic myelogenous leukemia, the leukemic cells
contain the Philadelphia chromosome, a shortened chromosome 22

[der (22)], and an abnormally long chromosome 9 [der (9)] ("der"

stands for derivative). These result from a translocation between
normal chromosomes 9 and 22 This translocation can be detected
by classical banding analysis (a) and by multicolor FISH (b). IPart (a)

from J Kuby, 1997 , lmmunology, 3d ed, W H Freeman and Company, p

578 Part (b) courtesy of J Rowley and R Espinosa l

Chromosome Paint ing and DNA Sequencing
Reveal the Evolution of Chromosomes

Analysis of chromosomes from different species has provided

considerable insight about how chromosomes evolved. For

example, hybridization of chromosome paint probes for

chromosome 16 of the tree shrew (Tupia belangeri) to tree

shrew metaphase chromosomes revealed the two copies of

chromosome 16, as expected (Figure 6-43a). However, when

the same chromosome paint probes were hybridized to hu-

man metaphase chromosomes, most of the probes hybridized

to the Iong arm of chromosome 10 (Figure 6-43b). Further'

when multiple probes from the long arm of human chromo-

some 10 with different fluorescent dye labels were hybridized

to human chromosome 10 and tree shrew metaphase chro-

mosomes, tree shrew sequences homologous to each of these

probes were found along tree shrew chromosome 16 in the

same order that they occur on human chromosome 10.

These results indicate that during the evolution of hu-

mans and tree shrews from a common ancestor that lived
-85 million years ago, a long, continuous DNA sequence on

one of the ancestral chromosomes became chromosome 16

in tree shrews, but evolved into the long arm of chromosome

10 in humans. The phenomenon of genes occurring in the

same order on a chromosome in rwo different species is re-

ferred to as conserved synteny (derived from Latin for "on

the same ribbon"). The presence of two or more genes in a

common chromosomal region in two or more species indi-

cates a conserved syntenic segment.
The relationships between the chromosomes of many

primates have been determined by cross-species hybridiza-

tions of chromosome paint probes as shown for human and

tree shrew in Figure 6-43a and b. From these relationships

and higher resolution analyses of regions of synteny by DNA

sequencing and other methods, it has been possible to pro-

poie the karyotype of the common ancestor of all primates

based on the minimum number of chromosomal rearrange-

ments necessary to generate the regions of synteny in chro-

mosomes of contemporary primates.

Human chromosomes are thought to have derived from a

common primate ancestor with23 autosomes plus the X and

Y sex chromosomes by several different mechanisms (Fig-

ure 6-43c). Some human chromosomes were derived without

large scale rearrangements of chromosome structure. Others

arethought to have evolved by breakage of an ancestral chro-

mosome into two chromosomes or' conversely, by fusion of

tvvo ancestral chromosomes' Still other human chromosomes

appear to have been generated by exchanges of parts of the

aims of distinct chromosomes, that is, by reciprocal translo-

cation involving two ancestral chromosomes. Analysis of re-

gions of conserved synteny between the chromosomes of

many mammals indicates that chromosomal rearrangements

such as breakage, fusion and translocations occurred rarely in

mammalian evolution, about once every five million years'

\fhen such chromosomal rearrangements did occur, they very

likely contributed to the evolution of new species that cannot

interbreed with the species from which they evolved'

Chromosomal rearrangements similar to those inferred for

ture (i.e., among mammals, among insects with similar body

organization, among similar plants, etc.) and the evolutionary

reLtionships based on the fossil record and on the extent of di-

vergence of DNA sequences for homologous genes is a strong

argument for the validity of evolution as the process that gen-

erated the diversity of contemporary organisms.

P h i l a d e l p h i a
chromosome

der (221

der  (9 )
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Interphase Polytene Chromosomes Arise
by DNA Ampl i f icat ion
The larval salivary glands of Drosopbila species and other
dipteran insects contain enlarged interphase chromosomes
that are visible in the l ight microscope. When f ixed and
stained, these polytene chromosomes are characterized by a
large number of reproducible, well-demarcated bands that
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  EXPERIMENTAL FIGURE 543 Evolution of primate chromo-
somes. (a) Chromosome paint probes for chromosome 16 of the tree
shrew (7f belanger| a primate-like animal distantly related to humans)
were hybridized (yellow) to tree shrew metaphase chromosomes (red).
These probes "painted" the entirety of both copies of chromosome 16
(b) The same tree shrew chromosome 16 paint probes were hybridized
to human metaphase chromosomes These probes were targety
localized to the long arms of the two chromosome 10s (c) proposed
evolutron of human chromosomes (bottom) from the chromosomes of
the common ancestor of all primates (top) The proposed common
primate ancestor chromosomes are numbered according to their sizes,
with each chromosome represented by a different color. The human
chromosomes are also numbered according to their relative sizes
with colors taken from the colors of the proposed common primate
ancestor chromosomes from which they were derived Small numbers
to the right of the colored regions of the human chromosomes indicate
the number of the ancestral chromosome from which the regron
was derived. Human chromosomes were derived from the proposed
chromosomes of the common pnmate ancestor in severar ways:
without significant rearrangements (e.g , human chromosome 1); by
fusion (e.g , human chromosome 2 by fusion of ancestral
chromosomes 9 and 1 1); breakage (e g , human chromosomes 14 and
15 by breakage of ancestral chromosome 5), and chromosomar
translocations (e 9., human chromosomes 12 and22 by a reciprocal
translocation between ancestral chromosomes 14 and 2j) lparts (a) and
(b) courtesy of Professor Dr. Johannes Weinberg, Institute for Human Genetics
and Anthropology, University of Munich part (c) courtesy of Lutz Froenicke
Ph D , School of Veterinary Medicine, University of California, Davis l

glands (Figure 6-44b). Chromosomal translocarions and in-
versions also are readily detectable in polytene chromosomes,
and specific chromosomal proteins can be localized on inter-
phase polytene chromosomes by immunostaining with spe-
cific antibodies raised against them (see Figure 7-11). Insect
polytene chromosomes offer one of the only experimental

(c )
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> EXPERIMENTAT FIGURE 644 Banding on Drosophila polytene
salivary gland chromosomes and in situ hybridization are used
together to localize gene sequences. (a) In this light micrograph of
Drosophila melanogaster larval salivary gland chromosomes, four
chromosomes can be observed (X, 2, 3, and 4), with a total of approxi-
mately 5000 distinguishable bands. The banding pattern results from
reproducible packing of DNA and protein within each amplified site
along the chromosome. Dark bands are regions of more highly com-
oacted chromatin The centromeres of all four chromosomes often
appear fused at the chromocenter The tips of chromosomes 2 and 3 are
labeled (L : left arm; R : right arm), as is the tip of the X chromosome.
(b) A particular DNA sequence can be mapped on Drosophila salivary
gland chromosomes by in situ hybridization. This photomicrograph
shows a portion of a chromosome that was hybridized with a cloned
DNA sequence labeled with biotin-derivatized nucleotides. Hybridization
is detected with the biotin-binding protein avidin that is covalently
bound to the enzyme alkaline phosphatase On addition of a soluble
substrate, the enzyme catalyzes a reaction that results in formation of
an insoluble colored precipitate at the site of hybridization (asterisk).
Since the very reproducible banding patterns are characteristic of each
Drosophila polytene chromosome, the hybridized sequence can be
located on a particular chromosome The numbers indicate major bands
Bands between those indicated are desrgnated with numbers and letters
(not shown). [Part (a) courtesy of J Gall Part (b) courtesy of F. Pignoni ]

systems in all of nature where such immuno-localization stud-
ies on decondensed interphase chromosomes are possible.

A generalized amplification of DNA gives rise to the poly-

tene chromosomes found in the salivary glands of Drosophila.
This process, termed polytenizatioin, occurs when the DNA re-
peatedly replicates everywhere except at the telomeres and cen-
tromere, but the daughter chromosomes do not separate. The

result is an enlarged chromosome composed of many parallel

copies of itself (Figure 6-45). The amplification of chromosomal
DNA greatly increases gene copy number, presumably to supply

sufficient mRNA for protein synthesis in the massive salivary
gland cells. Although the bands seen in G-banded human
metaphase chromosomes probably represent very long folded

or compacted stretches of DNA containing about 10' base
pairs, the bands in Drosophila polytene chromosomes represent

much shorter stretches of only 50,000-100,000 base pairs.

Three Functional Elements Are Required
for  Repl icat ion and Stable Inher i tance
of Chromosomes
Although chromosomes differ in length and number between

species, cytogenetic studies have shown that they all behave

similarly at the time of cell division. Moreover, any eukaryotic
chromosome must contain three functional elements in order

to replicate and segregate correctly: (1) replication origins at

which DNA polymerases and other proteins initiate synthesis

of DNA (see Figures 4-31 and a.33); (2) the centromere' the

constricted region required for proper segregation of daughter

chromosomes; and (3) the two ends, or telomeres. The yeast

transformation studies depicted in Figure 6-45 demonstrated

the functions of these three chromosomal elements and estab-

lished their importance for chromosome function.
As discussed in Chapter 4, replication of DNA begins

from sites that are scattered throughout eukaryotic chromo-

somes. The yeast genome contains many -100-bp sequences'

caIIed autonomously replicating sequences (ARSs/, that act as

replication origins. The observation that insertion of an ARS

into a circular plasmid allows the plasmid to replicate in yeast

cells provided the first functional identification of origin se-

quences in eukaryotic DNA (see Figure 6-46a).

Even though circular ARS-containing plasmids can repli-

cate in yeast cells, only about 5-20 percent of progeny cells

contain the plasmid because mitotic segregation of the plas-

mids is faulty. However, plasmids that also carry a CEN

sequence, derived from the centromeres of yeast chromosomes'

A FIGURE 645 The Pattern of generalized DNA amplification of

one polytene chromosome during five replications' Double-stranded

DNA is represented by a single line' During polytenization, telomere and

centromere DNA are not amplified and the daughter chromosomes do

not separate. In salivary gland polytene chromosomes, each parental

chromosome undergoes -10 replications (210 : 1024 strands)' [Adapted

from C D Laird et al, 1973, Cold Spring Harbor Symp Quant' Biol' 38:31 1 l

( a )

Chromocenter
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A EXPERIMENTAL FIGURE 6-46 yeast transfection
experiments identify the functional chromosomal elements
necessary for normal chromosome replication and
segregation. In these experiments, plasmids containing the IEU
gene from normal yeast cells are constructed and introduced into
/eu cells by transfection. lf the plasmid is maintained in the /eu-
cells, they are transformed to LEU* by the LEU gene on the
plasmid and can form colonies on medium lackino leucrne.
(a) Sequences that allow autonomous replication inns) of .
plasmid were identif ied because their insertion into a plasmid
vector contatning a cloned LEU gene resulted in a high frequency
of transformation to IEU* However, even plasmids with ARS
exhibit poor segregation during mitosis, and therefore do not
appear in each of the daughter cells. (b) When randomlv broken

pieces of genomic yeast DNA are inserted into plasmros
containing ARS and LEU, some of the subsequently transfected
cells produce large colonies, indicating that a high rate of mitotic
segregation among their plasmids is facil i tating the continuous
growth of daughter cells. The DNA recovered from plasmids in
these large colonies contains yeast centromere (CEN)
sequences. (c) When /eu- yeast cells are transfected with
l inear ized p lasmids conta in ing tEU, ARS, and CEN, no colonies
grow. Addition of telomere (TEL) sequences to the ends of the
linear DNA gives the l inearized plasmids the abil ity to replicate as
new chromosomes that behave very much like a normal
chromosome in both mitosis and meiosis. [See A W Murray and
J W, Szostak, 1983, Nature 305:89, and L Clarke and J. Carbon. 1985.
Ann Rev. Genet 19i29 l
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A FIGURE 6-47 Yeast centromere (CEN) sequence. The
consensus yeast CEN sequence shown here, based on analysis of
centromeres from 10 different S. cerevisiae chromosomes, includes
three conserved regions Region l l, although variable in sequence, is

segregate equally or nearly so to both mother and daughter
cells during mitosis (see Figure 6-46b1.

If circular plasmids containing an ARS and CEN sequence
are cut once with a restriction enzyme) the resulting linear
plasmids do not produce LEU, colonies unless they contain
special telomeric (TEL) sequences ligated to their ends (see

Figure 6-46c). The first successful experiments involving

transfection of yeast cells with linear plasmids were achieved
by using the ends of a DNA molecule that was known to repli-

cate as a linear molecule in the ciliated protozoan Tetrahy-
mena. During part of the life cycle of Tetrahymena, much of

the nuclear DNA is repeatedly copied in short pieces to form

a so-called macronucleus. One of these repeated fragments
was identified as a dimer of ribosomal DNA, the ends of

which contained a repeated sequence (G+Tzl".\fhen a section
of this repeated TEL sequence was ligated to the ends of linear

yeast plasmids containing ARS and CEN, replication and
good segregation of the linear plasmids occurred.

Centromere Sequences Vary Greatly in Length

Once the yeast centromere regions that confer mitotic segrega-
tion were cloned, their sequences could be determined and com-
pared, revealing three regions (I, II, and III) that are conserved
among different chromosomes (Figure 6-47). Short, fairly well

conserved nucleotide sequences are present in regions I and III.

Although region II seems to have a fairly constant length, it con-

tains no definite consensus sequence; however, it is rich in A and

T residues. Regions I and III are bound by proteins that interact

with a set of more than 30 other proteins, which in turn bind to

microtubules. As a result of these interactions, each of the S.

cereuisiae chromosomes becomes attached to one microtubule

of the spindle apparatus during mitosis. Region II is bound to a

nucleosome that has a variant form of histone H3 replacing the

usual H3. Centromeres from all eukaryotes similarly are bound

by nucleosomes with this specialized, centromere-specific form

of histone H3, called CENP-A in humans, that is essential for

centromere function. S. cereuisiae has by far the simplest cen-

tromere sequence known in nature.
In the fission yeast S. pombe, centromeres are :40 kb in

length and are composed of repeated copies of sequences sim-

ilar to those in S. cereuisiae centromeres. Multiple copies of

proteins homologous to those that interact with S. cereuisiae

centromeres bind to these complex S. pombe centromeres

and in turn bind the much longer S. pombe chromosomes to

several microtubules of the mitotic spindle apparatus. In

plants and animals, centromeres are megabases in length and

are composed of multiple repeats of simple-sequence DNA.

In humans, centromeres contain 2t to 4-megabase arrays of a

771-bp simple-sequence DNA called alphoid DNA that is

fairly constant in length and is rich in A and T residues. Yeast

chromosomes are quite short and their CEN sequences are slmpler

than those in other eukaryotes [See L Clarke and J Carbon, 1985, Ann

Rev. Genet 19:291

bound by nucleosomes containing the CENP-A histone H3

variant, as well as other repeated simple-sequence DNA.

In higher eukaryotes, a complex protein structure called

the kinetochore assembles at centromeres and associates with

multiple mitotic spindle fibers during mitosis. Homologs of

most of the centromeric proteins found in the yeasts occur in

humans and other higher eukaryotes and are thought to be

components of kinetochores. The role of the centromere and

prot;ins that bind to it in the segregation of sister chromatids

during mitosis is described in Chapters 18 and 20.

Addit ion of Telomeric Sequences by Telomerase

Prevents Shortening of Chromosomes

Sequencing of telomeres from multiple organisms, including hu-

mans, has shown that most are repetitive oligomers with a high

G content in the strand with its 3' end at the end of the chro-

mosome. The telomere repeat sequence in humans and other

vertebrates is TTAGGG. These simple sequences are repeated at

the very termini of chromosomes for a total of a few hundred

base pairs in yeasts and protozoans, and a few thousand base

pairs in vertebrates. The 3' end of the G-rich strand extends

12-16 nucleotides beyond the 5' end of the complementary C-

rich strand. This region is bound by specific proteins that protect

the ends of linear chromosomes from attack by exonucleases'

The need for a specialized region at the ends of eukaryotic

would be shortened at each cell division.

The problem of telomere shortening is solved by an enzyme

that addi telomeric (TEL) sequences to the ends of each chro-

mosome. The enzyme is a protein-RNA complex called telo-

mere terminal transferase, ot telomerase. Because the sequence

of the telomerase-associated RNA, as we will see, serves as the
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Focus Animation: Telomere Replication fl l tt
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< FIGURE 6-48 Standard DNA replication leads to loss of DNA
at the 5' end of each strand of a l inear DNA molecule.
Replication of the right end of a l inear DNA is shown; the same
process occurs at the left end (shown by inverting the figure) As the
replication fork approaches the end of the parental DNA molecule,
the leading strand can be synthesized all the way to the end of the
parental template strand without the loss of deoxyribonucleotides.
However, since synthesis of the lagging strand requires RNA primers,
the right end of the lagging daughter DNA strand would remain as
ribonucleotides which cannot serve as the template for a replicative
DNA polymerase Alternative mechanisms must be uti l ized by cells
(and viruses with l inear DNA genomes) to prevent successive
shortening of the lagging strand with each round of replication.

Drosopbila species maintain telomere lengths by the regu-
lated insertion of non-LTR retrotransposons into telomeres.
This is one of the few instances in which a mobile element
has a specific function in its host organism. I

Morphology and Functional Elements
of Eukaryotic Ch romosomes

r During metaphase, eukaryotic chromosomes become
sufficiently condensed that they can be visualized individu-
ally in the light microscope.

r The chromosomal karyotype is characteristic of each
species. Closely related species can have dramatically dif-
ferent karyotypes, indicating that similar genetic informa-
tion can be organized on chromosomes in different ways.
r Banding analysis and chromosome painting are used to
identify the different human metaphase chromosomes and
to detect translocations and deletions (see Figure 6-42).
r Analysis of chromosomal rearrangements and regions of
conserved synteny between related species allows scientists
to make predictions about the evolution of chromosomes
(see Figure 6-43c). The evolutionary relationships between
organisms indicated by these studies are consistent with
proposed evolutionary relationships based on the fossil
record and DNA sequence analysis.

The highly reproducible banding patterns of polytene
romosomes make it possible to localize cloned Drosophila

DNA on a Drosophila chromosome by in situ hybridization
(see Figure 6-44) andto visualize chromosomal deletions and
rearrangements as changes in the normal pattern of bands.
r Three types of DNA sequences are required for a long
linear DNA molecule to function as a chromosome: a reoli-
cation origin, called ARS in yeast; a centromere (CEN) se-
quence; and two telomere (TEL) sequences at the ends of
the DNA (see Figure 5-46).

mutated RNA sequence to the ends of telomeric primers. Thus
telomerase is a specialized form of a reverse transcriptase that
carries its own internal RNA template to direcr DNA synthesis.

Figure 6-49 depicts how telomerase, by reverse tran-
scription of its associated RNA, elongates the 3, end of the
single-stranded DNA at the end of the G-rich srrand men-
tioned above. Cells from knockout mice that cannot produce
the telomerase-associated RNA exhibit no telomerase activ-
ity, and their telomeres shorten successively with each cell
generation. Such mice can breed and reproduce normally for
three generations before the long telomere repeats become
substantially eroded. Then, the absence of telomere DNA re-
sults in adverse effects, including fusion of chromosome ter-
mini and chromosomal loss. By the fourth generation, the
reproductive potential of these knockout mice declines, and
they cannot produce offspring after the sixth generation.

The human genes expressing the telomerase protein
and the telomerase-associated RNA are active in germ

cells and stem cells, but are turned off in most cells of adult
tissues that replicate only a limited number of times, or will
never replicate again (such cells are called postmitotic).
However, these genes are activated in most human cancer
cells, where telomerase is required for the multiple cell
divisions necessary to form a tumor. This phenomenon has
stimulated a search for inhibitors of human telomerase as
potential therapeutic agents for treatrng cancer.

While telomerase prevents telomere shortening in
most eukaryotes, some organisms use alternative strategies.

r Telomerase, a protein-RNA complex, has a special re-
verse transcriptase activity that completes replication of
telomeres during DNA synthesis (see Figure 6-49).In the
absence of telomerase, the daughter DNA strand resulting
from lagging-strand synthesis would be shortened at each

Lagg ing  s t rand
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l l l l) pe6us Animation: Telomere Replication

Catalyt ic si te for dNTP addit ion

5',
In l

I l  I  Translocation and hybridization
I

Y

< FIGURE 649 Mechanism of action of telomerase. The single-

stranded 3' terminus of a telomere is extended by telomerase,

counteracting the inability of the DNA replication mechanism to

synthesize the extreme terminus of linear DNA. Telomerase elongates

this single-stranded end by a reiterative reverse-transcription

mechanism. The action of the telomerase from the protozoan

Oxytricha, which adds a TaGa repeat unit, is depicted; other

telomerases add slightly different sequences. The telomerase contains

an RNA template (red) that base-pairs to the 3' end of the lagging-

strand template. The telomerase catalytic site (green) then adds

deoxyribonucleotides (blue) using the RNA molecule as a template; this

reverse transcription proceeds to position 35 of the RNA template
(step tr). The strands of the resulting DNA-RNA duplex are then

thought to slip relative to each other, leading to displacement of a single-

stranded region of the telomeric DNA strand and to uncovering of part

of the RNA template sequence (step E) The lagging-strand telomeric

sequence is again extended to position 35 by telomerase, and the

DNA-RNA duplex undergoes translocation and hybridization as before
(steps B and 4). Telomerases can add multiple repeats by repetition

of steps B and El. DNA polymerase a-primase can prime synthesis of

new Okazaki fragments on this extended template strand The net

result prevents shortening of the lagging strand at each cycle of DNA

replication. [Adapted from D Shippen-Lentz and E H Blackburn, 1990, Nature

2471550 |

The human genome sequence is a goldmine for new discover-

ies in molecular cell biology in identifying new proteins that

terization of cDNA copies of mRNAs isolated from the hun-

dreds of human cell types, will likely lead to the discovery of

new proteins, to a better understanding of biological processes,

and may lead to applications in medicine and agriculture'

We have seen that although most transposons do not

function directly in cellular processes' they have helped to

history. Large numbers of these interspersed repeats are
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polymorphic within populations, occurring at a particular
site in some individuals and not others. Individuals sharing
an insertion at a particular site descended from a common
ancestor that developed from an egg or sperm in which that
insertion occurred. The time elapsed from the initial inser-
tion can be estimated by the differences in sequences of the
element that arose from the accumulation of random muta-
tions. Analysis of retrotransposon polymorphisms will un-
doubtedly add immensely to our understanding both of hu-
man migrations since Homo sapiens first evolved, as well as
the history of contemporary populations.

Key Terms

4. Mobile DNA elements that can move or transpose to a
new site directly as DNA are called DNA transposons. De-
scribe the mechanism by which a bacterial DNA transposon,
called an insertion sequence, can transpose.

5. Retrotransposons are a class of mobile elements that
transpose via a RNA intermediate. Contrast the mechanism
of transposition between retrotransposons that contain long
terminal repeats (LTRs) and those that lack LTRs.

6. Discuss the role that transposons may have played in the
evolution of modern organisms. !7hat is exon shuffling? What
role do transposons play in the process of exon shuffling?

7. Mitochondria contain their own DNA molecules. Describe
the types of genes encoded in the mitochondrial genome. How do
the mitochondrial genomes of plants, fungi, and animals differ?

8. Mitochondria and chloroplasts are thought to have
evolved from symbiotic bacteria present in nucleated cells. Re-
view the experimental evidence that supports this hypothesis.

9. Why is screening of sequence databases for genes based on
the presence of ORFs (open reading frames) more useful for
bacterial genomes than for eukaryotic genomes?\Jfhat are par-
alogous and orthologous genes? What are some of the expla-
nations for the finding that humans are a much more complex
organism than the roundworm C. elegans, yet have only fewer
than one and a half as many genes (25,000 versus 18,000)?
10. The DNA in a cell associates with proteins to form chro-
matin. What is a nucleosome? What role do histones play in
nucleosomes? How are nucleosomes arranged in condensed
30-nm fibers?

11. Vhat post-translation modifications of histones are
associated with transcribed genes (euchromatin) and with re-
pressed genes (heterochromatin)? What protein is associated
with heterochromatin in most eukaryotes? How does this affect
heterochromatin formation over a region of a chromosome?
12. Describe the general organization of a eukaryotic chro,
mosome. 

'Sfhat 
structural role do scaffold-associated regions

(SARs) or matrix artachment regions (MARs) play? rX/here
are genes primarily located relative to chromosome structure?
13. FISH is a powerful diagnostic tool readily used by cyto,
geneticists. \fhat is FISH? Briefly describe how it is used to
charaaerize chromosomal translocations associated with
certain genetic disorders and specific types of cancers.
14. Metaphase chromosomes can be identified by character-
istic banding paterns. What are G bands and R bands?
\fhat is chromosome painting, and how is this technique
useful? How can chromosome paint probes be used to 

"rru-lyze the evolution of mammalian chromosomes?
15. Certain organisms contain cells that possess polytene
chromosomes. ril/hat are polytene chromosomes, where are
they found and what function do they serve?
16. Replication and segregation of eukaryotic chromosomes
require three functional elements: replication origins, a cen-
tromere, and telomeres. Describe how these three elements
function. What is the role of telomerase in maintainins chro-
mosome structure?
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1. Cenes can be transcribed into mRNA for protein-coding
genes or RNA for genes such as ribosomal or transfei
RNAs. Define a gene. Describe how a complex transcrip-
tion unit can be alternatively processed to geneiate a variety tf
mRNAs and u l r imate ly  prote ins.
2. Sequencing of the human genome has revealed much

about the organization of genes. Describe the differences
between solitary genes, gene families, pseudogenes, and
tandemly repeated genes.

3. Much of the human genome consists of repetitious DNA.
Describe the difference berween microsatellite and minisatel_
lite DNA. How is this repetitious DNA useful for identifying
individuals by the technique of DNA fingerprinting?
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Analyze the Data

To determine if gene transfer from an organelle genome to the

nucleus can be observed in the laboratory' a chloroplast

transformation vector was constructed that contained two

selectable antibiotic-resistance markers each with its own pro-

moter: the spectinomycin-resistance gene and the kanamycin-
resistance gene (see S. Stegemann et al., 2003, Proc. Ndt'|.

Acad.  Sci .  USA 100:8828-8833).  The spect inomycin-

resistance gene was controlled by a chloroplast promoter,

yielding a chloroplast-specific selectable marker. Plants

grown on spectinomycin are white unless they express the

spectinomycin-resistance gene in the chloroplast. The

kanamycin-resistance gene, inserted into the plasmid adla-

cent to the spectinomycin-resistance gene' was under the

control of a strong nuclear promoter. Tiansgenic, spectinomycin-
resistant tobacco plants were selected following transforma-

tion with this plasmid by identifying green plants grown on

medium with spectinomycin. These plants contain the two

antibiotic-resistance genes inserted into the chloroplast
genome by a recombination eventl however, kanamycin

resistance is not expressed because it is under the control of

a nuclear promoter. These spectinomycin-resistant plants

were grown for multiple generations and used in the follow-

ing studies.

a. Leaves from the spectinomycin-resistant transgenrc
plants were placed in a plant regeneration medium contain-

ing kanamycin. Some of the leaf cells were resistant to

kanamycin, and grew into kanamycin-resistant plants.

Pollen (paternal) from kanamycin-resistant plants was used

to pollinate wild-type (nontransgenic) plants. In tobacco, no

chloroplasts are inherited from pollen. The resulting seeds

were germinated on media with and without kanamycin.

Half of the resulting seedlings were kanamycin resistant.

lfhen these kanamycin-resistant plants were allowed to self-

pollinate, the offspring exhibited a 3:1 ratio of kanamycin-

resistant to sensitive phenotypes. \[hat can be deduced from

these data about the location of the kanamycin-resistance
gene?

b. To determine if transfer of the kanamycin-resistance
gene to the nucleus was mediated via DNA or an RNA

intermediate, DNA was extracted from 10 seedling plants

germinated from seeds produced by a wild-type plant polli-

nated with a kanamycin-resistant plant. The 10 seedling

plants, numbered 1-10 in the corresponding gel lanes in the

figure below, consist of 5 kanamycin-resistant (+) and 5

kanamycin-sensitive (-) plants. Each DNA sample was

subjected to PCR analysis using primers to amplify the

kanamycin-resistance gene (gel at left) or the spectinomycin-

resistance gene (gel at right). The lane marked M shows

molecular weight markers. -What does the correspondence

between the presence or absence of PCR products gener-

ated in the same plant with both sets of primers suggest

about the mode of transfer of the kanamycin gene to the

nucleus?

c. V4ren the original transgenic plants, which were se-

lected on spectinomycin but not on kanamycin, were used to

pollinate wild-type plants, none of the offspring were kanamycin

iesistant. !7hat can be deduced from these observations?
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CHAPTER

TRANSCRIPTIONAL
CONTROL OF GENE
EXPRESSION

coded into a particular protein, are reviewed in Chapter 4'

newly formed RNA transcripts, which function as mRNA

Drosophila polytene chromosomes stained with antibodies against
a chromatin remodeling ATPase called Kismet (blue), RNA
polymerase ll wrth low CTD phosphorylation (red), and RNA
polymerase ll with high CTD phosphorylation (green) [Courtesy of
John Tamkun; see S Srinivasan et al , 2005, Development 132:1623 I

I n previous chapters we have seen that the properties and

I functions of each cell type are determined by the proteins it

I contains. In this and the next chapter, we consider how the

kinds and amounts of the various proteins produced by a

particular cell type in a multicellular organism are regulated.

This regulation of gene expression is the fundamental
process that controls the development of a multicellular or-

ganism such as ourselves from a single fertilized egg cell into

the thousands of cell types from which we are made. 
'W'hen

gene expression goes awr5 cellular properties are altered, a

process that all too often leads to the development of cancer.

As discussed further in Chapter 25, genes encoding proteins

that restrain cell growth are abnormally repressed in cancer

cells, whereas genes encoding proteins that promote cell

growth and replication are inappropriately activated in can-

cer cells. Abnormalities in gene expression also result in de-

velopmental defects such as cleft pallet' tetrology of Fallot (a

common, serious developmental defect of the heart that can

be treated surgically), and many others. Regulation of gene

expression also plays a vital role in bacteria and other single-

celled microorganisms, where it allows cells to adjust their

enzymatic machinery and structural components in response

to their changing nutrit ional and physical environment.

Consequently, to understand how microorganisms respond

to their environment and how multicellular organisms nor-

mally develop, as well as how pathological abnormalities of

gene expression occur, it is essential to understand the mo-

lecular interactions that control protein production.
The basic steps in gene expression, i.e.' the entire process

whereby the information encoded in a particular gene is de-
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without further modification. In eukaryotes. however. the ini-
tial RNA transcript is subyected ,o pio..rring that yields a
functional mRNA (see Figure 4-15). The mRNA then is
transported from its site of synthesis in the nucleus to the cy-
toplasm, where it is translated into protein with the aid of ri-
bosomes, tRNAs, and translation factors (see Figure 4-25).

TheoreticallS regulation at any one of the various steps
in gene expression outlined above could lead to differential
production of proteins in different cell types or developmen-
tal stages or in response to external conditions. Although
examples of regulation at each step in gene expression have
been found, conrrol of transcription init iation-the first
step-is the most important mechanism for determining
whether most genes are expressed and how much of the en-
coded mRNAs and, consequently, proteins are produced.
The molecular mechanisms that regulate transcription initi-
ation are critical to numerous biological phenomena, includ-
ing the development of a multicellular organism from a sin-
gle ferti l ized egg cell as mentioned above, the immune
responses that protect us from pathogenic microorganisms,
and neurological processes such as learning and memory.
Vhen these regulatory mechanisms controlliig transcription
function improperly, pathological processes may occur. For
example, reduced activity of the pax6 gene causes aniridia,
failure to develop an iris. Pax6 is a transcription factor that
normally regulates transcription of genes involved in eye de-
velopment (see Figure 1-26e).In other organisms, mutarions
of transcription factors cause an extra pair of wings to de-
velop in  Drosophi la  (see Figure 2Z-31) , th"ng.  the i t ructure
of flowers in plants (see Figure 22-36), and are responsible
for multiple other developmental abnormalit ies.

Transcription is a complex process involving many lay_
ers of regulation. In this chapter, we focus on the molecular
events that determine when transcription of a gene occurs.
First, we consider the relatively basic mechanisms of gene
expression in bacteria, where repressor and activator pro_

teins recognize and bind to specific regions of DNA to con-
trol the transcription of a nearby gene. The remainder of the
chapter focuses on eukaryotic transcription regulation and
how the basic tenets of bacterial regulation are applied in
more complex ways in higher organisms. Figure 7-1. pro-
vides an overview of eukaryotic gene regulation and the
processes outlined in this chapter. \Ve discuss how specific
DNA sequences function as transcription-control regions
by serving as the binding sites for transcription factors (re-
pressors and activators) and how the RNA polvmerases re-
sponsible for transcription bind ,o pro-ot.. sequences ini-
tiate the synthesis of an RNA molecule complement ary to
template DNA. Next, we consider how activators and re-
pressors influence transcription through interactions with
large, multiprotein complexes. Some of these multiprotein
complexes modify chromatin condensation, altering access
of chromosomal DNA to transcription factors and RNA
polymerases. Other complexes influence the rate at which
RNA polymerase binds to DNA at the site of transcription
initiation, as well as the frequency of initiation. Then we
discuss how transcription of specific genes can be specified
by particular combinations of the -2,000 transcription fac-
tors encoded in the human genome, giving rise to cell-type-
specific gene expression. rWe also further consider the vari-
ous ways in which the activit ies of transcription factors
themselves are controlled to ensure genes are expressed only
at the right time and in the right place. Finally, we'll exam-
ine control of transcription elongation and termination and
the transcription of nonprotein-coding RNAs. RNA pro-
cessing and various post-transcriptional mechanisms for
controlling eukaryotic gene expression are covered in the

> FIGURE 7-1 Overview of eukaryotic
transcript ion control.  Activator proteins bind to
specif ic DNA control elements in chromatin and
interact with mult iprotein co-activator machines,
such as mediator, to decondense chromatin and
assemble RNA polymerase and general
transcript ion factors on promoters Inactive genes
are assembled into regions of condensed
chromatln that lnhibit  RNA polymerases and their
assocrated general transcript ion factors (GTFs)
from interacting with promoters Alternatively,
repressor proteins bind to other control elements
to inhibit  rnit iat ion by RNA porymerase ano
interact with mult iprotein co-repressor complexes
to condense chromatin
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Jn Control of Gene Expression
in Bacteria
Since the structure and function of a cell are determined by
the proteins it contains, the control of gene expression is a
fundamental aspect of molecular cell biology. Most commonly,
the "decision" to initiate transcription of the gene encoding
a particular protein is the major mechanism for controlling
production of the encoded protein in a cell. By controlling
transcription initiation, a cell can regulate which proteins it
produces and how rapidly. 

'When 
transcription of a gene is

repressed, the corresponding mRNA and encoded protein or
proteins are synthesized at low rates. Conversely, when tran-
scription of a gene is actiuated, both the mRNA and encoded
protein or proteins are produced at much higher rates.

In most bacteria and other single-celled organisms, gene

expression is highly regulated in order to adjust the cell's en-
zymatic machinery and structural components to changes in

the nutritional and physical environment. Thus, at any given

time, a bacterial cell normally synthesizes only those pro-

teins of its entire proteome required for survival under the
particular conditions. Here we describe the basic features of
transcription control in bacteria, using the lac operon and
the glutamine synthetase gene in E. coli as our primary ex-
amples. Many of the same processes, as well as others, are
involved in eukaryotic transcription control, which is the
subject of the remainder of this chapter.

Transcript ion Init iat ion by Bacterial RNA
Polymerase Requires Association with a
Sigma Factor

ln E. coli, about half the genes are clustered into operons,
each of which encodes enzymes involved in a particular

metabolic pathway or proteins that interact to form one
multisubunit protein. For instance, the trp operon discussed
in Chapter 4 encodes five enzymes needed in the biosynthe-
sis of tryptophan (see Figure 4-13). Similarly the lac operon
encodes three enzymes required for the metabolism of lac-
tose, a sugar present in milk. Since a bacterial operon is tran-

scribed from one start site into a single mRNA, all the genes

within an operon are coordinately regulated; that is, they are

all activated or repressed to the same extent.
Transcription of operons, as well as of isolated genes, is

controlled by an interplay between RNA polymerase and

specific repressor and activator proteins. In order to initiate

transcription, however, E. coli RNA polymerase must be as-

sociated with one of a small number of o (sigma) factors.
The most common one in eubacterial cells is oto. oto bi.tds

to RNA polymerase and to promoter DNA sequences, bring-
ing the RNA polymerase enzyme to a promot r. o70 recog-

nizes and binds to both a six-base pair sequence centered at
-1,0 and a seven-base pair sequence centered at -35 from

the +1 transcription start. Consequently, the -10 plus the
-35 sequence constitute a promoter for E. coli RNA poly-

merase associated with o70 (see Figure 4-10b). Although the
promoter sequences contacted by o'o are located at -35 and

- 10, E. coll RNA polymerase binds to the promoter region

DNA from:-50 to:*20 through interactions with DNA

that do not depend on the sequen cr. o'0 also assists the RNA

polymerase in separating the DNA strands at the transcrip-

tion start site and inserting the coding strand into the active

site of the polymerase so that transcription starts at +1 (see

Figure 4-11, step 2).The optimal o7O-RNA polymerase pro-

moter sequence, determined as the consensus sequence of

multiple strong promoters, is:

a16trQ,\1- 1 5 -17 bp-1a-t66t

The size of the font indicates the importance of that base at this

position. The sequence shows the strand of DNA that has the

same 5'-+3' orientation as the transcribed RNA (i.e., the non-

template strand). However, the o7O-RNA polymerase initially

binds to double-stranded DNA. After the polymerase tran-

scribes a few tens of base pairs, o70 is released. Thus o7o acts as

an initiation factor required for transcription initiation but not

for RNA-strand elongation once initiation has taken place.

Init iat ion of lac Operon Transcript ion Can Be

Repressed and Activated

When E. coli is in an environment that lacks lactose' synthe-

sis of lac mRNA is repressed so that cellular energy is not

wasted synthesizing enzymes the cells cannot use. In an envi-

ronment containing both lactose and glucose, E- coli cells

preferentially metabolize glucose, the central molecule of

carbohydrate metabolism. Lactose is metabolized at a high

rate only when lactose is present and glucose is largely de-

pleted from the medium. This metabolic adjustment is

achieved by repressing transcription of the lac operon until

lactose is present and allowing synthesis of only low levels of

/ac mRNA until the cytosolic concentration of glucose falls

to low levels. Transcription ofthe lac operon under different

conditions is controlled by lac tepressor and catabolite acti-

vator protein (CAP) (also called CRP for catabolite /eceptor

protein), each of which binds to a specific DNA sequence in

the lac transcription-control region (Figure 7-2, top). -^
For transcription of the lacipeton to begin, the o70 sub-

unit of the RNA polymerase must bind to the lac promoter

at the -35 and - 10 promoter sequences. 'When no Iactose is

present, the lac repressor binds to a sequence called the lac

operator, which overlaps the transcription start site' There-

fore, lac repressor bound to the operator site blocks binding

and hence transcription initiation by RNA polymerase (Fig-

ure 7-2a\. -When lactose is present, it binds to specific bind-

ing sites in each subunit of the tetrametic lac repressor, caus-

ing a conformational change in the protein that makes it

diisociate from the lac operatot. As a result, the polymerase

-35 region -10 region
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In fact, the lac operon is more complex than depicted in
the sirnplified model of Figure 7-2. The tetrameric lac re-
pressor actually binds to two sites simultaneously, one at the
primary operator (lacO1) that overlaps rhe region of DNA
bound by RNA polymerase at the promoter and at one of
two secondary operators cenrered at +412 (lacO2) and -82
(lacO3) (Figure 7-3). The /ac repressor tetramer is a dimer of
dimers. Each dimer binds to one operaror. Simultaneous
binding of the tetram eric lac repressor to the prima ry lac op-
erator O1 and one of the two secondary operators is possi-
ble because DNA is quite flexible, as we saw in the wrapping
of DNA around the surface of a histone octomer in the nu-
cleosomes of eukaryotes (Figure 6-29l.These secondary op-
erators function to increase the local concentration of lac re-
pressor in the micro-vicinity of the primary operator where
repressor binding blocks RNA polymerase binding. Since the
equilibrium of binding reactions depends on the concentra-
tions of the binding partners, the resulting increased local
concentration of ldc repressor in the vicinity of Ol increases
repressor binding to OL. There are approximately I0 lac re-
pressor tetramers per E. coli cell. Because of binding to 02
and 03, there is nearly always a /ac repressor tetramer much
closer to 01 than would otherwise be the case if the 10 re-
pressors were diffusing randomly through the cell. If both
02 and 03 are mutated so that the lac repressor no longer
binds to them with high affinity, repression at the lac pro-
moter is reduced by a factor of 70. Mutation of only 02 or
only 03 reduces repression twofold, indicating that either
one of these secondary operators provides most of the stim-
ulation of repression.

Although the promoters for different E. coli genes exhibit
considerable homology, their exact sequences differ. The pro-
moter sequence determines the intrinsic rate at which an
RNA polymerase-o complex initiates transcription of a gene
in the absence of a repressor or activator protein. Promoters
that support a high rate of transcription initiation have -10
and -35 sequences similar to the ideal promoter shown pre-
viously and are called strong promoters. Those that support
a low rate of transcription initiation differ from this ideal se-
quence and are called weak promoters. The lac operon, for
instance, has a weak promoter. Its sequence differs from the
consensus strong promoter at several positions. This low in-
trinsic rate of initiation is further reduced by the lac repressor
and substantially increased by the cAMP-CAP acuvaror.

02l+412]r
+

t
01  (+111

  FIGURE 7-3 Lac repressor-operator interactions. The
tetrameric /ac repressor binds to the primary /ac operator (O /) and
one of two secondary operators (O2 or C.3) simultaneously. The two
structures are in equil ibrrum IAdapted from B Muller-Hil l, 1998, Curr. Op
Microbiol 1:1451

A FIGURE 7-2 Regulation of transcription from the /ac operon
ol E. coli. (Top)The transcription-control region, composed of -100
base pairs, rncludes three protein-binding regions: the CAp site, which
binds catabolite activator protein; the /ac promoter, which binds the
o70-RNA polymerase complex; and the /ac operator, which binds /ac
repressor The /acZgene, the first of three genes in the operon, is
shown to the right (a) In the absence of lactose, very l itt le /ac mRNA
is produced because the /ac repressor binds to the operator, inhibit ing
transcription init iation by,I7o-RNA polymerase. (b) In the presence of
glucose and lactose, /ac repressor binds lactose and dissociates from
the operator, allowing o7o-RNA polymerase to init iate rranscnptton at
a low rate (c) Maxlmal transcription of the /acoperon occurs in the
presence of lactose and absence of glucose In this srtuation, cAMp
increases in response to the low glucose concentration and forms the
CAP-cAMP complex, which binds to the CAp site, where rt interacts
with RNA polymerase to stimulate the rate of transcription init iation

the -35 and - 10 sequences in the lac promorer differ from
the ideal o"'-binding sequences shown previously.

Once glucose is depleted from the media and the intra-
cellular glucose concentration falls, E. coli cells respond by
synthesizing cyclic AMP, or cAMp. As the concentration of
cAMP increases, it binds to a sire in each subunit of the
dimeric CAP protein, causing a conformarional change that
allows the protein to bind to the CAp site in the lac tran-
scription-control region. The bound CAp-cAMp complex
interacts with the polymerase bound to the promoter,
greatly stimulating the rate of transcription init iation. This
activation leads to synthesis of hieh levels of /ac mRNA and
subsequently of the enzymes encoded by the lac operon
(Frgure 7-2c1.

No mRNA t ranscr ip t ion

os (-821
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Smal l  Molecules Regulate Express ion of  Many
Bacter ia l  Genes v ia  DNA-BInding Repressors
and Activators

Transcription of most E. coli genes is regulated by processes
similar to those described for the lac operon, although the
detailed interactions differ at each promoter. The general
mechanism involves a specific repressor that binds to the op-
erator region of a gene or operon, thereby blocking tran-
scription init iation. A small molecule l igand (or l igands)
binds to the repressor, controlling its DNA-binding activity
and consequently the rate of transcription as appropriate for
the needs of the cell. As for the lac operon, many eubacterial
transcription-control regions contain one or more secondary
operators that contribute to the level of represslon.

Specific activator proteins, such as CAP in the lac operon,
also control transcription of a subset of bacterial genes that
have binding sites for the activator. Like CAP, other activators
bind to DNA together with RNA polymerase, stimulating
transcription from a specific promoter. The DNA-binding
activity of an activator can be modulated in response to

cellular needs by binding specific small molecule ligands (e.g.,

cAMP) or by post-translational modifications, such as phos-

phorylation, that alter the conformation of the activator.

Transcript ion Init iat ion from Some Promoters
Requires Alternative Sigma Factors

Most E. coli promoters interact with o7O-RNA polymerase,

the major init iating form of the bacterial enzyme. Tran-

scription of certain groups of genes, however, is initiated by

E. coli RNA polymerases containing one of several alter-

native sigma factors that recognize different consensus pro-

moter sequences than o70 does (Table 7-1). These alternative

o-factors are required for the transcription of sets of genes

with related functions such as those involved in the re-

sponse to heat shock or nutrient deprivation, motility, or

sporulation in gram-positive eubacteria. In E. coli there are

six alternative o-factors in addition to the major "house-

keeping" o-factor, o70. The genome of the gram-positive,

sporulating bacterium Streptomyces coelicolor encodes 63

o-factors, the current record, based on sequence analysis of

PROMOTER IONSENSUS

SIGMA FACTOR PROMOTERS RECt)GNIZED - 35 REGION

TTGACA

TTGACA

TCTCNCCCTTGAA

GAACTT

CTAAA

TTGGAAA

- I O REGION

TATAAT

TAIAAT

CCCCATNTA

TCTGA

CCGATAT

GTAATG

s('

o't2

70

Fo

FecI

Housekeeping genes, most genes in

exponentially replicating cells

Stationary-phase genes and general

stress response

Induced by unfolded proteins in the

cytoplasm; genes encoding
chaperones that refold unfolded
proteins and protease systems
leading to the degradation of
unfolded proteins in the cytoplasm

Activated by unfolded proteins in the

periplasmic space and cell
membrane; genes encoding proteins

that restore integrity to the cellular
envelope

Genes involved in flagellum assembly

Genes required for iron uptake

F
C' -

Genes for nitrogen metabolism and

other functions

Souncr-s: C. A. Gross, M Lonetto, and R. Losick, 1992, rn Transcriptional Regulation, S L. McKnight and K' R, Yamamoto, eds', Cold Spring

Harbo rLabo ra to r yP ress ;D  N .A rnos t i andM.  I .Chamber l i n ,  1 . 989 ,P roc .Na t ' l .Acad .Sc l .USA86 :830 ;K .Tanakae ta l . ,  1993 ,P roc 'Na t ' l '

Acad.  Sci . ,  { /SA 90:3511; C.  Dart igalongue et  a l . ,  2001,J.  Bio l .  Chem.276220866;A. Angerer andV Braun, 1998,Arch'  Microbio l '  169:483'
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  EXPERIMENTAL FTGURE 7-4 DNA looping permits interaction
of bound NtrC and oso-RNA polymerase. (a) Drawing (/eft) and
electron mrcrograph (right) oI DNA restrrction fragment with
phosphorylated NtrC dimers binding to the enhancer region near one
end and oso-RNA polymerase bound to the qtnA promoter near the

nearly 100 eubacterial genomes. Most are structurally and
functionally related to o70. But one class is unrelated, repre-
sented in E. coli by oto. Transcription init iation by RNA
polymerases containing o70-like factors is regulated by re-
pressors and activators that bind to DNA near the region
where the polymerase binds, similar to init iation by ot0-
RNA polymerase i tse l f .

Transcript ion by oto-RNA polymerase ls
Control led by Activators That Bind Far from
the Promoter
The sequence of one E. coli sigma factor, o54, is distinctly
different from that of all the o7o-like facrors. Transcription
of genes by RNA polymerases containing o5a is regulated
solely by activators whose binding sites in DNA, referred to
as enhancers, generally are located 80-160 base pairs up-
stream from the start site. Even when enhancers 

"r. 
-ou.d

more than a kilobase away from a start site, o-5a-activators
can activate transcription.

The best-cha racterized osa-activator-the NtrC protein
(nitrogen regulatory protein C)-stimulates transcription of
the glnA gene. glnA encodes the enzyme glutamine synthetase,

NtrC dimers osa - RNA polymerase

other end (b) Drawing (/eff) and electron micrograph (flght) of the
same fragment preparation showing NtrC dimers and osa-RNA
polymerase binding to each other with the intervening DNA forming
a loop between them [Micrographs from W Su et al , 1990, proc Nat':.
Acad. Sci U5A 87:5505; courtesv of S Kustu I

which synthesizes the amino acid glutamine from glutamic
acid and ammonia. The osa-RNA polymerase binds to the
glnA promoter but does not melt the DNA strands and initi-
ate transcription unti l i t is activated by NtrC, a dimeric
protein. NtrC, in rurn, is regulated by a protein kinase called
NtrB. In response to low levels of glutamine, NtrB phos-
phorylares dimeric NtrC, which then binds to an enhancer
upstream of the glnA promoter. Enhancer-bound phospho-
rylated NtrC then stimulates the osa-polymerase bound at
the promoter to separate the DNA strands and init iate
transcrlptron.

Electron microscopy studies have shown that phospho-
rylated NtrC bound ar enhancers and osa-polymerase bound
at the promoter directly interact, forming a loop in the DNA
between the binding sites (Figure 7-4). As discussed later
in this chapter, this activation mechanism resembles the
predominant mechanism of transcriptional activation in
eukaryotes.

NtrC has MPase activirl, and ATP hydrolysis is required
for activation of bound osa-polymerase by phosphorylated
NtrC. Evidence for this is that mutants with an NtrC
defective in ATP hydrolysis are invariably defective in stimu-
lating the osa-polymerase to melt the DNA strands at the
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transcription start site. It is postulated that AIP hydrolysis
supplies the energy required for melting the DNA strands.
In contrast, the o70-polymerase does not require ATP
hydrolysis to separate the strands at a start site.

Many Bacterial Responses Are Control led by
Two-Component Regulatory Systems

As we have just seen, control of the E. coli glnA gene de-
pends on two proteins, NtrC and NtrB. Such two-
component regulatory systems control many responses of
bacteria to changes in their environment. Another example
involves the E. coli proteins PhoR and PhoB, which regulate
transcription in response to the concentration of free phos-
phate. PhoR is a transmembrane protein, located in the inner
(plasma) membrane, whose periplasmic domain binds phos-
phate with moderate affinity and whose cytosolic domain
has protein kinase activity; PhoB is a cytosolic protein.

Large protein pores in the E. coli outer membrane allow
ions to diffuse freely between the external environment and
the periplasmic space. Consequently, when the phosphate
concentration in the environment falls, it also falls in the
periplasmic space, causing phosphate to dissociate from the
PhoR periplasmic domain, as depicted in Figure 7-5. This
causes a conformational change in the PhoR cytoplasmic do-
main that activates its protein kinase activity. The activated
PhoR initially transfers a 1-phosphate from ATP to a histi-
dine (H) side chain in the PhoR kinase domain itself. The

same phosphate is then transferred to a specific aspartic acid
(D) side chain in PhoB, converting PhoB from an inactive to

an active transcriptional activator. Phosphorylated' active

PhoB then induces transcription from several genes that help

the cell cope with low phosphate conditions.
Many other bacterial responses are regulated by two

proteins with homology to PhoR and PhoB. In each of these

regulatory systems, one protein, called a sensor, contains a

transmitter domain homologous to the PhoR protein kinase

domain. The transmitter domain of the sensor protein is reg-

ulated by a second unique protein domain (e.g., the periplas-

mic domain of PhoR) that senses environmental changes.

The second protein, called a response regulator, contains a

receiver domain homologous to the region of PhoB that is

phosphorylated by activated PhoR. The receiver domain of

the response regulator is associated with a second domain

that determines the protein's function. The activity of this

second functional domain is regulated by phosphorylation

of the receiver domain. Although all transmitter domains are

homologous (as are receiver domains), the transmitter do-

main of a specific sensor protein will phosphorylate only the

receiver domains of specific response regulators, allowing

specific responses to different environmental changes. Note

that NtrB and NtrC, discussed above, function as sensor

and response regulator proteins, respectively, in the two-

component regulatory system that controls transcription of

glnA. Simrlar two-component histidyl-aspartyl phospho-

relay regulatory systems are also found in plants.

Cytoplasm

< FIGURE 7-5 The PhoR/PhoB two-
component regulatory system in E. coli'
In response to low phosphate concentrations In
the environment and periplasmic space, a
phosphate ion dissociates f rom the periplasmic
domain of the inactive sensor protein PhoR.
This causes a conformational change that
activates a protein kinase transmitter domain in
the cytosolic region of PhoR The activated
transmitter domain transfers an ATP ry
ohosohate to a conserved histidine (H) in the
transmitter domain This phosphate is then
transferred to an aspartic acid (D) in the receiver
domain of the response regulator PhoB. Several
PhoB proteins can be phosphorylated by one
activated PhoR. Phosphorylated PhoB proteins
then activate transcription from genes encoding
proteins that help the cell to respond to low
phosphate, including phoA, phoS, phoE, and
ugpB
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Control of Gene Expression in Bacteria

r Gene expression in both prokaryotes and eukaryotes is
regulated primarily by mechanisms that control the initia-
tion of transcription.

r The first step in the initiation of transcription in E. coli
is binding of the o subunit complexed with an RNA poly-
merase to a promoter.

r The nucleotide sequence of a promoter determines its
strength, that is, how frequently different RNA polymerase
molecules can bind and initiate transcription per minute.

r Repressors are proteins that bind to operator sequences,
which overlap or l ie adjacent ro promorers. Binding of a
repressor to an operator inhibits transcription initiation.

r The DNA-binding activity of most bacterial repressors is
modulated by small molecule ligands. This allows bacterial
cells to regulate transcription of specific genes rn response
to changes in the concentration of various nutrients in the
environment and metabolites in the cytoplasm.

r The lac operon and some other bacterial genes also are
regulated by activator proteins that bind next ro promorers
and increase the rate of transcription initiation by RNA
polymerase.

r The major sigma factor in E. coli is o70, but several other
less abundant sigma factors are also found, each recogniz-
ing different consensus promoter sequences.

r Transcription initiation by all E. coli RNA polymerases,
except those containing osa, can be regulated by repressors
and activators that bind near the transcriotion start site
(see Figure 7-2) .

Genes transcribed by osa-RNA polymerase are regu-
ted by activators that bind to enhancers located :100

base pairs upstream from the start site. When the activator
and osa-RNA polymerase interacr, the DNA between their
binding sites forms a loop (see Figure 7-4).

r In two-component regulatory systems, one prorern acts
as a senso! monitoring the level of nutrients or other com-
ponents in the environment. Under appropriate conditions,
the "y-phosphate of an ATP is transferred first to a histidine
in the sensor protein and then to an aspartic acid in a sec-
ond protein, the response regulator. The phosphorylated
response regulator then binds to DNA regulatory se-
quences, thereby stimulating or repressing transcription of
specific genes (see Figure 7-5).

JA Overview of Eukaryotic Gene
Control and RNA Polymerases
In bacteria, gene conrrol serves mainly to allow a single cell to
adjust to changes in its environment so that its growth and di-
vision can be optimized. In multicellular organisms, environ-
mental changes also induce changes in gene expression. An ex-

ample is the response to low oxygen (hypoxia) in which a spe-
cific set of genes is rapidly induced that help the cell survive un-
der the hypoxic conditions. These include secreted angiogenic
proteins that stimulate the growth and penetration of new cap-
illaries into the surrounding tissue. However, the most charac-
teristic and biologically far-reaching purpose ofgene control in
multicellular organisms is execution of the genetic program
that underlies embryological development. Generation of the
many different cell types that collectively form a multicellular
organism depends on the right genes being activated in the
right cells at the right time during the developmental period.

In most cases, once a developmental step has been taken
by a cell, i t is not reversed. Thus these decisions are
fundamentally different from the reversible activation and
repression of bacterial genes in response to environmental
conditions. In executing their genetic programs, many differ-
entiated cells (e.g., skin cells, red blood cells, and antibody-
producing cells) march down a pathway to final cell death,
leaving no progeny behind. The fixed patterns of gene con-
trol leading to differentiation serve the needs of the whole
organism and not the survival of an individual cell. Despite
the differences in the purposes of gene control in bacteria
and eukaryotes, two key features of transcription control
first discovered in bacteria and described in the previous sec-
tion also apply to eukaryotic cells. First, protein-binding reg-
ulatory DNA sequences, or control elements, are associated
with genes. Second, specific proteins that bind to a gene's
regulatory sequences determine where transcription will
start and either activate or repress its transcription. As rep-
resented in Figure 7-1, in multicellular eukaryotes, inactive
genes are assembled into condensed chromatin, which in-
hibits the binding of RNA polymerases and general tran-
scription factors required for transcription initiation. Activa-
tor proteins bind to control elements near the transcription
start site of a gene as well as kilobases away and promote
chromatin decondensation and binding of RNA polymerase
to the promoter. Repressor proteins bind to alternative con-
trol elements, causing condensation of chromatin and inhi-
bition of polymerase binding. In this section, we discuss gen-
eral principles of eukaryotic gene control and point out some
similarities and differences between prokaryotic and eukary-
otic systems. Subsequent sections of this chapter will address
specific aspects of eukaryotic transcription in greater detail.

Regulatory Elements in Eukaryotic DNA Are
Found Both Close to and Many Kilobases Away
from Transcript ion Start Sites
Direct measurements of the transcription rates of multiple
genes in different cell types have shown that regulation of
transcription initiation is the most widespread form of gene
control in eukaryotes, as it is in bacteria. In eukaryotes, as in
bacteria, a DNA sequence that specifies where RNA poly-
merase binds and initiates transcription of a gene is called a
promoter. Transcription from a particular promoter is con-
trolled by DNA-binding proteins that are functionally equiv-
alent to bacterial repressors and activators. Since these tran-
scriptional regulatory proteins can often function either to
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< FIGURE 7-6 Analysis of transcription-control regions of the
mouse Pax6 gene in transgenic mice. (a) Three alternative Pax6
promoters are uti l ized at distinct t imes during embryogenesis in different

specific tissues of the developing embryo Transcription-control regtons

regulating expression oI Pax6 in different tissues are indicated by colored
rectangles The telencephalon-specific control region in intron 1 between

exons O and t has not been mapped to high resolution The other
control regions shown are :200-500 base pairs in length (b) B-
galactosidase expressed in tissues of a mouse embryo with a

B-galactosidase reporter transgene 1 0 5 days after fertilization The
genome of the mouse embryo contained a transgene with B kb of DNA

upstream from exon O fused to the B-galactosidase coding region Lense
pit (LP) is the tissue that wil l develop into the lense of the eye Expression
was also observed in tissue thatwil l develop into the pancreas (p) (c) B-
galactosidase expression in a 13,5-day embryo with a B-galactosidase
reporter gene under control of the sequence in part (a) between exons 4

and 5 marked Retina, Arrow points to nasal and temporal regions of the

developing relina Pax6 transcription-control regions have also been

found :17 kb downstream from the 3' exon in an intron of the
neighboring gene IPart (a) adapted from B Kammendal et al , 1999, Deu Biol

205:79; pats tbr ano tcr: Couflesv of Pete" Grussl

-5-43) containing a B-galactosiddse repotter gene fused to 8

kb of DNA upstream hom Pax6 exon 0, B-galactosidase is

observed in the developing lense, cornea' and pancreas of the

embryo halfway through gestation (Figure 7-6b). Analysis of

transgenic mice with smaller fragments of DNA from this re-

gion allowed the mapping of separate transcription-control

regions regulating transcription in the pancreas and in the

lense and cornea. Transgenic mice with other reporter gene

constructs revealed additional transcription-control regions

(Figure 7-6a). These controlled transcription in the develop-

ing retina and different regions of the brain (encephalon).

Sorne of these transcription-control regions are in introns be-

tween exons 4 and 5 and between exons 7 and 8. For exam-

ple, a reporter gene under control of the region labeled retina

in Figure 7-6a between exons 4 and 5 led to reporter gene

expression specifically in the retina (Figure 7-6c).

Control regions for many genes are found several hun-

dreds of kilobases away from the coding exons of the gene.

Or.re method for identifying such distant control regions is to
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activate or to repress transcription depending on their asso-
ciation with other proteins, they are more generally called
transcription factors. The DNA control elements in eukary-
otic genomes that bind transcription factors often are lo-
cated much farther from the promoter they regulate than is
the case in prokaryotic genomes. In some cases, transcrlp-
tion factors; that regulate expression of protein-coding genes
in higher eukaryotes bind at regulatory sites tens of thou-
sands of base pairs either upstream (opposite to the direc-
tion of transcription) or downstream (in the same direction
as t ranscr ipt ion)  f rom the promoter .  As a resul t  o f  th is
arrallgemernt, transcription of a single gene may be regu-
lated by binding of multiple transcription factors to alterna-
tive control elements, directing expression of the same gene
in d i f ferent  types of  ce l ls  and at  d i f ferent  t imes dur ing
develclpment.

For  example,  several  separate t ranscr ipt ion-contro l
DNA sequ,:nces regulate expression of the mammalian gene

encoding the transcription factor Pax6. Pax6 protein is re-
quired for development of the eye, certain regions of the
brain and spinal cord, and the cells in the pancreas that se-
crete horrnones such as insulin. Heterozygous humans with
only one ftrnctional Pax6 gene are born with aniridia, a lack

of ir ises in the eyes (Figure 1-26). The Pax6 gene is expressed
from at least three alternative promoters that function in dif-
ferent cell rrypes and at different t imes during embryogenesis
(Figure 7-6a) .  When t ransgenic mice are prepared (see Figure
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compare the sequences of distantly related organisms. Tran-
scription control regions for a conserved gene are also often
conserved and can be recognized in the background of non-
functional sequence that diverges during evolution. For ex-
ample, there is a human DNA sequence :500 kilobases
downstream of the SALLI gene thai is highly conserved in
mice, frogs, and fish (Figure 7-7a).This gene encodes a tran-
scription repressor required for normal development of the
lower intestine, kidneys, limbs, and ears. Vhen transgenic
mice were generated containing this conserved DNA se-
quence linked to a B-galactosidase reporter gene (Figure 7-
7b), the transgenic embryos expressed a very high level of
the B-galactosidase reporrer gene specifically in the develop-
ing limb buds (Figure 7-7c).Human patients with deletions
in this region of the genome develop with limb abnormali-
ties. These results indicate that this conserved region directs
transcription of the SALLl gene in the developing limb. pre-
sumably, other enhancers control expression of this gene in
other types of cells where it functions in the normal diveloo-
ment of the lower intestine. kidneys and ears.

< EXPERIMENTAL FIGURE 7-7 The
human SALLI gene enhancer activates
expression of a reporter gene in limb
buds of the developing mouse embryo.
(a) Graphic representation of the conservationvtouse .  ̂ . ,  ̂of DNA sequence rn a region of the human
genome (from 50214-50220 5 kb of the
chromosome 16 sequence) =500 kb

Chicken
downstream from the SAlt 7 gene encoding a
zinc finger transcription repressor. A region of
:500 bp of non-coding sequence is conserved
from fish to human. 900 bp including this
conserved region were inserted into a plasmid
next to the coding region for E. coli
B-galactosidase (b) The plasmid was
microinjected into a pronucleus of a fertilized
mouse egg and implanted in the uterus of a
pseudo-pregnant mouse to generate a
transgenic mouse embryo with the "reporter
gene" on the injected plasmid incorporated
into its genome (see Figure 5-43). (c) After
1 1.5 days of development when limb buds
develop, the fixed and permeabil ized embryo
was incubated in X-gal which is converted into
an insoluble intensely blue compound by B-
galactosidase The = 900 bp region of human
DNA contained an enhancer that stimulated
strong transcription of the B-galactosidase
reporter gene in limb buds specifically. fFrom
the VISTA Enhancer Browser http://enhancer. lbl gov;
Parts (b) and (c): Courtesy of Len A Pennacchio, Joint
Genome Institute, Lawrence Berkeley National
Laboratoryl

Three Eukaryotic Polymerases Catalyze
Formation of Different RNAs
The nuclei of all eukaryotic cells examined so far (e.g., ver-
tebrate, Drosophila, yeast, and plant cells) contain three
different RNA polymerases, designated I, II, and III. These
enzymes are eluted at different salt concentrations during ion-
exchange chromatography, reflecting the polymerases' various
net charges. The three polymerases also differ in their sensi-
tivity to o'-amanitin, a poisonous cyclic octapeptide pro-
duced by some mushrooms (Figure 7-8). RNA polymerase I is
very insensitive to o-amanitin, but RNA polymerase II is very
sensitive-the drug binds near the active site of the enzyme
and inhibits translocarion of the enzyme along the DNA
template. RNA polymerase III has intermediate sensitivity.

Each eukaryotic RNA polymerase catalyzes transcription
of genes encoding different classes of RNA (Table 7-2). RNA
polymerase 1, located in the nucleolus, transcribes genes en-
coding precursor rRNA (pre-rRNA), which is processed into
28S, 5.8S, and 18S rRNAs. RNA polymerase III transcribes
genes encoding tRNAs, 55 rRNA, and an array of small,

(c )( b )

Mouse egg microin. ject ion
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A EXPERIMENTAL FIGURE 7-8 Column chromatography
separates and identifies the three eukaryotic RNA polymerases,
each with its own sensitivity to a-amanitin. A protein extract
from the nuclei of cultured eukaryotic cells is passed through a DEAE
Sephadex column and adsorbed protein eluted (black curve) with a
solution of constantly increasing NaCl concentration Three fractions
from the eluate subsequently showed RNA polymerase activity (red
curve) At a concentration of 1 pglml, o-amanitin inhibits polymerase
ll activity but has no effect on polymerases I and ll l  (green shading)
Polymerase ll l  is inhibited by 10 pglml of o-amanitin, whereas
polymerase I is unaffected even at this higher concentration [See R
G Roeder. 1974. J Biol Chen 249:241 I

stable RNAs, including one involved in RNA splicing (U6)

and the RNA component of the signal-recognition particle
(SRP) involved in directing nascent proteins to the endoplas-
mic reticulum (Chapter 13). RNA polymerase 11 transcribes
all protein-coding genes; that is, it functions in production of
mRNAs. RNA polymerase II also produces four of the five
small nuclear RNAs that take part in RNA splicing.

Each of the three eukaryotic RNA polymerases is more
complex than E. coli RNA polymerase, although their struc-
tures are similar (Figure 7-9a,b). All three contain two large

subunits and 1.0-14 smaller subunits, some of which are com-

mon between two or all three of the polymerases. The best-

characterized eukaryotic RNA polymerases are from the yeast

Saccbaromyces cereuisiae. Each of the yeast genes encoding

the polymerase subunits has been cloned and sequenced and

the effects of gene-knockout mutations have been character-

ized. In addition, the three-dimensional structure of yeast

RNA polymerase II has been determined (Figure 7-9b, c).The

three nuclear RNA polymerases from all eukaryotes so far ex-

amined are very similar to those of yeast.

The two large subunits (RPB1 and RPB2) of all three eu-

karyotic RNA polymerases are related to each other and are

similar to the E. coli B' and p subunits, respectively (Figure

7-10). Each of the eukaryotic polymerases also contains an

co-like and two nonidentical a-like subunits. The extensive

similarity in the structures of these core subunits in RNA

polymerases from various sources indicates that this enzyme

arose early in evolution and was largely conserved. This

seems logical for an enzyme catalyzing a process so basic as

copying RNA from DNA.
In addition to their core subunits related to the E. coli

RNA polymerase subunits, all three yeast RNA polymerases

contain four additional small subunits, common to them but

not to the bacterial RNA polymerase. FinallS each eukary-

otic nuclear RNA polymerase has several enzyme-specific

subunits that are not present in the other two nuclear RNA

polymerases. Gene-knockout experiments in yeast indicate

that most of these subunits are essential for cell viability.

Disruption of the few polymerase subunit genes that are not

absolutely essential for viability (subunits 4 andT) neverthe-

less results in very poorly growing cells. Thus it seems likely

that all the subunits are necessary for eukaryotic RNA poly-

merases to function normally.

The Largest Subunit in RNA Polymerase l l  Has

an Essential Carboxyl-Terminal Repeat

The carboxyl end of the largest subunit of RNA polymerase II
(RPB1) contains a stretch of seven amino acids that is nearly

precisely repeated multiple times' Neither RNA polymerase I
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RNA polymerase I

RNA polymerase II

Pre r-RNA (28S, 185, 5.8S rRNAs)

mRNA
snRNAs
miRNAs

Ribosome components' protein synthesis

Encodes protein
RNA Splicing
Post-transcriptional gene control

Protein synthesis
Ribosome component, protein synthesis
RNA Splicing
Signal-recognition particle for insertion of
polypeptides into the endoplasmic reticulum
Various functions, unknown for many

tRNAs
55 rRNA
snRNA U6
75 RNA

Other stable short RNAs

RNA oolvmerase III
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A FIGURE 7-9 €omparison of three-dimensional structures of
bacterial and eukaryotic RNA polymerases. (a, b) These C. trace
models are based on x-ray crystallographic analysis of RNA polymerase
from the bacterium T. aquaticus and core RNA polymerase ll from
5 cereyr''siae (a) The five subunits of the bacterial enzyme are
distinguished by color Only the N-terminal domains of the cr subunits
are included in this model (b) Ten of the 12 subunits constituting
yeast RNA polymerase ll are shown in this model Subunits that are
similar in conformation to those in the bacterral enzyme are shown in
the same colors The C-terminal domain of the large subunit RpBl
was not observed in the crystal structure, but it is known to extend
from the position marked with a red arrow (RpB is the abbreviation
for "RNA polymerase 8, " which is an alternative way of referring to

nor III contains these repeating units. This heptapeptide
repeat, with a consensus sequence of Tyr-Ser-Pro-Thr-Ser-pro-
Ser, is known asthe carboxyl-terminal domain (CTD).yeast
RNA polymerase II contains 26 or more repears, vertebrate
enzymes have 52 repeats, and an intermediate number of
repeats occur in RNA polymerase II from nearly all other
eukaryotes. The CTD is critical for viability, and at least
10 copies of the repeat must be present for yeast to survlve.

In vitro experiments with model promoters first showed
that RNA polymerase ll molecules that init iare transcription
have an unphosphorylated CTD. Once the polymerase
initiates transcription and begins to move away from the pro-
moter, many of the serine and some tyrosine residues in the
CTD are phosphorylated. Analysis of polytene chromosomes
from Drosophila salivary glands prepared just before molting
of the larva, a time of active transcription, indicate that the
CTD also is phosphorylated during in vivo transcription. The
large chromosomal "puffs" induced at this time in develop-
ment are regions where the genome is very actively tran-
scribed. Staining with antibodies specific for the phosphory-
lated or unphosphorylated CTD demonstrared thai RNR
polymerase II associated with the highly transcribed puffed re-
gions contains a phosphorylated CTD (Figure 7-11).

RNA Polymerase ll

RNA polymerase ll ) (c) Space-fi l l ing model of yeast RNA polymerase
including subunits 4 andT These subunits extend from the core
portion of the enzyme shown in (b) near the region of the C-terminal
domain of  the large subuni t  Clamp is  a domain of  RPBl  that  swings
on a hinge when RNA rs in the exit channel to close over upstream
DNA so that the polymerase cannot release from the template unti l
transcription has terminated Wall is the domain of RpB2 that forces
DNA entering the jaws of the polymerase from the left to bend before
it exits the polymerase The RNA exit channel is indicated Ipart (a)
based on crystal structures from G Zhang et al , 1 999, Ce// 98:81 1 part (b)
from P Cramer et al , 200'1, Science2g2:1863 Part (c) from K J Armache et
al , 2003, PNAS 100:6964, and D A Bushnell and R D Kornberg, 2003, ?NAS
100:6969; colored model courtesv of Steven Hahn I

RNA Polymerase l l  Init iates Transcript ion at
DNA Sequences Corresponding to  the 5 '  Cap
of  mRNAs

In vitro transcription experiments involving RNA poly-
merase II, a protein extract prepared from the nuclei of cul-
tured cells, and DNA templates containing sequences encod-
ing the 5' ends of mRNAs for a number of abundantly
expressed genes revealed that the transcripts produced al-
ways contained a cap structure at their 5' ends identical with
that present at the 5' end of nearly all eukaryotic mRNAs
(see Figure 4-14).lnthese experimenrs, the 5'cap is added to
the 5' end of the nascent RNA by enzymes in the nuclear ex-
tract, which can only add a cap to an RNA that has a 5, tri-
or diphosphate. Because a 5' end generated by cleavage of a
longer RNA would have a 5' monophosphate, it would not
be capped. Consequently, researchers concluded that the
capped nucleotides generated in the in vitro transcription re-
actions must have been the nucleotides with which tran-
scription was initiated. Sequence analysis revealed that for a
given gene, the sequence at the 5' end of the RNA transcriprs
produced in vitro is the same as that at the 5' end of the
mRNAs isolated from cells, confirming that the capped

(c)Yeast RNA polymerase l l
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  FIGURE 7-10 Schematic representation of the subunit
structure of the E coli RNA core polymerase and yeast nuclear
RNA polymerases. All three yeast polymerases have five core
subunits homologous to the B, B', two o, and o subunits of E coli
RNA polymerase The largest subunit (RPB1) of RNA polymerase ll
also contains an essential C-terminal domain (CTD) RNA polymerases
I and ll l  contain the same two nonidentical ct-l ike subunits, whereas
RNA polymerase ll contains two other nonidentical cr-l ike subunits
All three polymerases share the same o-like subunit and four other
common subunits In addition, each yeast polymerase contains three
to seven unique smal ler  subuni ts

nucleotide of eukaryotic mRNAs coincides with the transcrip-
tion start site. Today, the transcription start site for a newly
characterized mRNA generally is determined simply by iden-
tifying the DNA sequence encoding the 5' end of the mRNA.

Overview of Eukaryotic Gene Control and RNA
Polymerases

r The primary purpose of gene control in multicellular or-
ganisms is the execution of precise developmental decisions
so that the proper genes are expressed in the proper cells
during development and cellular differentiation.

r Transcriptional control is the primary means of regulat-
ing gene expression in eukaryotes, as it is in bacteria.

r In eukaryotic genomes, DNA transcription-control ele-

A EXPERIMENTAL FIGURE 7-11 Antibody staining
demonstrates that the carboxyl-terminal domain (CTD) of RNA
polymerase ll is phosphorylated during in vivo transcription'
Salivary gland polytene chromosomes were prepared trom Drosophila
larvae just before molting. The preparation was treated with a rabbit
antibody specific for phosphorylated CTD and with a goat antibody
specific for unphosphorylated CTD The preparation then was stained
with fluorescein-labeled anti-goat antibody (green) and rhodamine-
labeled anti-rabbit antibody (red). Thus polymerase molecules with an
unphosphorylated CTD stain green, and those with a phosphorylated

CTD stain red The molting hormone ecdysone induces very high
rates of transcription in the puffed regions labeled 74EF and 758;
note that only phosphorylated CTD is present in these regions
Smaller puffed regions transcribed at high rates also are visible.
Nonpuffed sites that stain red (up arrow) or green (horizontal arrow)
also are indicated, as is a site staining both red and green, producing

a yellow color (down arrow) lFrom J R Weeks et al , 1993, Genes Dev
7:2329; courtesy of J R Weeks and A L Greenleaf l

r Eukaryotes contain three types of nuclear RNA poly-

merases. All three contain two large and three smaller core

subunits with homology to the F" F, o, and to subunits of

E. coli RNA polymerase, as well several additional small

subunits (see Figure 7-10).

r RNA polymerase I synthesizes only pre-rRNA. RNA

polymerase II synthesizes mRNAs and some of the small

nuclear RNAs that participate in mRNA splicing' RNA

polymerase III synthesizes tRNAs' 55 rRNA, and several

other relatively short, stable RNAs (see Table 7-2).

r The carboxyl-terminal domain (CTD) in the largest sub-

unit of RNA polymerase II becomes phosphorylated during

transcription initiation and remains phosphorylated as the

enzyme transcribes the template.

r RNA polymerase II init iates transcription of genes

at the nucleotide in the DNA template that corres-

ponds to the 5 'nucleot ide that  is  capped in the encoded

mRNA.

0'-
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B-l ike subunits

a-l ike subunits

o-l ike subunit

E. coli core RNA polymerase (a2pp'rrl)

Eukaryotic RNA polymerases
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may be located many kilobases away from the pro-
they regulate. Different control regions can control

transcription of the same gene in different cell types.
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  FIGURE 7-12 Determination of consensus TATA box
sequence. The nucleotide sequences upstream of the start si te in
900 dif ferent eukaryotic protein-coding genes were alrgneo ro
maximize homology in the region from -35 to -25 The tabulated
numbers are the percentage frequency of each base at each posit ion

lE Regulatory Sequences in Protein-
Coding Genes
As noted in the previous section, expression of eukaryotic
protein-coding genes is regulated by multiple protein-bind-
ing DNA sequences, generically referred to as rranscription-
control regions. These include promoters and other types of
control elements located near transcription start sites, as
well as sequences located far from the genes they regulate. In
this section, we take a closer look at the properties of various
control elements found in eukaryotic protein-coding genes
and some techniques used to identify them.

The TATA Box, Init iators, and CpG lslands
Funct ion as Promoters in  Eukaryot ic  DNA
The first genes to be sequenced and studied through in vitro
transcription systems were viral genes and cellular protein,
coding genes that are very actively transcribed either at par-
ticular times of the cell cycle or in specific differentiated cell
types. In all these highly transcribed genes, a conserved se-
quence called the TAIA box was found :25-35 base pairs
upstream of the start site (Figure 7-12). Mutagenesis studies
have shown that a single-base change in this nucleotide se-
quence drastically decreases in vitro transcription by RNA
polymerase II of genes adjacent to a TAIA box. In mosr
cases, sequence changes between the TAIA box and start site
do not significantly affect the transcription rate. If the base
pairs between the TAIA box and the normal start site are
deleted, transcription of the altered, shortened template be-
gins at a new site -25 base pairs downstream from the
TAIA box. Consequently, the TATA box acts similarly to an
E. coli promoter to position RNA polymerase II for tran-
scription init iation (see Figure 4-12).

Instead of a TATA box, some eukaryotic genes conraln
an alternative promoter element called an initiator. Most
naturally occurring init iator elements have a cytosine (C) at
the - 1 position and an adenine (A) residue at the transcrip-
tion start site (+1). Directed muragenesis of mammalian
genes with an init iator-containing promoter revealed that
the nucleotide sequence immediately surrounding the start

A 2 1

c 2 3

G 2 8

16  24

35 37

38 30

11  9

t o

35

TATA box

4 9 1  0 9 5 6 7 9 7 5 2 4 1

1 0 0  0 0  0  0  0  9

3  0  0  0  0  3 1 2 4 0

83  9100  5  33  0  36  10

mRNA starts
A = 5 0 %
G  = 2 5 %
C,U =25%

Iv
Transcript ion

rAAA-/9
A
G5',

Maximum homology occurs over an eight-base region, referred to as
the TATA box, whose consensus sequence is shown at the bottom,
The init ial base in mRNAs encoded by genes containing a TATA box
mostfrequently is an A [See P Bucher, 1990, J Mol. Biol 212:5631

site determines the strength of such promoters. Unlike the
conserved TAIA box sequence, however, only an extremely
degenerate initiator consensus sequence has been defined:

(5') Y-Y-A+ r-N-T/A-Y-Y-Y (3')

where A*' is the base at which transcription starts, Y is a
pyrimidine (C or T), N is any of the four bases, and T/A is T
or A at position *3.

Transcription of genes with promoters containing a
TAIA box or initiator element begins at a well-defined initi-
ation site. However, transcription of many protein-coding
genes has been shown to begin at any one of multiple possi-
ble sites over an extended region, often20-200 base pairs in
length. As a result, such genes give rise to mRNAs with mul-
tiple alternative 5' ends. These genes, which generally are
transcribed at low rates (e.g., genes encoding the enzymes re-
quired for basic metabolic processes required in all cells, of-
ten called "housekeeping genes"), do not contain a TATA
box or an initiator. Most genes of this type contain a CG-
rich stretch of 20-50 nucleotides within :100 base pairs up-
stream of the start-site region. The dinucleotide CG is statis-
tically underrepresented in vertebrate DNAs, and the
presence of a CG-rich region, or CpG island, just upstream
from a start site is a distinctly nonrandom distribution. For
this reason, the presence of a CpG island in genomic DNA
suggests that it may contain a transcription-initiation region.

Promoter-Proximal Elements Help Regulate
Eukaryot ic  Genes
Recombinant DNA techniques have been used to systemati-
cally mutate the nucleotide sequences of various eukaryotic
genes in order to identify transcription-control regions.
For example, alternative transcription-control elements reg-
ulate expression of the mammalian gene that encodes
transthyretin (TTR), which transports thyroid hormone in
blood and the cerebrospinal fluid that surrounds the brain
and spinal cord. Transthyretin is expressed in hepatocytes,
which synthesize and secrete most of the blood serum pro-
teins, and in choroid plexus cells in the brain, which secrete
cerebrospinal fluid and its constituent proteins. The control
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A EXPERIIVIENTAL FIGURE 7-13 S'-Deletion analysis can
identify transcription-control sequences in DNA upstream of a
eukaryoti< gene. Step [: Recombinant DNA techniques are used
to prepare a series of DNA fragments that extend from the 5'-
untranslated region of a gene various distances upstream. Step E:
The DNA fragments are l igated into a reporter plasmid upstream of
an easily assayed reporter gene Step B: The DNA is transformed into
E. coli to isolate plasmids with deletions of various lengths 5' to the
transcription start site Step 4: Each plasmid is then transfected into
cultured cells (or used to prepare transgenic organisms) and expression
of the reporter gene is assayed (step E) The results of this hypo-
thetical example (bottom) indicate that the test fragment contains two
control elements. The 5' end of one lies between deletions 2 and 3;
the 5' end of the other lies between deletions 4 and 5

elements required for transcription of the TTR gene were
identified by the procedure outlined in Figure 7-13. In this
experimental approach, DNA fragments with varying ex-
tents of sequence upstream of a start site are cloned in front
of a reporter gene in a bacterial plasmid using recombinant

DNA techniques. Reporter genes express enzymes that are

easily assayed in cell extracts. Commonly used reporter

genes include the E. coli lacZ gene encoding B-galactosidase;
the firefly gene encoding luciferase, which converts energy

from ATP hydrolysis into light; and the jellyfish gene encod-

ing green fluorescent protein (GFP).

By constructing and analyzing a S'-deletion series up-

stream of the T?R gene, researchers identified two control el-

ements that stimulate reporter-gene expression in cultured he-

patocytes but not in other cell types. One region mapped

between the transcription start site and -200 base pairs up-

stream of the start site; the other mapped between :1.85 and

2.01 kb upstream of the ?TR gene transcription start site.

Further studies demonstrated that alternative DNA sequences

control TTR transcription in choroid plexus cells, demon-

strating again that alternative control elements often regulate

transcription of eukaryotic genes in different cell types.
By now, hundreds of eukaryotic genes have been ana-

lyzed, and scores of transcription-control regions have been

identified. These control elements, together with the TATA

box or initiator, often are referred to as the promoter of the

gene they regulate. However, we prefer to reserve the term
promoter for the TATA box or initiator sequences that

determine the initiation site on the template. 
'We 

use the

term promoter-proximal elements for control regions lying

within 100-200 base pairs upstream of the start site. In

some cases, promoter-proximal elements are cell-type spe-

cific; that is, they function only in specific differentiated cell

types. In eukaryotes the term enhancer is used to refer to

transcription-control regions greater than -200 bp from

the transcription start site.
Once a transcription-control region has been identified,

analysis of linker scanning mutations can pinpoint the se-

quences within the regulatory region that function to con-

trol transcription. In this approach, a set of constructs with

contiguous overlapping mutations are assayed for their ef-

fect on expression of a reporter gene or production of a spe-

cific mRNA (Figure 7 -1.4a) . One of the first uses of this type

of analysis identified promoter-proximal elements of the

thymidine kinase (lk) gene from herpes simplex virus (HSV).

The results demonstrated that the DNA region upstream

of the HSV rft gene contains three separate transcription-

control sequences: a TAIA box in the interval from -32 to
-'1,6 and two other control elements farther upstream (Fig-

ure 7-14b\ .
To test the spacing constraints on control elements in the

HSV lA promoter region identified by analysis of linker scan-

ning mutations, researchers prepared and assayed constructs

containing small deletions and insertions between the ele-

ments. Changes in spacing between the promoter and

promoter-proximal control elements of 20 nucleotides or

fewer had little effect. However, insertions of 30 to 50 base

pairs between a promoter-proximal element and the TATA

box was equivalent to deleting the element. Similar analyses

of other eukaryotic promoters have also indicated that con-

siderable flexibility in the spacing between promoter-proximal

elements is generally tolerated, but separations of several

tens of base pairs may decrease transcription.

5'-delet ion mutants

- |  Transfect each type of
E I nlasmio (1-5) separately into

I  
cu l tu red  ce l l s

Reporter
p lasmid

Reporter
mRNA

I Pr"o.r" cell extract and
E | ...iy activity of reporter

J 
enzyme
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A EXPERIMENTAL FIGURE 7-14 L inkerscanning mutat ions
identify transcription-control elements. (a) A region of eukaryotic
DNA (tan) that supports high-level expression of a reporter gene (l ight
purple) is cloned in a plasmid vector as diagrammed at the top.
Overlapping l inker scanning (15) mutations (crosshatch) are introduced
from one end of the region being analyzed to the other. These
mutations result from scrambling the nucleotide sequence in a short
stretch of the DNA After the mutant plasmids are transfected separately
into cultured cells, the activity of the reporter-gene product is assayed

Distant En hancers Often Sti m u late Transcript ion
by RNA Polymerase l l

As noted earlier, transcription from many eukaryotic pro-
moters can be stimulated by control elements located thou-
sands of base pairs away from the start site. Such long-
distance transcription-control elements, referred to as
enhancers, are common in eukaryotic genomes but fairly
rare in bacterial genomes. The first enhancer to be discov-
ered that stimulates transcription of eukaryotic genes was in
a 366-bp fragment of the simian virus 40 (SV40) genome
(Figure 7-15). Further analysis of this region of SV40 DNA
revealed that an :100-bp sequence lying -1gg base pairs
upstream of the SV40 early transcription start site was re-
sponsible for its ability to enhance transcription. In SV40,
this enhancer sequence functions ro stimulate transcription
from viral promoters. The SV40 enhancer, however, ,ii-u-
lates transcription from all mammalian promoters that have
been tested when it is inserted in either oiientation anywhere
on a plasmid carrying the test promoter, even when it is

fk mRNA

+ + +

+ + +

+

T

+ + +

f

+ + +

+ + +

+ + +

In the hypothetical example shown here, LS mutations 1, 4, 6,7, and
t have little or no effect on expression of the reporter gene, indicating
that the regions altered in these mutants contain no control elements
Reporter-gene expression is significantly reduced in mutants 2, 3, 5,
and 8, indicating that control elements (brown) lie in the intervals shown
at the bottom (b) Analysis of LS mutations in the transcription-control
region of the thymidine kinase (tk) gene from herpes simplex virus (HSV)
identified a TATA box and two promoter-proximal elements (PE-1 and
PE-2) [Part (b) see S L McKnight and R Kingsbury 1982,Science217:316]

thousands of base pairs from the start site. An extensive
linker scanning mutational analysis of rhe SV40 enhancer in-
dicated that it is composed of multiple individual elements,
each of which contributes to the total activity of the en-
hancer. As discussed later, each of these regulatory elements
is a protein-binding site.

Soon after discovery of the SV40 enhancer, enhancers
were identified in other viral genomes and in eukaryotic cel-
lular DNA. Some of these control elements are located 50
or more kilobases from the promoter they control. Analyses
of many different eukaryotic cellular enhancers have shown
that they can occur upstream from a promoter, downstream
from a promoter within an intron, or even downstream
from the final exon of a gene, as in the case of the Pax6 gene
(see Figure 7-6). Llke promoter-proximal elements, many
enhancers are cell-type specific. For example, an enhancer
controlling Pax6 expression in the retina has been charac-
terized in the intron between exons 4 and 5 (see FigureT-6).
Analyses of the effects of deletions and linker scanning mu-
tations in cellular enhancers have shown that. like the SV40

Vector DNA 
fiePorter gene

- |  contro l res ion |  / /  i. .

Control elements

Control region of fk gene
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A EXPERIMENTAL FIGURE 7-15 Plasmids conta in ing a
particular 5V40 DNA fragment showed marked increase in
mRNA production compared with plasmids lacking this
enhancer. Plasmids containing the B-globin gene with or without a
366-bp fragment of SV40 DNA were constructed. These plasmids
were transfected into cultured cells, and any resulting RNA was
hybr id ized to a B-globin DNA probe (steps B and Z)  The amount
of B-globin mRNA synthesized by cells transfected with one or the
other plasmid was assayed by the S1 nuclease-protection method
(step B) The restriction fragment probe, generated from a B-
globin cDNA c lone,  was complementary to the 5 '  end of  B-g lobin
mRNA The 5' end of the probe was labeled with 32P (red dot)
Hybridization of B-globin mRNA to the probe protected an -340-

nucleotide fragment of the probe from digestion by S1 nuclease,
which d igests s ingle-st randed DNA but  not  DNA in an RNA-DNA
hybrid Autoradiography of electrophoresed 51 -protected

fragments (step 4) revealed that cells transfected with plasmid 1
( lane 1)  produced much more B-globin mRNA than those
transfected with plasmid 2 (lane 2) Lane C is a control assay of B-
globin mRNA isolated from reticulocytes, which actively synthesize
p-globin These results show that the SV40 DNA fragment in
p lasmid 1 conta ins an e lement ,  the enhancer,  that  great ly
stimulates synthesis of B-globin mRNA [Adapted from J Banerji et al ,
1981, Cell 27:299 l

p-g lobin

enhancer, they generally are composed of multiple elements

that contribute to the overall activity of the enhancer.

Most Eukaryotic Genes Are Regulated by
Mult iple Transcript ion-Control Elements

Initially, enhancers and promoter-proximal elements were

thought to be distinct types of transcription-control elements.

Howeve! as more enhancers and promoter-proximal ele-

ments were analyzed, the distinctions between them became

less clear. For example, both types of element generally can

stimulate transcription even when inverted, and both types

often are cell-type specific. The general consensus now is that

a spectrum of control elements regulates transcription by

RNA polymerase II. At one extreme are enhancers, which can

stimulate transcription from a promoter tens of thousands of

base pairs away (e.g., the SV40 enhancer). At the other ex-

treme are promoter-proximal elements, such as the upstream

elements controlling the HSV tk gene, which lose their influ-

ence when moved an additional 30-50 base pairs farther

from the promoter. Researchers have identified a large num-

ber of transcription-control elements that can stimulate tran-

scription from distances between these two extremes.
Figure 7-16a summarizes the locations of transcription-

control sequences for a hypothetical mammalian gene. The

start site at which transcription initiates encodes the first (5')

nucleotide of the first exon of an mRNA, the nucleotide that

is capped. For many genes, especially those encoding abun-

dantly expressed proteins, a TATA box located approxi-

mately 25-35 base pairs upstream from the start site directs

RNA polymerase II to begin transcription at the proper nu-

cleotide. Promoter-proximal elements, which are relatively

short (: lQ base pairs), are located within the first -200

base pairs upstream of the start site. Enhancers, in contrast,

usually are about 50-200 base pairs long and are composed

of multiple elements of :10 base pairs. Enhancers may be

located up to 50 kilobases or more upstream or downstream

from the start site or within an intron. Many mammalian

genes are controlled by more than one enhancer region.

The S. cereuisiae genome contains regulatory elements

called upstream activating sequences (UASs), which function

similarly to enhancers and promoter-proximal elements in

higher eukaryotes. Most yeast genes contain only one UAS,

which generally lies within a few hundred base pairs of the

start site. In addition, S. cereuisiae genes contain a TATA box
:90 base pairs upstream from the transcription start site

(Figure 7-1.6b).

Regulatory Sequences in Protein-Coding Genes

r Expression of eukaryotic protein-coding genes generally

is regulated through multiple protein-binding control re-

gions that are located close to or distant from the start site

(Figure 7-16) .

r Promoters direct binding of RNA polymerase II to DNA,

determine the site of transcription initiation, and influence

transcrlptlon rate.
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(a) Mammalian gene

up to
-50 kb or more

=-90

A FIGURE 7-16 General organization of control elements that
regulate gene expression in multicellular eukaryotes and
yeast. (a) Genes of multicellular organisms contain both promoter-
proximal elements and enhancers, as well as a TATA box or other
promoter element The promoter elements position RNA polymerase
ll to init iate transcription at the start site and influence the rate of
transcription Enhancers may be either upstream or downstream and

r Three principal types of promorer sequences have been
identified in eukaryotic DNA. The TAIA box, the most
common, is prevalent in highly transcribed genes. Initiator
promoters are found in some genes, and CpG islands are
characteristic of genes transcribed at a low rate.

r Promoter-proximal elements occur within -200 base
pairs upstream of a start site. Several such elements. con-
taining -10 base pairs, may help regulate a particular gene.

r Enhancers, which contain multiple short control ele-
ments, may be located from 200 base pairs to tens of kilo-
bases upstream or downstream from a promoter, within an
intron, or downstream from the final exon of a gene.

r Promoter-proximal elements and enhancers often are
cell-type specific, functioning only in specific differentiated
cell types.

lA Activators and Repressors of
Transcription
The various transcription-control elements found in eukary-
otic DNA are binding sites for regulatory proteins. The sim-
plest eukaryotic cells encode hundreds of transcription fac-
tors, and the human genome encodes over 2000. The
transcription of each gene in the genome is independently
regulated by combinations of specific transcription factors
that bind to its transcription-control regions. The number of
possible combinations of this many transcription factors is
astronomical, sufficient to generate unique controls for
every gene encoded in the genome. In this section, we discuss
the identification, purification, and structures of these tran-
scription factors, which function to activate or repress ex-
pression of eukaryotic protein-coding genes.

Footprint ing and Gel-5hift  Assays Detect
Protein-DNA I nteractions
In yeast, Drosophila, and other genetically tractable eukary-
otes, numerous genes encoding transcriptional activators
and repressors have been identified by classical genetic

+10  to
+50 kb or more

Exon fl Intron l-l rnrn uo*

Promoter-proximal l- l Enhancer;
element - yeast UAS

as far away as 50 kb or more from the transcription start site In
some cases, enhancers l ie within introns For some genes, promoter-
proximal elements occur downstream from the start site as well as
upstream (b) Most S. cerevisiae genes contain only one regulatory
region, called an upstream activating sequence (UAS) and a TATA
box, which is :90 base pairs upstream from the start site.

analyses like those described in Chapter 5. However, in
mammals and other vertebrates, which are less amenable to
such genetic analysis, most transcription factors have been
detected initially and subsequently purified by biochemical
techniques. In this approach, a DNA regulatory element that
has been identified by the kinds of mutational analyses de-
scribed in the previous section is used to identify cognate
proteins that bind specifically to it. Two common techniques
for detecting such cognate proteins are DNase I footprinting
and the electrophoretic mobility shift assay.

DNase I footprinting takes advantage of the fact that
when a protein is bound to a region of DNA, it protects that
DNA sequence from digestion by nucleases. As illustrated in
Figure 7-17, when samples of a DNA fragmenr that is la-
beled at one end are digested under carefully controlled con-
ditions in the presence and absence of a DNA-binding pro-
tein and then denatured, electrophoresed, and the resulting
gel subjected to autoradiographg the region protected by the
bound protein appears as a gap, or "footprint," in the array
of bands resulting from digestion in the absence of protein.
When footprinting is performed with a DNA fragment con-
taining a known DNA control element, the appearance of a
footprint indicates the presence of a transcription factor that
bincis that control element in the protein sample being as-
sayed. Footprinting also identifies the specific DNA se-
quence to which the transcription factor binds.

The electrophoretic mobility shift assay (EMSA), also
called the gel-shift or band-shift assay, is more useful than
the footprinting assay for quantitative analysis of DNA-
binding proteins. In general, the electrophoretic mobility of
a DNA fragment is reduced when it is complexed to protein,
causing a shift in the location of the fragment band. This as-
say can be used to detect a transcription factor in protein
fractions incubated with a radiolabeled DNA fragment con-
taining a known control element (Figure 7-18).

In the biochemical isolation of a transcription factor, an
extract of cell nuclei commonly is subjected sequentially to
several types of column chromatography (Chapter 3). Frac-
tions eluted from the columns are assayed by DNase I foot-
printing or EMSA using DNA fragments containing an iden-
tified regulatory element (see Figures 7-"1.7 and 7-18).

(b) S. cerevrblae gene
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(b )  Frac t ion
M N E O F T l

Fraction
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Free
PrObe +

;l '

o N 1  2  3  4  5  6  7

Sample A
(DNA-binding protein absentl

Pro te in -b ind ing
sequence

8  9  1 0 1 1  1 2 1 3 1 4 1 5  1 6 1 8 2 0  2 2

Sample B
(DNA-binding protein present)

Seq u e nce-specif ic
b ind ing  pro te in

8  9  1 0 1 1 1 2 1 4 1 6 1 8 2 0 2 2

< EXPERIMENTAL FIGURE 7-'17 DNase lfootprinting reveals
control-element sequences and can be used as an assay in
transcription factor purification. (a) DNase I footprinting can
identify control-element sequences A DNA fragment known to
contain the control element is labeled at one end with 12P (red dot)
Portions of the labeled DNA sample then are digested with DNase I in
the presence and absence of protein samples thought to contain a
cognate protein. DNase I randomly hydrolyzes the phosphodiester
bonds of DNA between the 3' oxygen on the deoxyribose of one
nucleotide and the 5' phosphate of the next nucleotide A low
concentration of DNase I is used so that on average, each DNA
molecule is cleaved just once (vertical arrows). lf the protein sample
does not contain a cognate DNA-binding protein, the DNA fragment
is cleaved at multiple positions between the labeled and unlabeled
ends of the original fragment, as in sample A on the left lf the
protein sample contains a cognate protein, as in sample B on the
right, the protein binds to the DNA, thereby protecting a portion of
the fragment from digestion Following DNase treatment, the DNA is
separated from protein, denatured to separate the strands, and
electrophoresed Autoradiography of the resulting gel detects only
labeled strands and reveals fragments extending from the labeled
end to the site of cleavage by DNase L Cleavage fragments
containing the control sequence show up on the gel for sample A
but are missing in sample B because the bound cognate protein

blocked cleavages within that sequence and thus production of the
corresponding fragments The missing bands on the gel constitute
the footprint (b) A protein fraction containing a sequence-specific
DNA-binding protein can be purif ied by column chromatography.
DNase I footprinting can then identify which of the eluted fractions
contarn the cognate protein In the absence of added protein (NE, no

extract), DNase I cleaves the DNA fragment at multiple sites,
producing multiple bands on the gel shown here A cognate protein
present in the nuclear extract applied to the column (O, onput)
generated a footprint This protein was bound to the column, since
footprinting activity was not detected in the flow-through protein

fraction (FT) After a salt gradient was applied to the column, most of

the cognate protein eluted in fractions 9-12, as evidenced by the
missing bands (footprints). The sequence of the protein-binding
region can be determined by comparison with marker DNA
fragments of known length analyzed on the same gel (M). Ipart (b)

from S Yoshinaga et al , 1989, J Biol Chem 264:105291

< EXPERIMENTAL FIGURE 7-18 Electrophoretic mobil ity shift

assay can be used to detect transcription factors during
purification. In this example, protein fractions separated by column
chromatography were assayed for their abil ity to bind to a radiolabeled

DNA-fragment probe containing a known regulatory element After an

aliquot of the protein sample was loaded onto the column (ON) and

successive column fractions (numbers) were incubated with the labeled
probe, the samples were electrophoresed under conditions that do not

disrupt protein-DNA interactions The free probe not bound to protein

migrated to the bottom of the gel A protein in the preparation applied

to the column and in fractions 7 and 8 bound to the probe, forming a

DNA-protein complex that migrated more slowly than the free probe

These fractions therefore likely contain the regulatory protein being

souqht [From 5 Yoshinaga et al , 1989,,/ Biol. Chem 264:10529]
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A EXPERIMENTAL FIGURE 7-19 Transcription factors can be
identified by in vitro assay for transcription activity. Sp1 was
identif ied based on its abil ity to bind to a region of the SV40 genome
that contains six copies of a GC-rich promoter-proximal element and
was purif ied by column chromatography To test the transcription-
activating abil ity of purif ied 5P1, it was incubated in vitro with template
DNA, a protein fractron containing RNA polymerase ll and associated
general transcription factors, and labeled ribonucleoside triphosphates
The labeled RNA products were subjected to electrophoresis and
autoradiography Shown here are autoradiograms from assays with
adenovirus and SV40 DNA in the absence (-) and presence (+) of
SP1 SP1 had no significant effect on transcription from the adenovirus
promoter, which contains no SP1-binding sites ln contrast, Sp1
stimulated transcription from the SV40 promoter about tenfold
[Adapted from M R Briggs et al , 1986, Science234:4j I

Fractions containing protein that binds to the regulatory ele-
ment in these assays probably contain a putative transcrip-
tion factor. A powerful technique commonly used for the
final step in purifying transcription facrors is sequence-specific
DNA affinity cbromatography, a particular type of affinity
chromatography in which long DNA strands containing
multiple copies of the transcription factor-binding site are
coupled to a column matrix. As a final test that an isolated
protein is in fact a transcription factor, its ability to modu-
late transcription of a template containing the corresponding
protein-binding sites is assayed in an in vitro transcription
reaction. Figure 7-19 shows the results of such an assay for
SP1, a transcription factor that binds to GC-rich sequences,
thereby activating transcription from nearby promoters.

Once a transcription factor is isolated and purified, its
partial amino acid sequence can be determined and used to
clone the gene or cDNA encoding it, as outlined in Chapter 5.
The isolated gene can then be used to test the ability of the
encoded protein to activate or repress transcription in an in
vivo transfection assay (Figure 7-20).

Activators Are Modular Proteins Composed of
Dis t inct  Funct ional  Domains and promote
Transcript ion

Studies with a yeast transcription activator called GAL4 pro-
vided early insight into the domain structure of transcripiion
factors. The gene encoding the GAL4 protein, whichpro-
motes expression of enzymes needed to metabolize galac-

Reporter-gene
tra nscri pts

A EXPERIMENTAL FIGURE 7-20 ln vivo transfection assay
measures transcription activity to evaluate proteins believed
to be transcription factors. The assay system requires two
plasmids One plasmid contains the gene encoding the putative
transcription factor (protein X) The second plasmid contains a
reporter gene (e g,lac\ and one or more binding sites for protein X.
Both plasmids are simultaneously introduced into cells that lack the
gene encoding protein X. The production of reporter-gene RNA
transcripts is measured; alternatively, the activity of the encoded
protein can be assayed lf reporter-gene transcription is greater in the
presence of the X-encoding plasmid than in its absence, then the
protein is an activator; if transcription is less, then it is a repressor. By
use of plasmids encoding a mutated or rearranged transcription
factor, important domains of the protein can be identif ied

tose, was identified by complementation analysis of gal4
mutants (Chapter 5). Directed mutagenesis studies like those
described previously identified UASs for the genes activated
by GAL4. Each of these UASs was found to contain one or
more copies of a related 17-bp sequence called UAS6AL.
DNase I footprinting assays with recombinant GAL4 pro-
tein produced in E. coli from the yeast GAL4 gene showed
that GAL4 protein binds to UAS6al sequences. rWhen a
copy of UAS541 w4s cloned upstream of a TAIA box followed
by a lacZ reporter gene, expression of lacZ was activated in
galactose media in wild-type cells but not in gal4 mutants.
These results showed that UAS6a1 is a transcription-control
element activated by the GAL4 protein in galactose media.

A remarkable set of experiments with gal4 deletion
mutants demonstrated that the GAL4 transcription factor
is composed of separable functional domains: an N-terminal
DNA-binding domain, which binds to specific DNA se-
quences, and a C-terminal actiuation domain, which inter-
acts with other proteins to stimulate transcription from a
nearby promoter (Figure 7-21). Sfhen the N-terminal
DNA-binding domain of GAL4 was fused directly ro vari-
ous portions of its own C-terminal region, the resulting
truncated proteins retained the abil ity to stimulate expres-
sion of a reporter gene in an in vivo assay l ike that

rt
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(b) Wild-type and mutant GAL4 proteins
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< EXPERIMENTAL FIGURE 7-21 Deletion
mutants ol the GAL4 gene in yeast with a UASGAT
reporter-gene construct demonstrate the seParate
functional domains in an activator. (a) Diagram of
DNA construct containing a lacz reporler gene and
TATA box ligated to UASCAL a regulatory element that
contains several GAL4-binding sites The reporter-gene
construct and DNA encoding wild-type or mutant
(deleted) GAL4 were simultaneously introduced into
mutant (9al4) yeast cells, and the activity of B-
galactosidase expressed from lacZwas assayed Activity
wil l be high if the introduced GAL4 DNA encodes a
f unctional protein (b) Schematic diagrams of wild-type
GAL4 and various mutant forms Small numbers refer
to positions in the wild-type sequence Deletion of 50
amino acids from the N-terminal end destroyed the
abil ity of GAL4 to bind to UAS6a1 and to stimulate
expression of B-galactosidase from the reporter gene
Proteins with extensive deletions from the C-terminal
end sti l l  bound to UASGAT. These results localize the
DNA-binding domain to the N-termrnal end of GAL4
The ability to activate F-galactosidase expression was
not entirely eliminated unless somewhere between 126
and '1 89 or more amino acids were deleted from the
C-terminal end Thus the activation domain l ies in the
C-terminal region of GAL4 Proteins with internal
deletions (bottom) also were able to stimulate
expression of B-galactosidase, indicating that the
central region of GAL4 is not crucial for its function in
this assay. [See J Ma and M Ptashne, 1987, Cell 48:847 ' I
A Hooe and K Struhl .  1986, Ce//46:885;  and R Brent  and M

Ptashne, 1 985. Cell 43:729 I
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depicted in Figure 7-20. Thus the internal portion of the
protein is not required for functioning of GAL4 as a tran-
scription factor. Similar experiments with another yeast
transcription factor, GCN4, which regulates genes required
for synthesis of many amino acids, indicated that it contains
an -60-aa DNA-binding domain at its C-terminus and an
:20-aa activation domain near the middle of its sequence.

Further evidence for the existence of distinct activation
domains in GAL4 and GCN4 came from experiments in
which their activation domains were fused to a DNA-
binding domain from an entirely unrelated E. cctl i DNA-
binding protein. \7hen these fusion proteins were assayed in
vivo, they activated transcription of a reporter gene contain-
ing the cognate site for the E. coli protein. Thus functional
transcription factors can be constructed from entirely novel
combinations of prokaryotic and eukaryotic elements.

Studies such as these have now been carried out with many
eukaryotic activators. The structural model of eukaryotic
activators that has emerged from these studies is a modular
one in which one or more activation domains are connected
to a sequence-specific DNA-binding domain through flexi-
ble protein domains (Figure 7-22). In some cases, amlno
acids included in the DNA-binding domain also contribute
to transcriptional activation. As discussed in a later section,
activation domains are thought to function by binding other
proteins involved in transcription. The presence of f lexible
domains connecting the DNA-binding domains to activation

N C GAL4

N C GCN4

N  C G R

N C S P 1

DNA-b ind ing
d o m a i n

Activation
d o m a i n

F lex ib le  p ro te in
domain

  FfGURE 7-22 Schematic diagrams i l lustrat ing the modular

structure of eukaryotic transcription activators. These

transcript ion factors may contain more than one activation domain

but  ra re ly  conta in  more  than one DNA-b ind ing  domain  GAL4 and

GCN4 are yeast transcript ion activators. The glucocort icord receptor

(GR) promotes transcript ion of target genes when certain hormones

are  bound to  the  C- te rmina l  ac t i va t ion  domain  SP1 b inds  to  GC-r ich

promoter  e lements  in  a  la rge  number  o f  mammal ran  genes
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domains may explain why alterations in the spacing between
control elements are so well tolerated in eukaryotic control
regions. Thus even when the positions of transcription fac-
tors bound to DNA are shifted relative to each other, their
activation domains may still be able to interact because they
are attached to their DNA,binding domains through flexible
protein regions.

Repressors Inhibit Transcript ion and Are the
Functional Converse of Activators
Eukaryotic transcription is regulated by repressors as well as
activators. For example, geneticists have identif ied muta-
tions in yeast that result in continuously high expression of
certain genes. This type of unregulated, abnormally high ex-
pression is called constitutive expression and results from
the inactivation of a repressor that normally inhibits the
transcription of these genes. Similarly, mutants of
Drosophila and Caenorhabditis elegans have been isolated
that are defective in embryonic development because they
express genes in embryonic cells where those genes are nor-
mally repressed. The mutations in these mutanrs inactivate
repressors, leading to abnormal development.

Repressor-binding sites in DNA have been identified by
systematic linker scanning mutation analysis similar to that
depicted in Figure 7-14.In this type of analysis, mutation of
an activator-binding site leads to decreased expression of the
linked reporter gene, whereas mutation of a repressor-
binding site leads to increased expression of a reporter gene.
Repressor proteins that bind such sites can be purified and
assayed using the same biochemical techniques described
earlier for activator proteins.

Eukaryotic transcription repressors are the functional con-
verse of activators. They can inhibit transcription from a gene
they do not normally regulate when their cognate binding sites
are placed within a few hundred base pairs of the gene's start
site. Like activators, most eukaryotic repressors are modular
proteins that have two functional domains: a DNA-binding
domain and a repression domain. Similar to activation do-
mains, repression domains continue to function when fused to
another type of DNA-binding domain. If binding sites for this
second DNA-binding domain are inserted within a few hun-
dred base pairs of a promoter, expression of the fusion protein
inhibits transcription from the promoter. Also like activation
domains, repression domains function by interacting with
other proteins, as discussed later in this chapter.

FGR-7 control
regron

WT1 b ind ing  s i te

! snrncr binding site

I  ner binding si te

A FIGURE 7-23 Diagram of the control region of the gene
encoding EGR-1. a transcription activator. The binding sites for WT1,
a eukaryotic repressor protein, do not overlap the binding sites for
the activator AP1 or the composite binding site for the activators SRF
and TCF. Thus repression by WT1 does not involve direct interference
with binding of other proteins as in the case of bacterial repressors.

Experiments have shown that binding by \7T1 represses
transcription of the EGRi gene without inhibit ing binding
of the activators that normally stimulate expression of this
gene. These experiments demonstrate that WT1 can func-
tion as a transcriptional repressor. It is l ikely that WT1
functions to repress transcription of multiple other genes in
addition to EGRl. Consequently, tumor formation in pa-
tients with homozygous mutations of the'WT1 gene may
result in part from abnormal activation of multiple genes
such as the EGRI gene. I

DNA-B|nding Domains Can Be Class i f ied in to
Numerous Structural Types
The DNA-binding domains of eukaryotic activarors and re-
pressors contain a variety of structural motifs that bind spe-
cific DNA sequences. The ability of DNA-binding proteins
to bind to specific DNA sequences commonly results from
noncovalent interactions between atoms in an ct helix in the
DNA-binding domain and atoms on the edges of the bases
within a major groove in the DNA. Interactions with sugar-
phosphate backbone atoms and, in some cases, with atoms
in a DNA minor groove also contribute to binding.

The principles of specific protein-DNA interactions were
first discovered during the study of bacterial repressors. Many
bacterial repressors are dimeric proteins in which an cr helix
from each monomer inserts into a major groove in the DNA
helix (Figure 7-24).This ct helix is referred to as the recogni-
tion helix or sequence-reading helix because most of the
amino acid side chains that contact DNA extend from this he-
Iix. The recognition helix that protrudes from the surface of
bacterial repressors to enter the DNA major groove and make
multiple, specific interactions with atoms in the DNA is usu-
ally supported in the protein structure in part by hydropho-
bic interactions with a second ct helix just N-terminal to it.
This structural element, which is present in many bacterial
repressors, is called a helix-turn-helix motif.

Many additional motifs that can present an cr helix to the
major groove of DNA are found in eukaryotic transcription
factors, which often are classified according to the type of
DNA-binding domain they contain. Because most of these
motifs have characteristic consensus amino acid sequences,
newly characterized transcription factors frequently can be
classified once the corresponding genes or cDNAs are cloned
and sequenced. The genomes of higher eukaryotes encode

The absence of appropriate repressor activity can
have devastating consequences. For instance, the pro-

tein encoded by the 
-Wilms' 

tumor (WT1)gene rs a repres-
sor that is expressed preferentially in the developing kid-
ney. Children who inherit mutations in both the maternal
and paternal WT1 genes, so that they produce no func-
tional WT1 prorein, invariably develop kidney tumors
early in l i fe. The WT1 protein binds to the control region
of the gene encoding EGR1, which itself is a transcripiion
factor as well (Figure 7-23).This gene, l ike many other eu-
karyotic genes, is subject to both repression and activation.
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  FIGURE 7-24 lnteraction of bacteriophage 434 repressor
with DNA. (a) Ribbon diagram of 434 repressor bound to its specific
operator DNA, Repressor monomers are in yellow and green The
recognition helices are indicated by asterisks. A space-fi l l ing model of
the repressor-operator complex (b) shows how the protein interacts
intimately with one side of the DNA molecule over a length of 1 5
turns [Adapted from A K Aggarwal etal, 1988, Science242:8991

dozens of classes of DNA-binding domains and hundreds to

thousands of transcription factors. The human genome' for

instance, encodes -2000 transcription factors.
Here we introduce several common classes of DNA-

binding proteins whose three-dimensional structures have

been determined. In all these examples and many other tran-

scription factors, at least one ct helix is inserted into a major

groove of DNA. However. some transcription factors con-

tain alternative structural motifs (e.g., F strands and loops)

that interact with DNA.

Homeodomain Proteins Many eukaryotic transcription
factors that function during development contain a con-

served 60-residue DNA-binding motif, called a home-

odomain that is similar to the helix-turn-helix motif of bac-

terial repressors. These transcription factors were first

identif ied in Drosophila mutants in which one body part

was transformed into another during development (Chap-

ter 22). The conserved homeodomain sequence has also

been found in vertebrate transcription factors' including

those that have similar master-control functions in human

development.

Zinc-Finger Proteins A number of different eukaryotic

proteins have regions that fold around a central Zn"- ion,

producing a compact domain from a relatively short length

of the polypeptide chain (Figure 7-25a). Termed a zir.c fin-

ger, this structural motif was first recognized in DNA-bind-

ing domains but now is known to occur also in proteins that

do not bind to DNA. Here we describe two of the several

classes of zinc-finger motifs that have been identified in eu-

karvotic transcription factors.

The C2H2 zinc finger is the most common DNA-binding

motif encoded in the human genome and the genomes of

most other multicellular animals. It is also common in mul-

ticellular plants but is not the dominant type of DNA-

binding domain in plants as it is in animals. This motif has a

23- to 26-residue consensus sequence contarnrng two con-

served cysteine (C) and two conserved histidine (H) residues,

whose side chains bind one Znz* ion (Figure 3-9c). The

name "zinc finger" was coined because a two-dimensional

diagram of the structure resembles a finger. Sfhen the three-

dirnensional structure was solved, it became clear that the

binding of the Znz* ion by the two cysteine and two histi-

dine residues folds the relatively short polypeptide sequence

into a compact domain, which can insert its ct helix into the

zinc finger (because it has four conserved cysteines in contact

with the Zn2*\. is found in -50 human transcription fac-

tors. The first members of this class were identified as spe-

cific intracellular high-affinity binding proteins, or "recep-

tors," for steroid hormones, leading to the name steroid

receptor swperfamily. Because similar intracellular receptors

for nonsteroid hormones subsequently were found, these

transcription factors are now commonly called nuclear re-

."ptott. The characteristic feature of Ca zinc fingers is the

p..r..t.. of two groups of four critical cysteines' one toward

each end of the 55- or 56-residue domain' Although the Ca

three or more repeating finger units and bind as monomers'

whereas Ca zinc-finger proteins generally contain only two

finger units and generally bind to DNA as homodimers or

heterodimers. Homodimers of Ca zinc-finger DNA-binding

domains have twofold rotational symmetry (Figure 7-25c)'

ConsequentlS homodimeric nuclear receptors bind to con-

sensus DNA sequences that are inverted repeats'

Leucine-Zipper Proteins Another structural motif present

in the DNA-binding domains of alarge class of transcrip-

tion factors contains the hydrophobic amino acid leucine

at every seventh position in the sequence' These proteins

bind to DNA as dimers, and mutagenesis of the leucines

showed that they were required for dimerization' Conse-

quently, the name leucine zipper was coined to denote this

structural motif.
The DNA-binding domain of the yeast GCN4 transcrip-

tion factor mentioned earlier is a leucine-zipper domain' X-

ray crystallographic analysis of complexes between DNA and

the GCN4 DNA-binding domain has shown that the dimeric

protein contains two extended a helices that "grip" the DNA

holecule, much like a pair of scissors, at two adjacent major

grooves separated by about half a turn of the double helix
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> FfGURE 7-25 Zinc-Finger proteins. (a) This
two-dimensional depiction oI C2H2 zinc fingers
il lustrates the shape that gave this motif its
name lndiv idual  amino acids are in  purp le;  the
amino acids that contact the Zn*2 ion are in
blue (b) GL1 is a monomeric protein that
contains five C2H2 zinc f ingers a-Helices are
shown as cylinders, Zn*2 ions as spheres Finger'1 does not interact with DNA, whereas the
other four fingers do (c) The glucocorticoid
receptor is a homodimeric Co zinc-finger
protein o-Helices are shown as purple ribbons,
B-strands as green arrows, Zn*2 ions as spheres
Two o helices (darker shade). one rn each
monomer, interact with the DNA Like all Ca
zinc-finger homodimers, this transcription factor
has twofold rotational symmetry; the center of
symmetry is shown by the yellow ell ipse, In
contrast, heterodimeric nuclear receptors do not (b)
exhibit rotational symmetry [See N p pavletich
and C O Pabo,1993, Science26l :1701, and B F
Lursi et al , 1991 , Nature 352:49j l
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!{qure 7;26a). The portions of the o helices contacting the subsequently were identified. Like leucine-zipper proreins,
DNA include positively charged (basic) residues that interact they form dimers containing a C-terminal coiLi-coil dimer-
with phosphates in the DNA backbone and additional izationregion and an N-terminal DNA-binding domain. The
residues that interact with specific bases in the major groove. term basi zipper (bZIP)now is frequently ,ri.d to refer to

GCN4 forms dimers via hydrophobic interactions be- all proteins with these common structural features. Many
basic-zipper transcription factors are heterodimers of two
different polypeptide chains, each containing one basic_
zipper domain.

Basic Helix-Loop-Helix (bHLH) proteins The DNA_binding
domain of another class of dimeric transcription factors con-

coiled-coil dimer (see Figure 3-9a).
Although the first leucine-zipper transcription factors to be

analyzed contained leucine residues 
"t.u..y 

seventh position
in the dimerization region, additional DNA-binding proteins
containing other hydrophobic amino acids in these positions contain an N-terminal a helix with basic residues that interact
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(b )( a ) tion domains marked by an unusually high percentage of par-

ticular amino acids. GAL4, GCN4, and most other yeast tran-

scription factors, for instance' have activation domains that are

rich in acidic amino acids (aspartic and glutamic acids). These

so-called acidic actiuation domains generally are capable of

stimulating transcription in nearly all types of eukaryotic

cells-fungal, animal, and plant cells. Activation domains from

some Drosophila and mammalian transcription factors are

glutamine-rich, and some are proline-rich; still others are rich

in the closely related amino acids serine and threonine, both of

which have hydroxyl groups. However, some strong activation

domains are not particularly rich in any specific amino acid'

Biophysical studies indicate that acidic activation do-

mains have an unstructured, random-coil conformation'

These domains stimulate transcription when they are bound

to a protein co-actiuator. The interaction with a co-activator

."nr.t the activation domain to assume a more structured ct-

helical conformation in the activation domain-co-activator

complex. A well-studied example of a transcription factor

with an acidic activation domain is the mammalian CREB

protein, which is phosphorylated in response to increased

ievels of cAMP. This regulated phosphorylation is required

for CREB to bind to its co-activator CBP (CREB binding

protein), resulting in the transcription of genes whose con-

trol regions contain a CREB-binding site (see Figure 1'6-31')'

\Thenihe phosphorylated random coil activation domain of

CREB interacts with CBR it undergoes a conformational

change to form two ct helices linked by a short loop that

wrap around the interacting domain of CBP.

Some activation domains arelarget and more highly struc-

tured than acidic activation domains. For example' the ligand-

binding domains of nuclear receptors function as activation

domains when they bind their specific ligand (Figure 7-27)'

Binding of ligand induces alarge conformational change that

allows the ligand-binding domain with bound hormone to in-

teract with a short ct helix in nuclear-receptor co-activators;

the resulting complex then can activate transcription of genes

whose control regions bind the nuclear receptor.

Thus the acidic activation domain in CREB and the lig-

and-binding activation domains in nuclear receptors repre-

sent two structural extremes. The CREB acidic activation

-. I

,

I

A FIGURE 7-26 Interaction of homodimeric leucine-zipper and
basic helix-loop-helix (bHLH) proteins with DNA. (a) In leucine-
zipper proteins, basic residues in the extended cr-helical regions of
the monomers interact with the DNA backbone at adjacent major
grooves The coiled-coil dimerization domain is stabil ized by
hydrophobic interactions between the monomers. (b) In bHLH
proteins, the DNA-binding helices at the bottom (N-termini of the
monomers) are separated by nonhelical loops from a leucine-zipper-
l ike region containing a coiled-coil dimerization domain lPart (a) see
T. E Ellenberger elal ,1992, Cell71:1223; part (b) see A R Ferre-D'Amare
et al , 1993, Nature 353:38 l

with DNA, a middle loop region, and a C-terminal region

with hydrophobic amino acids spaced at intervals characteris-

tic of an amphipathic a helix. As with basic-zipper proteins'

different bHLH proteins can form heterodimers.

Structural ly Diverse Activation and Repression
Domains Regulate Transcript ion

Experiments with fusion proteins composed of the GAL4
DNA-binding domain and random segments of E. coli pro-

teins demonstrated that a diverse group of amino acid se-

quences can function as activation domains, -1 percent of

all E. coli sequences, even though they evolved to perform

other functions. Many transcription factors contain activa-

> FIGURE 7-27 Eftectof ligand binding on conformation
of the estrogen receptor. Only the ligand-binding domarn of
the receptor is shown. (a) When estrogen is bound to the
domain, the green o helix interacts with the l igand, generating
a hydrophobic aroove in the l igand-binding domain (dark brown
helices) that binds an amphipathic ct helix in a co-activator
subunit (blue). (b) The conformation of the estrogen receptor in
the absence of hormone is thought to be stabil ized by binding
of the estrogen antagonist tamoxifen. In this conformation, the
green helix of the receptor folds into a conformation that
interacts with the co-activator binding groove of the active
receptor, sterically blocking binding of co-activators. [From A K
Shrau et al , 1 998, Cell 95:927 )

o-hel ix from
interacting
co-activator

Estrogen
(agonist)

( a )
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> FIGURE 7-28 Combinatorial possibil i t ies due to formation of
heterodimeric transcription factors. (a) In some heterodimeric
transcrrption factors, each monomer recognizes the same DNA
sequence In the hypothetical example shown, transcription factors
A, B, and C can all interact with one another; creating six different
alternative combinations of activation domains that can all bind at
the same site Each composite binding site is divided into two half-
sites, and each heterodimeric factor contains the activation domains
of its two constituent monomers (b) When transcription factor
monomers recognize different DNA sequences, alternative
combinations of the three factors bind to six different DNA sequences
(sites 1-6), each with a unique combination of activation domarns (c)
Expression of an inhibitory factor (red) that interacts only with factor
A inhibits binding; hence transcriptional activation at sites 1,4, and 5
is inhibited, but activation at sites 2, 3. and 6 is unaffected

domain is a random coil that folds into two a-helices when
it binds to the surface of a globular domain in a co-activaror.
In contrast, the nuclear-receptor ligand-binding activation
domain is a structured globular domain that interacts with a
short cr helix in a co-activator, which probably is a random
coil before it is bound. In both cases, however, specific
protein-protein interactions between co-activators and the
activation domains permit the transcription factors to stim-
ulate gene expression.

CurrentlS less is known about the structure of repression
domains. The globular ligand-binding domains of some nu-
clear receptors function as repression domains in the absence
of their specific hormone ligand. Like activation domains,
repression domains may be relatively short, comprising 15
or fewer amino acids. Biochemical and genetic st;dies indi-
cate that repression domains also mediate protein-protein
interactions and bind to co-repressor proteins, forming a
complex that inhibits transcription initiation by mechanisms
that are discussed later in the chaoter.

Transcript ion Factor Interactions Increase Gene-
Control Options
Two types of DNA-binding proteins discussed previously-
basic-zipper proteins and bHLH proteins-oiten exisi in
alternative heterodimeric combinations of monomers.
Other classes of transcription factors not discussed here
also form heterodimeric proteins. In some heterodimeric
transcription factors, each monomer recognizes the same
sequence. In these proteins, the formation of alternative
heterodimers does not increase the number of different
sites on which the monomers can act but rather allows the
activation domains associated with each monomer to be
brought together in alternative combinations that bind to

transcriptional responses depending on which 6ZIp or
bHLH monomers that bind to that ,it. 
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particular cell at a particular time and how their activities
are regulated.

In some heterodimeric transcription factors, however,
each monomer has a different DNA-binding specificity. The
resulting combinatorial possibilities increase the number of
potential DNA sequences that a family of transcription fac-
tors can bind. Three different factor monomers theoretically
could combine to form six homo- and heterodimeric factors,
as illustrated in Figure 7-28b. Four different facor
monomers could form a total of 10 dimeric factors; five
monomers, 15 dimeric factors; and so forth. In addition, in-
hibitory factors are known that bind to some basic-zipper
and bHLH monomers, thereby blocking their binding to
DNA. Ifhen these inhibitory factors are expressed, they re-
press transcriptional activation by the factors with which
they interact (Figure 7-28c). The rules governing the interac-
tions of members of a heterodimeric transcription factor
class are complex. This combinatorial complexity expands
both the number of DNA sites from which these factors
can activate transcription and the ways in which they can be
regulated.

Similar combinatorial transcriptional regulation is
achieved through the interaction of structurally unrelated
transcription factors bound to closely spaced binding sites
in DNA. An example is the interaction of two rranscrip-
tion factors, NFAT and AP1, which bind to neighboring

Factor
A
a)

Factor
B

Factor
C -, Activation

tf domain
R DNA-binding

domain

Inh ib i to ry
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< FIGURE 7-29 Cooperative binding of
two unrelated transcription factors to
neighboring sites in a composite control
element. By themselves, both monomeric NFAT
and heterodimeric AP1 transcription factors
have low affinity for their respective binding
sites in the /L-2 promoter-proximal region.
Protei n-protei n i nteractions between N FAT a nd
AP1 add to the overall stability of the NFAT-
AP1-DNA complex, so that the two proteins

bind to the composite site cooperatively. [See L
Chen et al .1998, Nature392:421

\

Weak NFAT Weak AP1
b ind ing  s i te  b ind ing  s i te

sites in a composite promoter-proximal element regulating

the gene encoding interleukon-Z (lL-Z). Expression of the

IL-2 gene is crit ical to the immune response, but abnormal

expression of IL-2 can lead to autoimmune diseases such

as rheumatoid arthrit is. Neither NFAT nor AP1 binds to

its site in the lL-2 control region in the absence of the

other. The affinit ies of the factors for these particular

DNA sequences are too low for the individual factors to

form a stable complex with DNA. However, when both

NFAT and AP1 are present, protein-protein interactions

between them stabil ize the DNA ternary complex com-

posed of NFAT, AP1, and DNA (Figure 7-29). Such coop-

eratiue DNA binding of various transcription factors

results in considerable combinatorial complexity of tran-

scription control. As a result, the approximately 2000

transcription factors encoded in the human genome can

bind to DNA through a much larger number of coopera-

tive interactions, resulting in unique transcriptional con-

trol for each of the several tens of thousands of human

genes. In the case of IL-2, transcription occurs only when

both NFAT is activated, resulting in its transport from the

cytoplasm to the nucleus, and the two subunits of API' are

synthesized. These events are controlled by distinct signal

t ransduct ion pathways (Chapters 15 and 16) '  a l lowing

stringent control of IL-2 expression.
Cooperative binding by NFAT and AP1 occurs only

when their weak binding sites are positioned quite close to

each other in DNA. The sites must be located at a precise

distance from each other for effective binding. Recent studies

have shown that the requirements for cooperative binding are

not so stringent in the case of some other transcription

factors and control regions. For example, the EGR-1 con-

trol region contains a composite binding site to which the

SRF and TCF transcription factors bind cooperatively (see

Figure 7-23). Because a TCF has a long' f lexible domain

that interacts with SRF. the two proteins can bind cooper-

Cooperative binding
of NFAT and AP1

atively when their individual sites in DNA are separated

by any distance up to 10 base pairs or are inverted relative

to each other.

Multiprotein Complexes Form on Enhancers

As noted previouslS enhancers generally range in length

from aboui 50 to 200 base pairs and include binding sites for

several transcription factors. The multiple transcription fac-

tors that bind to a single enhancer are thought to interact'

Analysis of the :70-bp enhancer that regulates expression

of B-lnterferon, an important protein in defense against viral

infections in humans, provides a good example of such tran-

scription-factor interactions. The B-interferon enhancer con-

tains four control elements that bind four different tran-

scription factors simultaneously. In the presence of a small,

abundant protein associated with chromatin called HMGI,

binding of the transcription factors is highly cooperative'

similai to the binding of NFAT and AP1 to the composite

promoter-proximal site inthe IL-2 control region (FigureT-29)'

Thi, .oop.."tive binding produces a multiprotein complex

on the B-interferon enhancer DNA (FigureT-30)' The term

enhancesome has been coined to describe such large nucleo-

protein complexes that assemble from transcription factors

a. th.y bind cooperatively to their multiple binding sites in

an enhancer.
HMGI binds to the minor groove of DNA regardless of

the sequence and, as a result, bends the DNA molecule

sharply. This bending of the enhancer DNA permits bound

tr"nr.riptio.t factors to interact properly' The inherently

weak, noncovalent protein-protein interactions between

transcription factors are strengthened by their binding to

neighboring DNA sites, which keeps the proteins at very

high relative concentrations.
Because of the presence of flexible regions

the DNA-binding domains and activation or
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  FIGURE 7-30 Model of the enhancesome that forms on the
p-interferon enhancer. Two monomeric transcript ion factors, IRF_3
and IRF-7, and two heterodimeric factors, )un/AfF-2 and p50/ p65
(NF-rB), bind to the four control elements in this enhancer.
Cooperative binding of these transcript ion factors is faci l i tated by
HMGI, which binds to the minor groove of DNA and also interacts
direct ly with the dimeric factors. Bending of the enhancer sequence
result ing from HMGI binding is cr i trcal to formation of an
enhancesome. Different DNA-bending proteins act similarly at other
enhancers. [Adapted from D. Thanos and T. Maniat is, 1995, Ce//g3:1091.
and M A Wathel et al ,  1998, Mot Cett 1:5Ol I

Activators and Repressors of Transcription

subjected to this evolutionary experimentation than would
be the case if constraints on the spacing between regulatory
elements were strict, as for most genes in bacteria.

IRF.7
F

^\-

factors, which stimulate or repress tran-
to promoter-proximal regulatory elements

more a helices that inreract
cognate site in DNA.

malor grooves in their

r Activation and repression domains in transcription fac-
tors exhibit a variety of amino acid sequences and three-
dimensional structures. In general, these functional
domains interact with co-activators or co-repressors,
which are critical to the ability of transcription factors to
mod ulare gene expression.

r The transcription,control regions of most genes contain
binding sites for multiple transcription factors. Transcrip-
tion of such genes varies depending on the particular ..p.r-
toire of transcription factors that are expressed and acti-
vated in a particular cell at a particular time.

r Combinatorial complexity in transcription control re-
sults from alternative combination, of -ono-ers that
form heterodimeric transcription facors (see Figure 7-2g)
and from cooperative binding of transcription factors to
composite control sites (see Figure 7-29).

r Cooperative binding of multiple activators to nearby
sites in an enhancer forms a multiprotein complex called
an enhancesome (see Figure 7-30). Assembly of enhance-
somes often requires small proteins that bind to the DNA
minor groove and bend the DNA sharply, allowing
bound proteins on either side of the bend to rnteract
more readily.

lE Transcription Initiation by RNA
Polymerase ll
In previous sections, many of the eukaryotic proteins and
DNA sequences that participate in transcription and its
control have been introduced. In this section, we focus on as-
sembly of transuiption preinitiation complexe.s. The preiniti-
ation complex is an association of RNA polymerase II and
several protein initiation factors that assemble together at
the start site and begin to unwind the DNA in preparation
for transcription of the gene. Recall that this eukaryotic
RNA polymerase II catalyzes synthesis of mRNAs and a few
small nuclear RNAs (snRNAs). Specific activator and
repressor proteins regulate the mechanisms that control the
assembly of Pol II transcription preinitiation complexes-
and hence the rate of transcription of protein-coding genes-
and are considered in the nexr section.

General Transcript ion Factors posit ion RNA
Polymerase l l  at Start Sites and Assist in
In i t ia t ion

In vitro transcriprion by purified RNA polymerase II requires
the addition of several initiation factors that are seoaiated
from the polymerase during purification. These initiation fac-
tors, which position polymerase molecules at transcription
start sites and help to melt the DNA strands so rhar the tem_
plate strand can enter the active site of the enzyme, are called
general transuiption factors. In contrast to the transcription

E X P R  E S 5 I O  N

r Transcription
scription, bind

r Transcription activators and repressors are generally
modular proteins containing a single DNA-binding domain
and one or a few activation domains (for activators) or re_
pression domains (for repressors). The different domains
frequently are linked through flexible polypeptide regions
(see Figure 7-22).

r Among the most common structural motifs found in
the DNA-binding domains of eukaryotic transcription
factors are the C2H2 zinc finger, homeodomain, basic helix_
Ioop-helix (bHLH), and basic zipper (leucine zipper). All
these and many other DNA-binding motifs conrain one or

and enhancersin eukaryotic DNA.
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ff i  eod."rt: Assembly of the Pol l l  Preinit iation Complex

> FIGURE 7-31 In vitro assembly of RNA polymerase ll
preinit iation complex. The indicated general transcriptton factors
and purif ied RNA polymerase ll (Pol l l) bind sequentially to TATA-box
DNA to form a preinit iation complex ATP hydrolysis then provides

the energy for unwinding of DNA at the start site by a TFIIH subunit
As Pol l l  init iates transcrtption in the resulting open complex, the
polymerase moves away from the promoter and its CTD becomes
phosphorylated In vitro, the general transcription factors (except for
TBP) dissociate from the TBP-promoter complex, but it is not yet

known which factors remain associated with promoter regions
following each round of transcription init iation in vivo

factors discussed in the previous section' which bind to specific

sites in a limited number of genes, general transcription factors

are required for synthesis of RNA from most genes.

The general transcription factors that assist Pol II in initia-

tion of transcription from most TATA-box promoters in vitro

have been isolated and characterized. These proteins are desig-

nated TFIIA, TFIIB, etc., and most are multimeric proteins.

The largest is TFIID, which consists of a single 38-kDa TATA-

box-binding protein (TBP) and 13 TBP-associated factors
(TAFs). General transcription factors with similar activities

have been isolated from cultured human cells' rat liver'

Drosophila embryos, and yeast. The genes encoding these pro-

teins in yeast have been sequenced as part of the complete yeast

genome sequence, and many of the cDNAs encoding human

and DrosophilaPol II general transcription factors have been

cloned and sequenced. In all cases, equivalent general transcrip-

tion factors from different eukaryotes are highly conserved.

Sequential Assembly of Proteins Forms the Pol l l

Transcript ion Preinit iat ion Complex in Vitro

The complex of RNA polymerase II and its general transcrip-

tion factors bound to a promoter and ready to initiate tran-

scription is called a preinitiation complex. Understanding how

a preinitiation complex is assembled on a promoter is impor-

tant because, in principle, each step in the process can be con-

trolled, allowing complex regulation of the overall process of

transcription initiation. Detailed biochemical studies using

DNase I footprinting and electrophoretic mobility shift assays

were used to determine the order in which Pol II and general

transcription factors bound to TAIA-box promoters. Because

the complete, multisubunit TFIID is difficult to purifS re-

searchers used only the isolated TBP component of this general

transcription factor in these experiments. Pol II can initiate

transcription in vitro in the absence of the other TFIID subunits.

Figure 7-31 summarizes our current understanding of

the stepwise assembly of the Pol II transcription preinitiation

complex in vitro. TBP is the first protein to bind to a TATA-

box promoter. All eukaryotic TBPs analyzed to date have

very similar C-terminal domains of 180 residues' The se-

quence of this region is 80 percent identical in the yeast and

hu-"n proteins, and most differences are conservative sub-

stitutions. This conserved C-terminal domain functions as

well as the full-length protein does for in vitro transcription'
(The N-terminal domain of TBP, which varies greatly in se-

TFIIB GL

CTD

Preinit iat ion
complex

ATP

ADP

Elongating
Pol l l  with
phosphorylated
CTD

quence and length among different eukaryotes, functions in

the Pol ll-catalyzed transcription of genes encodlng

snRNAs.) TBP is a monomer that folds into a saddle-shape

structure; the two halves of the molecule exhibit an overall

dyad symmetry but are not identical' Like the HMGI and
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TFI IF

Polymerase l l  Preinit iat ion Complex
Video: 3D Model of an RNA template strand is bound at the polymerase active site. If the

remaining ribonucleoside triphosphates are present, pol II be-
gins transcribing the template strand. As the polymerase tran-
scribes away from the promoter region, another subunit of
TFIIH phosphorylates the Pol II CTD at multiple sites (see
Figure 7-31).In the minimal in vitro transcription assay con-
taining only these general transcription factors and purified
RNA polymerase II, TBP remains bound to the TATA box as
the polymerase transcribes away from the promoter region,
but the other general transcription factors dissociate.

t
-t

, -  i

TFirf i

The first subunits of TFIIH to be cloned from hu-

A FIGURE 7-32 Model for the structure of an RNA polymerase
ll preinitiation complex. yeast RNA polymerase ll is snown as a
space-filling model with the direction of transcription to the left. The
template strand of DNA is shown in dark blue and the nontemolate
strand in red. The start site of transcription is shown as a space-filling
red and dark blue base pair. TBp and TFIIB are shown as green and
yellow worm traces of the polypeptide backbone. Structures for TFllE, F,
and H have not been determined to high resolution Their approximate
positions lying over the DNA in the preinitiation complex are shown by
ellipses for TFIIE (light blue), TFilF (red), and TFI|H (orange). [Adapted
from G Miller and S Hahn, 2006, Nature Strua. Biol.. 13:6031

El mans were identified because mutations in the genes
encoding them cause defects in the repair of damaged
DNA. In normal individuals, when a transcribing RNA
polymerase becomes stalled at a region of damaged tem-
plate DNA, a subcomplex of TFIIH is thought to recognize
the stalled polymerase and then recruit other proteins that
function with TFIIH in repairing the damaged DNA re-
gion. In patients with mutant forms of TFIIH subunits, such
repair of damaged DNA in transcriptionally active genes is
impaired. As a result, affected individuals have extreme
skin sensitivity to sunlight (a common cause of DNA dam-
a.ge) and exhibit a high incidence of cancer. Depending on
the severity of the defect in TFIIH function, theie individu-
als may suffer from diseases such as xerode a pigmento-
sum and Cockayne's syndrome (Chapter 25

In Vivo Transcript ion Init iat ion by pol l l  Requires
Addit ional Proteins
Although the general transcription factors discussed above
allow Pol II to initiate transcription in vitro, another general
transcription factor, TFIIA, is required for initiation by pol II
in vivo. Purified TFIIA forms a complex with TBp and
TATA-box DNA. X-ray crystallography of this complex
shows that TFIIA inreracts with the side of TBp that is
upstream from the direction of transcription. Biochemical
experiments suggest that in cells of higher eukaryotes, TFIIA
and TFIID, with its multiple TAF subunits, bind first to
TATA-box DNA and then the orher general transcription
factors subsequently bind as indicated in Figure 7-31.

The TAF subunits of TFIID appear to play a role in initi_
ating transcription from promoters that lack a TAIA box.
For instance, some TAF subunits contact the initiator ele-
ment in promoters where it occurs, probably explaining how
such sequences can replace a TATA box. Additional TFIID
TAF subunits can bind to a consensus sequence A/G-G-A/
T-C-G-T-G centered =30 base pairs downstream from the
transcription start site in many genes that lack a TATA_box
promoter. Because of its position, this regulatory sequence is
called the downstream promoter element (DpE). tt. Opn
facilitates transcription of TAIA-less genes that contain it by
increasing TFIID binding.

In addition to general transcription factors, specific
activators and repressors regulate transcription of genes by
Pol II. In the next section we will examine how thesi regula-
tory proteins influence Pol II transcription initiation.
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Transcription Init iation by RNA Polymerase ll

r Transcription of protein-coding genes by Pol II can be

initiated in vitro by sequential binding of the following in

the indicated order: TBP, which binds to TMA-box DNA;

TFIIB; a complex of Pol II and TFIIF; TFIIE; and finally

TFIIH (see Figure 7-31).

r The helicase activity of a TFIIH subunit separates the

template strands at the start site in most promoters' a

process that requires hydrolysis of ATP. As Pol II begins

transcribing away from the start site, its CTD is phospho-

rylated by another TFIIH subunrt.

r In vivo transcription initiation by Pol II also requires

TFIIA and, in metazoans, a complete TFIID protein, includ-

ing its multiple TAF subunits as well as the TBP subunit.

lB Molecular Mechanisms of
Transcription Repression and Activation
The repressors and activators that bind to specific sites in DNA

and regulate expression of the associated protein-coding genes

do so by trno general mechanisms. First, these regulatory pro-

teins act in concert with other proteins to modulate chromatin

structure, inhibiting or stimulating the ability of general tran-

scription factors to bind to promoters. Recall from Chapter 6

thai the DNA in eukaryotic cells is not free but is associated

with a roughly equal mass of protein in the form of chromatin.

The basic structural unit of chromatin is the nucleosome,

which is composed of :147 base pairs of DNA wrapped

tightly around a disk-shaped core of histone proteins. Residues

within the N-terminal region of each histone, and the C-

terminal regions of histones H2A and H2B, called histone tails,

extend from the surface of the nucleosome and can be re-

versibly modified (see Figure 6-31b). Such modifications' espe-

cially the acetylation of histone H3 and H4 tails, influence the

relative condensation of chromatin and thus its accessibility to

proteins required for transcription initiation. In addition to

their role in such chromatin-mediated transcriptional control,

activators and repressors interact with a large multiprotein

complex called the mediator of transcription complex, or sim-

ply mediator. This complex in turn binds to Pol II and directly

regulates assembly of transcription preinitiation complexes.

In this section, we review current understanding of how re-

pressors and activators control chromatin structure and preini-

iiation complex assembly. In the next section of the chapter, we

discuss how the concentrations and activities of activators and

repressors themselves are controlled, so that gene expression is

precisely aftuned to the needs of the cell and organism.

Formation of Heterochromatin Silences Gene

Expression at Telomeres, Near Centromeres, and

in Other Regions

For manl' years it has been clear that inactive genes in

eukaryotic cells are often associated with heterochromatin,

regions of chromatin that are more highly condensed and

stain more darkly with DNA dyes than euchromatin, where

most transcribed genes are located (see Figure 6-33a)'

Regions of chromosomes near the centromeres and telom-

er.i a.td additional specific regions that vary in different cell

types are organized into heterochromatin. The DNA in het-

ertchromatin is less accessible to externally added proteins

than DNA in euchromatin and consequently is often referred

to as "closed" chromatin. For instance, in an experiment

described in Chapter 6, the DNA of inactive genes was

found to be far more resistant to digestion by DNase I than

the DNA of transcribed genes (see Figure 6-32)'

Chromatin-Mediated Repression in Yeast Study of DNA

regions in S. cereuisiae th^t behave like the heterochromatin

oi high.t eukaryotes provided early insight into the

chroiatin-mediated repression of transcription' This yeast

can grow either as haploid or diploid cells' Haploid cells ex-

hibit one of two possible mating types, called a and ct' Cells

of different mating type can "mate," or fuse, to generate a

diploid cell (see Figure 1-6). Vhen a haploid cell divides by

buddlng, the larger "mother" cell switches its mating type

(see Figure 21-27). Genetic and molecular analyses have re-

vealedlhat three genetic loci on yeast chromosome III con-

trol the mating type of yeast cells (Figure 7-33)' Only the

central mating-type locus, terme d MAT, is actively tran-

scribed. How the proteins encoded at the MAT locws deter-

mine whether a cell has the a or ct phenotype is explained in

Chapter 21. The two additional loci, termed HML and

HMR, near the left and right telomere, respectively, contain

"silent" (nontranscribed) copies of the a or ct genes' These

seouences are transferred alternately from HMLa or HMRa

into the MAT locus by a type of nonreciprocal recombina-

tion between sister chromatids during cell division' \fhen

the MAT locus contains the DNA sequence from HMLa, the

cells behave as ct cells. \fhen the MAT locus contains the

DNA sequence from HMRa, the cells behave like a cells'

Our interest here is how transcription of the silent mat-

ing-type loci at HML and HMR is repressed' If the genes at

these loci are expressed' as they are in yeast mutants with de-

fects in the repressing mechanism, both a and ct proteins are

expressed, causing the cells to behave like diploid cells,

which cannot mate. The promoters and UASs controlling

transcription of the a and a genes lie near the center of the

DNA sequence that is transferred and are identical whether

the sequences are at the MAT locus or at one of the silent

loci. Tilis indicates that the function of the transcription fac-

tors that interact with these sequences must somehow be

blocked ̂ t HML and HMR but not at the MAT locus' This

repression of the silent loci depends on silencer sequences lo-

caied next to the region of transferred DNA at HML and

HMR (Figure 7-33).If the silencer is deleted, the adjacent

silent locris is transcribed. Remarkably' any gene placed near

the yeast mating-type silencer sequence -by 
recombinant

DNA techniques is repressed, or "silenced"' even a tRNA

gene transcrited by RNA polymerase III, which uses a dif-

ierent set of general transcription factors than RNA poly-

merase II uses.
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  FIGURE 7-33 Arrangement of mating-type loci on
chromosome lll in the yeast S. cerevisiae. Silent (unexpresseo,t
mating-type genes (either a or ct, depending on the strain) are
located at the HML locus. The opposite mating-type genes are
present at the silent HMR locus When the o or a sequences are
present at the MAI locus, they can be transcribed into mRNAs whose

Several lines of evidence indicate that repression of the
HML and HMR loci results from a condensed chromatin

These results indicate that the DNA of the silent loci is inac_

a 1

encoded proteins specify the mating-type phenotype of the cell. The
silencer sequences near HML and HMR bind proteins that are critical
for repression of these silent loci. Haploid cells can switch mating
types rn a process that transfers the DNA sequence from HML or
HMR Io the transcriptionally active MAT locus

silencer sequences. For instance, when a gene is placed within
a few kilobases of any yeast telomere, its expression is
repressed. In addition, this repression is relieved by the same
mutations in the H3 and H4 histone tails that interfere with
repression at the silent mating-type loci.

peated multiple times at each yeast chromosome telomere.
Further biochemical studies showed that the SIR2 protein is
a,histone deacetylase; it removes acetyl groups on lysines of
the histone tails. Also, the RAP1, and SIR2, 3, and 4 proteins
bind to one another, and SIR3 and SIR4 bind to the N_
terminal tails of histones H3 and H4 that are maintained in
a-largely unacetylated state by the deacetylase activity
of SIR2. Several experiments using fluorescence confocal

(a )  Nuc le i  and te lomeres (b)Te lomeres (c) SIRS protein

yeast nuclei.  (a) Confocal micrograph 0.3 pm thick through three
diploid yeast cel ls, each containing 6g telomeres. Telomeres were
labeled by hybridization to a f luorescent telomere_specif ic probe
(yel low). DNA was stained red to reveal the nuclei.  The 6g telomeres
coalesce into a much smaller number of regions near the nuclear
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periphery. (b, c) Confocal micrographs of yeast cel ls Iabeled with a
telomere-specif ic hybridization probe (b) and a fruorescent-rabered
antibody specif ic for SlR3 (c) Note that SlR3 is locai lzed in the
repressed telomeric heterochromatin. similar experiments with RAp1,
SlR2, and SlR4 have shown that these proteins also colocal ize with
the repressed telomeric heterochromatin [From lvt cotta et al ,  1996,
J Cell Biol 134:1349;courtesyof M Gotta. T. Laroche, and S M Gasserl
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microscopy of yeast cells either stained with fluorescent-

labeled antibody to any one of the SIR proteins or RAP1 or

hybridized to a labeled telomere-specific DNA probe re-

vealed that these proteins form large, condensed telomeric
nucleoprotein structures resembling the heterochromatin
found in higher eukaryotes (Figure 7-34). Figure 7-35 de-

picts a model for the chromatin-mediated silencing at yeast

telomeres based on these and other studies. Formation of

heterochromatin at telomeres is nucleated by multiple RAPl

proteins bound to repeated sequences in a nucleosome-

free region at the extreme end of a telomere. A network of

protein-protein interactions involving telomere-bound
RAP1, three SIR proteins (2, 3, and 4), and hypoacetylated

histones H3 and H4 creates a stable, higher-order nucleo-

protein complex that includes several telomeres and in

which the DNA is largely inaccessible to external proteins.

One additional protein, SIR1, is also required for silencing

of the silent mating-type loci. It binds to the silencer regions

associated with HML and HMR together with RAP1 and

other proteins to initiate assembly of a similar multiprotein

silencing complex that encompasses HML and HMR.

Chapter 6 that acetylation of lysines neutralizes their positive

charge and eliminates their interaction with DNA phosphate

groups, reducing chromatin condensation' Repression at

ielome.es and at the silent mating-type loci was defective in

the mutants with glycine substitutions but not in mutants

with arginine substitutions. Further, acetylation of H3 and

H4 lysines interferes with binding by SIR3 and SIR4 and con-

sequently prevents repression at the silent loci and telomeres'

Chromatin Condensation in Higher Eukaryotes In

higher eukaryotes, a similar process leads to the formation

oicond.ns.d heterochromatin at centromeres and telom-

eres, as well as repression of genes at internal chromosome

positions that differ depending on the cell type' But in

Si12
Si14
Si13

Rap l

Te lomer ic
DNA

Hypoacetylated histone
N- termina l  ta i l s

,,\

< FIGURE 7-35 Schematic model of
silencing mechanism at yeast telomeres.
(Iop) Multiple copies of RAPl bind to a simple
repeated sequence at each telomere region
that lacks nucleosomes SlR3 and SlR4 bind to
RAP1, and SlR2 b inds to SlR4 SlR2 is  a h is tone
deacetylase that deacetylates the tails on the
histones neighboring the repeated RAPl binding
stte (Middle) The hypoacetylated histone tails

are also binding sites for SlR3 and SlR4, which

in turn binds additional SlR2, deacetylating
neighboring histones Repetit ion of this
process results in spreading of the region of
hypoacetylated histones with associated SlR2,

SlR3, and SlR4 (Bottom) Interactions between
comolexes of SlR2, SlR3, and SlR4 cause the

chromatin to condense and several telomeres
to associate, as shown in Figure 7-34.fhe
higher-order chromatin structure generated

sterically blocks other proteins from interacting

with the underlying DNA. [Adapted from M

Grunstein, 1997, Curr. Opin Cell Biol 9:383 |

Si12,  S i13 ,  S i14  pro te ins

Nucleosomes condense
and mul t ip le  te lomeres
associate

Hypoacetylated histone
N- termina l  ta i l s
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multicellular organisms, methylation of specific lysine residues
in histone H3 contribute to chromatin condensation in addi-
tion to the deacetylation of histone lysines. We learned in
Chapter 5 how HP1 (heterochromatin protein 1) promotes
chromatin condensation by binding to nucleosomes that are
methylated at lysine 9 of histone H3. Because Hp1 also
binds to a bistone methyl transferase that methylates H3 ly-
sine 9 on neighboring nucleosomes, additional Hpl is re-
cruited to the area. Further associations between the individ-
ual HP1 molecules themselves remodel chromatin into a
more compact structure (see Figure 6-34).

sential for maintaining the repression of genes in specific
types of cells and in all of the subsequent cells that develop
from them throughout the life of an organism. Importani
genes regulated by Polycomb proteins include the Hox
genes, encoding master regulatory transcription factors. As
discussed in Chapter 22, different combinations of Hox
transcription factors help to direct the development of spe_
cific tissues and organs in a developing embryo. Early during
embryogenesis, expression of Hox genes is controlled by
typical activator and repressor proteins. However, the ex_

quent descendents of that cell.

A FIGURE 7-36 Model for repression by polycomb complexes.
(a) During early embryogenesis repressors associate with the pRC2
complex. (b) This results in methylation (Me) of neiqhborinq
nucleosomes on histone H3 lysine 27 \K27) Oy tfre iff-Oomiin_
containing subunit E(z). (c) The pRCl complexes bind nucreosomes
methylated at H3 lysine 27 through a dimeric, chromodomain_
containing subunit Pc The pRCl complex condenses the chromatin

Remarkably, virtually all cells in the developing embryo
and adult express a similar set of Polycomb and Trithorax
proteins and all cells contain the same set of Hox genes. yet
only the Hox genes in cells where they were initially re-
pressed in early embryogenesis remain repressed, even
though the same Hox genes in other cells remain active in
the presence of the same Polycomb proteins. Consequentl5
as in the case of the yeast silent-mating-type loci, the expres-
sion of Hox genes is regulated by a process that involves
more than simply specific DNA sequences interacting with
proteins that diffuse through the nucleoplasm. The reason is
the same collection of Polycomb and Trithorax proteins and
the same Hox DNA sequences in all cells result in the ex-
pression of specific Hox genes in cells comprising the ante,
rior of an embryo and their repression in cells located in the
posterior of the embryo.

A current model for repression by polycomb proteins is
depicted in Figure 7-36. Most Polycomb proteins are subunits
of one of two multiprotein complexes, pRCl and pRC2.
PRC2 is thought to act initially by associating with specific re-
pressors bound to their cognate DNA sequences early in em-
bryogenesis. The PRC2 complex contains a subunit with a
SET domain, the enzymatically active domain of several his-
tone methyl transferases. This SET domain methylates histone
H3 on lysine 27. The PRC1 complex then binds the methy-
lated nucleosomes through dimeric Pc subunits each contain-
ing a binding domain (called a chromodomain\ soecjhc for
methylated H3 lysine 27. Binding of the dimeric pi to neigh-
boring nucleosomes is proposed to condense the chromatin
into a structure rhat inhibits transcription. PRC2 or another
methyltransferase is postulated to associate with pRC1, main-
taining methylation of H3 lysine 27 in nucleosomes in the re-
gion. This results in association of the chromatin with pRCl
and PRC2 complexes even after expression of the initial re-
pressor proteins in Figure 7-36ahas ceased.

A key feature of Polycomb repression is its maintenance
in daughter cells through successive cell divisions for the life

Into a repressed chromatin structure. pRC2 complexes or another
histone methyl transferase associates with pRCl comptexes to
maintain H3 lysine 27 methylation of neighboring nucreosomes (not
shown) As a consequence, PRC 1 association with the region rs
maintained when expression of the repressor proteins in (a) ceases
[Modified from A H Lund and M van Lohuizen,2OO4, Curr Op Cett Biol.
16:239 l

PRCl complex

H 3 .  H 3 .  H 3 .  H 3

K27tMe K27tMe K27+Me K
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Cross-l inked
chromat in

of an organism (-199 years for some vertebrates, 2'000
years for a sugar cone pine!). This stability of Hox gene ex-
pression state is thought to result from the distribution of

nucleosomes with methylated H3 lysine 27 to both daughter
DNA molecules immediately following DNA replication.
Association of PRC1 complexes with these H3 lysine 27-

methylated nucleosomes and methylation of new nucleo-

somes assembled on the replicated DNA on H3 lysine
27 would allow the complete PRC1 complex to be re-

established over the same region of chromatin in both repli-

cated daughter chromosomes. Although Polycomb repres-

sion may involve additional mechanisms as well, this model

can explain how repression of specific genes can be maintained
in all daughter cells derived from an initial cell where the gene

was repressed by a transiently expressed set of repressors.
Alternatively, a complex of Trithorax proteins includes a

histone methyl transferase that methylates histone H3 lysine

4, a histone methylation associated with the promoters of

actively transcribed genes. This histone modification is

thought to create a binding site for histone acetylase and

chromatin remodeling complexes that promote transcription

and prevent methylation of histone H3 at lysine 9, prevent-

ing the binding of HP1, and at Iysine 27, preventing the

binding of the PRC1 repressing complex. Nucleosomes

marked with histone H3 lysine 4 methylation also are

I
E  I  

l so ta te  and shear  chromat in  mechan ica l l y

E I ffl*i:tibodv 
specific for acetvlated N-terminal

+ Antibody against
acetylated histone
N-terminal tai l

Nuc leosome wi th
acetylated histone
ta i l s

I
E I trnrnunoprecipitate

+

< EXPERIMENTAL FIGURE 7-37 ThC
chromatin immunoprecipitation method
can reveal the acetylation state of histones
in chromatin. Histones are l ightly cross-linked
to DNA in vivo using a cell-permeable,
reversible, chemical cross-linking agent.
Nucleosomes with acetylated histone tails are
shown in green. Step E: Cross-linked
chromatin is then isolated and sheared to an
average length of two to three nucleosomes
Step Z: An antibody against a particular
acetylated histone tail sequence is added, and
(step E) bound nucleosomes are
immunoprecipitated Step 4: DNA in the
immunoprecipitated chromatin fragments is
released by reversing the cross-link and then is
quantitated using a sensitive PCR method. The
method can be used to analyze the in vivo
association of any protein with a specific
sequence of DNA by using an antibody against
the protein of interest in step E. [See S E
Rundlett et al . 1998, Nature 392:831 l

thought to be distributed to both daughter DNA molecules

during DNA replication. Binding of Trithorax complexes to

nocleosomes with the histone H3 lysine 4 methylation mark

may cause the same methylation at unmodified histones in-

corporated into the daughter chromatin, leading to perpetu-

ation of the chromatin mark in this region' In this way, in-

heritance of the expression status of Hox genes and other

genes regulated by the Polycomb/Irithorax system is tem-

plat.d through chromatin replication by post-translational

modifications on histones rather than DNA sequence' This

type of inheritance through modifications of chromatin

structure rather than modification of DNA sequence is re-

ferred to as epigenetic inheritance.

Repressors Can Direct Histone Deacetylation

and Methylation at SPecif ic Genes

The importance of bistone deacetylation and methylation in

chro-atitt-tttediated gene repression has been further sup-

ported by studies of eukaryotic repressors that regulate genes

at internal chromosomal positions. These proteins are now

known to act in part by causing deacetylation of histone tails

in nucleosomes that bind to the TATA box and promoter-

proximal region of the genes they repress. In vitro studies

have shown that when promoter DNA is assembled onto a
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nucleosome with unacetylated histones, the general transcrip-
tion factors cannor bind to the TATA box and initiation re-
gion. In unacetylated histones, the N-terminal lysines are pos-
itively charged and inreract strongly with DNA phosphates.
The unacetylated histone tails also inreract with neighboring
histone octamers, favoring the folding of chromatin into con-
densed, higher-order structures whose precise conformation
is not well understood. The net effect is that general tran-
scription factors cannot assemble into a preinitiation com-
plex on a promoter associated with hypoacetylated histones.
In contrast, binding of general transcription factors is re-
pressed much less by histones with hyperacetylated tails in
which the positively charged lysines are neutralized and elec-
trostatic interactions with DNA phosphates are eliminated.

The connection between histone deacetylation and re-
pression of transcription at specific yeast promoters became
clearer when the cDNA encoding a human histone deacety-
lase was found to have high homology to the yeast RpD3
gene, known to be required for the normal repression of a
number of yeast genes. Further work showed that RpD3
protein has histone deacetylase activity. The abil ity of RpD3
to deacetylate histones at a number of promoters depends on
two other proteins: UME6, a repressor that binds to a spe-
cif ic upstream regulatory sequence (URS1), and SIN3, which
is part of a large, multiprotein complex that also contains
RPD3. SIN3 also binds to the repression domain of UME6,
thus positioning the RPD3 histone deacetylase in the complex

so it can interact with nearby promoter-associated nucleo-
somes and remove acetyl groups from histone tail lysines. Ad-
ditional experiments, using the chromatin immunoprec ipita-
tion technique outlined in Figure 7-37, demonstrated that in
wild-type yeast, one or two nucleosomes in the immediate
vicinity of UME6-binding sites are hypoacetylated. These
DNA regions include the promoters of genes repressed by
UME6. In sin3 and rpd3 deletion mutants, not only were
these promoters derepressed, but the nucleosomes near the
UME6-binding sites were hyperacetylated.

All these findings provide considerable support for
the model of repressor-directed deacetylation shown in Fig-
ureT-38a.In this model, the SIN3-RPD3 complex funcions
as a co-repressor, Co-repressor complexes containing his-
tone deacetylases also have been found associated with
many repressors from mammalian cells. Some of these com-
plexes contain the mammalian homolog of SIN3 (mSin3),
which interacts with the repression domain of the repressor,
as in yeast. Other histone deacetylase complexes identified in
mammalian cells appear to contain additional or different
repressor-binding proteins. These various repressor and co-
repressor combinations are thought to mediate histone
deacetylation at specific promoters by a mechanism similar
to the yeast mechanism (Figure 7-38a).

In higher eukaryotes, some co-repressor complexes also
contain histone methyl transferase subunits that methylate his-
tone H3 at lysine 9, generating a binding site for Hp1 protein,

> FIGURE 7-38 Proposed mechanism of
histone deacetylation and hyperacetylation
in yeast transcription control. (a) Repressor-
d i rec ted  deacety la t ion  o f  h is tone N- te rmina l
ta i l s .  The DNA-b ind ing  domain  (DBD)  o f  the
repressor UfvlE6 interacts with a specif ic
ups t ream cont ro l  e lement  (URS1)  o f  the  genes
i t  regu la tes  The UME6 repress ion  domain
(RD)  b inds  S lN3,  a  subun i t  o f  a  mu l t ip ro te in
complex  tha t  inc ludes  RpD3,  a  h is tone
deacetylase Deacetylat ion of histone
N- termina l  ta i l s  on  nuc leosomes in  the  reg ion
of  the  UME6-b indrng s i te  inh ib r ts  b ind ing  o f
general transcript ion factors at the TATA
box, thereby repressing gene expression
(b) Activator-directed hyperacetylat ion of
h is tone N- te rmina l  ta i l s  The DNA-b ind ing
domain  o f  the  ac t iva tor  GCN4 in te rac ts  w i th
specif ic upstream activating sequences (UAS)
o f  the  genes i t  regu la tes  The GCN4 ac t iva t ion
domain  (AD)  then in te rac ts  w i th  a  mul t ip ro te rn
h is tone acety lase  complex  tha t  inc ludes  the
GCN5 ca ta ly t i c  subun i t  Subsequent
hyperacety la t ion  o f  h is tone N- te rmina l  ta i l s  on
nuc leosomes in  the  v ic in i ty  o f  the  GCN4-
b ind ing  s i te  fac i l i ta tes  access  o f  the  genera l
t ranscr ip t ion  fac to rs  requ i red  fo r  in i t ia t ion
Repress ion  and ac t iva t ion  o f  many genes in
h igher  eukaryo tes  occurs  bV s imi la r  mechan isms

(a) Repressor-directed histone deacetvlat ion

Deacetvlat ion of histone

Hyperacetylat ion of histone
GCNS 

\N- te rmina l  ta i l s
\

\

( b) Activator-di rected h istone hyperacetylat ion
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Active Repressed

Transgene Heterochromatin Transgene

  FIGURE 7-39 Association of a repressed transgene with
heterochromatin. Mouse fibroblasts were stably transformed with a
transgene with binding sites for an engineered repressor. The
repressor was a fusion between a DNA-binding domain, a repression
domain that interacts with the KAP1 co-repressor complex, and the
ligand-binding domain of a nuclear receptor that allows the nuclear
import of the fusion protein to be controlled experimentally (see
Figure 7-49) DNA was stained blue with the intercalating dye DAPI
Brighter-staining regions are regions of heterochromatin, where the
DNA concentration is higher than in euchromatin The transgene was

as discussed earlier. For example, the KAP1 co-repressor
complex functions with a class of more than 200 zinc-finger
transcription factors encoded in the human genome. This co-
repressor complex includes an H3 lysine 9 methyl trans-
ferase that methylates nucleosomes over the promoter region
of repressed genes, leading to HP1 binding and repression of
transcription. An integrated transgene in cultured mouse fi-
broblasts that was repressed through the action of the KAP1
co-repressor associated with heterochromatin in most cells,
whereas the active form of the same transgene associated
with euchromatin (Figure 7-39). Chromatin immunoprecipi-
tation assays (see Figure 7-37) showed that the repressed gene

was associated with histone H3 methylated at lysine 9 and
HP1, whereas the active gene was not.

Interestingly, in addition to methylation of histone pro-

teins, methylation of the DNA sequence itself can also be a
trigger for chromatin condensation. The discovery of mSin3-
containing histone deacetylase complexes provided an ex-
planation for earlier observations that in vertebrates tran-
scriptionally inactive DNA regions often contain the

modified cytidine residue 5-metbylcytidine (mC) followed
immediately by a G, whereas transcriptionally active DNA
regions contain fewer mC residues. DNA containing 5-

methylcytidine has been found to bind a specific protein that

detected by hybridization of a fluorescently labeled complementary
probe (green) When the recombinant repressor was retained in the

cytoplasm, the transgene was transcribed (/eft) and was associated
with euchromatin in most cells. When hormone was added so that

the recombinant repressor entered the nucleus, the transgene was

repressed (right) and associated with heterochromatin- Chromatin

immunoprecipitation assays (see Figure 7-37) showed that the

repressed gene was associated with histone H3 methylated at lysine

9 and HP1, whereas the active gene was not. [Courtesy of Frank

Rauscher from Ayyanathan et al , 2003 Genes and Dev l7:1 855 l

in turn interacts specifically with mSin3' This finding sug-

gests that association of mSin3-containing co-repressors

with methylated sites in DNA leads to deacetylation of his-

tones in neighboring nucleosomes, making these regions in-

accessible to general transcription factors and Pol II and

hence transcriptionally inactive.

Activators Can Direct Histone Acetylation and

Methylation at SPecif ic Genes

Just as repressors function through co-repressors that bind

to their repression domains' the activation domains of DNA-

binding activators function by binding multisubunit co-

actiuator complexes. One of the first co-activator complexes

to be characterized was the yeast SAGA complex, which

functions with the GCN4 activator protein described in Sec-

tion 7.4. Early genetic studies indicated that full activity of

the GCN4 activator required a protein called GCNS. The

clue to GCNS's function came from biochemical studies of a

histone acetylase purified from the protozoan Tetrahymena,

the first histone acetylase to be purified. Sequence analysis

revealed homology between the Tetrahymena protein and

yeast GCN5, which was soon shown to have histone acety-

lase activity as well. Further genetic and biochemical studies
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revealed that GCN5 is one subunit of a multiprotein co-acti-
vator complex, named the SAGA complex after genes en-
coding some of the subunits. Another subunit of this histone
acetylase complex binds to acrivation domains in multiple
yeast activator proteins, including GCN4. The model shown
in Figure 7-38b is consistenr with the observation that nu-
cleosomes near the promoter region of a gene regulated by
the GCN4 activator are specifically hyperacetylated com-
pared to most histones in the cell. This activator-directed hy-
peracetylation of nucleosomes near a promoter region opens
the chromatin strucure so as to facilitate the binding of
other proteins required for transcription init iation. The
chromatin structure is less condensed compared to most
chromatin, as indicated by its sensitivity to digestion with
nucleases in isolated nuclei. Also, the acetylation of specific
histone lysines generates binding sites for proreins wiih bro-
modomains that bind them. For example. a subunit of the
general transcription factor TFIID contains two bromod-
omains that bind to acetylated nucleosomes with high affin-
ity. Recall that TFIID binding ro a promoter initiates assem-
bly of an RNA polymerase II preinit iation complex (see
Figure 7-31). Nucleosomes ar promoter regions of virtually
all active genes are hyperacetylated.

A similar activation mechanism operates in hieher eu-
ka ryo tes .  Mamma l i an  ce l l s  con ra in  mu l r i subun i t  h i s rone
acetylase co-activator complexes homologous to the yeast
SAGA complex. They also express two related -400-kDa,
multidomain proteins called CBP and P300, which are
thought to function similarly. As noted earlier, one domain
of CBP binds the phosphorylated acidic activarion domain in
the CREB transcription factor. Other domains of CBp inter-
act with different activation domains in other activators. yet
another domain of CBP has histone acetylase activity, and
another CBP domain associates with additional multisub-
unit histone acetylase complexes. CREB and many other
mammalian activators are thought to function in part by di-
recting CBP and the associated histone acetylase complex to
specific nucleosomes, where they acetylate histone tails, fa-
cilitating the interaction of general transcription factors with
promoter DNA. In addition, the largest TFIID subunit also
has histone acetylase activity and may function to maintain
histone tail hyperacetylation in promoter regions.

Methylation of histone H3 lysines 9 or 27 results in rran-
scriptional repression mediated by binding proteins of the
HP1 or Polycomb class, respectivelg as discussed above. In
contrast, H3 lysine 4 methylation is observed in the pro-
moter regions of active genes through the rargeting of methyl
transferases specific for H3 lysine 4. One example of this in-
volves the Trithorax complex proteins. As discussed earlier,
Trithorax complex proteins maintain expression of Hox
genes in appropr iate cel ls ,  just  as polycomb prote ins main-
tain repression of the same Hox genes in other cells. Tritho-
rax proteins, including one with a SET domain that merhy-
lates lysines, assemble into a multiprotein complex that
tri-methylates H3 lysine 4. H3 tails tri-methylated at lysine 4
then serve as a binding site for another subunit of the titho-
rax complex so that the methyl transferase subunit of the
Trithorax complex can maintain H3 lysine 4 in the methy-

lated state in chromatin associated with the complex. This is
a similar mechanism to the maintenance of histone H3 lysine
27 methylation by Polycomb complexes (see Figure 7-36).
The H3 amino-terminal tail tri-methylated on lysine 4 also
serves as a binding site for co-activator complexes. For ex-
ample, SAGA-like histone acetylase complexes also contain
a domain that binds specifically to tri-methylated H3 lysine
4. This results in acetylation of histone tail lysines, thereby
generating a chromatin structure conducive to transcription.
Many genes in multicellular organisms in addition to Hox
genes are expressed in lineage-specific expression programs
regulated by Trithorax and Polycomb proteins. This is most
clearly revealed by staining Drosophila salivary gland poly-
tene chromosomes with antibodies to Polycomb and Tritho-
rax proteins. This experiment reveals binding of these proteins
to more than 100 sites on fly chromosomes in these cells.

Chromat in-Remodel ing Factors Help Act ivate or
Repress Transcript ion
In addition to histone acetylase complexes, multiprotein
chromatin-remodeling complexes also are required for activa-
tion at many promoters. The first of these characterized was
the yeast SWVSNF chromatin-remodeling complex. One of the
SWVSNF subunits has homology to DNA helicases, enzymes
that use energy from AIP hydrolysis to disrupt interactions
between base-paired nucleic acids or between nucleic acids
and proteins. In vitro, the SVIiSNF complex is thought to
pump or push DNA into the nucleosome so rhat DNA bound
to the surface of the histone octomer transiently dissociates
from the surface and translocates, causing the nucleosomes to
"slide" along the DNA. The net result of such chromatin
remodeling is to facilitate the binding of transcription factors
to specific DNA sequences in chromatin. Many activation
domains bind to chromatin-remodeling complexes, and this
binding stimulates in vitro transcription from chromatin
templates (DNA bound ro nucleosomes). Thus the SWSNF
complex represents another type of co-activator complex. The
experiment shown in Figure 7-40 dramatically demonstrates
how an activation domain can cause decondensation of a
region of chromatin. This is thought to result from the inter-
action of the activation domain with chromatin-remodeling
and histone acetylase complexes.

Chromatin-remodeling complexes are required for many
processes involving DNA in eukaryotic cells, including tran-
scription control, DNA replication, recombination, and re-
pair. Several types of chromatin-remodeling complexes are
found in eukaryotic cells, all with homologous DNA helicase
domains. S\fVSNF complexes and related chromatin-
remodeling complexes in multicellular organisms contain
subunits with bromodomains that bind to acetylated histone
tails. Consequently, SI7VSNF complexes remain associated
with activated, acetylated regions of chromatin, presumably
maintaining them in a decondensed conformation. Some
chromatin-remodeling complexes contain subunits that bind
to histone H3 methylated on lysine 4, contributing to rran-
scriptional activation by Trithorax proteins. Surprisingly,
chromatin-remodeling complexes can also participate in
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  EXPERIMENTAL FIGURE 7-40 Expression of fusion proteins
demonstrates chromatin decondensation in response to an
activation domain. A cultured hamster cell I ine was engineered to
contain multiple copies of a tandem array of E. coli lac operator
sequences integrated into a chromosome in a region of
heterochromatin (a) When an expression vector for the /ac repressor
was transfected into these cells, /ac repressors bound to the /ac
operator sites could be visualized in a region of condensed chromatin
using an antibody against the /ac repressor (red) DNA was visualized
by staining with DAPI (blue), revealing the nucleus. (b) When an
expression vector for the /ac repressor fused to an activation domain
was transfected into these cells, staining as in (a) revealed that the
activation domain causes this region of chromatin to decondense into
a thinner chromatin fiber that f i l ls a much larger volume of the nucleus
Bar : 1 pm [Courtesy of Andrew S Belmont, 1999, J Cell Biol 145:1341 ]

transcriptional repression. These chromatin-remodeling com-
plexes bind to transcription repression domains of repressors
and contribute to repression, presumably, by folding chro-
matin into condensed structures. Much remains to be learned
about how this important class of proteins alters chromatin
structure to influence gene expression and other processes.

Histone Modif ications Vary Greatly in
Thei r  Stabi l i t ies
Pulse-chase radiolabeling experiments have shown that acetyl
groups on histone lysines turn over rapidly, whereas methyl
groups are much more stable. The acetylation state at a spe-
cific histone lysine on a particular nucleosome results from a
dynamic equilibrium between acetylation and deacetylation
by histone acetylases and histone deacetylases, respectively.
Acetylation of histones in a localized region of chromatin pre-
dominates when local DNA-bound activators transiently bind
histone acetylase complexes. De-acetylation predominates
when repressors transiently bind histone deacetylase com-
plexes. In addition to these processes, localized to relatively
short lengths of chromatin, which include promoters and
other transcription-control regions, histone acetylases and
deacetylases also function globally on all euchromatin, con-
stantly removing and replacing histone lysine acetyl groups.

In contrast to acetyl groups, methyl groups on histone
lysines are much more stable and turn over much less rapidly
than acetyl groups. Histone lysine methyl groups can be

removed by recently discovered histone lysine demethylases.

But the resulting turnover of histone lysine methyl groups is

much slower than the turnover of histone lysine acetyl groups.

Multiple other post-translational modifications have been

characterized on histones, many of them summarized in Fig-

ure 6-31b. These all have the potential to positively or nega-

tively regulate the binding of proteins that interact with the

chromatin fiber to regulate transcription and other processes.

A picture of chromatin is emerging in which histone tails ex-

tending as random coils from the chromatin fiber are post-

translationally modified to generate one of many possible

combinations of modifications that regulate transcription

and other processes by regulating the binding of a large num-

ber of different protein complexes. Some of these modifica-

tions, like histone lysine acetylation, are rapidly reversible,

whereas others, like histone lysine methylation, can be tem-

plated through chromatin replication, generating epigenetic

inheritance in addition to inheritance of DNA sequence.

The Mediator  Complex Forms a Molecular
Bridge Between Activation Domains and Pol l l

Now let's shift our attention from how activators and re-

pressors control chromatin structure to the other mechanism

of gene regulation outlined in the introduction to this

section-regulation of the assembly of transcription preiniti-

ation complexes.
Interaction of activators with the multiprotein mediator

complex (Figure 7-41.1 directly assists in assembly of Pol II

preinitiation complexes. Some of the -30 mediator subunits

bind to RNA polymerase II, and other mediator subunits

bind to activation domains in various activator proteins.

Thus mediator can form a molecular bridge between an ac-

tivator bound to its cognate site in DNA and Pol II at a pro-

moter. In addition, one of the mediator subunits has histone

acetylase activity and may function to maintain a promoter

region in a hyperacetylated state.
Experiments with temperature-sensitive yeast mutants in-

dicate that some mediator subunits are required for transcrip-

tion of virtually all yeast genes. These subunits most likely help

maintain the overall structure of the mediator complex or bind

to Pol II and therefore are required for activation by all activa-

tors. In contrast, other mediator subunits are required for nor-

mal activation or repression of specific subsets of genes. DNA

microarray analysis of yeast gene expression in mutants with

defects in these mediator subunits indicates that each such

subunit influences transcription of -3-10 percent of all genes

to the extent that its deletion either increases or decreases

mRNA expression by a factor of rwofold or more (see Figure

5-29 for DNA microarray technique). These mediator subunits

are thought to interact with specific activation domains; thus

when one subunit is defective, transcription of genes regulated

by activators that bind to that subunit is severely depressed,

but transcription of other genes is unaffected. Consistent with

this explanation are binding studies showing that some activa-

tion domains do indeed interact with specific mediator sub-

units. However, recent studies suggest that most activation

domains may interact with more than one mediator subunit.
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(a )  Yeas t  med ia to r -Po l  l l  comolex

Ex i t ing
DNA

Enter ing  DNA

Large mediator complexes, isolated from yeast and from
cultured mammalian cells, are required for mammalian acti-
vators to stimulate transcription by Pol II in vitro. Since
genes encoding homologs of mediator subunits are found in
the genomes ol C. elegans, Drosophila, and plants, it ap-
pears that most multicellular organisms have homologous
mediator complexes. About half of the merazoan (multicel-
lular animals) mediator subunits are clearly homologous to
yeast mediator subunits (Figure 7-411r, c). But the remaining
subunits, which appear to be distinct from any yeasr pro-
te lns,  may interact  wi th act ivat ion domains that  are not
found in yeast.

The various experimental results indicating that individ-
uai mediator subunits bind to specific activation domains
suggest that multiple acrivators influence transcription from
a single promoter by interacting with a mediator complex
simultaneously (Figure 7-42). Activators bound at enhancers

< FIGURE 7-41 Structure of yeast and human mediator
complexes. (a) Reconstructed image of mediator from 5 cereyrsiae
bound to Poi l l  N/ult iple electron microscopy images were al igned and
computer-processed to produce this average image in which the three-
dimensional Pol l l  structure ( l ight orange) is shown associated with the
yeast mediator complex (dark blue) (b) Diagrammatic representation of
mediator subunits from 5 cereyrsr 'ae Subunits shown in the same color
are thought to form a module Mutations in one subunit of a module
may inhibit  associatron of other subunits in the same module with the
rest of the complex (c) Diagrammatic representation of human
mediator subunits The relat ive posit ion of each human mediator
subunit is arbitrary except for the subunits that are homologous to 5
cerevisiae mediator subunits IPart (a) from S Hahn, 2004, Nat. Struct. Mol
B io l  11 :394,  basedonJ Dav ise ta ,2OO2,Mol  Ce l l  10 :409 Par t (b )  f romB
Guglie mi el al ,2004, Nuc Acids Res 32:5379 Part (c) adapted from S Malik
and R G Roeder, 2005, Trends Btochem Scl 30:256 l

or promoter-proximal elements can interact with mediator
associated with a promoter because chromatin, l ike DNA, is
f lexible and can form a loop bringing the regulatory regions
and the promoter close together, as observed for the E. col i
NtrC activator and oso-RNA polymerase (see Figure 7-4).
The mult iprotein nucleoprotein complexes that form on eu-
karyotic promoters may comprrse as many as 100 polypep-
t ides with a total mass of :3 megadaltons (MDa), as large as
a r ibosome.

Transcr ip t ion of  Many Genes Requi res
Ordered Binding and Funct ion of  Act ivators
and Co-activators
'We 

can now extend the model of Pol II transcr:iotion init ia-
tion in Figure 7-31 to take into account the role of activarors
and co-activators. These accessory proteins function not
oniy to make genes within nucleosomal DNA accessible to
general transcription factors and Pol II but also directly re-
cruit Pol II to promoter regions.

DNA-b ind ing
d o m a i n

Act ivat ion

Media tor

d o m a r n

TAFs

TBP TFIIB Po l  l l

  FIGURE 7-42 Model of several DNA-bound activators
interacting with a single mediator complex. The abi l i ty of
dif ferent mediator subunits to interact with specif ic act ivat ion
domains may contr ibute to the integration of signals from several
activators at a single promoter See the text for drscussron

E X P R E S S I O N

M E D 1 9

Q CoK modute

M E D 1 3
MED21

MED18
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Recent studies have analyzed the order in which activa-
tors bind to a transcription-control region and interact with
co-activators as a gene is induced. Such studies show that
assembly of preinit iation complexes depends on multiple
protein-DNA and protein-protein interactions, as i l lus-
trated in Figure 7-43,which depicts activation of the yeast
HO gene. This gene encodes a sequence-specific nuclease
that init iates mating-type switching in haploid yeast cells
(see Figure 7-33). Activation of the HO gene begins with

< FIGURE 7-43 Ordered binding and interaction of activators
and co-activators leading to transcription of the yeast HO
gene. Step n: Init ially, the HO gene is packaged into condensed
chromatin Activation begins when the SWl5 activator binds to
enhancer sites 1 200-1 400 base pairs upstream of the start site and
interacts with the SWI/SNF chromatin-remodeling complex Step [:
The SWI/SNF complex acts to decondense the chromatin, thereby
exposing histone tails Step S: A GCN5-containing histone acetylase
complex associates with bound SWl5 and acetylates histone tails in
the HO locus as SWI/SNF continues to decondense adlacent
chromatin Step 4:SWl5 is released from the DNA, butthe SWI/SNF
and GCN5 complexes remain associated with the HO control region
because of subunits of both complexes that bind acetylated histone
tails through bromodomains Their action allows the SBF activator to
bind several sites in the promoter-proximal region Step E: SBF then
binds the mediator complex. Step @: Subsequent binding of Pol l l
and general transcription factors results in assembly of a transcription
preinit iation complex whose components are detailed in Figure 7-42-

[Adapted f rom C J Fry and C L Peterson,  2001, Curr .Bio l  11:R185 See also

M PCosmae ta l  , 1999 .  Ce l l  97 :299 ,  andM PCosmae ta l  , 2OO l ,Mo l  Ce l l

7 : 1213  l

binding of the SS7I5 activator to an upstream enhancer.

Bound S\7I5 then interacts with the S\7VSNF chromatin-

remodeling complex and the GCNS-containing SAGA his-

tone acetylase complex. Once the chromatin in the HO con-

trol region is decondensed and hyperacetylated' a second

activator, SBE, can bind to several sites in the promoter-prox-

imal region. Subsequent binding of the mediator complex by

SBF then leads to assembly of the transcription preinitiation

complex containing Pol II and the general transcription fac-

tors shown in Figure 7-31.
N7e can now see that the assembly of a preinitiation

complex and stimulation of transcription at a promoter re-

sults from the interaction of several activators with various

multiprotein co-activator complexes. These include chromatin-

remodeling complexes, histone acetylase complexes, and a

mediator complex. Although much remains to be learned

about these processes, it is clear that the net result of these

multiple molecular events is that activation of transcription

at a promoter depends on highly cooperative interactions

initiated by several activators. This allows genes to be regu-

lated in a cell-type-specific manner by specific combinations

of transcription factors.
The TTR gene, which encodes transthyretin in mammals,

is a good example of this. As noted earlier, transthyretin is

expressed in hepatocytes and in choroid plexus cells' Tran-

scription of the TTR gene in hepatocytes is controlled by at

least five different transcriptional activators (Figute 7-441.

Even though three of these activators-HNF4, C/EBP, and

AP1-are also expressed in cells of the intestine and kidney,

TTR transcription does not occur in these cells, because all

five activators are required and HNF1 and HNF3 are miss-

ing in kidney and intestine cells. Other hepatocyte-specific

enhancers and promoter-proximal regions that regulate

Condensed
chromat in

Preinit iat ion
complex

El
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A FIGURE 7-44 Transcription-control region of the mouse
transthyretin (rlfl gene. Binding sites for the five activators required
for transcription of IIR in hepatocytes are indicated. The complete set
of activators is expressed at the required concentrations to stimulate
transcription only in hepatorytes A different set of activators stimulates
transcription in choroid plexus cells [See R Costa et al , 1989, Mot. Cett Biol
9:141 5, and K Xanthopoulus et al , 1989, Proc Nat'l. Acad. Sci USA86:4iil l

additional genes expressed only in hepatocytes contain bind-
ing sites for other specific combinations of transcription fac-
tors found only in these cells, together with those expressed
ubiquitously.

The Yeast Two-Hybrid System Exploits Activator
Flexibi l i ty to Detect cDNAs That Encode
Interacting Proteins
A powerful molecular genetic method called the yeast two-
hybrid system exploits the flexibility in activator structures to
identify genes whose products bind to a specific protein of
interest. Because of the importance of protein-protein inter-
actions in virtually every biological process, the yeast two-
hybrid system is used widely in biological research.

This method employs a yeast vector for expressing a
DNA-binding domain and flexible linker region without the
associated activation domain, such as the deleted GAL4
containing amino acids 1-592 (see Figure 7-21). A cDNA
sequence encoding a protein or protein domain of interest,
called the bait domain, is fused in frame to the flexible linker
region so that the vector will express a hybrid protein com-
posed of the DNA-binding domain, linker region, and bait
domain (Figure 7-45a, Ieft). A cDNA library is cloned into
multiple copies of a second yeast vector that encodes a strong
activation domain and flexible linker to produce a vector
library expressing multiple hybrid proteins, each containing a
different fish domain (Figure 7-45a,rigbt).

The bait vector and library of fish vectors are then rrans-
fected into engineered yeast cells in which the only copy of a
gene required for histidine synthesis (HIS) is under control of
a UAS with binding sites for the DNA-binding domain of the
hybrid bait protein. Transcription of the HlS gene requires
activation by proteins bound to the UAS. Transformed cells
that express the bait hybrid and an interacting fish hybrid
will be able to activate transcription of the H1S gene (Fig-
ure 7 -45b). This system works because of the flexibility in the
spacing between the DNA-binding and activation domains of
eukaryotic activators.

A two-step selection process is used (Figure 7-45c).The
bait vector also expresses a wild-type TRP gene, and the
hybrid vector expresses a wild-type LEU gene. Transfected
cells are first grown in a medium that lacks tryptophan and
leucine but contains histidine. Only cells that have taken up
the bait vector and one of the fish plasmids will survive in
this medium. The cells that survive then are plated on a
medium that lacks histidine. Those cells expressing a fish
hybrid that does not bind to the bait hybrid cannot tran-
scribe the HIS gene and consequently will not form a colony
on medium lacking histidine. The few cells that express a
bait-binding fish hybrid will grow and form colonies in the
absence of histidine. Recovery of the fish vectors from these
colonies yields cDNAs encoding protein domains that inter-
act with the bait domain.

Molecular Mechanisms of Transcription Repression
and Activation

r Eukaryotic transcription activators and repressors exert
their effects largely by binding to multisubunit co-activa-
tors or co-repressors that influence assembly of Pol II tran-
scription preinitiation complexes either by modulating
chromatin structure (indirect effect) or by interacting with
Pol II and general transcription factors (direct effect).

r The DNA in condensed regions of chromatin (hete-
rochromatin) is relatively inaccessible to transcription fac-
tors and other proteins, so that gene expression is repressed.

r The interactions of several proteins with each other and
with the hypoacetylated N-terminal tails of histones H3
and H4 are responsible for the chromatin-mediated repres-
sion of transcription that occurs in the telomeres and the
silent mating-type loci in S. cereuisiae (see Figure 7-35).

r Some repression domains function by interacting with
co-repressors that are histone deacetylase complexes. The
subsequent deacetylation of histone N-terminal tails in nu-
cleosomes near the repressor-binding site inhibits interac-
tion between the promoter DNA and general transcriprion
factors, thereby repressing transcription initiation (see Fig-
ure 7-38a).

r Some activation domains function by binding multiprotein
co-activator complexes such as histone acetylase complexes.
The subsequent hyperacetylation of histone N-terminal
tails in nucleosomes near the activator-binding site facili-
tates interactions between the promoter DNA and general
transcription factors, thereby stimulating transcription ini-
tiation (see Figure 7-38b).

r SWI/SNF chromatin-remodeling factors constitute an-
other type of co-activator. These multisubunit complexes
can transiently dissociate DNA from histone cores in an
AT?-dependent reaction and may also decondense regions of
chromatin, thereby promoting the binding of DNA-binding
proteins needed for initiation to occur at some promoters.

r Mediator, another type of co-activator, is an :30-
subunit complex that forms a molecular bridge between
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l l l l+ Technique Animation: Yeast Two-Hybrid System

> EXPERIMENTAL FIGURE 7-45 The yeast two-hybrid
system provides a way of screening a cDNA library for
clones encoding proteins that interact with a specific
protein of interest, This is a common technique for screening a
cDNA library for clones encoding proteins that interact with a
specific protein of interest (a) Two vectors are constructed
containing genes that encode hybrid (chimeric) proteins In one
vector (/eft), the coding sequence for the DNA-binding domain of
a transcription factor is fused to the sequences for a known
protein, referred to as the "bait" domain (l ight blue) The second
vector (right) expresses an activation domain fused to a "fish"
domain (green) that interacts with the bait domain. (b) lf yeast
cells are transformed with vectors expressing both hybrids, the
bait and fish portions of the chimeric proteins interact to produce
a functional transcriptional activator. In this example, the activator
promotes transcription of a HIS gene. One end of this protein
complex binds to the upstream activating sequence (UAS) of the
Hi53 gene; the other end, consisting of the activation domain,
stimulates assembly of the transcription preinit iation complex
(orange) at the promoter (yellow). (c) To screen a cDNA library for
clones encoding proteins that interact with a particular bait
protein of interest, the l ibrary is cloned into the vector encoding
the activation domain so that hybrid proteins are expressed. The
bait vector and fish vectors contain wild-type selectable genes
(e g , a TRP or IEU gene) The only transformed cells that survive
the indicated selection scheme are those that express the bait
hybrid and a fish hybrid that interacts with it See the text for
discussion [See S Fields and O Song, 1989, Nature 34O:2451

(al Hybrid proteins

Bait hybrid Fish hYbrid

(b) Transcriptional activation by hybrid proteins in yeast
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1. Transfect into trp, leu, his
mutant  yeast  cel ls
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3.  Plate selected cel ls  on medium
lacking hist id ine

activation domains and RNA polymerase II by binding
directly to the polymerase and activation domains. By bind-
ing to several different activators simultaneouslg mediator
probably helps integrate the effects of multiple activators on
a single promoter (see Figure 7-42).

r Activators bound to a distant enhancer can interact
with transcription factors bound to a promoter because
DNA is flexible and the intervenins DNA can form a
large loop.

r The highly cooperative assembly of preinitiation com-
plexes in vivo generally requires several activators. A cell must
produce the specific set of activators required for transcrip-
tion of a particular gene in order to express that gene.

r The yeast two-hybrid system is widely used to detect
cDNAs encoding protein domains that bind to a specific
protein of interest (see Figure 7-45).

lE Reg ulation of Transcri ption-Factor
Activity
We have seen in the preceding discussion how combinations
of activators and repressors that bind to specific DNA regu-
latory sequences control transcription of eukaryotic genes.
Whether or not a specific gene in a multicellular organism is
expressed in a particular cell at a particular time is largely a

I
*

Colony
format ion

Iv
No colony
format ion

consequence of the nuclear concentrations and activities of

the transcription factors that interact with the regulatory se-

quences of that gene. Which transcription factors are ex-

pressed in a particular cell type, and the amounts produced,

are determined by multiple regulatory interactions between

transcription-factor genes that occur during the develop-

ment and differentiation of a particular cell type' In
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> FIGURE 7-46 Examples of hormones that bind to
nuclear receptors. These and related l ipid-soluble
hormones bind to receptors located in the cytosol or
nucleus The ligand-receptor complex f unctions as a
transcription activator

Chapters 76 and22,we present examples of such regulatory
interactions during development and discuss the principles
of development and differentiation that have emerged from
these examples.

In addition to controll ing the expression of hundreds to
thousands of specific transcription factors, cells also regulate
the activities of many of the transcription factors expressed
in a particular cell type. For example, transcription factors
are often regulated in response to extracellular signals. Inter-
actions between the extracellular domains of transmem-
brane receptor proteins on the surface of the cell and specific
protein l igands for these receptors acrivate protein domains
associated with the intracellular domains of these rransmem-
brane proteins, transducing the signal received on the out-
side of the cell to a signal on the inside of the cell that even-
tually reaches transcription factors in the nucleus. In
Chapter 16, we describe the major types of cell-surface re-
ceptors and intracellular signaling pathways that regulate
t ranscr ipt ion- facror  act iv i ry .

In this section, we discuss the second major group of
extracellular signals, the small, l ipid-soluble hormones-
including many different steroid hormones, retinoids, and
thyroid hormones-that can diffuse throueh plasma and

Retinoic acid

. \ -  NH

"-14-) 
cH,-cH c' 

o

,Y-/ 
' 'oH

Thyroxine

nuclear membranes and interact directly with the transcrip-
tion factors they control (Figure 7-46). As noted earlier, the
intracellular receptors for most of these lipid-soluble hor-
mones, which constitute the nuclear-receptor superfamily,
function as transcription activators when bound to their
l igands.

Al l  Nuclear  Re€eptors Share a Common
Domain Structure
Cloning and sequencing of the genes encoding various nu-
clear receptors revealed a remarkable conservation in their
amino acid sequences and three functional regions (Fig-
ure 7-47). All the nuclear receptors have a unique N-terminal
region of variable length (100-500 amino acids). Portions of
this variable region function as activation domains in some
nuclear receptors. The DNA-binding domain maps near the
center of the primary sequence and has a repeat of the Ca
zinc-finger motif. The hormone-binding domain, located
near the C-terminal end, contains a hormone-dependent
activation domain. In some nuclear receptors, the hormone-
binding domain functions as a repression domain in the
absence of l ieand.

Estrogen receptor (ER)

Progesterone receptor (PR)

Glucocort icoid receptor (GR)

Thyroxine receptor (TR)

Retinoic acid receptor (RAR)

General primary structureN g

Var iab le  reg ion  DNA-b ind ing
(100-500 aa)  domain  (68  aa)

Amino acid identity: O 42-94o/o

  FIGURE 7-47 General design of transcript ion factors in the
nuclear-receptor superfamily. The central ly located DNA-binding
domain exhibits considerable sequence homology among dif ferent
receptors and contains two copies of the Ca zinc-f inger motif  The

L igand-b ind ing
domain 1225-285 aal

15-57o/o

C-terminal hormone-binding domain exhibits somewhat less
homology The N-terminal regions in various receptors vary in length,
have unique sequences, and may contain one or more activation
domains  [SeeR M Evans,  1988,Sc ience240:889]
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Nuclear-Receptor Response Elements Contain
Inverted or Direct Repeats

The characteristic nucleotide sequences of the DNA sites,
called response elements, that bind several nuclear recep-
tors have been determined. The sequences of the consensus
response elements for the glucocorticoid and estrogen re-
ceptors are 6-bp inverted repeats separated by any three
base pairs (Figure 7-48a, b). This finding suggested that the
cognate steroid hormone receptors would bind to DNA as
symmetrical dimers, as was later shown from the x-ray
crystallographic analysis of the homodimeric glucocorti-
coid receptor's Ca zinc-finger DNA-binding domain (see

Figure 7-25c).
Some nuclear-receptor response elements, such as those

for the receptors that bind vitamin D3, thyroid hormone, and
retinoic acid, are direct repeats of the same sequence recog-
nized by the estrogen receptor, separated by three to five base
pairs (Figure 7-48c-e). The specificity for responding to these
different hormones by binding distinct receptors is determined
by the spacing between the repeats. The receptors that bind to
such direct-repeat response elements do so as heterodimers
with a common nuclear-receptor monomer called RXR. The
vitamin D3 response element, for example, is bound by the
RXR-VDR heterodimer, and the retinoic acid response ele-
ment is bound by RXR-RAR. The monomers composing
these heterodimers interact with each other in such a way that
the two DNA-binding domains lie in the same rather than in-
verted orientation, allowing the RXR heterodimers to bind to
direct repeats of the binding site for each monomer. In con-

(a )  GRE
5 'AGAACA(N)3TGTTCT 3 ' ,

3 '  TCTTGT(N}3ACAAGA 5 '

trast, the monomers in homodimeric nuclear receptors (e.g.,

GRE and ERE) have an inverted orientation.

Hormone Binding to  a Nuclear  Receptor
Regulates l ts Activity as a Transcript ion Factor

The mechanism whereby hormone binding controls the activ-

ity of nuclear receptors differs for heterodimeric and homod-

imeric receptors. Heterodimeric nuclear receptors (e.g., RXR-

VDR, RXR-TR, and RXR-RAR) are located exclusively in the

nucleus. In the absence of their hormone ligand' they repress

transcription when bound to their cognate sites in DNA. They

do so by directing histone deacetylation at nearby nucleo-

somes by the mechanism described earlier (see Figure 7-38a).

In the ligand-bound conformation' heterodimeric nuclear re-

ceptors containing RXR can direct hyperacetylation of his-

tones in nearby nucleosomes, thereby reversing the repressing

effects of the free ligand-binding domain. In the presence of

ligand, ligand-binding domains of nuclear receptors also bind

mediator, stimulating preinitiation complex assembly.

In contrast to heterodimeric nuclear receptors' homo-

dimeric receptors are found in the cytoplasm in the absence

of their ligands. Hormone binding to these receptors leads to

their translocation to the nucleus. The hormone-dependent

translocation of the homodimeric glucocorticoid receptor

(GR) was demonstrated in the transfection experiments

shown in Figure 7-49. The GR hormone-binding domain

alone mediates this transport. Subsequent studies showed

that, in the absence of hormone, GR is anchored in the cyto-

plasm as a large protein aggregate complexed with inhibitor

proteins, including Hsp90, a protein related to Hsp70, the

major heat-shock chaperone in eukaryotic cells. As long as

the receptor is confined to the cytoplasm, it cannot interact

with target genes and hence cannot activate transcription.

Hormone binding to a homodimeric nuclear receptor re-

leases the inhibitor proteins, allowing the receptor to enter

the nucleus, where it can bind to response elements associ-

ated with target genes (Figure 7-50)' Once the receptor with

bound hormone binds to a response element, it activates

transcription by interacting with chromatin-remodeling and

histone acetylase complexes and mediator.

Regulation of Transcription-Factor Activity

r The activities of many transcription factors are indirectly

regulated by binding of extracellular proteins and peptides

to cell-surface receptors. These receptors activate intracel-

lular signal-transduction pathways that regulate specific

transcription factors through a variety of mechanisms dis-

cussed in Chapter 16.

r Nuclear receptors constitute a superfamily of dimeric Ca

ztnc-fnger transcription factors that bind lipid-soluble hor-

mones and interact with specific response elements in DNA

(see Figure 7-47).

r Hormone binding to nuclear receptors induces confor-

mational changes that modify their interactions with other

protelns.

(b I  ERE 
5 ' ,  AGGTCA(N)3TGACCT 3 ' ,

3 ' ,  TCCAGT(N) .ACTGGn S ' ,

(c) VDRE 5' AGZ;;A(N).nccr& s'
3 '  T C C A G T ( N ) . T C C A G T  5 '

5'  AGGTCA(N}4AGGTCA 3 '(d)  TRE 
, '  taaoot t r )4TccAGT 5 '

(e) RARE ;: +::Hlill,+::f+;;
A FIGURE 7-48 Consensus sequences of DNA resPonse elements
that bind three nuclear receptors. The response elements for the
glucocorticoid receptor (GRE) and estrogen receptor (ERE) contain
inverted repeats that bind these homodimeric proteins The response
elements for heterodimeric receptors contain a common direct repeat
separated by three to five base pairs for the vitamin D3 receptor
(VDRE), thyroid hormone receptor (TRE), and retinoic acid receptor
(RARE) The repeat sequences are indicated by red arrows [See K
Umesono et  a l ,  1 991,  Cel l  65:1255, and A M Naar et  a l ,  1991, Cel l  65:1767 I
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Nuclear Translocation of the Glucocorticoid ReceptorVideo: Hormone-Regulated

( b )

r Heterodimeric nuclear receptors (e.g., those for
retinoids, vitamin D, and thyroid hormone) are found only
in the nucleus. In the absence of hormone, they repress
transcription of target genes with the corresponding re-
sponse element. When bound to their ligands, they activate
transcription.

r Steroid hormone receptors are homodimeric nuclear re-
ceptors. In the absence of hormone, they are trapped in the
cytoplasm by inhibitor proteins. When bound to their lig-
ands, they can translocate to the nucleus and activate tran-
scription of target genes (see Figure 7-50).

lf, Regulated Elongation and
Term i nation of Transcri ption
In eukaryotes, the mechanisms for terminating transcription
differ for each of the three RNA polymerases. Transcription
of pre-rRNA genes by RNA polymerase I is terminated by a
mechanism that requires a polymerase-specific termination
factor. This DNA-binding protein binds to a specific DNA
sequence downstream of the transcription unit. Efficient ter-
mination requires that the termination factor bind to the
template DNA in the correct orientation. Purified RNA

< FIGURE 7-50 Model of hormone-dependent gene activation
by a homodimeric nuclear receptor. In the absence of hormone,
the receptor is kept in the cytoplasm by interaction between its
l igand-binding domain (LBD) and inhibitor proteins. When hormone
is present, it diffuses through the plasma membrane and binds to the
ligand-binding domain, causing a conformational change that
releases the receptor from the inhibitor proteins. The receotor with
bound ligand is then translocated into the nucleus, where its DNA-
binding domain (DBD) binds to response elements, allowing the
ligand-binding domain and an additional activation domain (AD) at
the N-terminus to stimulate transcription of tarqet qenes.

EXPRESSION

Proteins t-I-a
expressed: /

N C

B-Galactosidase

  EXPERIMENTAL FTGURE 7-49 Fusion proteins from expression
vectorc demonstrate that the hormone-binding domain of the
glucocorticoid receptor (GR) mediates translocation to the
nucleus in the presence of hormone. Cultured animal cells were
transfected with expression vectors encoding the proteins diagrammed
at the bottom. lmmunofluorescence with a labeled antibody specific
for p-galactosidase was used to detect the exoressed oroteins in
transfected cells (a) In cells that expressed B-galactosidase alone, the
enzyme was localized to the cytoplasm in the presence and absence

\-r

Glucocort icoid
receptor

GR l i gand -b ind ing
doma in

of the glucocorticoid hormone dexamethasone (Dex). (b) ln cells that
expressed a fusion protein consisting of B-galactosidase and the
entire glucocorticoid receptor (GR), the fusion protein was present in
the cytoplasm in the absence of hormone but was transported to
the nucleus in the presence of hormone. (c) Cells that expressed a
fusion protein composed of B-galactosidase and just the GR ligand-
binding domain (l ight purple) also exhibited hormone-dependent
transport of the fusion protein to the nucleus. [From D picard and K R
Yamamoto, 1987, EMBO J 5:3333; courtesy of the authors I

Hormone

Resoonse element
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polymerase III terminates after polymerizing a series of U
residues. The deoxy(A),-ribo(U), DNA-RNA hybrid that re-
sults when a stretch of U's are synthesized is particularly un-
stable compared with all other base-paired sequences. The
ease with which this hybrid can be melted probably
contributes to the mechanism of termination by RNA
polymerase III.

In most mammalian protein-coding genes transcribed by
RNA polymerase II, once the polymerase has transcribed be-
yond about 50 bases, further elongation is highly processive
and does not terminate until after a sequence is transcribed
that directs cleavage and polyadenylation of the RNA at the
sequence that forms the 3' end of the encoded mRNA. RNA
polymerase II then can terminate at multiple sites located
over a distance of 0.5-2 kb beyond this poly(A) addition
site. Experiments with mutant genes show that termination
is coupled to the process that cleaves and polyadenylates the
3' end of a transcript, which is discussed in the next chapter.
Biochemical and chromatin immunoprecipitation experi-
ments suggest that the protein complex that cleaves and
polyadenylates the nascent mRNA transcript at specific se-
quences associates with the phosphorylated carboxyl-
terminal domain (CTD) of RNA polymerase II following ini-
t iation (see Figure 7-31). This cleavage/polyadenylation
complex may suppress termination by RNA polymerase II
until the sequence signaling cleavage and polyadenylation is
transcribed by the polymerase.

Although transcription termination is unregulated for
most genes, for some specific genes, a choice is made be-
tween elongation and termination or pausing within a few
tens of bases from the transcription start site. This choice be-
tween elongation and termination or pausing can be regu-
lated; thus expression of the encoded protein is controlled
not only by transcription initiation but also by control of
transcription elongation early in the transcription unit. We
discuss two examples of such regulation next.

Transcript ion of the HIV Genome ls Regulated
by an Ant i terminat ion Mechanism

Currentln transcription of the human immunodeficiency
virus (HIV) genome by RNA polymerase II provides the
best-understood example of regulated transcription termina-
tion in eukaryotes. Efficient expression of HIV genes re-
quires a small viral protein encoded atthe tat locus. Cells in-
fected with tat- mutants produce short viral transcripts that
hybridize to restriction fragments containing promoter-
proximal regions of the HIV DNA but not to restriction
fragments farther downstream from the promoter. In con-
trast, cells infected with wild-type HIV synthesize long viral
transcripts that hybridize to restriction fragments through-
out the single HIV transcription unit. Thus Tat protein func-

tions as an antitermination factor, permitting RNA poly-

merase II to read through a transcriptional block. Since

antitermination by Tat protein is required for HIV replica-
tion, further understanding of this gene-control mechanism
may offer possibilities for designing effective therapies for

acquired immunodeficiency syndrome (AIDS).

Tat is a sequence-specific RNA-binding protein. It binds

to the RNA copy of a sequence called TAR, which is located

near the 5' end of the HIV transcript' The TAR sequence

folds into an RNA hairpin with a bulge in the middle of the

stem (Figure 7-51). TAR contains two binding sites: one that

interacts with Tat and one that interacts with a cellular pro-

tein called cyclin T. As depicted in Figure 7-51', the HIV Tat

protein and cellular cyclin T each bind to TAR RNA and

also interact directly with each other so that they bind coop-

eratively, much like the cooperative binding of DNA-binding

transcription factors (see Figure 7-29).lnteruction of cyclin

T with a protein kinase called CDKS activates the kinase,

whose substrate is the CTD of RNA polymerase II. In vitro

transcription studies using a specific inhibitor of CDK9 sug-

gest that RNA polymerase II molecules that initiate tran-

scription on the HIV promoter terminate after transcribing
-50 bases unless the CTD is hyperphosphorylated by

CDK9. Cooperative binding of cyclin T and Tat to the TAR

sequence at the 5' end of the HIV transcript positions CDK9

so that it can phosphorylate the CTD, thereby preventing

termination and permitting the polymerase to continue

chain elongation.
Several additional cellular proteins, including Spt4 and

Spt5 and the NELF complex' participate in the process by

which HIV Tat controls elongation versus termination (Fig-

ure 7-51). Experiments with the specific inhibitor of CDK9

mentioned above and with spt4 and sptS yeast mutants indi-

cate that these cellular proteins are required for transcription

elongation beyond -50 bases for most cellular genes. But

for most genes, these proteins appear to function constitu-

tively, that is, without being regulated. As discussed in Chap-

ter 8, RNA polymerase II pausing instigated by Spt4/5 and

NELF is thought to delay elongation until mRNA processing

factors associate with the phosphorylated CTD. Further

phosphorylation of the CTD by cyclin T-CDK9 (also known

CTD

A FIGURE 7-51 Model of antitermination complex composed

of HIV Tat protein and several cellular proteins. The TAR element

in the HIV transcript contains sequences recognized by Tat and the

cellular protein cyclin T. Cyclin T activates and helps position the

orotein kinase CDKg near its substrate, the CTD of RNA polymerase

ll CTD phosphorylation prevents termination and allows transcription

to continue. Cellular proteins Spt4 and Spt5 and the NELF complex

are also involved in regulating HIV transcript termination [See P wei et

al , 1998, Cell 92:451, T. Wada et al , 1998, Genes Dev 12:357; and Y

Yamaguchi et al , 1 999, Cell 97:41 l
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as pTEFb) appears to reverse this pause and allow elonga-
tion to continue. Currently, it is not clear why this process is
not constitutive for the HIV promoter, where cooperative
binding of HIV Tat and cyclin T to the TAR RNA sequence
is required for CDK9 activation and efficient elongation.

Promoter-Proximal Pausing of RNA polymerase l l
Occurs in  Some Rapid ly  Induced Genes
The heat-shock genes (e.g., hsp70) illustrate another mecha-
nism for regulating RNA chain elongation in eukaryotes.
During transcription of these genes, RNA polymerase II
pauses after transcribing :25 nucleotides but does not ter-
minate transcription (as it does when transcribing the HIV
genome in the absence of Tat protein). The paused poly-
merase remains associated with the nascent RNA and tem-
plate DNA and then, after a few minutes, continues tran-
scription of the gene. As the first polymerase transcribes
away from the promoter region, another RNA polymerase II
binds to the promoter, initiates transcription, and pauses af-
ter transcribing:25 nucleotides, waiting several minutes be-
fore the process is repeated. 

'S7hen 
heat shock occurs, the

heat-shock transcription factor (HSTF) is activated. Subse-
quent binding of activated HSTF to specific sites in the pro-
moter-proximal region of heat-shock genes stimulates the
paused polymerase to continue chain elongation and pro-
motes rapid re-initiation by additional RNA polymerase II
molecules, leading to many transcription init iations per
mtnute.

The pausing during transcription of heat-shock genes ini-
tially was discovered in Drosophila, but a similar mecha-
nism has been shown to occur in human cells. Heat-shock
genes are induced by intracellular conditions that denature
proteins (such as elevated temperature, "heat shock"). Some
encode proteins that are relatively resistant to denaturing
conditions and act to protect other proteins from denatura-
tion; others are chaperonins that refold denatured proteins
(Chapter 3). The mechanism of transcriptional control that
evolved to regulate expression of these genes permits a rapid
response: these genes are always paused in a state of sus-
pended transcription and therefore, when an emergency
anses, require no time to remodel and acetylate chromatin
over the promoter and assemble a transcription preinitiation
comolex.

Regulated Elongation and Termination of Transcription
r Different mechanisms of transcription termination are
employed by each of the eukaryotic nuclear RNA poly-
merases. Transcription of most protein-coding genes is not
terminated until an RNA sequence is synthesized that spec-
ifies a site of RNA cleavage and polyadenylation.

r Transcription of the HIV genome by RNA polymerase II
is regulated by an antitermination mechanism that requires
cooperative binding by the virus-encoded Tat protein and
cyclin T to the 

'114R 
sequence near the 5, end of the HIV

RNA.

r During transcription of Drosophila heat-shock genes,
RNA polymerase II pauses within the downstream pro-
moter-proximal region; this interruption in transcription is
released when the HSTF transcription factor is activated,
resulting in very rapid transcription of the heat-shock genes
in response to the accumulation of denatured proteins.

W Other Eukaryotic Transcription
Systems
We conclude this chapter with a brief discussion of transcrip-
tion initiation by the other two eukaryotic nuclear RNA poly-
merases, Pol I and Pol III, and by the distinct polymerases that
transcribe mitochondrial and chloroplast DNA. Although
these systems, particularly their regulation, are less thoroughly
understood than transcription by RNA polymerase II, they are
equally as fundamental to the life of eukaryotic cells.

Transcr ip t ion In i t ia t ion by Pol  I  and Pol  l l l  ls
Analogous to  That  by Pol  l l
The formation of transcription-initiation complexes involv-
ing Pol I and Pol III is similar in some respecrs to assembly of
Pol II initiation complexes (see Figure 7-31). However, each
of the three eukaryotic nuclear RNA polymerases requires
its own polymerase-specific general transcription factors and
recognizes different DNA control elements. Moreover, nei-
ther Pol I nor Pol III requires ATP hydrolysis to initiate tran-
scription, whereas Pol II does.

Transcription initiation by Pol I, which synthesizes pre-
rRNA, and by Pol III, which synthesizes tRNAs, 55 rRNA,
and other short, stable RNAs (see TabIe 7-2), has been char-
acterrzed most extensively in S. cereuisiae using both bio-
chemical and genetic approaches. It is clear that synthesis of
tRNAs and of rRNAs, which are incorporated into ribo-
somes, is tightly coupled to the rate of cell growth and pro-
liferation. However, much remains to be learned about how
transcription initiation by Pol I and Pol III is regulated so
that synthesis of pre-rRNA, 55 rRNA, and tRNAs is coordi-
nated with the growth and replication of cells.

Initiation by Pol I The regulatory elements directing pol I
initiation are similarly located relative to the transcription
start site in both yeast and mammals. A core element span-
ning the transcription start site from -40 to *5 is essential
for Pol I transcription. An additional upstream element ex-
tending from roughly -155 to -60 stimulates in vitro pol I
transcription tenfold.

Assembly of a fully active Pol I initiation complex begins
with binding of a multimeric upstream activating factor (UAF)
to the upstream element (Figure 7-52).Two of the six subunits
composing UAF are histones, which probably participate in
DNA binding. Next, a trimeric core factor binds to the core el-
ement together with TBP, which makes contact with both the
bound UAF and the core factor. Finally a preformed complex
of Pol I and Rrn3p associates with the bound proteins, posi-
tioning Pol I near the start site. In human cells. TBP is stablv
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Pre-rRNA promoter DNA
Upstream activating
factor (UAF)

Core factor (CF), TPB,
and other factors

Initiation complex

A FfGURE 7-52 ln vitro assembly of the yeast Pol I
transcription init iation complex. UAF and CF, both multimeric
general transcription factors, bind to the upstream element (UE) and
core element, respectively, in the promoter DNA TBP and a
monomeric factor (Rrn3p) associated with RNA polymerase | (Pol l)
also particrpate in forming the init iation complex [Adapted from N
Nomura, 1998, in R M Paule, Transcription of Ribosomal RNA Genes by
Eukaryotic RNA Polymerase 1 Landes Bioscience, pp 157-1721

bound to three other polypeptides, forming an initiation fac-
tor called SLI that binds to the core promoter element and is
functionally equivalent to yeast core factor plus TBP.

lnitiation by Pol lll Unlike protein-coding genes and pre-
rRNA genes, the promoter regions of IRNA and SS-rRNA
genes lie entirely within the transcribed sequence (Figure 7-53).
Two such internal promoter elements, termed the A box and
B box, are present in all IRNA genes. These highly conserved
sequences not only function as promoters but also encode
two invariant portions of eukaryotic tRNAs that are re-
quired for protein synthesis. In SS-rRNA genes, a single in-
ternal control region, the C box, acts as a promoter.

Three general transcription factors are required for Pol
III to initiate transcription of IRNA and SS-rRNA genes in
vitro. Two multimeric factors, TFIIIC and TFIIIB, partici-
pate in init iation at both IRNA and 5S-rRNA promoters; a
third factor, TFIIIA, is required for initiation at SS-rRNA
promoters. As with assembly of Pol I and Pol II init iation
complexes, the Pol III general transcription factors bind to
promoter DNA in a defined sequence.

The N-terminal half of one TFIIIB subunit, called BRF
(for TFIIB-related /actor), is similar in sequence to TFIIB

tRNA gene

5S-rRNA gene

Pol  l l l

A FIGURE 7-53 TranscriPtion-control elements in genes

transcribed by RNA polymerase ll1. Both IRNA and SS-rRNA genes

contain internal promoter elements (yellow) located downstream
from the start site and named A, B, and C boxes, as indicated
Assembly of transcription init iation complexes on these genes begins
with the binding of Pol-l l l-specific general transcription factors TFll lA,
TFll lB, and TFll lC to these control elements Green arrows indicate
strong, sequence-specifrc protein-DNA interactions Blue arrows
indicate interactions between general transcription factors Purple

arrows indicate interactions between general transcription factors

and Pol l l l . lFrom L Schramm and N Hernandez,2002, Genes Dev 16:2593 I

(a Pol II factor). This similarity suggests that BRF and

TFIIB perform a similar function in init iation, namely' to

direct the polymerase to the correct start site. Once TFIIIB

has bound to either a tRNA or 5S-rRNA gene, Pol III can

bind and init iate transcription in the presence of ribonu-

cleoside triphosphates. The BRF subunit of TFIIIB inter-

acts specifically with one of the polymerase subunits

unique to Pol III, accounting for init iation by this specific

nuclear RNA polymerase.
Another of the three subunits composing TFIIIB is TBP'

which we can now see is a component of a general tran-

scription factor for all three eukaryotic nuclear RNA poly-

merases. The finding that TBP participates in transcription

initiation by Pol I and Pol III was surprising, since the pro-

moters recognized by these enzymes often do not contain

TATA boxes. Nonetheless, recent studies indicate that the

TBP subunit of TFIIIB interacts with DNA similarly to the

way it interacts with TATA boxes.

Mitochondr ia l  and Chloroplast  DNAs Are

Transcr ibed by Organel le-Speci f ic  RNA
Polymerases

As discussed in Chapter 6, mitochondria and chloroplasts

probably evolved from bacteria that were endocytosed into

ancestral cells containing a eukaryotic nucleus. In modern-

day eukaryotes, both organelles contain distinct DNAs that

encode some of the proteins essential to their specific func-

tions. Interestingly, the RNA polymerases that transcribe

I
r

Pol  l l l
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mitochondrial (mt) DNA and chloroplast DNA are similar
to polymerases from bacteria and bacteriophages, reflecting
their evolutionary origins.

Mitochondrial Transcription The RNA polymerase that
transcribes mtDNA is encoded in nuclear DNA. After syn-
thesis of the enzyme in the cytosol, it is imported into the
mitochondrial matrix by mechanisms described in Chapter
13. The mitochondrial RNA polymerases from S. cere-
uisiae and the frog Xenopus laeuis both consist of a large
subunit with ribonucleotide-polymerizing activity and a
small B subunit (TFBM). Another matrix protein, mito-
chondrial transcription factor A (TFAM), binds to mtDNA
promoters and is essential for init iating transcription at the
start sites used in the cell. The large subunit of yeast mito-
chondrial RNA polymerase clearly is related to the
monomeric RNA polymerases of bacteriophage T7 and
similar bacteriophages. However, the mitochondrial
enzyme is functionally distinct from the bacteriophage
enzyme in its dependence on two other polypeptides for
transcription from rhe proper start sites.

The promoter sequences recognized by mitochondrial
RNA polymerases include the transcription start sire.
These promoter sequences, which are rich in A residues.
have been characterized in the mtDNA from yeast, plants,
and animals. The circular, human mitochondrial genome
contains two related 15-bp promoter sequences, one for
the transcription of each strand. Each strand is transcribed
in its entirery; the long primary transcripts are then
processed to yield mitochondrial mRNAs, rRNAs, and
tRNAs. A second promoter appears to be responsible for
transcribing additional copies of the rRNAs. Currently,
there is relatively l i tt le understanding of how transcription
of the mitochondrial genome is regulated to coordinate the
production of the few mitochondrial proteins it encodes
with synthesis and import of the thousands of nuclear
DNA-encoded proteins that comprise the mitochondria.

Chloroplast Transcription Chloroplast DNA is transcribed
by two types of RNA polymerases, one multisubunit protein
similar to bacterial RNA polymerases and one similar to the
single subunit enzymes of bacteriophage and mitochondria.
The core subunits of the bacterial-type enzyme, o., B, B,, and
o subunits, are encoded in the chloroplast DNAs of higher
plants, whereas six o7o-like o factors are encoded in the nu-
clear DNA of higher plants. This is another example of the
transfer of genes from organellar genomes to nuclear
genomes during evolution. In this case, genes encoding the
regulatory transcription initiation factors have been trans-
ferred to the nucleus, where the control of their transcription
by nuclear RNA polymerase II likely indirectly controls the
expression of sets of chloroplast genes. The bacterial-like
chloroplast RNA polymerase is called the plastid polymerase
since its catalytic core is encoded by the chloroplast genome.
Most chloroplast genes are transcribed by these enzymes and
have -35 and -10 control regions similar to promoters in
cyanobacteria, from which they evolved. The chloroplast
T7-like RNA polymerase is also encoded in the nuclear

genome of higher plants. It transcribes a different set of
chloroplast genes. Curiously, this includes genes encoding
subunits of the bacterial-l ike multisubunit plastid poly-
merase. As for mitochondrial transcription, currently rela-
tively little is known about how transcription of chloroplast
DNA is regulated.

Other Eukaryotic Transcription Systems

r The process of transcription initiation by Pol I and Pol
III is similar to that by Pol II but requires different general
transcription factors, is directed by different promoter ele-
ments, and does not require AIP hydrolysis.

r Mitochondrial DNA is transcribed by a nuclear-
encoded RNA polymerase composed of two subunits.
One subunit is homologous to the monomeric RNA
polymerase from bacteriophage T7; the other resembles
bacterial o factors.

r Chloroplast DNA is transcribed by a chloroplast-
encoded RNA polymerase homologous to bacterial RNA
polymerases, except that it lacks a o factor.

A great deal has been learned in recent years about tran-
scription control in eukaryotes. Genes encoding about
2000 activators and repressors can be recognized in the hu-
man genome. We now have a glimpse of how the astro-
nomical number of possible combinations of these tran-
scription factors can generate the complexity of gene
control required to produce organisms as remarkable as
those we see around us. But very much remains to be un,
derstood. Although we now have some understanding of
what processes turn a gene on and off, we have very little
understanding of how the frequency of transcription is
controlled in order to provide a cell with the appropriate
amounts of its various proteins. In a red blood cell precur-
sor, for example, the globin genes are transcribed at a far
greater rate than the genes encoding the enzymes of inter-
mediary metabolism (the so-called housekeeping genes).
How are the vast differences in the frequency of transcrip-
tion initiation at various genes achieved? 

'S(hat 
happens to

the multiple interactions between activation domains, co-
activator complexes, general transcription factors, and
RNA polymerase II when the polymerase iniriares tran-
scription and transcribes away from the promoter region?
Do these completely dissociate at promoters that are tran-
scribed infrequently, so that the combination of multiple
factors required for transcription must be reassembled
anew for each round of transcription? Do complexes of
activators with their multiple interacting co-activators
remain assembled at promoters from which re-init iation
takes place at a high rate, so that the entire assembly does
not have to be reconstructed each time a polymerase
init iates?
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Much remains to be learned about the structure of chro-
matin and how that structure influences transcription. What
additional components besides HP1 and methylated histone
H3 lysine 9 are required to direct certain regions of chro-
matin to form heterochromatin, where transcription is re-
pressed? Precisely how is the structure of chromatin changed
by activators and repressors, and how does this promote or
inhibit transcription? Once chromatin-remodeling com-
plexes and histone acetylase complexes become associated
with a promoter region, how do they remain associated?
Current models suggest that certain subunits of these com-
plexes associate with modified histone tails so that the com-
bination of binding to a specific histone tail modification
plus modification of neighboring histone tails in the same
way results in retention of the modifying complex at an acti-
vated promoter region. In some cases, this type of assembly
mechanism causes the complexes to spread along the length
of a chromatin fiber. 

'What 
controls when such complexes

spread and how far they will spread?
Single activation domains have been discovered to inter-

act with several co-activator complexes. Are these interac-
tions transient, so that the same activation domain can in-
teract with several co-activators sequentially? Is a specific
order of co-activator interaction required? How does the in-
teraction of activation domains with mediator stimulate
transcription? Do these interactions simply stimulate the as-
sembly of a preinitiation complex, or do they also influence
the rate at which RNA polymerase II initiates transcription
from an assembled preinitiation complex?

Transcriptional activation is a highly cooperative
process so that genes expressed in a specific type of cell are
expressed only when the complete set of activators that
control that gene are expressed and activated. As men-
tioned earlier, some of the transcription factors that control
expression of the TTR gene in the l iver are also expressed
in intestinal and kidney cells. Yet the TTR gene is not ex-
pressed in these other  t issues,  s ince i ts  t ranscr ipt ion re-
quires two additional transcription factors expressed only
in the liver. \7hat mechanisms account for this highly co-
operative action of transcription factors that is crit ical to
cell-type-specific gene expression?

A thorough understanding of normal development and
of abnormal processes associated with disease will require
answers to these and many related questions. As further un-
derstanding of the principles of transcription control are dis-
covered, applications of the knowledge will likely be made.
This understanding may allow fine control of the expression
of therapeutic genes introduced by gene therapy vectors as
they are developed. Detailed understanding of the molecular
interactions that regulate transcription may provide new tar-
gets for the development of therapeutic drugs that inhibit or
stimulate the expression of specific genes. A more complete
understanding of the mechanisms of transcriptional control
may allow improved engineering of crops with desirable
characteristics. Certainly, further advances in the area of
transcription control will help to satisfy our desire to under-
stand how complex organisms such as ourselves develop and
function.
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1. Describe the molecular events that occur at the lac

operon when E. coli cells are shifted from a glucose-contain-

ing medium to a lactose-containing medium.

2. The concentration of free phosphate affects transcrip-

tion of some E. coli genes. Describe the mechanism for this.

3. 
'$7hat 

types of genes are transcribed by RNA poly-

merases I, II, and III? Design an experiment to determine

whether a specific gene is transcribed by RNA polymerase II.

4. The CTD of the largest subunit of RNA polymerase II

can be phosphorylated at multiple serine residues. 
'What 

are

the conditions that lead to the phosphorylated versus un-

phosphorylated RNA polymerase II CTD?

5. \What do TAIA boxes, initiators, and CpG islands have

in common? Which was the first of these to be identified?

whv?
6. Describe the methods used to identify the location of

DNA-control elements in promoter proximal regions of

genes.

7. lfhat is the difference between a promoter-proximal el-

ement and a distal enhancer?

8. Describe the methods used to identify the location of

DNA-binding proteins in the regulatory regions of genes.

9. Describe the structural features of transcriptional acti-

vator and repressor proteins.

10. What happens to transcription of the EGR-I gene in pa-

tients with Wilm's tumor? Sfhy?

11. Using CREB and nuclear receptors as examples' com-

pare and contrast the structural changes that take place

when these transcription factors bind to their co-activators.
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12. \lhat general transcription factors associate with an
RNA polymerase II promoter in addition to the polymerase?
In what order do they bind in vitro? 

'$fhat 
structural change

occurs in the DNA when an "open" transcription-initiation
complex is formed?

L3. Expression of recombinant proteins in yeast is an im-
portant tool for biotechnology companies that produce new
drugs for human use. In an attempt to get a new gene X ex-
pressed in yeast, a researcher has integrated gene X into the
yeast genome near a telomere. Vill this strategy result in
good expression of gene X? Why or why not? \fould the
outcome of this experiment differ if the experiment had been
performed in a yeast line conraining murations in the H3 or
H4 histone tails?

14. You have isolated a new protein called STICKY. You
can predict from comparisons with other known proteins
that STICKY contains a bHLH domain and a Sin3-interact-
ing domain. Predict the function of STICKY and rationale
for the importance of these domains in STICKY function.
15. The yeast two-hybrid method is a powerful molecular
genetic method to identify a protein(s) that interacts with a
known protein or protein domain. You have isolated the glu-
cocorticoid receptor (GR) and have evidence that it is a mod-
ular protein containing an activation domain, a DNA-
binding domain, and a second ligand-binding activation
domain. Further analysis reveals that in pituitary cells, the pro-
tein is anchored in the cytoplasm in the absence of its hor-
mone ligand, a result leading you to speculate that it binds to
other inhibitory proteins. Describe how a two-hybrid analy-
sis could be used to identify the protein(s) GR interacts with.
How would you specifically identify the domain in the GR
that binds the inhibitor(s)?

1,6. Some heat-shock genes encode proteins that act rapidly
to protect other proteins from harsh conditions. Describe the
mechanism that has evolved to regulate the expression of
such genes.

Analyze the Data

In eukaryotes, the rhree RNA polymerases, pol I, II and III,
each transcribe unique genes required for the synthesis of ri-
bosomes:25S and 18S rRNAs (Pol  I ) ,55 rRNA (pol  I I I ) ,
and mRNAs for ribosomal proteins (Pol II). Researchers
have long speculated that the activities of the three RNA
polymerases are coordinately regulated according to the de-
mand for ribosome synthesis: high in replicating cells in rich
nutrient conditions and low when nutrients are scarce. To
determine if the activities of the three polymerases are coor-
dinated, Laferte and colleagues engineered a strain of yeast
to be partially resistant to the inhibition of cell growth by
the drug rapamycin (2006, Genes Deu.2022030-2040). As
discussed in Chapter 8, rapamycin inhibits a protein kinase
(called TOR for target of rapamycin) that regulates the
overall rate of protein synthesis and ribosome synthesis.
When TOR is inhibited by rapamycin, the transcription of
rRNAs by Pol I and Pol III and ribosomal protein mRNAs
by RNA polymerase II are all rapidly repressed. part of the

inhibition of Pol I rRNA synthesis results from the dissoci-
ation of the Pol I transcription factor Rrn3 from Pol I (see
Figure 7-52). ln the strain constructed by Laferte and col-
leagues, the wild-type Rrn3 gene and the wild-type A43
gene, encoding the Pol I subunit to which Rrn3 binds, were
replaced with a gene encoding a fusion protein of the A43
Pol I subunit with Rrn3. The idea was that the covalent fu-
sion of the two proteins would prevent the Rrn3 dissocia-
tion from Pol I otherwise caused by rapamycin rreatment.
The resulting CARA (constitutive association of Rrn3 and
A43) strain was found to be partially resistant to ra-
pamycin. In the absence of rapamycin, the CARA strain
grew at the same rate and had equal numbers of ribosomes
as do wild-type cells.

a. To analyze rRNA transcription by Pol I, total RNA
was isolated from rapidly growing wild-type (I7T) and
CARA cells at various times following the addition of ra-
pamycin. The concentration of the 35S rRNA precursor
transcribed by Pol I (see Figure 8-35) was assayed by the
primer-extension method. Since the 5' end of the 355 rRNA
precursor is degraded during the processing of 25S and 18S
rRNA, this method measures the relatively short-lived pre-
rRNA precursor. This is an indirect measure of the rate of
rRNA transcription by Pol I. The results of this primer
extension assay are shown below. How does the CARA Pol
I-Rrn3 fusion affect the response of Pol I transcriotion to ra-
pamycin?

Minutes after
rapamycln

35S rRNA

0 20 40 60 80 100

b. The concentrations of four mRNAs encoding ribo-
somal proteins, RPL30, RPS6a, RPL7a, and RPLS, and the
mRNA for actin (ACTL), a protein present in the cytoskele-
ton, were assessed in wild-type and CARA cells by Northern
blotting at various times after addition of rapamycin to rap-
idly growing cells (upper autoradiograms). 55 rRNA tran-
scription was assayed by pulse labeling rapidly growing S7T
and CARA cells with 3H uracil (for 20 minutes) at various times

Minutes after
rapamycrn

RPL3O

RPS6a

RPLTa

RPLS

ACTl

Minutes after
rapamycrn
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after addition of rapamycin to the media. Total cellular RNA
was isolated and subjected to gel electrophoresis and autora-
diography. The lower autoradiogram shows the region of
the gel containing 55 rRNA. Based on these data, what can
be concluded about the influence of Pol I transcription on
the transcription of ribosomal protein genes by Pol II and 5S
rRNA by Pol III?

c. To determine if the difference in behavior of wild-
type and CARA cells can be observed under normal physi-
ological conditions (i.e., without drug treatment), cells
were subjected to a shift in their food source, from nutri-
ent-rich media to nutrient-poor media. Under these condi-
tions, in wild-type cells, the TOR protein kinase becomes
inactive. ConsequentlS shift ing cells from nutrient-rich
media to nutrient-poor media should result in a normal
physiological response that is equivalent to treating cells
with rapamycin, which inhibits TOR. To determine how
the CARA fusion protein affected the response to this me-
dia shift, RNA was extracted from wild-type and CARA
cells and used to probe microarrays containing all yeast
open reading frames. The extent of RNA hybridization
with the arrays was quantif ied and is expressed in the
graphs as log2 of the ratio of CARA-cell RNA concentra-
tion to wild-type-cell RNA concentration for each open
reading frame. A value of zero indicates that the two
strains of yeast exhibit the same level of expression for
those specific RNAs. A value of 1 indicates that the CARA
cells contain twice as much of that particular RNA as do
wild-type cells. The graphs below show the number of
open reading frames (y axis) that have values for log2 of
this ratio, indicated by the x axis. The results of hybridiza-
tion to open reading frames encoding mRNAs for
ribosomal proteins are shown by black bars, those for all
other mRNAs by white bars. The graph on the left gives re-
sults for cells grown in nutrient-rich medium, the graph on
the right for cells shifted to nutrient-poor medium for
90 minutes. \fhat do these data suggest about the regula-
tion of ribosomal protein gene transcription by Pol II?

Cells grown in rich media Cells grown in poor media
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Portion of a "lampbrush chromosome" from an oocyte of the
newt Nophtha/mus viridescens; hnRNP protein associated with

nascent RNA transcripts fluoresces red after starning with a
monoclonal antibody [Courtesty of M Roth and J Gall ]

I n the previous chapter, we saw that most genes are regu-

I lated at the first step in gene expression, namely, the init ia-
I tion of transcription. However, once transcription has been
initiated, synthesis of the encoded RNA requires that RNA
polymerase transcribe the entire gene and not terminate pre-
maturely. Moreover, the initial primary transcripts produced
from eukaryotic genes must undergo various processing
reactions to yield the corresponding functional RNAs. For
mRNAs, the 5' cap structure necessary for translation must
be added (see Figure 4-14), introns must be spliced out of
pre-mRNAs, and the 3' end must be polyadenylated (see

Figure 4-15). Once formed in the nucleus, mature, func-
tional RNAs are exported to the cytoplasm as components
of ribonucleoproteins. Both processing of RNAs and their
export from the nucleus offer opportunities for further regu-
lating gene expression after the initiation of transcription.

Recently, the vast amount of sequence data on human
cDNAs has revealed that -60 percent of human genes give
rise to alternatively spliced mRNAs. These alternatively
spliced mRNAs encode related proteins with differences in
sequences limited to specific functional domains. In many
cases, alternative RNA splicing is regulated to meet the need
for a specific protein isoform in a specific cell type. Given the

complexity of pre-mRNA splicing, it is not surprising that
mistakes are occasionally made, giving rise to mRNA pre-

cursors with improperly spliced exons. However, eukaryotic
cells have evolved RNA surueillance mechanisms that pre-

vent the transport of incorrectly processed RNAs to the cy-
toplasm or lead to their degradation if they are transported.

Additional control of gene expression can occur in the
cytoplasm. In the case of protein-coding genes, for instance,

CHAPTER

POST-
TRANSCRIPTIONAL
GENE CONTROL

the amount of protein produced depends on the stability of

the corresponding mRNAs in the cytoplasm and the rate of

their translation. For example, during an immune response'

lymphocytes communicate by secreting polypeptide hormones

called cytokines that signal neighboring lymphocytes through

cytokine receptors that span their plasma membranes (Chap-

ter 24). It is important for lymphocytes to synthesize and

secrete cytokines in short bursts. This is possible because

cytokine mRNAs are extremely unstable. ConsequentlS the

concentration of the mRNA in the cytoplasm falls rapidly

once its synthesis is stopped. In contrast' mRNAs encoding

proteins required in large amounts that function over long

periods, such as ribosomal proteins, are extremely stable so

ihat multiple polypeptides are transcribed from each mRNA.

In addition to regulation of pre-mRNA processing' nuclear

export, and translation, the cellular locations of some mRNAs

are regulated so that newly synthesized protein is concentrated
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precursor RNAs that must be S processed before they are functional
Regions of precursors cleaved from the mature RNAs are degraded by
nuclear exosomes I lAdapted from Houseley et. al. Nat Rev Mot Cett Biot.
QOO6\ 7:529 I
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  FIGURE 8-1 Overview of RNA processing and post-
transcriptional gene control. Nearly all cytoplasmic RNAs are
processed from primary transcripts in the nucleus before they are
exported to the cytoplasm For protein coding genes transcribed by
RNA polymerase ll, gene control can be exerted through I the choice
of alternative exons during pre-mRNA splicing and the Z choice of
alternative poly(A) sites lmproperly processed mRNAs are blocked from
export to the cytoplasm and degraded p by a large complex called the
exosome that contains multiple ribonucleases Once exported to the
cytoplasm, @ translation init iation factors bind to the mRNA 5,_cap
cooperatively with poly(A)-binding protein I bound to the poly(A) tail
and init iate translation (see Figure 4-29) E mRNA is degraded in the
cytoplasm by de-adenylation and decapping followed by degradation

Translation
init iat ion
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where it is needed. Particularly striking examples of this occur
in the nervous systems of multicellular animals. Some neurons
in the human brain make more than 1000 separate synapses
with other neurons. During the process of learning, synapses
that fire more frequently than others increase in size many
times, even though other synapses made by the same neuron
do not. This can occur because mRNAs encoding proteins
critical for formation of an enlarged synapse are stored at
all synapses. Then the translation of these localized, stored
mRNAs is regulated at each synapse independently by the fre-
quency at which it initiates translation. In this way, synthesis
of synapse-associated proteins can be regulated independently
at each of the many synapses made by the same neuron.

Another type of gene regulation that has recently come to
light involves micro RNAs (miRNAs), which regulate the sta-
bility and translation of specific target mRNAs in multicellu-
lar animals and plants. Analyses of these short miRNAs in
various human tissues indicate that there are -1000 miRNAs
expressed in the multiple types of human cells. Although some
have been recently discovered to function through inhibition
of target gene expression in the appropriate tissue and at the
appropriate time in development, the functions of the vast ma-
jority of human miRNAs are unknown and are the subiect of
a growing new area of research. If most miRNAs do indeed
have significant functions, miRNA genes constitute a signifi-
cant fraction of the :25,000 human genes. A closely related
process called RNA interference (RNAi) leads to the degrada-
tion of viral RNAs in infected cells and the degradation of
transposon-encoded RNAs in most eukaryotes. This is of
tremendous significance to biological researchers because it is
possible to design short interfering RNAs (siRNA) to inhibit
the translation of specific mRNAs experimentally by a process

called RNA knockdown. This makes it possible to inhibit the
function of any desired gene, even in organisms that are not

amenable to classic genetic methods for isolating mutants.
\7e refer to all the mechanisms that regulate gene expres-

sion following transcription as post-transcriptional gene con-

trol (Figure 8-1). Since the stability and translation rate of an
mRNA contribute to the amount of protein expressed from a
gene, these post-transcriptional processes are important com-
ponents of gene control. Indeed, the protein output of a gene

is regulated at every step in the life of an mRNA from the ini-

tiation of its synthesis to its degradation. Thus genetic regu-

latory processes act on RNA as well as DNA. In this chapter,
we consider the events that occur in the processing of mRNA
following transcription initiation and the various mecha-
nisms that are known to regulate these events. In the last sec-
tion, we briefly discuss the processing of primary transcripts
produced from genes encoding rRNAs and tRNAs.

E[ Processing of Eukaryotic Pre-mRNA
In this section, we take a closer look at how eukaryotic cells

convert the initial primary transcript synthesized by RNA

oolvmerase II into a functional mRNA. Three maior events

occur during the process: 5' capping,3' cleauage/polyadenyla'

tion, and RNA splicing (Figure 8-2). Adding these specific

modifications to the 5' and 3' ends of the pre-mRNA is

important to protect it from enzymes that quickly digest

uniapped RNAs generated by RNA processing' such as

spliced-out introns and RNA transcribed downstream from a

polyadenylation site. The 5'-cap and 3'-poly(A) tail distinguish

pre-mRNA molecules from the many other kinds of RNAs in

ihe nucleus. Pre-mRNA molecules are bound by nuclear pro-

teins that function in mRNA export to the cytoplasm. After

mRNAs are exported to the cytoplasm, they are bound by an-

other set of cytoplasmic proteins that stimulate translation and

are critical for mRNA stability in the cytoplasm. Furthermore,

introns must be removed to generate the correct coding region

of the mRNA. In higher eukaryotes, alternative splicing is in-

tricately regulated in order to substitute different functional

domains into proteins, producing a considerable expansion of

the proteome of these organisms, which include ourselves.

The pre-mRNA processing events of capping, splicing, and

polyadenylation occur in the nucleus as the nascent mRNA

precursor is being transcribed. Thus pre-mRNA processing is

co-transcriptional. As the RNA emerges from the surface of

RNA polymerase II, its 5' end is immediately modified by the

addition of the S'-cap structure found on all mRNAs (see Fig-

we 4-14).As the nascent pre-mRNA continues to emerge from

the surface of the polymerase, it is immediately bound by mem-

bers of a complex group of RNA-binding proteins that assist in

RNA splicing and export of the fully processed mRNA

through nuclear pore complexes into the cytoplasm. Some of

these proteins remain associated with the mRNA in the cyto-

plasm, but most either remain in the nucleus or shuttle back

into the nucleus shortly after the mRNA is exported to the cy-

toplasm. Cytoplasmic RNA-binding proteins are exchanged

for the nuclear ones. Consequently, mRNAs never occur as free

RNA molecules in the cell but are always associated with pro-

tein as ribonucleoprotein (RNP) complexes, first as nascent

pre-mRNPs that are capped and spliced as they ate tran-

scribed. Then, following cleavage and polyadenylation, they

are referred to as nuclear zzRNPs. Following the exchange of

proteins that accompanies export to the cytoplasm' they are

called cytoplasmic mRNPs. Although we frequently refer to

pre-mRNAs and mRNAs, it is important to remember that

ih.y 
"r. 

always associated with proteins as RNP complexes'

The 5' Cap ls Added to Nascent RNAs Shortly

After Transcript ion Init iat ion

As the nascent RNA transcript emerges from the RNA chan-

nel of RNA polymerase II and reaches a length of -25 nu-

cleotides, a protective cap composed of 7-methylguanosine

and methylated riboses is added to the 5' end of eukaryotic

mRNAs (see Figure 4-14).The 5' cap marks RNA molecules

as mRNA precursors and serves to protect them from RNA-

digesting ..try-.t (5'-exoribonucleases) in the nucleus and

cyiopl"s-. This initial step in RNA processing is catalyzed

by a dimeric capping enzyme, which associates with the
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phosphorylated carboxyl-terminal domain (CTD) of RNA

merases I or III that do not have a CTD. This is important
because pre-mRNA synthesis accounts for less than 10 per-
cent of the total RNA synthesized in replicating cells. About
80 percent of RNA synthesis is preribosomal RNA tran-
scribed by RNA polymerase I, and about 15 percent is tran-
scribed by RNA polymerase III, including 5S rRNA, tRNAs,
and other stable small RNAs. The two mechanisms of
(1) capping enzyme binding to initiated RNA polymerase
II specifically through its unique, phosphorylated CTD and
(2) activation of capping enzyme activity by binding to the
phosphorylated CTD result in specific capping of the minor
fraction of RNAs transcribed by RNA polymerase II.

Considerable evidence indicates that capping of the
nascent transcript is coupled to elongation by RNA poly_
merase II so that all of its transcripts are capped during the
earliest phase of elongation. In one -oJ.l, during the
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A FIGURE 8-2 Overview of mRNA processing in eukaryotes.
Shortly after RNA polymerase ll init iates transcription at the first
nucleotide of the first exon of a gene, the 5, end of the nascent
RNA is capped with 7-methylguanylate (step E). Transcription by
RNA polymerase ll terminates at any one of multiple termtnatton
sites downstream from the poly(A) site, which is located at the 3,
end of the final exon After the primary transcript is cleaved at the
poly(A) site (step Z), a string of adenosine (A) residues is added

(step B). The poly(A) tail contains -250 A residues in mammals,
-150 in insects, and -100 in yeasts For short primary transcripts
with few introns, splicing (step 4) usually follows cleavage and
polyadenylation, as shown For large genes with multiple introns,
introns often are spliced out of the nascent RNA during its
transcrrption, i e., before transcription of the gene is complete.
Note that the 5' cap and sequence adjacent to the poly(A) tail are
retained in mature mRNAs.

initial phase of transcription the polymerase elongates the
nascent transcript very slowly due to the action of elonga-
tion factors NELF (negative elongation factor) and Spt4/5,
as occurs at the HIV LTR promoter (see Figure 7-51). Once
the 5'-end of the nascent RNA is capped, phosphorylation
of the RNA polymerase CTD and Spt5 by the cyclin T-
Cdk9 protein kinase is stimulated, causing the release of
NELF. This allows RNA polymerase II to enter into a faster
mode of elongation that rapidly transcribes away from the
promoter. The net effect of this mechanism is that the poly-
merase waits for the nascent RNA to be capped before
elongating at a rapid rate. HIV appears to have exploited
this mechanism to add an additional level of transcription
control through the Tat protein and the TAR element,
which are required to bring the cyclin T-Cdk9 kinase to the
elongation complex that forms at the HIV LTR promoter
(see Figure 7-51). Currently, ir is not understood what dis-
tinguishes transcription from the HIV LTR promoter from
other promoters where Tat protein is not required to bring
in the cyclin T-Cdk9 protein kinase.

A Diverse Set of Proteins with Conserved RNA-
Binding Domains Associate with pre-mRNAs

As noted earlier, nascent RNA transcripts from protein-coding
genes and mRNA processing intermediates, collectively re-
ferred to as pre-mRNA, do not exist as free RNA molecules
in the nuclei of eukaryotic cells. From the time nascent rran-
scripts first emerge from RNA polymerase II until mature
mRNAs are transported into rhe cytoplasm, the RNA mole-
cules are associated with an abundant set of nuclear proteins.
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  FIGURE 8-3 Synthesis of 5'-cap on eukaryotic mRNAs. The 5'
end of a nascent RNA contains a 5'-triphosphate from the init iating
NTP The 1-phosphate is removed in the first step of capping, while
the remaining cr- and B-phosphates (orange) remain associated with
the cap The third phosphate of the 5-5'-triphosphate bond is
derived from the a phosphate of the GTP that donates the guanine
The methyl donor for methylation of the cap guanine and the first
one or two riboses of the mRNA is S-adenosyl methionine lFrom S
Venkatesan and B Moss, 1982, Proc Natl Acad 'ci USA79:304)

These are the major protein components of heterogeneows

ribonucleoprotein particles (hnRNPs), which conrain het-

erogeneous nuclear RNA /EnRNAl, a collective term

referring to pre-mRNA and other nuclear RNAs of various

sizes. These hnRNP proteins contribute to further steps in

RNA processing, including splicing and polyadenylation and

export through nuclear pore complexes to the cytoplasm'
Researchers identified hnRNP proteins by first exposing

cultured cells to high-dose UV irradiation, which causes co-

valent cross-links to form between RNA bases and closely

associated proteins. Chromatography of nuclear extracts

from treated cells on an oligo-dT cellulose column, which

binds RNAs with a poly(A) tail, was used to recover the pro-

teins that had become cross-linked to nuclear polyadeny-

lated RNA. Subsequent treatment of cell extracts from unir-

radiated cells with monoclonal antibodies specific for the

major proteins identified by this cross-linking technique re-

vealed a complex set of abundant hnRNP proteins ranging

in size from -30 to -120 kDa.
Like transcription factors, most hnRNP proteins have a

modular structure. They contain one or more RNA-binding

domains and at least one other domain that interacts with

other proteins. Several different RNA-binding motifs have

been identified by constructing deletions of hnRNP proteins

and testing their ability to bind RNA.

Functions of hnRNP Proteins The association of pre-mRNAs

with hnRNP proteins prevents formation of short secondary

structures dependent on base pairing of complementary re-

gions, thereby making the pre-mRNAs accessible for inter-

action with other RNA molecules or proteins. Pre-mRNAs

associated with hnRNP proteins present a more uniform

substrate for subsequent processing steps than would free'

unbound pre-mRNAs' where each mRNA forms a unique

secondary structure due to its specific sequence.

Binding studies with purified hnRNP proteins indicate

that different hnRNP proteins associate with different re-

gions of a newly made pre-mRNA molecule. For example'

ih. httRNp proteins A1, C, and D bind preferentially to the

pyrimidine-rich sequences at the 3' ends of introns (see Figure

8-7). Some hnRNP proteins interact with the RNA sequences

that specify RNA splicing or cleavage/polyadenylation and

contribute to the structure recognized by RNA-processing

factors. Finally, cell-fusion experiments have shown that

some hnRNP proteins remain localized in the nucleus,

whereas others cycle in and out of the cytoplasm, suggesting

that they function in the transport of mRNA (Figure 8-4)'

Conserved RNA'Binding Motifs The RNA recognition

motif (RRM| also called the RNP motif and the RNA-binding

domain (RBD), is the most common RNA-binding domain

eukaryotic evolution.
Structural analyses have shown that the RRM domain

consists of a four-stranded B sheet flanked on one side by

two cr helices. To interact with the negatively charged RNA

phosphates, the B sheet forms a positively.charged surface'

th. ionr.tu.d RNP1 and RNP2 sequences lie side by side on

the two central p strands, and their side chains make multi-

ple contacts with a single-stranded region of RNA that lies

across the surface of the B sheet (Figure 8-5)'

The 45-residue KH motif is found in the hnRNP K pro-

tein and several other RNA-binding proteins' The three-

dimensional structure of representative KH domains is similar

to that of the RRM domain but smaller, consisting of a

three-stranded p sheet supported from one side by two o he-

lices. Nonetheless, the KH domain interacts with RNA much

differently than does the RRM domain' RNA binds to the

KH domain by interacting with a hydrophobic surface

formed by the a helices and one B strand' The RGG bor,

another RNA-binding motif found in hnRNP proteins,

contains five Arg-Gly-Gly (RGG) repeats with several inter-

spersed aromatic amino acids. Although the structure of this

motif has not yet been determined, its arginine-rich nature is

similar to the RNA-binding domains of the HIV Tat protein'

KH domains and RGG repeats are often interspersed in two

or more sets in a single RNA-binding protein'
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A FIGURE 8-4 Human hnRNp A1 protein can cycle in and
out of the cytoplasm, but human hnRNp C protein cannot.
Cultured HeLa cells and Xenopus cells were fused bv treatment with
polyethylene glycol, producing heterokaryons containing nuclei
from each cell type The hybrid cells were treated with
cycloheximide immediately after fusion to prevent protern
synthesis After 2 hours, the cells were fixed and stained with
fluorescent-labeled antibodies specific for human hnRNp C and
A1 proteins These antibodies do not bind to the homologous
Xenopus proteins (a) A fixed preparation viewed by phase-
contrast microscopy includes unfused HeLa cells (arrowhead) and
Xenopus cells (dotted arrow), as well as fused heterokaryons
(sol id  arrow) ln  the heterokaryon in th is  micrograph,  the round

Video: hnRNP 41 Nucleocy c Shu

Hela-cell nucleus is to the right of the oval-shaped Xenopus
nucleus (b, c) When the same preparation was vieweo oy
fluorescence microscopy, the stained hnRNp C protein appeared
green and the stained hnRNP A1 protein appeared red Note that
the unfused Xenopus cell on the left is unstained, confirming that
the antibodies are specific for the human proteins ln the
heterokaryon, hnRNP C protein appears only in the Hela-cell
nucleus (b), whereas the 41 protein appears in both nucleus (c)
Since protein synthesis was blocked after cell f usion, some of the
human hnRNP A'1 protein must have left the Hela-cell nucleus,
moved through the cytoplasm, and entered lhe Xenopus nucleus
in the heterokaryon [See S pinol-Roma and G Dreyfuss, 1992, Nature
355:730; courtesy of G Dreyfuss l

  FIGURE 8-5 Structure of the RRM domain and i ts interaction
with RNA. (a) Diagram of the RRM domain showinq the two cr
hel ices (green) and four B strands (red) that characterrze this motif
The conserved RNPl and RNp2 regions are located in the two central
B strands (b) Surface representation of the two RRM domains in
Drosophila Sex-lethal (Sxl) protein, which bind a nine_base sequence
in transformer pre-mRNA (yel low). The two RRMs are oriented l ike
the two parts of an open pair of castanets, with the B sheet of RRMl
facing upward and the B sheet of RRM2 facinq downward. posit ivelv
charged regions in Sxl protein are shown in shades of blue; negativel i
charged regions, in shades of red. The pre-mRNA is bound to the

(a)  RNA recogn i t ion  mot i f  (RRM) (b)  Sex- le tha l  (Sx l )  RRM domarns (c) Polypyrimidine tract binding protein (pTB)

surfaces of the positively charged B sheets, making most of its
contacts with the RNPl and RNp2 regions of each RRM. (c) Strikingly
di f ferent  or ientat ion of  RRM domains in  a d i f ferent  hnRNB the
polypyrimidine tract binding (PTB) protein, i l lustrating that RRMs are
oriented in different relative positions in different hnRNps; colors are
as in (b) Polypyrimidine (p(y)) single stranded RNA is bound to the
upward (RRM3) and downward (RRM4) facing B-sheets RNA is
shown in yellow [Part (a) adapted from K Nagai et al , 1gg5, Trends
Biochem Sci 20:735 Part (b) after N Harada et al , 1 999, Nature 399;579
Part (c) after F C Oberstrass et al , 2006, Science 309:2054 l
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$l ,oo."rt: Discovery of Introns

Adenovirus hexon gene( a ) < EXPERIMENTAL FIGURE 8-5 EIECTTON
microscopy of mRNA-template DNA hybrids
shows that introns are spliced out during
pre-mRNA processing. (a) Diagram of the
EcoRl A fragment of adenovirus DNA, which
extends from the left end of the genome to just

before the end of the final exon of the hexon
gene The gene consists of three short exons
and one long (-3.5 kb) exon separated by three
introns of -1, 2 5, and 9 kb. (b) Electron
micrograph (/eft) and schematic drawing (nght)

of hybrid between an EcoRl A fragment and
hexon mRNA. The loops marked A, B, and C

correspond to the introns indicated in (a). Since
these intron sequences in the viral genomtc

DNA are not present in mature hexon mRNA,
they loop out between the exon sequences that
hybridize to their complementary sequences in

the mRNA. [Micrograph from 5 M Berget et al ,19]7 '
Proc Nat' l Acad Sci uSA74:3171;courtesyofPA
Sharp l

Pyr imid ine- r i ch
reg ioR (=15 b) 3' spl ice site

s', 3',
EcoRlA#

I Exons ! Introns 1 k b

Splicing Occurs at Short, Conserved
Sequences in Pre-mRNAs via Two
Tra nsesterif  ication Reactions

During formation of a mature, functional mRNA, the introns

are removed and exons are spliced together. For short tran-

scription units, RNA splicing usually follows cleavage and

polyadenylation of the 3' end of the primary transcript' as de-

picted in Figure 8-2. However, for long transcription units

containing multiple exons, splicing of exons in the nascent

RNA begins before transcription of the gene is complete.
Early evidence that introns are removed during splicing

came from electron microscopy of RNA-DNA hybrids be-

tween adenovirus DNA and the mRNA encoding hexon, a ma-
jor virion capsid protein (Figure 8-6). Other studies revealed

nuclear viral RNAs that were colinear with the viral DNA
(primary transcripts) and RNAs with one or r\rvo of the introns

removed (processing intermediates). These results, together

with the findings that the 5' cap and 3' poly(A)tail at each end

of long mRNA precursors are retained in shorter mature cyto-

plasmic mRNAs, led to the realization that introns are re-

moved from primary transcripts as exons are spliced together'

The location of splice sites-that is, exon-intron iunc-

revealed moderately conserved, short consensus sequences at

the splice sites flanking introns in eukaryotic pre-mRNAs; in

higher organisms, a pyrimidine-rich region just upstream

oflhe 3' splice site also is common (Figure 8-7)' Studies of

mutant genes with deletions introduced into introns have

shown that much of the center portion of introns can be

removed without affecting splicing; generally only 30-40

Branch point

Pre-mRNA

Frequency of  70 60 80 100 100 95 70 80 45

occurrence (%)

  FIGURE 8-7 Consensus sequences around splice sites in
vertebrate pre-mRNAs. The only nearly invariant bases are the 5'

GU and the 3' AG of the intron (blue), although the flanking bases
indicated are found at frequencies higher than expected based on a
random drstribution A pyrimidine-rich region (hatch marked) near
the 3'end of the intron is found in most cases The branch-point

80 90 80 100 80 80 100 100 60

adenosine, also invariant, usually is 20-50 bases from the 3' splice

site, The central region of the intron, which may range from 40 bases

to 50 kilobases in length, generally is unnecessary for splicing to occur.

[See R A Padgett  et  a l  ,  1986, Ann Rev Biochem 55:1 '1 19,  and E B Kel ler

andW A Noon, 1984, Proc Nat ' l  Acad Sci  USA81:7417 1

5' spl ice site
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O = 3' oxygen of
exon 1

O =  2 'oxygen o f
branch po in t  A

r. l '= 3'  oxygen of
intron

A FIGURE 8-8 Two transesterification reactions that result in
splicing of exons in pre-mRNA. In the first reaction, the ester bond
between the 5' phosphorus of the intron and the 3, oxygen (dark
red) of exon 1 is exchanged for an ester bond with the 2, oxygen
(blue) of the branch-site A residue In the second reacrton, tne ester
bond between the 5' phosphorus of exon 2 and the 3, oxygen
(orange) of the intron is exchanged for an ester bond with the 3,
oxygen of exon 1, releasing the intron as a lariat structure and joining
the two exons. Arrows show where activated hydroxyl oxygens react
with phosphorus atoms.

nucleotides at each end of an intron are necessary for splic_
ing to occur at normal rates.

Analysis of the intermediates formed during splicing of
pre-mRNAs in vitro led to the discovery that splicing of
exons proceeds via two sequential transesterification reac_
t ions (F igure 8-8) .  Inrrons are removed as a lar ia t_ l ike
structure in which the 5' G of the inrron is joined in an
unusual  2 ' ,5 ' -phosphodiester  bond to an adenosine near
the 3 'end of  the in t ron.  This A res idue is  ca l led branch
point A because it forms an RNA branch in the lariat

In t ron
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t ,  ^ , n'  Z /  '

h ' n  H o- Y  . /

o:[4o- o- :oI
P

o

structure. In each transesterif ication reaction) one phos-
phoester bond is exchanged for another. Since the number
of phosphoesrer bonds in the molecule is not changed in
either reaction, no energy is consumed. The net result
of these two reactions is that two exons are l igated and
the intervening intron is released as a branched lariat
structure.

Dur ing Spl ic ing,  snRNAS Base-pai r
with Pre-mRNA
Splicing requires the presence of both small nuclear RNAs
(snRNAs), important for base pairing with the pre-mRNA,
and associated proteins. Five U-rich snRNAs, designated
UI,U2, U4, U5, and U6, participate in pre-mRNA splic,
ing. Ranging in length from 107 to 210 nucleotides, these
snRNAs are associated with 6 to 10 proteins in the many
small nuclear ribonucleoprotein particles (snRNps) in rhe
nuclei of eukaryotic cells.

Definitive evidence for the role of U1 snRNA in splicing
came from experiments indicating that base pairing be-
tween the 5' splice site of a pre-mRNA and the 5, region of
U1 snRNA is required for RNA splicing (Figure 8-9a). In
vitro experiments showed that a synthetic oligonucleotide
that hybridizes with the 5'-end region of U1 snRNA blocks
RNA splicing. In vivo experiments showed that base-pairing-
disrupting mutations in the pre-mRNA 5' splice block RNA
splicing. However, splicing can be restored by expression of
a mutant U1 snRNA with a compensating mutation that
restores base pairing to the mutant pre-mRNA 5, splice site
(Figure 8-9b). Involvement of U2 snRNA in splicing ini-
tially was suspected when it was found to have an internal
sequence that is largely complementary to the consensus
sequence flanking the branch point in pre-mRNAs (see
Figure 8-7). Compensating mutation experiments, similar
to those conducted with U1 snRNA and 5, splice sites,
demonstrated that base pairing between U2 snRNA and the
branch-point sequence in pre-mRNA also is crit ical to
splicing.

Figure 8-9a illustrates the general strucrures of the U1
and U2 snRNAs and how they base-pair with pre-mRNA
during splicing. Significantly, branch-point A itself, which is
not base-paired to U2 snRNA, "bulges out" (Figure 8-10a),
allowing its 2' hydroxyl to participate in the firsr transester-
ification reaction of RNA splicing (see Figure 8-8).

Similar studies with other snRNAs demonstrated that
base pairing between them also occurs during splicing.
Moreover, rearrangements in these RNA-RNA interactions
are critical in the splicing pathway, as we describe next.

Spl iceosomes,  Assembled f rom snRNps
and a Pre-mRNA, Carry  Out  Spl ic ing
The five splicing snRNPs and other proteins involved in splicing
assemble on a pre-mRNA, forming a large ribonucleoprotein
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  FIGURE 8-9 Base pairing between pre-mRNA, Ul snRNA,
and U2 snRNA early in the splicing process. (a) In this diagram,
secondary structures in the snRNAs that are not altered during
splicing are depicted schematically. The yeast branch-point
sequence is shown here. Note that U2 snRNA base-pairs with a
sequence that includes the branch-point A, although this residue is
not base-paired The purple rectangles represent sequences that bind
snRNP proteins recognized by anti-Sm antibodies. For unknown
reasons, antisera from patients with the autoimmune disease systemic
lupus erythematosus (SLE) contain antibodies to snRNP proteins,

Pre-mRNA

( b )

ComPensatorY mutation in U1
restores sPlicing

which have been useful in characterizing components of the

splicing reaction. (b) Only the 5' ends of U1 snRNAs and 5' splice

sites in pre-mRNAs are shown. (Left) A mutation (A) in a pre-mRNA

splice site that interferes with base pairing to the 5' end of U1

snRNA blocks splicing Expression of a U1 snRNA with a

compensating mutation (U) that restores base pairing also restores

splicing of the mutant pre-mRNA. lPart (a) adapted from M J Moore

et al,, 1993, in R Gesteland and J Atkins, eds, Ihe RNA World, Cold Spring

Harbor Press, pp 303-357 Part (b) see Y Zhuang and A M Weiner,

1986. Cell 45:827 |

Video: Dynamic Nature of Pre-mRNA Spl Factor Movement in Living Cells

(a) Self-complementary
sequence with bulging A

A
5 ' U A C U - - A C G U  A G U A

A U G A  U G C A  U C A U S '
A

(b) X-ray crystal lography
structu re

(c) Spl iceosome structure < FIGURE 8-10 Structures of a bulged A in an RNA-RNA

helix and an intermediate in the splicing Process. (a) The

structure of an RNA duplex with the sequence shown, containing

bulged A residues (red) at position 5 in the RNA helix, was

determined by x-ray crystallography. (b) The bulged A restdues

extend from the side of an A-form RNA-RNA helix. The phosphate

backbone of one strand is shown in green; the other strand in

blue The structure on the right is turned 90 degrees for a view

down the axis of the helix (c) 40 A resolution structure of a

spl iceosomal  spl ic ing in termediate conta in ing U2,  U4,  U5,  and

U6 snRNPs, determined by cryoelectron mtcroscopy and image

reconstruction The U4/U6/U5 tri-snRNP complex has a similar

structure to the triangular body of this complex, suggesting that

these snRNPs are at the bottom of the structure shown here and

that the head is composed largely of U2snRNP lParts (a) and (b)

f romJ.A Berglundeta l  ,2001,  RNAT:682 Part (c)  f romD Boehr inger

etal, 2004, Nat. Struct. Mot. Biot. 11:463 See also H Stark and R Luhrmann,

2006, Annu Rev. Biophys Biomol Struct 35:435 l
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U 1
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t t ' r  A
I  t a

l t A- I - -

Al'u+uaus

5'pc-*,**A**- OH 3
Linear intron RNA

Focus Animat ion:  mRNA Spl ic ing { l l t t

< FIGURE 8-1 1 Model of spliceosome-mediated splicing of
pre-mRNA. Step [: After U1 and U2 snRNps associate with the ore-
mRNA, via base-pairing interactions shown in Flgure 8-9, a trimeric
snRNP complex of U4, U5, and U6 joins the init ial complex to form
the spliceosome Step E: Rearrangements of base-pairing interactions
between snRNAs converts the spliceosome into a catalytically active
conformation and destabil izes the U1 and U4 snRNps, which are
released. Step B: The catalytic core, thought to be formed by U6
and U2, then catalyzes the first transesterif ication reaction, forming
the intermediate containing a 2',5'-phosphodiester bond shown in
Figure 8-8. Step Zl: Following further rearrangements between the
snRNPs, the second transesterif ication reaction joins the two exons by
a standard 3',5'-phosphodiester bond and releases the intron as a
lariat structure and the remaining snRNPs. Step 5: The excised Iariat
intron is converted into a l inear RNA by a debranching enzyme
[Adapted from T. Villa et al , 2002, Cell 109:1491

to release of first the U1 and then the U4 snRNPs. Figure 8-10b
shows a cryoelectron-microscopy structure of an inter-
mediate in the splicing process lacking UlsnRNP. A further
rearrangement of spliceosomal components occurs with the
loss of U4snRNP. This generates a complex that catalyzes the
first transesterification reaction that forms the 2,,5,-phos-
phodiester bond between the 2' hydroxyl on branch point A
and the phosphate at the 5' end of the intron (Figure 8-11).
Following another rearrangement of the snRNps, the second
transesterification reaction ligates the two exons in a stan-
dard 3',5'-phosphodiester bond, releasing the intron as a lar-
iat structure associated with the snRNPs. This final intron-
snRNP complex rapidly dissociates, and the individual
snRNPs released can participate in a new cycle of splicing.
The excised intron is then rapidly degraded by a debranching
enzyme and other nuclear RNases discussed later.

As mentioned above, a spliceosome is roughly the size of
a ribosome and is composed of about 100 proteins, collec-
tively referred to as splicing factors, in addition to the five
snRNPs. This makes RNA splicing comparable in complexity
to initiation of transcription and protein synthesis. Some of
the splicing factors are associated with snRNPs, but others
are not. For instance, the 65-kD subunit of the U2-associated
factor (U2AF) binds to the pyrimidine-rich region near rhe 3'
end of introns and to the U2 snRNP. The 35-kD subunit of
U2AF binds to the AG dinucleotide at the 3, end of the intron
and also interacts with the larger U2AF subunit bound
nearby. These two U2AF subunits act together to help specify
the 3' splice site by promoting interaction of U2 snRNp with
the branch point (see Figure 8-9). Some splicing facors also
exhibit sequence homologies to known RNA helicases; these
are probably necessary for the base-pairing rearrangements
that occur in snRNAs during the spliceosomal splicing cycle.

Following RNA splicing, a specific set of hnRNp pro-
teins remain bound to the spliced RNA approximately 20
nucleotides 5' to each exon-exon junction, thus forming an
exon-junction complex. One of the hnRNp proteins associ-
ated with the exon junction complex is the RNA export factor
(REF), which functions in the export of fully processed

EI-
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Lariat intron
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complex called a spliceosome (Figure 8-11). The spliceosome
is a large ribonuclear protein complex with a mass similar to
that of a ribosome. Assembly of a spliceosome begins with the
base pairing of the snRNAs of the U1 and U2 snRNps to the

After formation of the spliceosome, extensive rearrange-
ments in the pairing of snRNAs and the pre-mRNA lead
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RNA po lymerase l l

A FIGURE 8-12 Schematic diagram of RNA polymerase ll with
the CTD extended. The length of the fully extended yeast RNA
polymerase ll carboxyl-terminal domain (CTD) and the l inker region
that connects it to the polymerase is shown relative to the globular

mRNPs from the nucleus to the cytoplasm, as discussed in

Section 8.3. Other proteins associated with the exon junc-

tion complex function in a quality-control mechanism that

leads to the degradation of improperly spliced mRNAs,

known as nonsense-mediated decay (Section 8.4).
A small fraction of pre-mRNAs (-1o7' in humans) con-

tain introns whose splice sites do not conform to the standard
consensus sequence. This class of introns begins with AU and
ends with AC rather than following the usual "GU-AG rule"
(see Figure 8-7). Splicing of this special class of introns ap-
pears to occur via a splicing cycle analogous to that shown in

Figure 8-11, except that four novel, low-abundance snRNPs,
together with the standard U5 snRNP, are involved.

Nearly all functional mRNAs in vertebrate, insect, and
plant cells are derived from a single molecule of the correspon-
ding pre-mRNA by removal of internal introns and splicing of

exons. However, in two types of protozoans-trypanosomes
and euglenoids-mRNAs are constructed by splicing together
separate RNA molecules. This process, referred to as trans-
splicing, is also used in the synthesis of 10-15 percent of the
mRNAs in the nematode (roundworm\ Caenorhabditis ele-

gdns, an important model organism for studying embryonic
development. Trans-splicing is carried out by snRNPs by a

process similar to the splicing of exons in a single pre-mRNA.

Chain Elongation by RNA Polymerase l l  ls Coupled
to the Presence of RNA-Processing Factors

How is RNA processing efficiently coupled with the tran-

scription of a pre-mRNA? The key lies in the long carboxyl-

terminal domain (CTD) of RNA polymerase II, which, as dis-

cussed in Chapter 7, is composed of multiple repeats of a

seven-residue (heptapeptide) sequence. \X/hen fully extended,

the CTD domain in the yeast enzyme is about 65 nm long
(Figure 8-12); the CTD in human RNA polymerase II is about

twice as long. The remarkable length of the CTD apparently
allows multiple proteins to associate simultaneously with a

single RNA polymerase II molecule. For instance' as men-

tioned earlier, the enzymes that add the 5' cap to nascent tran-

scripts associate with the phosphorylated CTD shortly after

transcription initiation. In addition, RNA splicing and
polyadenylation factors have been found to associate with the

phosphorylated CTD. As a consequence, these processing fac-

tors are present at high local concentrations when splice sites

and poly(A) signals are transcribed by the polymerase, en-

hancing the rate and specificity of RNA processing.

Linker CTD
I  I  t  l  I  I  I  I  I  t  I  I  l$  $  s  *  &  $  6  $  & :q  *  {  *  $  $  $  r '  e  $  a  F !  s  x  f  s  s  s  $  *  6  s  l *  *  *  *  R  S $  6  *  *  6  S  *  &  & S *  e  e i  *  s

domain of the polymerase. The CTD of mammalian RNA polymerase

ll is twice as long In its extended form, the CTD can associate with

multiple RNA-processing factors simultaneously lFrom P Cramer, D A

Bushnell, and R D Kornberg, 2001, Science 292:1863 )

Recent results indicate that the association of RNA splic-

ing factors with phosphorylated CTD also stimulates tran-

scription elongation. Thus chain elongation is coupled to the

binding of RNA-processing factors to the phosphorylated

CTD. This mechanism may ensure that a pre-mRNA is not

synthesized unless the machinery for processing it is properly

positioned.

SR Prote ins Contr ibute to  Exon Def in i t ion

in Long Pre-mRNAs

The average length of an exon in the human genome is :150

bases, whereas the average length of an intron is much longer

(:3500 bases). The longest introns contain upward of 500 kb!

Because the sequences of 5' and 3' splice sites and branch

points are so degenerate, multiple copies are likely to occur

iandomly in long introns. Consequently, additional sequence

information is required to define the exons that should be

spliced together in higher organisms with long introns.

The information for defining the splice sites that demar-

cate exons is encoded within the sequences of exons' A fam-

ily of RNA-binding proteins, the SR proteins, interact with

sequences within exons called exonic splicing enhancers. SR

proteins are a subset of the hnRNP proteins discussed earlier

and so contain one or more RRM RNA-binding domains'

They also contain several protein-protein interaction

domains rich in serine (S) and arginine (R) residues' \fhen

bound to exonic splicing enhancers, SR proteins mediate the

cooperative binding of U1 snRNP to a true 5' splice site and

U2 snRNP to a branch point through a network of protein-

protein interactions that span across an exon (Figure 8-13)'

The comple* of SR proteins, snRNPs, and other splicing fac-

tors (e.g., U2AF) that assemble across an exon' which has

been called a cross-exon recognition complex, permits pre-

cise specification of exons in long pre-mRNAs.

In the transcription units of higher organisms with

long introns, exons not only encode the amino acid se-

quences of different portions of a protein but also contain

bindi.rg sites for SR proteins. Mutations that interfere with

the binding of an SR protein to an exonic splicing enhancer,

even if they do not change the encoded amino acid sequence,

would prevent formation of the cross-exon recognition com-

plex. Ai a result, the affected exon is "skipped" during splic-

ing 
"nd 

is not included in the final processed mRNA' The

t.Jncat.d mRNA produced in this case is either degraded or
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Spl iceosome

U 1
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U2
U2AF65

u2 
u2AF6b

// A YYYY

I
**/l*s'

5 'sp l i ce  s i te Branch po in t  3 'sp l i ce  s i te 5 'sp l i ce  s i te

Cross-exon recognition complex

cross-exon recognition complex spans an exon and activates the
correct splice sites for RNA splicing Note that the U1 and U2 snRNps
in this unit are not part of the same spliceosome The U2 snRNp on
the right forms a spliceosome with the U1 snRNp bound to the 5,
end of the same intron The U1 snRNP shown on the right forms a
spliceosome with the U2 snRNP bound to the branch point of the
downstream intron (not shown), and the U2 snRNp on the left forms
a spliceosome with a U1 snRNP bound to the 5, splice site of the
upstream intron (not shown). Double-headed arrows indicate
protein-protein interactrons [Adapted from I Maniatis,2OO2, Nature
418:236; seealsoS M Berget,1995,J Biol.Chen 27O:24111

trons in the absence of any protein. This observation led to
the recognition that some introns are self-splicing. Two
types of self-splicing introns have been discovered: group I
introns, present in nuclear rRNA genes of protozoans, and
group II introns, present in protein-coding genes and some
rRNA and IRNA genes in mitochondria and chloroplasts
of plants and fungi. Discovery of the catalytic activity of self-
splicing introns revolutionized concepts about the functions
of RNA. As discussed in Chapter 4, RNA is now thought to
catalyze peptide-bond formation during protein synthesis in
ribosomes. Here we discuss the probable role of group II
introns, now found only in mitochondrial and chloroplast
DNA, in the evolution of snRNAs; the functioning of group I
introns is considered in the later section on rRNA processing.

Even though their precise sequences are not highly con-
served, all group II introns fold into a conserved, complex
secondary structure containing numerous stem loops (Figure
8-t4a). Self-splicing by a group II intron occurs vra two
transesterif ication reactions, involving intermediates and
products analogous to those found in nuclear pre-mRNA
splicing. The mechanistic similarit ies between group II
intron self-splicing and spliceosomal splicing led to the hy-
pothesis that snRNAs function analogously to the stem
loops in the secondary structure of group II introns. Accord-
ing to this hypothesis, snRNAs interact with 5, and 3, solice
sites of pre-mRNAs and with each other to produce a three-
dimensional RNA structure functionally analogous to that
of group II self-splicing introns (Figure 8-14b).

An extension of this hypothesis is that introns in ancient
pre-mRNAs evolved from group II self-splicing introns
through the progressive loss of internal RNA structures.
which concurrently evolved into trans-acting snRNAs that
perform the same functions. Support for this type of evolu-
tionary model comes from experiments with group II intron
mutants in which domain V and part of domain I are
deleted.  RNA t ranscr ipts  conta in ing such mutant  in t rons are
defective in self-splicing, but when RNA molecules equivalent

Cross-exon recognition complex

A FIGURE 8-13 Exon recognition through cooperative binding
of SR proteins and splicing factors to pre-mRNA. The correct 5,
GU and 3'AG splice sites are recognized by splicing factors on the
basis of their proximity to exons The exons contain exonic splicing
enhancers (ESEs) that are binding sites for SR proteins When bound
to ESEs, the SR proteins interact with one another and promote the
cooperat ive b inding of  the U1 snRNp to the 5,spl ice s i te  of  the
downstream int ron,  the U2 snRNp to the branch point  of  the
upstream int ron,  the 65-  and 35-kD subuni ts  of  U2AF to the
pyrimidine-rich region and AG 3, splice site of the upstream Intron,
and other splicing factors (not shown) The resulting RNA-protein

translated into a mutant, abnormally functioning protein. Re-
cent studies have implicated this type of mutation in human
genetic diseases. For example, spinal muscle atrophy is one
of the most common genetic causes of childhood mortality.
This disease results from mutations in a region of the genome
containing two closely related genes, SMNI and SMN2, that
arose by gene duplication. SMN2 encodes a prorein identical
with SMNI. SMN2 is expressed at much lower level because
a silent mutation in one exon interferes with the binding of an
SR protein. This leads ro exon skipping in mosr of the SMN2
mRNAs. The homologous SMN gene in the mouse, where
there is only a single copy, is essential for cell viability. Spinal
muscle atrophy in humans results from homozygous mura-
tions that inactivate SMN1. The low level of protein trans-
lated from the small fraction of SMN2 mRNAs rhar are cor-
rectly spliced is sufficient to maintain cell viability during
embryogenesis and fetal development, but it is not sufficient
to maintain viability of spinal cord motor neurons in child-
hood, resulting in their death and the associated disease.

Approximately 15 percent of the single-base-pair muta-
tions that cause human genetic diseases interfere with proper
exon definit ion. Some of these mutations occur in 5, or 3,
splice sites, often resulting in the use of nearby alternative
"cryptic" splice sites present in the normal gene sequence. In
the absence of the normal splice site, the cross-exon recogni-
tion complex recognizes these alternative sites. Other muta-
tions that cause abnormal splicing result in a new consensus
splice site sequence that becomes recognized in place of the
normal splice site. Finally, some mutations can interfere with
the binding of specific SR proteins to pre-mRNAs. These
mutations inhibit splicing at normal splice sites, as in the
case of the SMN2 gene, and thus lead ro exon skipping. I

Sel f -Spl ic ing Group l l  In t rons prov ide Clues
to the Evolut ion of  snRNAs
Under certain nonphysiological in vitro conditions, pure
preparations of some RNA transcripts slowly splice out in_
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(a )  Group l l  in t ron (b)  U snRNAs in  sp l i ceosome

-.- Pre-mRNA

  FIGURE 8-14 Comparison of group ll self 'splicing introns
and the spliceosome. The schematic diagrams comparing the
secondary structures of (a) group ll self-splicing introns and (b) U
snRNAs present rn the spliceosome The first transesterif ication
reaction is indicated by l ight green arrows; the second reaction, by
blue arrows. The branch-point A is boldfaced The similarity in these
structures suggests that the spliceosomal snRNAs evolved f rom group
ll introns, with the trans-acting snRNAs being functionally analogous
to the corresponding domarns in group ll introns The colored bars
flanking the introns in (a) and (b) represent exons. [Adapted from P A
Sharp, 1 991, Science 254:663 I

to the deleted regions are added to the in vitro reaction, self-

splicing occurs. This finding demonstrates that these do-
mains in group II introns can be trans-acting, like snRNAs.

The similarity in the mechanisms of group II intron self-

splicing and spliceosomal splicing of pre-mRNAs also suggests

that the splicing reaction is catalyzed by the snRNA, not the

protein, components of spliceosomes. Although group II in-

trons can self-splice in vitro at elevated temperatures and

Mg2* concentrations, under in vivo conditions proteins

called matura.ses, which bind to group II intron RNA, are re-

quired for rapid splicing. Maturases are thought to stabilize

the precise three-dimensional interactions of the intron RNA

required to catalyze the two splicing transesterification reac-

tions. By analogg snRNP proteins in spliceosomes are thought

to stabilize the precise geometry of snRNAs and intron nu-

cleotides required to catalyze pre-mRNA splicing.
The evolution of snRNAs may have been an important

step in the rapid evolution of higher eukaryotes' As internal

rntron sequences were lost and their functions in RNA splic-

ing supplanted by trans-acting snRNAs, the remaining intron

sequences would be free to diverge. This in turn likely facili-

tated the evolution of new genes through exon shuffling

since there are few constraints on the sequence of new introns
generated in the process (see Figures 6-18 and 6-19). It also

permitted the increase in protein diversity that results from

alternative RNA splicing and an additional level of gene con-

trol resulting from regulated RNA splicing.

3' Cleavage and Polyadenylation of Pre'mRNAs
Are Tightly Coupled

In eukaryotic cells, all mRNAs, except histone mRNAs, have

a 3', poly(A) tail. (The major histone mRNAs are transcribed
from repeated genes at prodigious levels in replicating cells

during the S phase. They undergo a special form of 3'-end

processing that involves cleavage but not polyadenylation.

Specialized RNA-binding proteins that help to regulate his-

tone mRNA translation bind to the 3'end generated by this

specialized system.) Early studies of pulse-labeled aden-

ovirus and SV40 RNA demonstrated that the viral primary

transcripts extend beyond the site from which the poly(A)

tail extends. These results suggested that A residues are

added to a 3' hydroxyl generated by endonucleolytic cleav-

age of a longer transcript, but the predicted downstream

RNA fragments never were detected in vivo, presumably be-

cause of their rapid degradation. However' detection of both

predicted cleavage products was observed in in vitro pro-

cessing reactions performed with nuclear extracts of cul-

tured human cells. The cleavage/polyadenylation process

and degradation of the RNA downstream of the cleavage

site occurs much more slowly in these in vitro reactions' sim-

plifying detection of the downstream cleavage product.- 
Early sequencing of cDNA clones from animal cells

showed that nearly all mRNAs contain the sequence

AAUAAA 10-35 nucleotides upstream from the poly(A)

tail (Figure 8-15). Polyadenylation of RNA transcripts is vir-

tually eliminated when the corresponding sequence in the

template DNA is mutated to any other sequence except

one encoding a closely related sequence (AUUAAA). The

animal cells. This downstream signal is not a specific sequence

but rather a GU-rich or simply a U-rich region within :50

nucleot ides of  the c leavage s i te '
Identification and purification of the proteins required for

cleavage and polyadenylation of pre-mRNA have led to the

modelihown in Figure 8-15. According to this model' a 360-

kDa cleavage and polyadenylation specificity factor (CPSF)'

composed of four different polypeptides, first forms an un-

stabie complex with the upstream AAUAAA poly(A) signal'

Then at least three additional proteins bind to the CPSF-RNA

complex: a 200-kDa heterotrimer called cleauage stimulatory

factor (CSIF), which interacts with the G/lJ-rich sequence; a

150-kDa heterotrimer called cleauage factor I (CFI); and a

5', 3',
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> FIGURE 8-15 Model for cleavage and polyadenylation of
pre-mRNAs in mammalian cells. Cleavage and polyadenylation
specificity factor (CPSF) binds to the upstream AAUAAA poly(A)
signal CSIF interacts with a downstream GU- or U-rich sequence
and wi th bound CPSF, forming a loop in the RNA; b inding of  CFI
and CFll help stabil ize the complex Binding of poly(A) polymerase
(PAP) then stimulates cleavage at a poly(A) site, which usually is
10-35 nucleotides 3' of the upstream poly(A) signal. The cleavage
factors are released, as is the downstream RNA cleavage product,
which is  rapid ly  degraded.  Bound pAp then adds :12 A res idues at
a slow rate to the 3'-hydroxyl group generated by the creavage
reaction Binding of poly(A)-binding protein i l (pABpil) to the init ial
short poly(A) tail accelerates the rate of addition by pAp After
200-250 A residues have been added, pABpll siqnals pAp to stoo
polVmenzat ion

Poly(A) poty(A)
s igna l  po ly (A)  s i te  s igna l

[ I  \
s', 3'

, ,  I  Pre-mRNA

residues occurs slowly, followed by rapid addition of up to
200-250 more A residues. The rapid phase requires the
binding of multiple copies of a poty(A)-binding protein con-
taining the RRM motif. This protein is designated pABpII ro
distinguish it from the poly(A)-binding protein present in the
cytoplasm. PABPII binds to the short A tail initially added by
PAP, stimulating the rate of polymerization of additional A
residues by PAP, resulting in rhe fast phase of polyadenyla-
tion (Figure 8-15). PABPII is also responsible for signaling
poly(A) polymerase to terminate polymerization when the
poly(A) tail reaches a length of 200-250 residues, although
the mechanism for controlling the length of the tail is not yit
understood. Binding of PABP to the poly(A) tail is essential
for mRNA export into the cytoplasm.

Nuclear  Exonucleases Degrade RNA That  ls
Processed Out of Pre-mRNAs
Because the human genome contains long introns, only :5
percent of the nucleotides that are polymerized by RNA
polymerase II during transcription are retained in mature,
processed mRNAs. Although this process appears ineffi-
cient, it probably evolved in multicellular organisms because
the process of exon shuffling facilitated the evolution of new

As mentioned earlier, the 2,,5,-phosphodiester bond in ex-
cised introns is hydrolyzed by a debranching enzyme, yielding
a linear molecule with unprotected ends that can be attacked
by exonucleases (see Figure 8-11). The predominant nuclear
decay pathway is 3' -+ 5' hydrolysis by 11 exonucleases that
associate with one another in a large protein complex called
the exosome. Other proteins in the complex include RNR heli-
cases that disrupt base pairing and RNA-protein interactions
that would otherwise impede the exonucleases. Exosomes also
function in the cytoplasm, as discussed later. In addition, the
exosome appears to degrade pre-mRNAs that have not been
properly spliced or polyadenylated. It is not yet clear how the
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exosome recognizes improperly processed pre-mRNAs. But in
yeast cells with temperature-sensitive mutant poly(A) poly-
merase (Figure 8-15), pre-mRNAs are retained at their sites of
transcription at the nonpermissive temperature. These abnor-
mally processed pre-mRNAs are released in cells with a second
mutation in a subunit of the exosome found only in nuclear
and not cytoplasmic exosomes (PM-Scl; 100 kD in humans).
Also, exosomes are found concentrated at sites of transcription
in Drosophila polytene chromosomes, where they are associ-
ated with RNA polymerase II elongation factors. These results
suggest that the exosome participates in an as yet poorly un-
derstood quality-control mechanism that recognizes aberrantly
processed pre-mRNAs, preventing their export to the cyto-
plasm and ultimately leading to their degradation.

To avoid being degraded by nuclear exonucleases, nas-
cent transcripts, pre-mRNA processing intermediates, and
mature mRNAs in the nucleus must have their ends pro-
tected. As discussed above, the 5' end of a nascent transcript
is protected by addition ofthe 5'cap structure as soon as the
5' end emerges from the polymerase. The 5' cap is protected
because it is bound by a nuclear cap-binding complex, which
protects it from 5' exonucleases and also functions in export
of mRNA to the cytoplasm. The 3' end of a nascent tran-
script lies within the RNA polymerase and thus is inaccessi-
ble to exonucleases (see Figure 4-12). As discussed previously,
the free 3' end generated by cleavage of a pre-mRNA down-
stream from the poly(A) signal is rapidly polyadenylated by
the poly(A) polymerase associated with the other 3' process-
ing factors, and the resulting poly(A) tail is bound by PABPII
(Figure 8-15). This tight coupling of cleavage and polyadeny-
lation protects the 3' end from exonuclease attack.

Processing of Eukaryotic Pre-mRNA

r In the nucleus of eukaryotic cells, pre-mRNAs are asso-
ciated with hnRNP proteins and processed by 5' capping,
3' cleavage and polyadenylation, and splicing before being
transported to the cytoplasm (see Figure 8-2).

r Shortly after transcription initiation, a capping enzyme as-
sociated with the phosphorylated CTD of RNA polymerase
II adds the 5' cap to the nascent transcript. Other RNA pro-

cessing factors involved in RNA splicing, 3' cleavage, and
polyadenylation also associate with the phosphorylated
CTD, increasing the rate of transcription elongation. Conse-
quently, transcription does not proceed at a high rate until
RNA processing factors become associated with the CTD,
where they are poised to interact with the nascent pre-
mRNA as it emerges from the surface of the polymerase.

r Five different snRNPs interact via base pairing with one
another and with pre-mRNA to form the spliceosome (see

Figure 8-11). This very large ribonucleoprotein complex
catalyzes two transesterif ication reactions that join two

exons and remove the intron as a lariat structure, which is

subsequently degraded (see Figure 8-8).

r SR proteins that bind to exonic splicing enhancer se-
quences in exons are critical in defining exons in the large

pre-mRNAs of higher organisms. A network of interac-

tions between SR proteins, snRNPs' and splicing factors

forms a cross-exon recognition complex that specifies cor-

rect splice sites (see Figure 8-13)'

r The snRNAs in the spliceosome are thought to have an

overall tertiary structure similar to that of group II self-

splicing introns.

r For long transcription units in higher organisms, splicing

of exons usually begins as the pre-mRNA is sti l l  being

formed. Cleavage and polyadenylation to form the 3' end

of the mRNA occur after the poly(A) site is transcribed.

r In most protein-coding genes' a conserved AAUAAA

poly(A) signal lies slightly upstream from a poly(A) site

where cleavage and polyadenylation occur. A GU- or U-

rich sequence downstream from the poly(A) site con-

tributes to the efficiency of cleavage and polyadenylation.

r A multiprotein complex that includes poly(A) poly-

merase (PAP) carries out the cleavage and polyadenylation

of a pre-mRNA. A nuclear poly(A)-binding protein,

PABPII, stimulates addition of A residues by PAP and stops

addition once the poly(A) tail reaches 200-250 residues

(see Figure 8-15) .

r Excised introns and RNA downstream from the cleavagel

poly(A) site are degraded primarily by exosomes, multipro-

tein complexes that contain eleven 3' -> 5' exonucleases as

well as RNA helicases. Exosomes also degrade improperly

processed pre-mRNAs.

fp| Regulation of Pre-mRNA
Processing
Now that we've seen how pre-mRNAs are processed into ma-

ture, functional mRNAs' we consider how regulation of this

process can contribute to gene control. Recall from Chapter 5

that higher eukaryotes contain both simple and complex tran-

transcription units 1-69o7o of all human transcription units)

can be processed in alternative ways to yield different mRNAs

that encode distinct proteins (see Figure 6-3).

Al ternat ive Spl ic ing ls  the Pr imary Mechanism

for Regulating mRNA Processing

The discovery that a large fraction of transcription units in

higher organisms encode alternatively spliced mRNAs and

that differently spliced mRNAs are expressed in different cell

types revealed that regulation of RNA splicing is an impor-

tun, g.n"-.ontrol mechanism in higher eukaryotes. Although

many examples of cleavage at alternative poly(A) sites in

pre-mRNAs are known, alternative splicing of different ex-

ons is the more common mechanism for expressing different
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Pre-mRNAs mRNAs

(a) sxl

(b) tra

(c) dsx

A FIGURE 8-16 Cascade of regulated splicing that controls sex
determinationin Drosophila embryos. For clarity, only the exons
(boxes) and introns (black l ines) where regulated splicing occurs are
shown Splicing is indicated by red dashed lines above (female) and
blue dashed lines below (male) the pre-mRNAs Vertical red l ines in
exons indicate ln-frame stop codons, whrch prevent synthesis of
functional protein Only female embryos produce functional Sxl
protein, which represses splicing between exons 2 and 3 in sxl pre-
mRNA (a) and between exons 1 and 2 in tra pre-mRNA (b) (c) In
contrast, the cooperative binding of Tra protein and two SR proteins,

proteins from one complex transcription unit. In Chapter 4,
for example, we mentioned that f ibroblasts produce one
type of the extracellular protein fibronectin, whereas hepa-
tocytes produce another type. Both fibronectin isoforms are
encoded by the same transcription unit, which is spliced dif-
ferendy in the two cell types to yield two different mRNAs
(see Figure 4-16).ln other cases, alternative processing may
occur simultaneously in the same cell type in response to dif-
ferent developmental or environmental signals. First we dis-
cuss one of the best-undersrood examples of regulated RNA
processing and then briefly consider the consequences of
RNA splicing in the development of rhe nervous sysrem.

A Cascade of  Regulated RNA Spl ic ing Contro ls
Drosophi la  Sexual  Di f ferent ia t ion
One of the earliest examples of regulated alternarive splicing
of pre-mRNA came from studies of sexual differentiaiion in

splicing in Drosophila embryos. More recent research has
provided insight into how these proteins regulate RNA pro-
cessing and ultimately lead to the creation of two different
sex-specific transcriptional repressors that suppress the devel-
opment of characteristics of the opposite sex.

338 .  cHAprER 8 I  posr-TRANscRtploNAL GENE coNTRoL

q . -  W+ gsx t ' ro te in

z J 4

? -/Y t-fl-t} -+ ?rra protein

. - \
1 2 5

Rbpl and fra2, activates splicing between exons 3 and 4 and
cleavage/polyadenylation An at the 3' end of exon 4 in dsx pre-
mRNA in female embryos In male embryos,  which lack funct ional
Tra, the SR proteins do not bind to exon 4, and consequently exon 3
is spliced to exon 5 The distinct Dsx proteins produced in female
and male embryos as the result of this cascade of regulated splicing
repress transcription of genes required for sexual differentiation of
the opposite sex. [Adapted from M J Mooreet al, 1993,in R Gesteland
and J Atkrns, eds, Ihe RNAWorld, Cold Spring Harbor press, pp 303-357 l

The Sxl protein, encoded by the sex-lethal gene,is the first
protein to act in the cascade (Figure 8-16). The Sxl protein is
present only in female embryos. Early in development, the
gene is transcribed from a promoter that functions only in
female embryos. Later in development, this female-specific
promoter is shut off and another promoter for sex-letbal
becomes active in both male and female embryos. However,
in the absence of early Sxl protein, the sex-lethal pre-mRNA
in male embryos is spliced to produce an mRNA that con-
tains a stop codon early in the sequence. The net result is that
male embryos produce no functional Sxl protein either early
or later in development.

In contrast, the Sxl protein expressed in early female em-
bryos directs splicing of the sex-lerEal pre-mRNA so that a
functional sex-lethal mRNA is produced (Figure 8-16a). Sxl
accomplishes this by binding to a sequence in the pre-mRNA
near the 3' end of the intron between exon 2 and exon 3,
thereby blocking the proper association of U2AF and tJ2
snRNP. As a consequence, the U1 snRNP bound to the 3, end
of exon 2 assembles into a spliceosome with U2 snRNp bound
to the branch point at the 3' end of the intron between exons
3 and 4,leading to splicing of exon 2 to 4 and skipping of
exon 3. The resulting female-specific sex-lethal mRNA is
translated into functional Sxl protein, which reinforces its
own expression in female embryos by continuing to cause
skipping of exon 3. The absence of Sxl protein in male em-
bryos allows the inclusion of exon 3 and, consequently, of the
stop codon that prevents translation of functional Sxl protein.



d

A FIGURE 8-17 Model of splicing activation by Tra protein and
the 5R proteins Rbpl and Tra2. In female Drosophila embryos,
splicing of exons 3 and 4 in dsx pre-mRNA is activated by binding of
fra/Tra2lRbp1 complexes to six sites in exon 4 Because Rbpl and Tra2
cannot bind to the pre-mRNA in the absence of Tra, exon 4 is skipped
in male embryos. See the text for discussion A, : polyadenylation
lAdapted from T. Maniatis and B Tasic, 2002, Nature 418:236]

Sxl protein also regulates alternative RNA splicing of the
transformer gene pre-mRNA (Figure 8-16b). In male embryos,
where no Sxl is expressed, exon 1 is spliced to exon 2, which
contains a stop codon that prevents synthesis of a functional
transformer protein. In female embryos, however, binding of
Sxl protein to the 3' end of the intron between exons 1 and 2
blocks binding of U2AF at this site. The interaction of Sxl with
transformer pre-mRNA is mediated by two RRM domains in
the protein (see Figure 8-5). Vhen Sxl is bound, U2AF binds to
a lower-affiniry site farther 3' in the pre-mRNA; as a result
exon 1 is spliced to this alternative 3' splice site, eliminating
exon2 with its stop codon. The resulting female-specific trans-

former nRNA, which contains additional constitutively spliced
exons, is translated into functional Transformer (Tra) protein.

Finally, Tra protein regulates the alternative processing of
pre-mRNA transcribed from the double-sex gene (Figure
8-16c). In female embryos, a complex of Tra and two consti-
tutively expressed proteins, Rbpl and Tra2, directs splicing of
exon 3 to exon 4 and also promotes cleavage/polyadenylation
at the alternative poly(A) site at the 3' end of exon 4-leading
to a short, female-specific version of the Dsx protein. In male
embryos, which produce no Tra protein, exon 4 is skipped, so
that exon 3 is spliced to exon 5. Exon 5 is constitutively
spliced to exon 6, which is polyadenylated at its 3' end-lead-
ing to a longer, male-specific version of the Dsx protein. As a
result of the cascade of regulated RNA processing depicted in
Figure 8-16, different Dsx proteins are expressed in male and
female embryos. The male Dsx protein is a transcriptional re-
pressor that inhibits the expression of genes required for
female development. Conversely, the female Dsx protein re-
presses transcription of genes required for male development.

Figure 8-17 illustrates how theTrafta2iRbpl complex
is thought to interact with double-sex (dsx)pre-mRNA. Rbpl
andTra2 are SR proteins, but they do not interact with exon
4 in the absence of the Tra protein. Tra protein interacts with
Rbpl and Tra2, resulting in the cooperative binding of all
three proteins to six exonic splicing enhancers in exon 4. The
bound Tra2 and Rbpl proteins then promote the binding of

U2AF and U2 snRNP to the 3' end of the intron between

exons 3 and 4, just as other SR proteins do for constitutively

spliced exons (see Figure 8-13). The TralTra2lRbpl com-

plexes may also enhance binding of the cleavage/polyadeny-

lation complex to the 3' end of exon 4.

Splicing Repressors and Activators Control
Splicing at Alternative Sites

As is evident from Figure 8-15, the Drosophila Sxl protein

and Tra protein have opposite effects: Sxl prevents splicing'

causing exons to be skipped, whereas Tra promotes splicing.

The action of similar proteins may explain the cell-type-

specific expression of fibronectin isoforms in humans. For in-

stance, an Sxl-like splicing repressor expressed in hepatocytes

might bind to splice sites for the EIIIA and EIIIB exons in the

fibronectin pre-mRNA, causing them to be skipped during

RNA splicing (see Figure 4-16). Alternatively, a Tralike splic-

ing activator expressed in fibroblasts might activate the splice

sites associated with the fibronectin EIIIA and EIIIB exons'

leading to inclusion of these exons in the mature mRNA.

Experimental examination in some systems has revealed that

inclusion of an exon in some cell types versus skipping of the

same exon in other cell types results from the combined

influence of several splicing repressors and enhancers.
Alternative splicing of exons is especially common in the

nervous system, generating multiple isoforms of many pro-

teins required for neuronal development and function in both

vertebrates and invertebrates. The primary transcripts from

these genes often show complex splicing patterns that can gen-

erate several different mRNAs' with different spliced forms

expressed in different anatomical locations within the central

nervous system. We consider two remarkable examples that

illustrate the critical role of this process in neural function.

Expression of K*-Channel Proteins in Vertebrate Hair

Cells In the inner ear of vertebrates, individual "hair

cells," which are ciliated neurons' respond most strongly to

a specific frequency of sound. Cells tuned to low frequency
(:50 Hz) are found at one end of the tubular cochlea that

makes up the inner ear; cells responding to high frequency
(:5000 Hz\ are found at the other end (Figure 8-18a). Cells

in between the ends respond to a gradient of frequencies be-

tween these extremes. One component in the tuning of hair

cells in reptiles and birds is the opening of K*ion channels in

resDonse io increased intracellular Ca2*concentrations. The

Ca2* concentration at which the channel opens determines

the frequency with which the membrane potential oscillates

and hence the frequency to which the cell is tuned'

The gene encoding this Ca2+-activated K+ channel is ex-

pressed as multiple, alternatively spliced mRNAs. The various

proteins encoded by these alternative mRNAs open at different

Ca2* concentrations. Hair cells with different response fre-

quencies express different isoforms of the channel protein de-

pending on their position along the length of the cochlea (see

Figure 23-30). The sequence variation in the protein is very

complex: there are at least eight regions in the mRNA where al-

ternative exons are utilized, permitting the expression of 576

possible isoforms (Figure 8-18b). PCR analysis of mRNAs from
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  FIGURE 8-18 Role of alternative splicing in the perception
of sounds of different frequency. (a) The chicken cochlea, a 5-
mm-long tube, contains an epithelium of auditory hair cells that are
tuned to a gradient of vibrational frequencies from 50 Hz at the
apical end (/eft) to 5000 Hz at the basal end (nght). (b) The Ca2*-
activated K* channel contains seven transmembrane o helices (50-56),
which associate to form the channel The cytosolic domain, which
includes four hydrophobic regions (S7-S10), regulates opening of the
channel in response to Ca2* lsoforms of the channel, encoded by
alternatively spliced mRNAs produced from the same primary transcript,
open at different Ca2* concentrations and thus respond to different
frequencies Red numbers refer to regions where alternative splicing
produces different amino acid sequences in the various isoforms
[Adapted f rom K P Rosenblat t  e la l  ,1997, Neuron 19:1061 ]

individual hair cells has shown that each hair cell expresses a
mixture of different alternative Ca2*-activated K+-channel
mRNAs, with different forms predominating in different cells
according to their position along the cochlea. This remarkable
arrangement suggests that splicing of the Ca2*-activated K+-
channel pre-mRNA is regulated in response to extracellular sig-
nals that inform the cell of its position along the cochlea.

Other studies demonstrated that splicing ar one of the al-
ternative splice sites in the Ca2+-activated K+-channel pre-
mRNA in the rat is suppressed when a specific protein kinase
is activated by neuron depolarization in response to synaptic
activity from interacting neurons. This observation raises the
possibility that a splicing repressor specific for this site may be
activated when it is phosphorylated by this protein kinase,
whose activity in turn is regulated by synaptic activity. Since
hnRNP and SR proteins are extensively modified by phospho-
rylation and other post-translational modificarions, it seems
likely that complex regulation of alternative RNA splicing

through post-translational modifications of splicing factors
plays a significant role in modularing neuron function.

Many examples of genes similar to the cochlear K*-
channel neurons have been observed in vertebrate

neurons; alternatively spliced mRNAs co-expressed from a
specific gene in one type of neuron are expressed at different
relative concentrations in different regions of the central nerv-
ous system. Expansions in the number of microsatellite re-
peats within the transcribed regions of genes expressed in neu-
rons can cause an alteration in the relative concentrations of
alternatively spliced mRNAs transcribed from multiple genes.
In Chapter 6, we discussed how backward slippage during
DNA replication can lead to expansion of a microsatellite re-
peat (see Figure 6-5). At least 14 different types of neurologi-
cal disease result from expansion of microsatellite regions
within transcription units expressed in neurons. The resulting
long regions of repeated simple sequences in nuclear RNAs of
these neurons results in the abnormalities in the relative con-
centrations of alternatively spliced mRNAs. For example, the
most common of these types of diseases, myotonic dystrophy,
is characterized by paralysis, cognitive impairment, and per-
sonality and behavior disorders. Myotonic dystrophy results
from increased copies of either CUG repeats in one transcripr
in some patients or CCUG repeats in another transcript in
other patients. When the number of these repeats increases to
10 or more times the normal number of repeats in these genes,
abnormalities are observed in the level of two hnRNP proteins
that bind to these repeated sequences. This probably results
because these hnRNPs are bound by the abnormally high con-
centration of this RNA sequence in the nuclei of neurons in
such patients. The abnormal concentrations of these hnRNP
proteins are thought to lead to alterations in the rate of splic-
ing of different alternative splice sites in multiple pre-mRNAs
normally regulated by these hnRNP proteins. I

Expression of Dscam lsoforms in Drosophila Retinal
Neurons The most extreme example of regulated alternative
RNA processing yet uncovered occurs in expression of the
Dscam gene in Drosophila. Mutations in this gene interfere
with the normal synaptic connections made befween axons and
dendrites during fly development. Analysis of the Dscam gene
showed that it contains 95 alternatively spliced exons that could
be spliced to generate over 38,000 possible isoforms! Recent re-
sults have shown that Drosopbila matants with a version of the
gene that can be spliced in only about 22,000 different ways
have specific defects in connectivity between neurons. These re-
sults indicate that expression of most of the possible Dscam tso-
forms through regulated RNA splicing helps to specify the tens
of millions of different specific synaptic connections between
neurons in the Drosophila brain. In other words, the correct
wiring of neurons in the brain requires regulated RNA splicing.

RNA Edi t ing Al ters  the Sequences
of Some Pre-mRNAs
In the mid-1980s, sequencing of numerous cDNA clones and
corresponding genomic DNAs from multiple organisms led
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  Ff GURE 8-19 RNA editing of apo-B pre-mRNA. The apoB
mRNA oroduced in the l iver has the same seouence as the exons in
the pr imary t ranscr ipt  This  mRNA is  t ranslated in to apoB-100,  which
has two funct ional  domains:  an N-terminal  domain (green) that
associates with l ipids and a C-terminal domain (orange) that binds to

to the unexpected discovery of another type of pre-mRNA
processing. In this type of processing, called RNA editing,
the sequence of a pre-mRNA is altered; as a result, the se-
quence of the corresponding mature mRNA differs from the
exons encoding it in genomic DNA.

RNA editing is widespread in the mitochondria of proto-
zoans and plants and also in chloroplasts. In the mitochon-
dria of certain pathogenic trypanosomes, more than half the
sequence of some mRNAs is altered from the sequence of the
corresponding primary transcripts. Additions and deletions
of specific numbers of U's follows templates provided by
base-paired short "guide" RNAs. These RNAs are encoded
by thousands of mini-mitochondrial DNA circles catenated
to many fewer large mitochondrial DNA molecules. The rea-
son for this baroque mechanism for encoding mitochondrial
proteins in such protozoans is not clear. But this system does
rcpresent a potential target for drugs to inhibit the complex
processing enzymes essential to the microbe that do not ex-
ist in the cells of their human or other vertebrate hosts.

In higher eukaryotes, RNA editing is much rarer, and thus
far, only single-base changes have been observed. Such minor
editing, however, turns out to have significant functional con-
sequences in some cases. An important example of RNA edit-
ing in mammals involves the apoB gene. This gene encodes
two alternative forms of a serum protein central to the uptake
and transport of cholesterol. Consequently, it is important in
the pathogenic processes that lead to atherosclerosls, the arte-
rial disease that is the major cause of death in the developed
world. The apoB gene expresses both the serum protein
apolipoprotein B-100 (apoB-100) in hepatocytes, the major
cell type in the liver, and apoB-48, expressed in intestinal ep-
ithelial cells. The :240-kDa apoB-48 corresponds to the N-
terminal region of the :500-kDa apoB-100. As we detail in
Chapter 10, both apoB proteins are components of large
lipoprotein complexes that transport lipids in the serum. How-
ever, only low-density lipoprotein (LDL) complexes, which
contain apoB-100 on their surface, deliver cholesterol to body
tissues by binding to the LDL receptor present on all cells.

The cell-type-specific expression of the two forms of apoB
results from editing of apoB pre-mRNA so as to change the

APoB-48

LDL receptors on cell membranes In the apo-B mRNA produced in
the intestine. the CAA codon in exon 26 is edited to a UAA stop
codon As a result, intestinal cells produce apoB-48, which corresponds
to the N-terminal domain of apoB-100 lAdapted from P Hodges and
J Scott, 1992, Trends Biochem Sci 17:77 l

nucleotide at position 6666 in the sequence from a C to a U.

This alteration, which occurs only in intestinal cells, converts

a CAA codon for glutamine to a UAA stop codon, leading to

synthesis of the shorter apoB-48 (Figure 8-19)' Studies with

the partially purified enzyme that performs the post-transcrip-

tional deamination of C6666 to U shows that it can recognize

and edit an RNA as short as 26 nucleotides with the sequence

surrounding C5566 in the apoB primary transcript.

Regulation of Pre-mRNA Processing

r Because of alternative splicing of primary transcripts, the

use of alternative promoters, and cleavage at different

poly(A) sites, different mRNAs may be expressed from the

same gene in different cell types or at different develop-

mental stages (see Figure 6-3 and Figure 8-16).

r Alternative splicing can be regulated by RNA-binding

proteins that bind to specific sequences near regulated

splice sites. Splicing repressors may sterically block the

binding of splicing factors to specific sites in pre-mRNAs

or inhibit their function. Splicing activators enhance splic-

ing by interacting with splicing factors, thus promoting

their association with a regulated splice site.

r In RNA editing the nucleotide sequence of a pre-mRNA

is altered in the nucleus. In vertebrates, this process is fairly

rare and entails deamination of a single base in the mRNA

sequence, resulting in a change in the amino acid specified

by the corresponding codon and production of a function-

ally different protein (see Figure 8-19).

Ifil Transport of mRNA Across
the Nuclear Envelope
Fully processed mRNAs in the nucleus remain bound by

hnRNP proteins in complexes now referred to as nuclear

zRNPs. Before an mRNA can be translated into its en-

coded protein. it must be exported out of the nucleus into
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the cytoplasm. The nuclear envelope is a double membrane
that separates the nucleus from the cytoplasm (see Figure 9-1).
Like the plasma membrane surrounding cells, each nuclear
membrane consists of a water-impermeable phospholipid
bilayer and multiple associated proteins. mRNPs and other

(al 
Nucleoplasm

macromolecules including tRNAs and ribosomal subunits
traverse the nuclear envelope through nwclear pores. This
section will focus on the export of mRNPs through the
nuclear pore and the mechanisms that allow some level of
regulation of this step.

Nuclear Pore Complexes Control lmport
and Expor t  f rom the Nucleus
Nuclear pore complexes (NPCs) are large, complicated
structures composed of multiple copies of approximately 30
different proteins called nucleoporins. Embedded in the nu-
clear envelope, NPCs are roughly octagonal in shape with
eight filaments extending into the nucleoplasm and another
eight filaments extending into the cytoplasm. (Figure 8-20a;
see also Figure 13-32 for a more detailed discussion of NPC
structure). The filaments extending from the nuclear face of
the NPC are joined at their ends by a terminal ring forming
a structure called the nuclear basket. A special class of nu-
cleoporins called FG-nucleoporins line the central channel
through the NPC. FG-nucleoporins contain long stretches
of hydrophil ic amino acid sequences punctuated by hy-
drophobic FG-repeats, short sequences rich in hydrophobic
phenylalanine (F) and glycine (G).

'Water, 
ions, metabolites, and small globular proteins up

to =40 kDa can diffuse through the water-filled channel in
the nuclear pore complex. However, FG-nucleoporins in the
central channel form a barrier restricting the diffusion of
macromolecules between the cytoplasm and nucleus. These
larger molecules must be selectively transported across the
nuclear envelope with the assistance of soluble transporter
proteins that bind them and also interact with FG-repeats of
FG-nucleopor ins.

In one current model of the nuclear pore complex central
channel, FG-repeat domains of FG-nucleoporins form ran-
dom coil regions of polypeptide that extend into the channel
(Figure 8-20b). The FG-repeat domains of different FG-
nucleoporin molecules are proposed to associate with each
other reversibly, forming a constantly rearranging molecular
meshwork that acts l ike a sieve (Figure 8-20c). Small mole-
cules can diffuse through the spaces between FG-repeat
domains. But large proteins and ribonucleoproteins, in-
cluding mRNPs, are too large to pass between the protein
fi laments that form the molecular sieve and consequently
cannot diffuse through the nuclear pore complex.

Nuclear transport proteins bind reversibly to the hy-
drophobic FG-regions of FG-nucleoporins. These interac-
tions are thought to involve multiple surfaces of the trans-
porters, allowing the proteins to diffuse through the central
channel (Figure 8-20d).

mRNPs are transported through the NPC by the zRNP
exporter. The mRNP exporter is a heterodimer consisting
of a large subunit, called nuclear export factot | (NXF1) or
TAP, and a small subunit, ntclear export transporter 1 (Nxt1).
TAP binds nuclear mRNPs through associations with both
RNA and other proteins in the mRNP complex. One of the
most important of these is REF (RNA export factor), a
component of the exon junction complexes discussed

Nuclear basket

L U M E N

rlir:a:i.t:rjr ,

Central
Iransporter

Cytoplasmic
f i laments

( d )(c ) Tra nsporter

A FIGURE 8-20 Model of transporter passage through an NpC.
(a) Diagram of NPC structure (b) The FG-domarns of FG-nucleoporrns
are thought to have an extended conformation with long hydrophil ic
regions of polypeptide separated by short FG-hydrophobic domains
(c) FG-repeats are thought to associate with each other reversibly and
rapidly, forming a constantly re-arranging molecular sieve that al lows
diffusion of small  water-soluble molecules through i t  However,
macromolecules are too big to f i t  through the channels in the
molecular sieve (d) Nuclear transporters have hydrophobic regions on
their surface (dark blue dots) that bind reversibly to the FG-domains in
the FG-nucleoporins As a consequence, they can penetrate the
molecular sieve in the NPC central channel and dif fuse in and out of
the nucleus [From K Ribbeck and D Gorl ich, zOOj, EMBO I 20:1320 ]
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< FIGURE 8-21 Remodeling of mRNPs
during nuclear export. Some mRNP proteins
(rectangles) dissociate from nuclear mRNP
complexes before export through an NPC
Some (ovals) are exported through the NPC
associated with the mRNP but dissociate in the
cytoplasm and are shuttled back into the
nucleus through an NPC ln the cytoplasm,
translation init iation factor elF4E replaces CBC
bound to the 5' cap and PABPI replaces
PABPII.
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earlier, bound approximately 20 nucleotides 5' to each
exon-exon junction (Figure 8-21). The TAP/Nxt1 nRNP
exporter also associates with SR proteins bound to exonic
splicing enhancers. Thus SR proteins associated with exons
function to direct both the splicing of pre-mRNAs and the
export of fully processed mRNAs through NPCs to the cy-
toplasm. mRNPs are probably bound along their length by
several TAPiNxtl mRNP exporters, which both interact
with the FG-domains of FG-nucleoporins to facil i tate
export of mRNPs through the NPC central channel (Figure

8-20). The fi laments that extend from the nuclear and cyto-
plasmic faces of the NPC also assist in mRNP export.
Gle2, an adapter protein that reversibly binds both TAP and
a nucleoporin in the nuclear basket, brings nuclear mRNPs
to the pore in preparation for export. A nucleoporin in the
cytoplasmic fi laments of the NPC binds an RNA helicase
that is proposed to function in the dissociation of TAPA{xt1
and other hnRNP proteins from the mRNP as it reaches the
cytoplasm.

In a process called zRNP remodeling, the proteins as-
sociated with an mRNA in the nuclear mRNP complex are
exchanged for a different set of proteins as the mRNP is
transported through the NPC. Some nuclear mRNP pro-
teins dissociate early in tranport, remaining in the nucleus
to bind to newly synthesized nascent pre-mRNA. Other nu-
clear mRNP proteins remain with the mRNP complex as it
traverses the pore and do not dissociate from the mRNP un-
ti l the complex reaches the cytoplasm. Proteins in this cat-
egory include the TAP/Nxt1 mRNP exporter, CBC bound to
the 5' cap, and PABPII bound to the poly(A) tail. They dis-
sociate from the mRNP on the cytoplasmic side of the NPC
throush the action of the RNA helicase that associates with

cytoplasmic NPC fi laments, as discussed above. These pro-

teins are then imported back into the nucleus as discussed

for other nuclear proteins in Chapter 13' where they can

function in the export of another mRNP. In the cytoplasm,

the cap-binding translation initiation factor eIF4E replaces

CBC bound to the 5' cap of nuclear mRNPs. In vertebrates,

the nuclear poly(A)-binding protein PABPII is replaced with

the cytoplasmic poly(A)-binding protein PABPI (so named

because it was discovered before PABPII). (Only a single

PABP is found in budding yeast' in both the nucleus and the

cytoplasm.)

Yeast SR Protein Recent results suggest that the direction of

mRNP export from the nucleus into the cytoplasm is

controlled by phosphorylation and dephosphorylation of

mRNP adapter proteins such as REF that assist in the binding

of the TAPNxtl mRNP exporter to mRNPs. In one case, a

yeast SR protein (Npl3) functions as an adapter protein that

promotes the binding of the yeast mRNP exporter (Figure 8-

22).The SR-protein initially binds to nascent pre-mRNA in

its phosphorylated form.'When 3'-cleavage and polyadenyla-

tion are completed, the adapter protein is dephosphorylated

by a specific nuclear protein phosphatase essential for mRNP

export. Only the dephosphorylated adapter protein can bind

the mRNP exporter, thereby coupling mRNP export to cor-

rect polyadenylation. This is one form of mRNA "qualify

control. " If the nascent mRNP is not correctly processed, it is

not recognized by the phosphatase that dephosphorylates

Npl3. Consequently, it is not bound by the mRNA exporter

and not exported from the nucleus. Instead it is degraded by

exosomes, the multiprotein complexes that degrade unpro-

tected RNAs in the nucleus and cytoplasm (see Figure 8-1)'
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A FIGURE 8-22 Reversible phosphorylation and direction of
mRNP nuclear export. Step Il: The yeast SR protein Npl3 binds
nascent pre-mRNAs in its phosphorylated form Step A When
polyadenylat ion has occurred successf  u l ly ,  the GlcT nuclear
phosphatase essent ia l  for  mRNp export  dephosphory lates Npl3,
promoting the binding of the yeast mRNp exporter, TAp/Nxt1. Step
B. the mRNP exporter  a l lows d i f fus ion of  the mRNp complex
through the centra l  channel  of  the nuclear  core complex (NpC)

Translat ion

Step 4 The cytoplasmic protein kinase Skyl phosphorylates Npl3 in
the cytoplasm, causing E dissociation of the mRNP exporter, and
phosphorylated Npl3 probably through the action of an RNA helicase
associated with NPC cytoplasmic fi laments 6 The mRNA transporter
and phosphorylated Npl3 are transported back into the nucleus
through NPCs Z Transported mRNA is available for translation in
the cytoplasm fFrom E lzaurralde,2004,Nat Struct Mol Biol 11:Z1O-Z\2
see w Gilbert and c Guthrie, 2004, Mol Cell 13:201-2121

plasm, where they dissociate. As a result, the direction of
mRNP export may be driven by simple diffusion down a
concentration gradient of the transport-competent mRNP
exporter-mRNP complex across the NPC from high in the
nucleus to low in the cytoplasm.

Nuclear Export of Balbiani Ring mRNPs The larval sali-
vary glands of the insect Chironomows tentans provide a
good model system for electron microscopy studies of the

Following exporr to the cytoplasm, the Npl3 SR protein
is phosphorylated by a specific protein kinase resrricted to
the cytoplasm. This causes it to dissociate from the mRNp,
along with the mRNP exporter. In this wa5 dephosphoryla-
tion of adapter mRNP proteins in the nucleus once RNA
processing is complete and their phosphorylation in the
cytoplasm results in a higher concentration of mRNp
exporter-mRNP complexes in the nucleus, where they form,
and a lower concentration of these complexes in the cyto-
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(c )  Nuc lear  enve loPe

Nucleoplasm i :i Cytoplasm

formation of hnRNPs and their export through NPCs. In
these larvae,  genes in large chromosomal  puf fs  cal led
Balbiani rings are abundantly transcribed into nascent pre-
mRNAs that associate with hnRNP proteins and are
processed into coiled mRNPs with an mRNA of =75 kb
(Figure 8-23a, b). These giant mRNAs encode large glue
proteins that adhere the developing larvae to a leaf. After
processing of the pre-mRNA in Balbiani ring hnRNPs, the
resulting mRNPs move through nuclear pores to the cyto-
p lasm. Electron micrographs of  sect ions of  these cel ls
show mRNPs that appear to uncoil during their passage
through nuclear pores and then bind to ribosomes as they
enter the cytoplasm. This uncoil ing is probably a conse-
quence of the remodeling of mRNPs as the result of phos-
phorylation of mRNP proteins by cytoplasmic kinases and
the action of an RNA helicase associated with NPC cyto-
plasmic fi laments, as discussed in the previous section. The
observat ion that  mRNPs become associated wi th r ibo-
somes during transport indicates that the 5' end leads the
way through the nuclear pore complex. Detailed electron
microscopic s tudies of  the t ransport  of  Balb iani  r ing

< FIGURE 8-23 Formation of heterogeneous ribonucleoprotein
particles (hnRNPs) and export of mRNPs from the nucleus'
(a) Model of a single chromatin transcription loop and assembly of
Balbiani ring (BR) mRNP in Chironomous tentans Nascent RNA
transcripts produced from the template DNA rapidly associate with
proteins, forming hnRNPs The gradual increase in size of the hnRNPs
reflects the increasing length of RNA transcripts at greater distances
from the transcription start site. The model was reconstructed from
electron micrographs of serial thin sections of salivary gland cells.
(b)  Schemat ic  d iagram of  the b iogenesis of  hnRNPs.  Fol lowing
processing of the pre-mRNA, the resulting ribonucleoprotein particle

is referred to as an mRNP (c) Model for the transport of BR mRNPs
through the nuclear pore complex (NPC) based on electron microscopic
studres, Note that the curved mRNPs appear to uncoil as they pass

through nuclear pores. As the mRNA enters the cytoplasm, it rapidly
associates with ribosomes, indicating that the 5' end passes through
the NPC first [Part (a) from C Erricson et al, 1989, Ceil 55:631; courtesy of
B Daneholt Parts (b) and (c) adapted from B Daneholt, 1 997, Ce// 88:585

See also B Daneholt, 2001, Proc Nat'l Acad Sci USA 98:7012 l

mRNPs through nuclear pore complexes led to the model

depicted in Figure 8-23c.

Pre-mRNAs in Spliceosomes Are Not Exported
f rom the Nucleus

It is critical that only fully processed mature mRNAs be ex-

ported from the nucleus because translation of incompletely

processed pre-mRNAs containing introns would produce

defective proteins that might interfere with the functioning

of the cell. To prevent this, pre-mRNAs associated with

snRNPs in spliceosomes usually are prevented from being

transported to the cytoplasm.
In one type of experiment demonstrating this restriction'

a gene encoding a pre-mRNA with a single intron that nor-

mally is spliced out was mutated to introduce deviations from

the consensus splice-site sequences. Mutation of either the 5'

or the 3'invariant splice-site bases at the ends of the intron

resulted in pre-mRNAs that were bound by snRNPs to form

spliceosomes; however, RNA splicing was blocked, and the

ore-mRNA was retained in the nucleus. In contrast, mutation

Template
DNA

\
m R N P
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of both the 5'and 3'splice sites in the same pre-mRNA re-
sulted in export of the unspliced pre-mRNA, although less
efficiently than for the spliced mRNA.'fi/hen both splice sites
were mutated, the pre-mRNAs were not efficiently bound by
snRNPs, and, consequently, their export was not blocked.

Recent studies in yeast have shown that a nuclear protein
that associates with a nucleoporin in the NPC nucleaibasket
is required to retain pre-mRNAs associated with snRNPs in
the nucleus. If either this protein or the nucleoporin to which
it binds is deleted, unspliced pre-mRNAs are exported.

Many cases of thalassemia, an inherited disease that
results in abnormally low levels of globin proterns, are

due to mutations in globin-gene splice sites that decrease the
efficiency of splicing but do not prevent association of the
pre-mRNA with snRNPs. The resulting unspliced globin
pre-mRNAs are retained in reticulocyte nuclei and are rap-
idly degraded. I

HIV Rev Protein Regulates the Transport
of  Unspl iced Vi ra l  mRNAs
As discussed earlier, transport of mRNPs containing marure,
functional mRNAs from the nucleus to the cytoplasm entails
a complex mechanism that is crucial to gene expression (see
Figures 8-21, 8-22, and 8-23). Regulation of this transport
theoretically could provide another means of gene control, al-
though it appears to be relatively rare. Indeed, the only known
examples of regulated mRNA export occur during the cellular

response to conditions (e.g., heat shock) that cause protein de-
naturation or during viral infection when virus-induced alter-
ations in nuclear transport maximize viral replication. Here
we describe the regulation of mRNP export mediated by a
protein encoded by human immunodeficiency virus (HIV).

A retrovirus, HIV integrates a DNA copy of its RNA
genome into the host-cell DNA (see Figure 4-49).The

integrated viral DNA, or provirus, contains a single tran-
scription unit, which is transcribed into a single primary tran-
script by cellular RNA polymerase II. The HIV transcript can
be spliced in alternative ways to yield three classes of mR-
NAs: a 9-kb unspliced mRNA; :4-kb mRNAs formed by re-
moval of one intron; and:2-kb mRNAs formed by removal
of two or more introns (Figure 8-24). After their synthesis in
the host-cell nucleus, all three classes of HIV mRNAs are
transported to the cytoplasm and translated into viral pro-
teins; some of the 9-kb unspliced RNA is used as the viral
genome in progeny virions that bud from the cell surface.

Since the 9-kb and 4-kb HIV mRNAs contain splice sites,
they can be viewed as incompletely spliced mRNAs. However,
as discussed earlier, association of such incompletely spliced
mRNAs with snRNPs in spliceosomes normally blocks their
export from the nucleus. Thus HIV, as well as other retro-
viruses, must have some mechanism for overcoming this
block, permitting export of the longer viral mRNAs. Some
retroviruses have evolved a sequence called the constitutiue
trdnsport element (CTE), which binds to the TAP-Nxt1
mRNP exporter with high affintty, thereby permitting export

HIV prov i rus

NUCLEAR mRNAs

9-kb
Unsp l iced

|  
* * '

I 
Transcription, splicing

*

A FIGURE 8-24 Transport of HIV mRNAs from the nucleus to
the cytoplasm. The HIV genome, which contains several coding
regions, is transcribed into a single 9-kb primary transcript Several
=4-kb mRNAs result from alternative spl icing out of any one of
several introns (dashed l ines) and several =2-kb mRNAs from spl icing
out of two or more alternative introns After transport to the

CYTOPLASMIC mRNAs

9 k b

-+
2 kb Translation

$ Rev protein

Nucleoplasm Cytoplasm

cytoplasm, the various RNA species are translated into dif ferent viral
proteins Rev protein, encoded by a 2-kb mRNA, interacts with the
Rev-response element (RRE) in the unspl iced and singly spl iced mRNAs,
st imulat ing their transport to the cytoplasm [Adapred from B R Cullen
and M H Malim, 1991, Trends Biochem Scl 16:346 I

4-kb
Sing ly  sp l i ced

2-kb
Mul t ip ly  sp l i ced
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of unspliced retroviral RNA into the cytoplasm. HIV solved
the problem differently.

Studies with HIV mutants showed that transport of
unspliced 9-kb and singly spliced 4-kb viral mRNAs from
the nucleus to the cytoplasm requires the virus-encoded
Rev protein. Subsequent biochemical experiments demon-
strated that Rev binds to a specific Rev-response element
(RRE) present in HIV RNA. In cells infected with HIV
mutants lacking the RRE, unspliced and singly spliced
viral mRNAs remain in the nucleus, demonstrating that
the RRE is required for Rev-mediated stimulation of
nuclear export. Rev contains a leucine-rich nuclear export
signal that interacts with transporter exportinl. As discussed
in Chapter 13, this results in export of the unspliced and
singly spliced HIV mRNAs through the nuclear pore
complex. I

Transport of mRNA Across the Nuclear Envelope

r Most mRNPs are exported from the nucleus by a het-
erodimeric mRNP exporter that interacts with FG-repeats
of FG-nucleoporins (see Figure 8-20). The direction of
transport (nucleus -+ cytoplasm) may result from dissocia-
tion of the exporter-mRNP complex in the cytoplasm by
phosphorylation of mRNP proteins by cytoplasmic kinases
and the action of an RNA helicase associated with the
cytoplasmic filaments of the nuclear pore complexes (see
Figure 8-20).

r The mRNP exporter binds to most mRNAs coopera-
tively with SR proteins bound to exons and REF associated
with exon-junction complexes that bind to mRNAs follow-
ing RNA splicing, and to additional mRNP proteins.

r Pre-mRNAs bound by a spliceosome normally are not
exported from the nucleus, ensuring that only fully
processed, functional mRNAs reach the cytoplasm for
translation.

f[ Cytoplasmic Mechanisms
of Post-transcriptional Control
Before proceeding, let's quickly review the steps in gene ex-
pression at which control is exerted. 

'We 
saw in the previous

chapter that regulation of transcription initiation is the prin-
cipal mechanism for controlling the expression of genes. In
preceding sections of this chapter, we also learned that the
expression of protein isoforms is controlled by regulating
alternative RNA splicing. Although nuclear export of fully
and correctly processed mRNPs to the cytoplasm is rarely
regulated, the export of improperly processed or aberrantly
remodeled pre-mRNPs is prevented, and such abnormal
transcripts are degraded by the exosome. However, retro-
viruses, including HIV, have evolved mechanisms that per-
mit pre-mRNAs that retain splice sites to be exported and
translated (see Figure 8-24).

In this section we consider other mechanisms of post-

transcriptional control that contribute to regulating the ex-
pression of some genes. Most of these mechanisms operate
in the cytoplasm, controll ing the stabil ity or localization

of mRNA or its translation into protein. 
.!7e 

begin by

discussing two recently discovered and related mechanisms
of gene control that provide powerful new techniques for

manipulating the expression of specific genes for experimen-
tal and therapeutic purposes. These mechanisms are con-
trolled by short, -21 nucleotide, single-stranded RNAs

called micro RNAs (miRNAs) and short interfering
(siRNAs). Both base-pair with specific target mRNAs, either

inhibiting their translation (miRNAs) or causing their degra-

dation (siRNAs). Humans express =1,000 miRNAs. Most

of these are expressed in specific cell types at particular times

during embryogenesis and after birth. Many miRNAs can
target more than one mRNA. Consequently, these newly dis-

covered mechanisms contribute significantly to the regula-

tion of gene expression. siRNAs, involved in the process

called RNA interference, are also an important cellular

defense against viral infection and excessive transposition by

transposons.

Micro RNAs Repress Translation
of Specif ic mRNAs

Micro RNAs (miRNAs) were first discovered during analy-

sis of mutations in the lin-4 and let-7 genes of the nematode

C. elegans, which influence development of the organism.
Cloning and analysis of wild-type lin-4 and let-7 revealed

that they encode no protein products but rather RNAs

only 2t and 22 nucleotides long, respectively. The RNAs

hybridize to the 3' untranslated regions of specific target
mRNAs. For example, the lin-4 miRNA, which is expressed

early in embryogenesis, hybridizes to the 3' untranslated re-
gions of both the lin-14 and /lz-28 mRNAs in the cytoplasm,

thereby repressing their translation by a mechanism dis-

cussed below. Expression of lin-4 miRNA ceases later in de-

velopment, allowing translation of newly synthesized lin-14

and lin-28 mRNAs at that time. Expression of /er-7 miRNA

occurs at comparable times during embryogenesis of all

bilaterally symmetric animals. The role of lin-4 and let-7

miRNAs in coordinating the timing of early developmental

events in C. elegans is discussed in Chapter 22. Hete we

focus on what is currently understood about how miRNAs

repress translation.
miRNA regulation of translation appears to be wide-

spread in all multicellular plants and animals. In the past few

years, small RNAs of 20-26 nucleotides have been isolated,

cloned, and sequenced from various tissues of multiple

model organisms. Recent estimates suggest the expression of

one-third of all human genes is regulated by -1,000 human

miRNAs isolated from various tissues. The potential for reg-

ulation of multiple mRNAs by one miRNA is great because

base pairing between the miRNA and the sequence in the

3'-ends of mRNAs that they regulate need not be perfect

(Figure 8-25). In fact, considerable experimentation with
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p
OH

t l l l l l l l l l l l l t t t t ! r t t N t ' t t t r r i i

Target RNA

UC
C A
C A

5,-UCCCUGAGA GuGuGR-g,
| | r |  | | | l

3' -UCCAGGGACUCAACCAACACUCAA- 5'

/in-4 miRNA and lin-l4 mRNA (C.e/egans)

CXCR4 miRNA and target mRNA (H. sapiensl

  FIGURE 8-25 Base pairing with target RNAs distinguishes
miRNA and siRNA. (a) miRNAs hybridize imperfectly with their
target mRNAs, repressing translation of the mRNA Nucleotides 2 to
7 of an miRNA (highlighted blue) are the most crit ical for targeting

synthetic miRNAs has shown that complementarity between
the six or seven 5' nucleotides of an miRNA and its target
mRNA 3' untranslated region are most critical for target
mRNA selection.

Most miRNAs are processed from RNA polymerase II
transcripts of several hundred to thousands of nucleotides
in length called pri (for primary transcript)-miRNAs (Fig-
we 8-26). Pri-miRNAs can contain the sequence of one or
more miRNAs. miRNAs are also processed out of some
excised introns and from 3' untranslated regions of some
pre-mRNAs. Within these long transcripts are sequences
that fold into hairpin structures of -70 nucleotides in
length with imperfect base pairing in rhe stem. A nuclear
RNase specific for double-stranded RNA called Drosha
acts with a nuclear double-stranded RNA-binding protein
called DGCRS in humans (Pasha in Drosophila) and
cleaves the hairpin region out of the long precursor RNA,
generating a pre-miRNA. Pre-miRNAs are recognized and
bound by a specific nuclear transporter, ExportinS, which
interacts with the FG-domains of nucleoporins, allowing
the complex to diffuse through the inner channel of the
nuclear pore complex, as discussed above (see Figure 8-20),
and in Chapter 13. Once in the cytoplasm, a cytoplasmic
double-stranded RNA-specific RNase called Dicer acs with
a cytoplasmic double-stranded RNA-binding protein called
TRBP in humans (for Tar binding protein; called Loquo-
cious in Drosopbila) to further process the pre-miRNA into
a double-stranded miRNA. The double-stranded miRNA
is approximately two turns of an A-form RNA helix in
length, with strands 21--23 nucleotides long and two un-
paired 3'-nucleotides at each end. Finally, one of the two
strands is selected for assembly into a mature RNA-lnduced
silencing complex (RISC) containing a single-stranded

(b) siRNA -+ RNA cleavage

Target RNA

5' -UAGGUAGUUUCAUGUUGUUGGG- 3'
l I l l l l I l | | | | | |

3' -CUUAUCCGUCAAAGUACAACAACCUUCU- 5'

miR-196a and HOXBS mRNA (H. sapiensl

miR-166 and PHAVOLUIA mRNA (A. thalianal

it to a specific mRNA (b) siRNA hybridizes perfectly with its target
mRNA, causing cleavage of the mRNA at the position indicated by
the red arrow, triggering its rapid degradation fndapted from p D
Zamore and B Haley, 2005, Sclence 309:1 51 9 l

mature miRNA bound by a multidomain Argonaute pro-
tein, a member of a protein family with a recognizable con-
served sequence. Several Argonaute proteins are expressed
in some organisms, especially plants, and are found in dis-
tinct RISC complexes with different functions.

The miRNA-RISC complexes associate with target mRNPs
by base pairing between the Argonaute-bound mature miRNA
and complementary regions in the 3'-untranslated regions
(3'-UTRs) of target mRNAs (see Figure 8-25). Inhibition of
target mRNA translation requires the binding of two or
more RISC complexes to distinct complementary regions in
the target mRNA 3'-UTR. It has been suggested that this
may allow combinatorial regulation of mRNA translation
by separately regulating the transcription of two or more
different pri-miRNAs, which are processed to miRNAs that
are required in combination to suppress the translation of a
specific target mRNA.

The binding of several RISC complexes to an mRNA
inhibit translation initiation by a mechanism currently being
analyzed. Recent discoveries showed that binding of RISC
complexes causes the bound mRNPs to associate with dense
cytoplasmic domains many times the size of a ribosome called
cytoplasmic RNA-processing bodies, or simply P bodies. P
bodies, which will be described in greater detail below, are
sites of RNA degradation that contain no ribosomes or
translation factors, potentially explaining the inhibition of
translation. The association with P bodies may also explain
why expression of an miRNA often decreases the stability of
a targeted mRNA.

As mentioned earlier, approximately 1000 different hu-
man miRNAs have been observed, many of them expressed
only in specific cell types. Determining the function of
these miRNAs is currently a highly active area of research.

b' -ucuuAccuGGAucnnnAcrr- 3, s, -ucGGAccAGGcuucAUUcccc- 3,
-  l I l l l |  | r | | t  | | | | | | | | | t

3' -GCCACAAUCGAAACACUUUUGAAGGC-5'  3 ' -UUAGGCCUGGUCCGAAGUAGGGUUAGU-
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RISC

Figure 8-16). It binds to the 3' splice site region in the pre-

mRNAs of many genes, leading to exon skipping or use of

alternative 3' splice sites. I7hen miR-133 is expressed in

differentiating myoblasts, the PTB concentration falls

without a significant decrease in the concentration of PTB

mRNA. As a result, alternative isoforms of multiple pro-

teins important for muscle-cell function are expressed in

the differentiated cells.
Other examples of miRNA regulation in various organ-

isms are being discovered at a rapid pace' Knocking out the

dicer gene eliminates the generation of miRNA in mammals.

This causes embryonic death early in mouse development.

However, when dicer is knocked out only in limb primordia,

the influence of miRNA on the development of the

nonessential l imbs can be observed (Figure 8-27). Although

all major cell types differentiated and fundamental aspects

of l imb patterning were maintained, development was

abnormal-demonstrating the importance of miRNAs in

regulating the proper level of translation of multiple mRNAs.

Of the :1,000 human miRNAs, 53 appear to be unique to

primates. It seems likely that new miRNAs arose readily

during evolution by the duplication of a pri-miRNA gene

followed by mutation of bases encoding the mature miRNA.

miRNAs are particularly abundant in plants-more than

1.5 mill ion distinct miRNAs have been characterized in

Arabidopsis tbaliana!

RNA Inter ference Induces Degradat ion
of  Prec ise ly  ComplementarY mRNAs

RNA interference (RNAi) was discovered unexpectedly dur-

ing attempts to experimentally manipulate the expression

of specific genes. Researchers tried to inhibit the expression

of a gene in C. elegans by microiniecting a single-stranded,

complementary RNA that would hybridize to the encoded

mRNA and prevent its translation, a method called antisense

inhibition. But in control experiments, perfectly base-paired

double-stranded RNA a few hundred base pairs long was

A EXPERIMENTAL FIGURE 8-27 miRNA function in l imb

development. Micrographs comparing normal (/eft) and Dicer
knockout (nghf) l imbs of embryonic development day-13 mouse

embryos immunostained for the Gd5 protein, a marker of joint

formation Dicer is knocked out in developing mouse embryos by

conditional expression of Cre to induce deletron of the Dicer gene

only in these cells (see Figure 5-42) [From B D Harfe et al ,2005, Proc

Natl Acad Sci IJSA 102:10898 l

Drosha
Pasha

pre-miR-1-1

Mature  miR-1-1
bound to  an

Argonaute
protein

  FIGURE 8-26 miRNA processing. This diagram shows
transcription and processing of the miR-1-1 miRNA The prtmary
miRNA transcript (pri-miRNA) is transcribed by RNA polymerase ll The
nuclear double-stranded specific endoribonuclease Drosha with its
partner double-stranded RNA-binding protein DGCRB (Pasha in
Drosophila) make the init ial cleavages in the pri-miRNA, generating
a =70 nucleotide pre-miRNA that is exported to the cytoplasm by
nuclear transporter Exportin 5 The pre-miRNA is further processed in
the cytoplasm to a double-stranded miRNA with a two-base single-
stranded 3' end by Dicer in conlunction with the DS RNA-binding protein
TRBP (Loquatiousin Drosophila) Finally, one of the two strands is
incorporated into an RISC complex, where it is bound by an Argonaute
protein [Adapted from P D Zamoreand B Haley, 2005, Sclence309:1519 ]

In one example, a specific miRNA called miR-133 is in-
duced when myoblasts differentiate into muscle cells. miR-
133 suppresses the translation of PTB, a regulatory splicing
factor that functions similarly to Sxl in Drosophila (see

I

Wild type Dicer mutant

s'  -pQAUAQUUQVuuaunuGccc4un- a'
m r H - l - l  | i l t I t | | | t  I l

3 ' -oUGUAUGAAGAAAUGUA O GGUp-  5 '
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much more effective at inhibiting expression of the gene than
the antisense strand alone. Similar inhibition of gene expres-
sion by an introduced double-stranded RNA soon was
observed in plants. In each case, the double-stranded
RNA induced degradation of all cellular RNAs containing
a sequence that was exactly the same as one strand of the
double-stranded RNA. Because of the specificity of RNA
interference in targeting mRNAs for destruction, it has
become a powerful experimental tool for studying gene
function (see Figure 5-45).

Subsequent biochemical studies with extracts of
Drosophila embryos showed that a long double-stranded
RNA that mediates interference is initially processed into a
double-stranded short interfering RNA (siRNA). The
strands in siRNA contain 21-23 nucleotides hybridized to
each other so that the two bases at the 3' end of each strand
are single-stranded. Further studies revealed that the cyto-
plasmic double-stranded RNA-specific ribonuclease that
cleaves long double-stranded RNA into siRNAs is the same
Dicer enzyme involved in processing pre-miRNAs after their
nuclear export to the cytoplasm (see Figure 8-27). This dis-
covery led to the realization that RNA interference and
miRNA-mediated translational repression are related
processes. In both cases, the mature short single-stranded
RNA, either mature siRNA or mature miRNA, is assembled
into RISC complexes in which the short RNAs are bound by
an Argonaute protein. I7hat distinguishes a RISC complex
containing an siRNA from one containing an miRNA is that
the siRNA base-pairs extensively with its target RNA and in-
duces its cleavage, whereas a RISC complex associated with
an miRNA recognizes its target through imperfect base-
pairing and results in inhibition of translation.

The Argonaute protein appears to be responsible for
cleavage of target RNA; one domain of the Argonaure pro-
tein is homologous to RNase H enzymes that degrade the
RNA of an RNA-DNA hybrid (see Figure 5-14). When the
5' end of the short RNA of a RISC complex base-pairs pre-
cisely with a target mRNA over a distance of one turn of an
RNA helix (10-12 base pairs), this domain of Argonaute
cleaves the phosphodiester bond of the target RNA across
from nucleotides 10 and 1.1of the siRNA (see Figure 8-25).
The cleaved RNAs are released and subsequently degraded
by cytoplasmic exosomes and 5' exoribonucleases. If base
pairing is not perfect, the Argonaute domain does not cleave
or release the target mRNA. Instead, if several miRNA-RISC
complexes associate with a target mRNA, its translation is
inhibited and the mRNA becomes associated with p bodies,
where, as mentioned earlier, it is probably degraded by a
different and slower mechanism than the degradation path-
way initiated by RISC cleavage of a perfectly complementary
target RNA.

When double-stranded RNA is introduced into the cyto-
plasm of eukaryotic cells, it enters the pathway for assembly
of siRNAs into a RISC complex because it is recognized by
the cytoplasmic Dicer enzyme and TRBp double-stranded
RNA binding protein that process pre-miRNAs (see Figure
8-25). This process of RNA interference is believed to be an
ancient cellular defense against certain viruses and mobile

genetic elements in both plants and animals. Plants with
mutations in the genes encoding Dicer and RISC proteins
exhibit increased sensitivity to infection by RNA viruses and
increased movement of transposons within their genomes.
The double-stranded RNA intermediates generated during
replication of RNA viruses are thought to be recognizedby
the Dicer ribonuclease, inducing a RNAi response that
ultimately degrades viral mRNAs. During transposition,
transposons are inserted into cellular genes in a random ori-
entation, and their transcription from different promoters
produces complementary RNAs that can hybridize with
each other, initiating the RNAi system that then interferes
with the expression of transposon proteins required for ad-
ditional transpositions.

In plants and C. elegans the RNAi response can be
induced in all cells of the organism by introduction of
double-stranded RNA into just a few cells. Such organism-
wide induction requires production of a protein that is ho-
mologous to the RNA replicases of RNA viruses. This find-
ing suggests that double-stranded siRNAs are replicated and
then transferred to other cells in these organisms. In plants,
transfer of siRNAs might occur through plasmodesmata, the
cytoplasmic connections between plant cells that traverse the
cell walls between them (see Figure 1,9-38). Organism-wide
induction of RNA interference does not occur in Drosophila
or mammals, presumably because their genomes do not
encode RNA replicase homologs.

In mammalian cells, the introduction of long RNA-RNA
duplex molecules into the cytoplasm results in the general-
ized inhibition of protein synthesis via the PKR pathway,
discussed further below. This greatly limits the use of long
double-stranded RNAs to experimentally induce an RNAi
response against a specific targeted mRNA. FortunatelS
researchers discovered that one strand of double-stranded
siRNAs of 21-23 nucleotides in length with two-base 3' single-
stranded regions leads to the generation of mature siRNA
RISC complexes without inducing the generalized inhibition
of protein synthesis. This has allowed researchers to use
synthetic double-stranded siRNAs to "knock down" the
expression of specific genes in human cells as well as in other
mammals. This method of siRNA knockdown is now widely
used in studies of diverse processes, including the RNAi
pathway itself.

RNA| Inhibit ion of Transcription In plants and the fis-
sion yeast Schizosaccharomyces pombe, double-stranded
RNA also induces the formation of heterochromatin on
genes with the same sequence as the double-stranded RNA,
inhibiting their transcription. Nuclear proteins homologous
to cytoplasmic Dicer and Argonaute proteins generate nu-
clear siRNA complexes composed of different proteins from
the cytoplasmic RISC complexes. These nuclear siRNA com-
plexes are thought to be targeted to specific genes by base
pairing with nascent pre-mRNAs during their transcription.
This interaction induces the methylation of histone H3 at
lysine 9, generating a binding site for HP1 proteins and the
subsequent assembly of heterochromatin, as discussed in
Chapter 6 (see Figure 6-34).In plants, the DNA in these
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heterochromatic regions also is methylated, contributing
to the formation of heterochromatin. Components of the
RNAi system are also required for the formation of hete-
rochromatin at centromeres and the proper function of cen-
tromeres in S. pombe, plants, and cultured mammalian
cells. Centromeres from most organisms contain highly
repetitive DNA sequences. Consequently, the RNAi system
that leads to heterochromatization of repeated genes in
S. pombe and plants may be exploited generally by most
eukaryotes for the proper formation of the DNA-protein
kinetochore complex formed at centromeres and critical for
cell division (Chapter 20).

Cytoplasmic Polyadenylation Promotes
Translation of Some mRNAs
In addition to repression of translation by miRNAs, other
protein-mediated translational controls help regulate expres-
sion of some genes. Regulatory sequences, or elements, in
mRNAs that interact with specific proteins to control transla-
tion generally are present in the untranslated region (UTR) at
the 3' or 5' end of an mRNA. Here we discuss a type of pro-
tein-mediated translational control involving 3' regulatory ele-
ments. A different mechanism involving RNA-binding proteins
that interact with 5' regulatory elements is discussed later.

Translation of many eukaryotic mRNAs is regulated by
sequence-specific RNA-binding proteins that bind coopera-
tively to neighboring sites in 3' UTRs. This allows them to
function in a combinatorial manner, similar to the cooperative
binding of transcription factors to regulatory sites in an en-
hancer or promoter region. In most cases studied, translation
is repressed by protein binding to 3' regulatory elements and
regulation results from derepression at the appropriate time or
place in a cell or developing embryo. The mechanism of such
repression is best understood for mRNAs that must undergo
cytoplasmic polyadenylation before they can be translated.

Cytoplasmic polyadenylation is a critical aspect of gene

expression in the early embryo of animals. The egg cells
(oocytes) of multicellular animals contain many mRNAs,
encoding numerous different proteins, that are not trans-
lated until after the egg is fertilized by a sperm cell. Some of
these "stored" mRNAs have a short poly(A) tail, consisting
of only -20-40 A residues, to which just a few molecules of
cytoplasmic poly(A)-binding protein (PABPI) can bind. As
discussed in Chapter 4, multiple PABPI molecules bound to
the long poly(A) tail of an mRNA interact with the eIF4G
initiation factor, thereby stabilizing the interaction of the
mRNA 5' cap with eIF4E, which is required for translation
initiation (see Figure 4-28b). Because this stabilization can-
not occur with mRNAs that have short poly(A) tails, such
mRNAs stored in oocytes are not translated efficiently. At
the appropriate time during oocyte maturation or after fer-

tilization of an egg cell, usually in response to an external
signal, approximately 150 A residues are added to the short
poly(A) tails on these mRNAs in the cytoplasm, stimulating
their translation.

Recent studies with mRNAs stored in Xenopus oocytes
have helped elucidate the mechanism of this type of transla-

tional control. Experiments in which short-tailed mRNAs

are injected into oocytes have shown that two sequences in

their 3' UTR are required for their polyadenylation in the
cytoplasm: the AAUAAA poly(A) signal that is also required
for the nuclear polyadenylation of pre-mRNAs and one or

more copies of an upstream U-rich cytoplasmic polyadenyla-

tion element (CPE). This regulatory element is bound by a
highly conserved CPE-binding protein (CPEB) that contains

an RRM domain and a zinc-finger domain.
According to the current model, in the absence of a stim-

ulatory signal, CPEB bound to the U-rich CPE interacts with

the protein Maskin, which in turn binds to eIF4E associated

with the mRNA 5' cap (Figure 8-28,left). As a result' eIF4E

cannot interact with other initiation factors and the 40S

Trans la t iona l l y  dormant

A FIGURE 8-28 Model for control of cytoplasmic
pofyadenylation and translation init iation. (Left) ln immature
oocytes, mRNAs containing the U-rich cytoplasmic polyadenylation
element (CPE) have short poly(A) tails CPE-binding protein (CPEB)
mediates repression of translation through the interactions depicted,
which prevent assembly of an init iation complex at the 5' end of the
mRNA (R/EIht) Hormone stimulation of oocytes activates a protein
kinase that phosphorylates CPEB, causrng it to release Maskin The

Translat ional ly act ive

cleavage and polyadenylation specificity factor (CPSF) then binds
to the poly(A)  s i te ,  in teract ing wi th both bound CPEB and the
cytoplasmic form of poly(A) polymerase (PAP). After the poly(A) tail
is lengthened, multiple copies of the cytoplasmic poly(A)-binding
protein | (PABPI) can bind to it and interact with elF4G, which
functions with other init iation factors to bind the 40S ribosome
subunit and init iate translation lAdapted from R Mendez and J D
Richter. 2001. Nature Rev. Mol Cell Biol 2:521 I
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ribosomal subunit, so translation initiation is blocked. Dur-
ing oocyte maturation, a specific CPEB serine is phosphory-
lated, causing Maskin to dissociate from the complex. This
allows cytoplasmic forms of the cleavage and polyadenyla-
tion specificity factor (CPSF) and poly(A) polymerase to
bind to the mRNA cooperatively with CPEB. Once the
poly(A) polymerase catalyzes the addition of A residues,
PABPI can bind to the lengthened poly(A) tail, leading to the
stabilized interaction of all the participants needed to initiate
translation (Figure 8-28, right; see also Figure 4-28). In the
case of Xenopus oocyte maturation, the protein kinase that
phosphorylates CPEB is activated in response to the hormone
progesterone. Thus timing of the translation of stored mRNAs
encoding proteins needed for oocyte maturation is regulated
by this external signal.

Considerable evidence indicates that a similar mecha-
nism of translational control plays a role in learning and
memory. In the central nervous system, the axons from a
thousand or so neurons can make connections (synapses)
with the dendrites of a single postsynaptic neuron (Figure
23-23). When one of these axons is stimulated, the postsy-
naptic neuron "remembers" which one of these thousands of
synapses was stimulated. The next time that synapse is stim-
ulated, the strength of the response triggered in ihe postsy-
naptic cell differs from the first time. This change in response
has been shown to result largely from the translational acti-
vation of mRNAs stored in the region of the synapse, lead-
ing to the local synthesis of new proteins that increase the
size and alter the neurophysiological characteristics of the
synapse. The finding that CPEB is present in neuronal den-
drites has led to the proposal that cytoplasmic polyadenyla-
tion stimulates translation of specific mRNAs in dendrites,
much as it does in oocytes. In this case, presumably, synaptic
activity (rather than a hormone) is the signal that induces
phosphorylation of CPEB and subsequent activation of
translation.

Degradation of mRNAs in the Cytoplasm
Occurs by Several Mechanisms
The concentration of an mRNA is a function of both its rate
of synthesis and its rate of degradation. For this reason, if
two genes are transcribed at the same rate, the steady-state
concentration of the corresponding mRNA that is more
stable will be higher than the concentration of the other. The
stability of an mRNA also determines how rapidly synthesis
of the encoded protein can be shut down. For a stable
mRNA, synthesis of the encoded protein persists long after
transcription of the gene is repressed. Most bacterial mRNAs
are unstable, decaying exponentially with a typical half-life
of a few minutes. For this reason, a bacterial cell can rapidly
adjust the synthesis of proteins to accommodate changes in
the cellular environment. Most cells in multicellular organ-
isms, on the other hand, exist in a fairly constant environ-
ment and carry out a specific set of functions over periods of
days to months or even the lifetime of the organism (nerve
cells, for example). Accordingly, most mRNAs of higher
eukaryotes have half-lives of many hours.

However, some proteins in eukaryotic cells are required
only for short periods and must be expressed in bursts. For
example, as discussed in the chapter introduction, certain
signaling molecules called cytokines, which are involved in
the immune response of mammals, are synthesized and se-
creted in short bursts. Similarly, many of the transcriprion
factors that regulate the onset of the S phase of the cell cycle,
such as c-Fos and c-Jun, are synthesized for brief periods
only (Chapter 20). Expression of such proteins occurs in
short bursts because transcription of their genes can be rap-
idly turned on and off, and their mRNAs have unusually
short half-lives, on the order of 30 minutes or less.

Cytoplasmic mRNAs are degraded by one of the three
pathways shown in Figure 8-29. For most mRNAs, the
deadenylation-dependent patbway is followed: the length

Decapping pathway
(deadenylation-independent)

AAAAAA

Deadenylation-dependent
pathways

AAAAAA

Endonucleolytic
pathway

AAAAAA

I e.oonu"leotytic

I 
creavase

A FIGURE 8-29 Pathways for degradation of eukaryotic exonuclease or (2) be degraded by a 3' -+ 5' exonuclease in
mRNAs. ln the deadenylation-dependenl(niddle) pathways, the cytoplasmic exosomes. Some mRNAs (right) are cleaved internally by
poly(A) tail is progressively shortened by a deadenylase (orange) unti l an endonuclease and the fragments degraded by an exosome. Other
it reaches a length of 20 or fewer A residues, at which point the mRNAs (/eft) are decapped before they are deadenylated and then
interaction with PABPI is destabil ized, leading to weakened interactions degraded by a 5' + 3' exonuclease. lAdapted from M Tucker and
between the 5' cap and translation-initiation factors. The deadenylated R parker, 2ooo, Ann Rev. Biochem 69:571 I
mRNA then may either (1) be decapped and degraded by a 5, -+ 3,
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of the poly(A) tail gradually decreases with time through
the action of a deadenylating nuclease. Sfhen it is short-
ened sufficiently, PABPI molecules can no longer bind and
stabil ize the interaction of the 5' cap and translation init i-
ation factors (see Figure 4-28b). The exposed cap then is
removed by a decapping enzyme (Dcp1/Dcp2 in S. cere-
uisiae), and the unprotected mRNA is degraded by a 5' -+

3' exonuclease (Xrn1 in S. cereuisiae). Removal of the
poly(A) tail also makes mRNAs susceptible to degradation
by cytoplasmic exosomes containing 3' -+ 5'exonucleases.
The 5' J 3' exonucleases predominate in yeast, and the
3' -+ 5' exosome predominates in mammalian cells. The
decapping enzymes and 5' -+ 3' exonuclease are concen-
trated in the P bodies, regions of the cytoplasm of unusu-
ally high density (see Figure 8-31).

Some mRNAs are degraded primarily by a deadenyla-
tion-independent decapping pathway (see Figure 8-29). This
is because certain sequences at the 5' end of an mRNA seem
to make the cap sensitive to the decapping enzyme. For these
mRNAs, the rate at which they are decapped controls the
rate at which they are degraded because once the 5' cap is re-
moved, the RNA is rapidly hydrolyzed by the 5' -+ 3' ex-
onuclease.

The rate of mRNA deadenylation varies inversely with
the frequency of translation initiation for an mRNA: the
higher the frequency of init iation, the slower the rate of
deadenylation. This relation probably is due to the recipro-
cal interactions between translation initiation factors bound
at the 5' cap and PABPI bound to the poly(A) tail. For an
mRNA that is translated at a high rate, initiation factors are
bound to the cap much of the time, stabilizing the binding of
PABPI and thereby protecting the poly(A) tail from the
deadenylation exonuclease.

Many short-lived mRNAs in mammalian cells contain mul-
tiple, sometimes overlapping copies of the sequence AUUUA
in their 3'-untranslated region. Specific RNA-binding pro-
teins have been found that both bind to these 3' AU-rich
sequences and also interact with a deadenylating enzyme
and with the exosome. This causes rapid deadenylation and
subsequent 3' --> 5' degradation of these mRNAs. In this
mechanism, the rate of mRNA degradation is uncoupled
from the frequency of translation. Thus mRNAs containing
the AUUUA sequence can be translated at high frequency yet
also be degraded rapidly, allowing the encoded proteins to
be expressed in short bursts.

As shown in Figure 8-29, some mRNAs are degraded
by an endonwcleolytic pathuay that does not involve de-
capping or significant deadenylation. One example of this
type of pathway is the RNAi pathway discussed above (see
Figure 8-25) .  Each s iRNA-RISC complex can degrade
thousands of targeted RNA molecules. The fragments
generated by internal cleavage then are degraded by
exonucreases.

P Bodies As mentioned above, P bodies are sites of transla-
tional repression of mRNAs bound by miRNA-RISC com-
plexes. They are also the major sites of mRNA degradation
in the cytoplasm. These dense regions of cytoplasm contain

the decapping enzyme (Dcp1/Dcp2 in yeast), activators of
decapping (Dhh, Pat1, Lsml-7 in yeast), the major 5' -+ 3'
exonuclease (Xrn1), as well as densely associated mRNAs.
P bodies are dynamic structures that grow and shrink in size
depending on the rate at which mRNPs associate with them,
the rate at which mRNAs are degraded, and the rate at
which mRNPs exit P bodies and reenter the pool of trans-
lated mRNPs.

Protein Synthesis Can Be Globally Regulated

Like proteins involved in other processes, translation initia-
tion factors and ribosomal proteins can be regulated by post-
translational modifications such as phosphorylation. Such
mechanisms affect the translation rate of most mRNAs and
hence the overall rate of cellular protein synthesis.

TOR Pathway The TOR pathway was discovered through
research into the mechanism of action of rapamycin, an an-
tibiotic produced by a strain of Streptomyces bacteria, useful
for suppressing the immune response in organ transplant
patients. The target of rupamycin (TOR)was identified by
isolating yeast mutants resistant to rapamycin inhibition of
cell growth. TOR is a large (-2400 amino acid residue)
protein kinase that regulates several cellular processes in
yeast cells in response to nutritional status. In multicellular
eukaryotes, metazoan TOR (wTOR) also responds to mul-
tiple signals from cell-surface-signaling proteins to coordi-
nate cell growth with developmental programs as well as nu-
tritional status.

Current understanding of the mTOR pathway is summa-
rized in Figure 8-30. Active mTOR stimulates the overall
rate of protein synthesis by phosphorylating two critical pro-
teins that regulate translation directly. mTOR also activates
transcription factors that control expression of ribosomal
components, tRNAs, and translation factors, further activat-
ing protein synthesis and cell growth.

Recall that the first step in translation of a eukaryotic
mRNA is binding of the eIF4 init iation complex to the 5'
cap via its eIF4E cap-binding subunit (see Figure 4-24).
The concentration of active eIF4E is regulated by a small
family of homologous elF4E-binding proteins (4E-BPs)

that inhibit the interaction of eIF4E with mRNA 5' caps.
4E-BPs are direct targets of mTOR. !(hen phosphorylated
by mTOR, 4E-BPs release eIF4E, stimulating translation
init iation. mTOR also phosphorylates and acttvates an-

other protein kinase that phosphorylates the small riboso-
mal subunit protein S6 (S6K) and probably additional sub-

strates, leading to a further increase in the rate of protein

synthesis.
Translation of a specific subset of mRNAs that have a

string of pyrimidines in their 5' untranslated regions (called

TOP mRNAs for tract of oligopyrimidine) is stimulated par-

ticularly strongly by mTOR. The 5'TOP mRNAs encode ri-

bosomal proteins and translation elongation factors. mTOR

also activates the RNA polymerase I transcription factor
TIF1A, stimulating transcription of the large rRNA precursor
(see Section 8.5 below). mTOR also activates transcription
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  FIGURE 8-30 mTOR pathway. mTOR is an active protein kinase
when bound by a complex of Rheb and an associated GTP (/ower
/eff) ln contrast, mTOR is inactive when bound by a complex of Rheb
associated with GDP (lower right). When active, the TSCl/TSC2
Rheb-GTPase activating protein (Rheb-GAP) causes hydrolysis of
Rheb-bound GTP to GDB thereby inactivating mTOR The TSCl/TSC2
Rheb-GAP is activated (arrows) by phosphorylation by AMP kinase
(AMPK) when cellular energy charge is low and by other cellular
stress responses. Signal-transduction pathways activated by cell-
surface groMh factor receptors lead to phosphorylation of inactivating
sites on TSCl/TSC2, inhibit ing its GAP activity Consequently, they
leave a higher fraction of cellular Rheb in the GTP conformation that

by RNA polymerase III, although the mechanism is not
clear. In addition, mTOR activates two RNA polymerase II
activators that stimulate transcription of ribosomal protein
and translation factor genes. Finally, mTOR stimulates
processing of the rRNA precursor (Section 8.5). As a conse-
quence of phosphorylation of these several mTOR sub-
strates, the synthesis and assembly of ribosomes as well as
the synthesis of translation factors and tRNAs are greatly in-
creased. Alternatively, when mTOR kinase activity is inhib-
ited, these substrates become dephosphorylated, greatly
decreasing the rate of protein synthesis and the production
of ribosomes, translation factors, and tRNAs, thus halting
cell growth.

mTOR activity is regulated by a monomeric small G
protein in the Ras protein family called Rheb. Like other
small G proteins, Rheb is in its active conformation when it
is bound to GTP. Rheb .GTP binds the mTOR complex.

activates mTOR protein kinase activity. Low nutrient concentratton
also regulates Rheb GTPase activity by a mechanism that does not
require TSCl/TSC2 Active mTOR phosphorylates 4E-BP, causing it to
release elF4E, stimulating translation init iation lt also phosphorylates
and activates 56 kinase (S6K), which in turn phosphorylates ribosomal
proteins, stimulating translation. Activated mTOR also activates
transcr ipt ion factors for  RNA polymerases l ,  l l ,  and l l l ,  leading to
synthesis and assembly of ribosomes, tRNAs, and translation factors
In the absence of mTOR activity, all of these processes are inhibited
In contrast ,  act ivated mTOR inhib i ts  macroautophagy,  which is
stimulated in cells with inactive mTOR [Adapted from S Wullschleger
et al, 2006, Cell 124:471 l

activating mTOR kinase activity, probably by inducing a
conformation change in its kinase domain. Rheb is in turn
regulated by a heterodimer composed of subunits TSCl and
TSC2, named for their involvement in the medical syn-
drome /uberous sclerosis complex, as discussed below. In
the active conformation, the TSC1/TSC2 heterodimer func-
tions as a GTPase activating protein for Rheb (Rheb-GAP),
causing hydrolysis of the Rheb-bound GTP to GDP. This
converts Rheb to its GDP-bound conformation, which
binds to the mTOR complex and inhibits its kinase activiry.
Finally, the activity of the TSCI 1TSC2 Rheb-GAP is regu-
lated by several inputs, allowing the cell to integrate differ-
ent cellular signaling pathways to control the overall rate of
protein synthesis. Signaling from cell-surface growth factor
receptors leads to phosphorylation of TSCIiTSC2 at in-
hibitory sites, causing an increase in Rheb'GTP and activa-
tion of mTOR kinase activity. This type of regulation
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through cell-surface receptors l inks the control of cell
growth to developmental processes controlled by cell-cell
rnteractrons.

mTOR activity also is regulated in response to nutri-

tional status. When energy from nutrients is not sufficient
for cell growth, the resulting fall in the ratio of ATP to AMP
concentrations is detected by the AMP kinase. The activated
AMP kinase phosphorylates TSCIiTSC2 at activating sites,

stimulating its Rheb-GAP activity and consequently inhibit-
ing mTOR kinase activity and the global rate of translation.
Hypoxia and other cellular stresses also activate the TSCI/
TSC2 Rheb-GAP. Finally, the concentration of nutrients
in the extracellular space also regulates Rheb by an un-
known mechanism that does not require the TSC1/TSC2
complex.

In addition to regulating the global rate of cellular pro-

tein synthesis and the production of ribosomes, tRNAs, and
translation factors, mTOR regulates at least one other
process involved in the response to low levels of nutrients:
macroautophagy. Starved cells degrade cytoplasmic con-

stituents, including whole organelles, to supply energy and
precursors for essential cellular processes. During this
process alarge, double-membrane structure engulfs a region
of cytoplasm to form an autophagosome, which then fuses
with a lysosome where the entrapped proteins, lipids, and
other macromolecules are degraded, completing the process

of macroautophagy. Activated mTOR inhibits macroau-
tophagy in growing cells when nutrients are plentiful.
Macroautophagy is stimulated when mTOR activity falls in
nutrient-deprived cells.

ff i Genes encoding components of the mTOR pathway

3l a.e mutated in many human cancers, resulting in cell
growth in the absence of normal growth signals. TSCl and
TSC2 (Figure 8-30) were init ially identif ied because one or

the other of the proteins is mutant in a rare human genetic

syndrome: tuberous sclerosis complex. Patients with this

disorder develop benign tumors in multiple tissues. The

disease results because inactivation of either TSCl or TSC2

eliminates the Rheb-GAP activity of the TSC1/TSC2 het-

erodimer, resulting in an abnormally high and unregulated
level of Rheb ' GTP and the resulting high, unregulated ac-

tivity of mTOR. Mutations in components of cell-surface
receptor signal-transduction pathways that lead to inhibi-

t ion of TSC1/TSCZ Rheb-GAP activity are also common

in human tumors and contribute to cell growth and repli-

cation in the absence of normal signals for growth and
proliferation.

High mTOR protein kinase activity in tumors corre-
lates with a poor clinical prognosis. Consequently, mTOR

inhibitors are currently in clinical trials to test their effec-

tiveness for treating cancers in coniunction with other
modes of therapy. Rapamycin and other structurally related

mTOR inhibitors are potent suppressors of the immune re-

sponse because they inhibit activation and replication of

T lymphocytes in response to foreign antigens (Chapter 24).

Several viruses encode proteins that activate mTOR early

after viral infection. The resulting stimulation of transla-

tion has an obvious selective advantage for these cellular

parasites. I

elF2 Kinases eIF2 kinases also regulate the global rate of

cellular protein synthesis. Figure 4-24 summarizes the

steps in translation init iation. Translation init iation fac-

toi eIF2 brings the charged init iator tRNA to the small

ribosome subunit P site. eIF2 is a trimeric G protein and

consequently exists in either a GTP-bound or a GDP-

boundconformation. Only the GTP-bound form of eIF2

is able to bind the charged init iator IRNA and associate

with the small ribosomal subunit. The small subunit with

bound init iation factors and charged init iator IRNA then

interacts with the eIF4 complex bound to the 5' cap of an

mRNA via its eIF4E subunit. The small ribosomal sub-

unit then scans down the mRNA in the 3'direction unti l

i t reaches an AUG init iation codon that can base-pair

with the init iator IRNA in its P site. When this occurs, the

GTP bound by eIFZ is hydrolyzed to GDP and the result-

ing eIF2'GDP complex is released. GTP hydrolysis results

in an irreversible "proofreading" step that prepares the

small ribosomal subunit to associate with the large sub-

unit only when an init iator IRNA is properly bound in

the P site and is properly base-paired with the AUG start

codon. Before eIF2 can participate in another round of

init iation, its bound GDP must be replaced with a GTP.

This process is catalyzed by the translation initiation fac-

tor eIF2B, a guanine nucleotide exchange factor (GEF)

specific for eIF2.
A mechanism for inhibiting general protein synthesis in

stressed cells involves phosphorylation of the eIF2 ct subunit

at a specific serine. Phosphorylation at this site does not in-

terfere with eIF2 function in protein synthesis directly.

Rather, phosphorylated eIF2 has very high affinity for the

eIF2 guanine nucleotide exchange factor, eIF2B' which can-

not rilease the phosphorylated eIF2 and consequently is

blocked from catalyzing GTP exchange of additional eIF2

factors. Since there is an excess of eIF2 over eIF2B, phos-

phorylation of a fraction of elF2 results in inhibition of all

ihe cellular eIF2B. The remaining eIF2 accumulates in its

GDP-bound form, which cannot participate in protein syn-

thesis, thereby inhibiting nearly all cellular protein synthesis'

Howeve! some mRNAs have 5' regions that allow transla-

tion initiation at the low eIF2-GTP concentration that re-

these stress-induced Proteins.
Human cells contain four eIF2 kinases that phosphory-

late the same inhibitory eIF2a serine' Each of these is regu-

lated by a different type of cellular stress, inhibiting protein

synthesis and allowing cells to divert the large fraction of
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cellular resources devoted to protein synthesis in growing
cells for use in responding to the stress.

The GCN2 (general control non-derepressible 2) eIF2-
k inase is  act ivated by b inding uncharged iRNRr.  The con-
centration of uncharged tRNAs increases when cells are
starved for amino acids, activating GCN2 elF2-kinase activ-
ity and greatly inhibiting protein synthesis.

PEK (pancreatic eIF2a kinase) is activated when proteins
translocated into the endoplasmic reticulum (ER) do not
fold properly because of abnormalities in the ER lumen en-
vironment. Inducers include abnormal carbohydrate concen-
tration because this inhibits the glycosylation of many ER
proteins and inactivating mutations in an ER chaperone re-
quired for proper folding of many ER proteins (Chapters 13
and 14) .

Heme-regulated inhibitor (HRI) is activated in develoo-
ing red blood cells when the supply of heme prostheric
group is too low to accommodate the rate of globin protein
synthesis. This negative feedback loop lowers the rate of
globin protein synthesis until ir matches the rate of heme
synthesis. HR1 is also activated in other types of cells in
response to oxidative stress or heat shock.

Finally, protein kinase RNA activated (pKR) is acivated
by double-stranded RNAs longer than -30 base pairs. Un-
der normal circumstances in mammalian cells, such double-
stranded RNAs are produced only during a viral infection.
Long regions of double-stranded RNA are generated in
replication intermediates of RNA viruses or from hy-
bridization of complementary regions of RNA transcribed
from both strands of DNA virus genomes. Inhibit ion of
protein synthesis prevents the production of progeny viri-
ons, protecting neighboring cells from infection. Inrerest-
inglS adenoviruses evolved a defense against pKR: they
express prodigious amounts of an -1,60-nucleotide virus-
associated (VA) RNA with long double-stranded hairpin
regions. VA RNA is transcribed by RNA polymerase III and
exported from the nucleus by Exportin5, the exportin for
pre-miRNAs (see Figure 8-27).VA RNA binds to pKR with
high affinity, inhibiting its protein kinase activity and pre-
venting the inhibition of protein synthesis observed in iells
infected with a mutant adenovirus from which the VA gene
was deleted.

Sequence-Specif ic RNA-Binding proteins Control
Specif ic mRNA Translation
In contrast to global mRNA regulation, mechanisms have
also evolved for conrolling the translation of certain specific
mRNAs. This is usually done by sequence-specific RNA-
binding proteins that bind to a particular sequence or RNA

Control of intracellular iron concentratio n by the iron
response element-binding protein (IRE-BP) is an elegant
example of a single protein that regulates the translation of
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one mRNA and the degradation of another. precise regula-
tion of cellular iron ion concentration is crit ical to the cell.
Multiple enzymes and proteins contain Fe2* as a cofactor,
such as enzymes of the Krebs cycle (see Figure 12-10) and
electron-carrying proteins involved in the generation of
ATP by mitochondria and chloroplasts (Chapter 12). On
the other hand, excess Fe2* generates free radicals that re-
act with and damage cellular macromolecules. Ifhen intra-
cellular iron srores are low, a dual-control system operates
to increase the level of cellular iron; when iron is in excess,
the system operates to prevent accumulation of toxic levels
of free ions.

One component in this system is the regulation of the
production of ferritin, an intracellular iron-binding protein
that binds and stores excess cellular iron. The 5' untranslated
region of ferritin mRNA contains iron-response elements
(IREs) that have a stemJoop structure. The IRE-binding pro-
tein (IRE-BP) recognizes five specific bases in the IRE loop
and the duplex nature of the stem. At low iron concentra-
tions, IRE-BP is in an active conformation that binds to the
IREs (Figure 8-31a). The bound IRE-BP blocks the small
ribosomal subunit from scanning for the AUG start codon
(see Figure 4-24), thereby inhibiting translation initiation.
The resulting decrease in ferritin means less iron is com-
plexed with the ferritin and is therefore available to iron-
requiring enzymes. At high iron concentrations, IRE-BP is in
an inactive conformation that does not bind to the 5, IREs,
so translation initiation can proceed. The newly synthesized
ferritin then binds free iron ions, preventing their accumula-
tion to harmful levels.

The other part of this regulatory system controls the
import of iron into cells. In vertebrates, ingested iron is
carried through the circulatory system bound to a protein
called transferrin. After binding to the transferrin receptor
(TfR) in the plasma membrane, the transferrin-iron com-
plex is brought into cells by receptor-mediated endocyto-
sis (Chapter 14). The 3' untranslated region of TfR
mRNA contains IREs whose stems have AU-rich destabi-
l izing sequences (Figure 8-31b). At high iron concentra-
tions, when the IRE-BP is in the inactive, nonbinding con-
formation, these AU-rich sequences promote degradation
of TfR mRNA by the same mechanism that leads to rapid
degradation of other short-l ived mRNAs, as described
previously. The resulting decrease in production of the
transferrin receptor quickly reduces iron import, thus pro-
tecting the cell from excess iron. At low iron concenrra-
tions, however, IRE-BP can bind to the 3, IREs in TfR
mRNA. The bound IRE-BP blocks recognition of the
destabil izing AU-rich sequences by the proteins that
would otherwise rapidly degrade the mRNAs. As a result,
production of the transferrin receptor increases and more
iron is brought into the cell.

Other regulated RNA-binding proteins may also func-
tion to control mRNA translation or degradation, much like
the dual-acting IRE-BP. For example, a heme-sensitive RNA-
binding protein controls translation of the mRNA encoding
aminolevulinate (ALA) synthase, a key enzyme in the syn-
thesis of heme. In vitro studies have shown that the mRNA
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A FIGURE 8-31 lron-dependent regulation of mRNA translation
and degradation. The iron response element-binding protein
(lRE-BP) controls translation of ferrit in mRNA (a) and degradatton
of transferrin-receptor (TfR) mRNA (b) At low intracellular iron
concentrations IRE-BP binds to iron-response elements (lREs) in

the 5' or 3' untranslated region of these mRNAs. At high iron
concentrations, IRE-BP undergoes a conformational change and
cannot brnd either mRNA The dual control by IRE-BP precisely
regulates the level of f ree iron ions within cells. See the text for
discussion.

encoding the milk protein casein is stabilized by the hor-

mone prolactin and rapidly degraded in its absence.

Surveil lance Mechanisms Prevent Translation
of lmproperly Processed mRNAs

Translation of an improperly processed mRNA could lead to

the translation of improperly processed mRNA molecules. We

have previously mentioned two such surveillance mechanisms:

the recognition of improperly processed pre-mRNAs in the

nucleus and their degradation by the exosome and the general

restriction against nuclear export of incompletely spliced

pre-mRNAs that remain associated with a spliceosome.

Another mechanism called nonsense-mediated decay

causes degradation of mRNAs in which one or more exons

have been incorrectly skipped during splicing. Such exon skip-

ping often will alter the open reading frame of the mRNA 3' to

ih.i-ptop"t exon junction, resulting in introduction of out-of-

frame miJsense mutations and an incorrect stop codon' For

nearly all properly spliced mRNAs' the stop codon is in the last

."otr. Th. p.ocess of nonsense-mediated decay (NMD) results

in the rapid degradation of mRNAs with stop codons that oc-

cur before the last splice junction in the mRNA since in most

cases, such mRNAs arise from errors in RNA splicing

A search for possible molecular signals that might indi-

cate the positions of splice junctions in a processed mRNA

led to thi discovery of exon-junction complexes. As noted

tants indicate that one of the proteins in exon-junction com-

plexes (Upf3) functions in nonsense-mediated decay' In the

iytoplasm, this component of exon-junction complexes in-

teracts with a protein (Upf 1) that causes the mRNA to asso-

ciate with P bodies, repressing translation of the mRNA' An

with the mRNA, resulting in nonsense-mediated decay'

Localization of mRNAs Permits Production

of Proteins at Specif ic Regions Within

the Cytoplasm

the 3' untranslated region of the mRNA'

As mentioned earlier, in neurons, localization of specific

lREs

5' A^ JF No translation
in i t ia t ion

(b )T fR mRNA lREs

5' A" aF

An +

Translated
ferr i t i  n

AU-rich region
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  EXPERIMENTAL FTGURE 8-32 A specific neuronal mRNA
focafizes to synapses. Sensory neurons from the sea slug Aplysia
californica-among the largest neurons in the animal kingdom_
were cultured with target motor neurons so that processes from the
sensory neuron formed synapses with processes from the motor
neuron. The micrograph at the left shows motor neuron processes
visualized with a blue fluorescent dye GFp-VAMp (green) was
expressed In sensory neurons and marks the location of synapses
formed between sensory and motor neuron processes (arrows). The
micrograph on the right shows red fluorescence from in situ
hybr id izat ion of  an ant isensor in mRNA probe Sensorrn rs  a
neurotransmrtter expressed by the sensory neuron only; sensory
neuron processes are not otherwise visualized in this preparation, but
they l ie adjacent to the motor neuron processes. The in situ
hybridization results indicate that sensorin mRNA is localized to
synapses [From V Lyles, y Zhao, and K C Martin. 2006, Neuron 49:3231

properties of this one synapse out of hundreds to thousands
of synapses made by a neuron.

example of this mechanism of mRNA localization occurs dur_
ing cell division in S. cereuisiap- as we describe in Chapter 21.

r Both miRNAs and siRNAs contain 21-23 nucleotides,
are generated from longer precursor molecules, and are
assembled into a multiprotein RNA-induced silencing
complex (RISC) that either represses translation of target
mRNAs or cleaves them (see Figures 8-26 and 8-27).

r Cytoplasmic polyadenylation is required for translation of
mRNAs with a short poly(A) tail. Binding of a specific pro-
tein to regulatory elements in their 3' UTRs represses transla-
tion of these mRNAs. Phosphorylation of rh[ RNA-binding
protein, induced by an external signal, leads to lengthening of
the 3' poly(A) tail and translation (see Figure 8-29).

Most mRNAs are degraded as the result of the gradual
ortening of their poly(A) tail (deadenylation) followed by

exosome-mediated 3' -+ 5' digestion or removal of the 5'
cap and digestion by a 5' -+ 3' exonuclease (see Figure 8-30).

Eukaryotic mRNAs encoding proteins that are expressed
short bursts generally have repeated copies of an AU-rich

sequence in their 3' UTR. Specific proteins that bind to these
elements also interact with the deadenylating enzyme and cy-
toplasmic exosomes, promoting rapid RNA degradation.

r Binding of various proteins to regulatory elements in the
3' or 5' UTRs of mRNAs regulates the translation or degra-
dation of many mRNAs in the cytoplasm.

r Translation of ferritin mRNA and degradation of trans-
ferrin receptor (TfR) mRNA are both regulated by the same
iron-sensitive RNA-binding protein. At low iron concentra-
tions, this protein is in a conformation that binds to specific
elements in the mRNAs, inhibiting ferritin mRNA transla-
tion or degradation of TfR mRNA (see Figure 8-32). This
dual control precisely regulates the iron level within cells.
r Nonsense-mediated decay and other mRNA surveillance
mechanisms prevent the translation of improperly processed
mRNAs encoding abnormal proteins that might interfere
with functioning of the corresponding normal proteins.

r Some mRNAs are directed to specific subcellular loca-
tions by sequences usually found in the 3, UTR, leading to
localization of the encoded proteins.

ff,l Processing of rRNA and IRNA
Approximately 80 percent of the total RNA in rapidly grow-
ing mammalian cells (e.g., cultured HeLa cells) is rRNA, and
15 percent is IRNA; protein-coding mRNA rhus consrrtutes
only a small portion of the total RNA. The primary tran-
scripts produced from most rRNA genes and from IRNA
genes, like pre-mRNAs, are extensively processed to yield
the mature, functional forms of these RNAs.

dination of all three nuclear RNA polymerases. The 2gS and
5.8S rRNAs associated with the large ribosomal subunit and
the single 18S rRNA of the small subunit are transcribed by

Cytoplasmic Mechanisms of post-transcriptional
Control

r Translation can be repressed by micro-RNAs (miRNAs),
which form imperfect hybrids with sequences in the 3, un_
translated region (UTR) of specific target mRNAs.
r The related phenomenon of RNA interference, which
probably evolved as an early defense system against viruses
and transposons, Ieads to degradation of mRNAs that
form perfect hybrids with short interferins RNAs (siRNAs).
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RNA polymerase I. The 55 rRNA of the large subunit is tran-

scribed by RNA polymerase III, and the mRNAs encoding the

ribosomal proteins are transcribed by RNA polymerase II. In

addition to the four rRNAs and :70 ribosomal proteins' at

least 150 other RNAs and proteins interact transiently with

the two ribosomal subunits during their assembly through a

series of coordinated steps. Furthermore, multiple specific

bases and riboses of the mature rRNAs are modified to opti-
mize their function in protein synthesis. Although most of the

steps in ribosomal subunit synthesis and assembly occur in the
nucleolus (a subcompartment of the nucleus not bounded by a
membrane), some occur in the nucleoplasm during passage

from the nucleolus to nuclear pore complexes. A quality-control

step occurs before nuclear export so that only fully functional

subunits are exported to the cytoplasm, where the final steps

of ribosome subunit maturation occur. tRNAs also are
processed from precursor primary transcripts in the nucleus

and modified extensively before they are exported to the cyto-
plasm and used in protein synthesis. First we'll discuss the pro-

cessing and modification of rRNA and the assembly and

nuclear export of ribosomes. Then we'll consider the process-

ing and modification of tRNAs.

Pre-rRNA Genes Funct ion as Nucleolar
Organizers and Are Simi lar  in  Al l  Eukaryotes

The 28S and 5.8S rRNAs associated with the large (605)

ribosomal subunit and the 18S rRNA associated with the

small (40S) ribosomal subunit in higher eukaryotes (and the
functionally equivalent rRNAs in all other eukaryotes) are

encoded by a single type of pre-rRNA transcription unit. In

human cells, transcription by RNA polymerase I yields a 45S
(:13.7 kb)  pr imary t ranscr ipt  (pre-rRNA),  which is

processed into the mature 285, 18S, and 5.8S rRNAs found

in cytoplasmic ribosomes. Sequencing of the DNA encoding
pre-rRNA from many species showed that this DNA shares

several properties in all eukaryotes. First, the pre-rRNA
genes are arranged in long tandem arrays separated by non-

transcribed spacer regions ranging in length from :2 kb in

frogs to :30 kb in humans (Figure 8-33). Second, the
genomic regions corresponding to the three mature rRNAs

are always arranged in the same 5' -> 3' order: 18S, 5'8S' and
28S. Third, in all eukaryotic cells (and even in bacteria), the
pre-rRNA gene codes for regions that are removed during
processing and rapidly degraded. These regions probably

contribute to proper folding of the rRNAs but are not re-

quired once the folding has occurred. The general structure
of pre-rRNAs is diagrammed in Figure 8-34.

The synthesis and most of the processing of pre-rRNA

occurs in the nucleolus. Sfhen pre-rRNA genes init ially

were identif ied in the nucleolus by in situ hybridization, it

was not known whether any other DNA was required to

form the nucleolus. Subsequent experiments with transgenic

Drosophila strains demonstrated that a single complete
pre-rRNA transcription unit induces formation of a small

nucleolus. Thus a single pre-rRNA gene is sufficient tobe a nu-

cleoldr organizer, and all the other components of the ribo-

some diffuse to the newly formed pre-rRNA. The structure

Nuc leo la r
chromatin

a EXPERIMENTAL FIGURE 8-33 Electron micrograph of pre'

rRNA transcription units from the nucleolus of a frog oocyte.

Each "feather" represents multiple pre-rRNA molecules associated

with protein in a pre-ribonucleoprotein complex (pre-RNP) emerging

from a transcrrption unit. Note the dense "knob" at the 5'-end of each

nascent pre-RNP thought to be a processome Pre-rRNA transcription

units are arranged in tandem, separated by nontranscribed spacer

regions of nucleolar chromatin. [Courtesy of Y osheim and O J Miller, Jr]
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A FIGURE 8-34 General structure of eukaryotic pre-rRNA

transcription units. The three coding regions (red) encode the 1 85,

5 8S, and 28S rRNAs found in ribosomes of higher eukaryotes or

their equivalents in other species The order of these coding regions

in the genome is always 5' -+ 3' Variations in the lengths of the

transcribed spacer regions (blue) account for the major difference in

the lengths of pre-rRNA transcription units in different organisms'
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of the nucleolus observed by light and electron microscopy
results from the processing of pre-RNA and the assembly of
ribosomal subunits.

Smal l  Nucleolar  RNAs Assis t  in  processing
Pre-rRNAs
Ribosomal subunit assemblg maturation, and export to the
cytoplasm are best understood in the yeast S. cereuisiae.
However, nearly all the proteins and RNAs involved are
highly conserved in multicellular eukaryotes, where the funda-
mental aspects of ribosome biosynthesis are likely to be the
same. As for pre-mRNAs, nascent pre-rRNA uanscnprs are
immediately bound by proteins, forming preribosomal ribonu-
cleoprotein particles (pre-rRNPs). For reasons not yet known,
cleavage of the pre-rRNA does not begin until transcription of

the pre-rRNA is nearly complete. In yeast, it takes approxi-
mately six minutes for a pre-rRNA to be transcribed. Once
transcription is complete, the rRNA is cleaved, and bases
and riboses are modified in about 10 seconds. In a rapidly
growing yeast cell, -40 pairs of ribosomal subunits are syn-
thesized, processed, and transported to the cytoplasm every
second. This extremely high rate of ribosome synthesis in the
face of the seemingly long period required to transcribe a
pre-rRNA is possible because pre-rRNA genes are packed
with RNA polymerase I molecules transcribing the same
gene simultaneously (see Figure 8-33) and because there are
100-200 such genes on chromosome XII, the yeast nucleolar
otganrzeL

The primary transcript of -7 kb is cut in a series of cleav-
age and exonucleolytic steps that ultimately yield the mature
rRNAs found in ribosomes (Figure 8-35). During processing,

35S

Exosome

-
185 25S

  FIGURE 8-35 rRNA processing. Endoribonucleases that make
internal cleavages are represented as scissors. Exoribonucleases that
digest from one end, either 5, or 3,, are shown as pac-Men. Most 2,_
O-ribose methylation (CH:) and generation of pseudouridines in the

20s - 275A2
I  Xrn l

r.vrc'ea' 
I  Ratl

expor r  I

or S.8SL 2SS

rRNAs occurs fol lowing the init ial  cleavage at the 3, end, before
the init ial  cleavage at the 5' end Proteins and snoRNps known to
part icipate in these steps are indicated. lFromJ Venema and D Tollervev.
1999, Ann Rey Genefics 33:261 I

5.8Ss
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A FIGURE 8-36 SnoRNP-directed modification of pre-rRNA.
(a) A snoRNA called box C+D snoRNA is involved in ribose 2'-O-
methylation. Sequences in this snoRNA hybridize to two different
regions in the pre-rRNA, directing methylation at the indicated sites
(b) Box H+ACA snoRNAs fold into two stem loops with internal

pre-rRNA also is extensively modified, mostly by methylation

of the 2'-hydroxyl group of specific riboses and conversion of

specific uridine residues to pseudouridine. These post-tran-

scriptional modifications of rRNA are probably important for

protein synthesis because they are highly conserved. Mrtually

all of these modifications occur in the most conserved core

structure of the ribosome, which is directly involved in protein

synthesis. The positions of the specific sites of 2'-O-methyla-

tion and pseudouridine formation are determined by approx-

imately 150 different small nucleolus-restricted RNA species,

called small nucleolar RNAs (snoRNAs), which hybridize

transiently to pre-rRNA molecules. Like the snRNAs that

function in pre-mRNA processing, snoRNAs associate with

proteins, forming ribonucleoprotein particles called snoRNPs.

One class of more than 40 snoRNPs (box C+D snoRNAs)

positions a methyltransferase enzyme near methylation sites in

the pre-mRNA. The multiple different box C+D snoRNAs

direct methylation at multiple sites through a similar mecha-

nism. They share common sequence and structural features

and are bound by a common set of proteins. One or two re-

gions of each of these snoRNAs are precisely complementary

to sites on the pre-rRNA and direct the methyltransferase to

specific riboses in the hybrid region (Figure 8-36a). A second

maior class of snoRNPs (box H+ACA snoRNAs) positions

the enzyme that converts uridine to pseudouridine' This

conversion involves rotation of the pyrimidine ring (Figure

8-36c). Bases on either side of the modified uridine in the pre-

rRNA base-pair with bases in the bulge of a stem in the

H+ACA snoRNAs, leaving the modified uridine bulged out

OH OH
Pseudouridine

single-stranded bulges in the stems. Pre-rRNA hybridizes to the

single-stranded bulges, demarcating a site of pseudouridylation'
(c) Conversion from uridine to pseudouridine directed by the box

H +ACA snoRNAs of part (b). lPart (a) f rom r' Kiss, 2001 , EMBO J

20:3617 Part (b) from U I Meier, 2005, Chromosoma 114:1 |

of the helical double-stranded region, like the branch point

A bulges out in pre-mRNA spliceosomal splicing (see Figure

8-10). Other modifications of pre-rRNA nucleotides' such as

adenine dimethylation, are carried out by specific proteins

without the assistance of guiding snoRNAs.

The U3snoRNA is assembled into a large snoRNP con-

from pre-mRNAs. Nuclear 5' -+ 3' exoribonucleases (Rat1;

Xrnl) also remove some regions of 5' spacer'

Some snoRNAs are expressed from their own promoters

exist onlv to express snoRNAs from excised introns'

NNon
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  FIGURE 8-37 Ribosomal subunit assembly. Ribosomal
protetns and RNAs in the maturing small and large ribosomal
subunits are deptcted in blue, wrth a shape similar to the icons for
the mature subunits in the cytoplasm Other factors that associate

malns associated with the region that is cleaved into the pre_
cursor of the large ribosomal subunit.

Most of the ribosomal proteins of the small 40S riboso_

subunit occurs in the cytoplasm: exonucleolyric processing
of the 20S rRNA into mature small subunit 1gS rRNA by
the cytoplasmic 5' -+ 3, exoribonuclease Xrnl and the
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transiently with the maturing subunits are depicted in different
colors, as shown in the key fFrom H Tschochner and E Hurt,2OO3. Trends
Cell Biol 13:2551

dimethylation of two adjacent adenines near the 3, end of
18S rRNA by the cytoplasmic enzyme Dim1.

In contrast to the pre-40S particle, the precursor of the
large subunit requires considerably more remodeling through
many more transient interactions with nonribosomal pro-
teins before it is sufficiently mature for export to the cyto-
plasm. Consequently, it takes a considerably longer period
for the maturing 605 subunit to exit the nucleus than for
the 40S subunit (30 minutes compared to 5 minutes for ex-
port of the small subunit in cultured human cells). Multiole
presumptive RNA helicases and small G proteins 

"r. 
urro.i-

ated with the maturing pre-60S subunits. Some RNA heli-
cases are necessary to dislodge the snoRNps that base-pair
perfectly with pre-rRNA over up ro 30 base pairs. Oiher
RNA helicases may function in the disruption of protein-
RNA interactions. The requirement for so many GTpases
suggests that there are many quality-control checkpoints in
the assembly and remodeling of the large subunit RNp,
where one step must be completed before a GTpase is

\

rDNA

rRNA

RNA po lymerase ,

3Q US-associatedfactors

, , j :  U 3 - s n o R N P

Hel icases

S In t ranuc lear  t ranspor t  (Noc  pro te ins)

L-l (J I rases

AAA-type ATPase

O rRNA processing/modif icat ion factors $ Export factors (Nmd3, Nxt1, Ran_GTp)



activated to allow the next step to proceed. Members of the

AAA ATPase family are also bound transiently. This class of

proteins is often involved in large molecular movements and

may be required to fold the complex, large rRNA into the

proper conformation. Some steps in 605 subunit maturation

occur in the nucleoplasm, during passage from the nucleolus

to nuclear pore complexes (see Figure 8-37). Much remains

to be learned about the complex, fascinating, and essential

remodeling processes that occur during formation of the ri-

bosomal subunits.
The large ribosomal subunit is one of the largest struc-

tures to pass through nuclear pore complexes. Maturation of

the large subunit in the nucleoplasm leads to the generation

of binding sites for a nuclear export adapter called Nmd3.

Nmd3 is bound by the nuclear tranporter Exportinl (also

called Crml). This is another quality-control step since only

correctly assembled subunits can bind Nmd3 and be ex-

ported. The small subunit of the mRNP exporter (Nxt1) also

b..o-.t associated with the nearly mature large ribosomal

subunit. These nuclear transporters interact with FG-domains

of FG-nucleoporins. This mechanism allows penetration of

the molecular meshwork that makes up the central channel

of the NPC (see Figure 8-20). Several specific nucleoporins

without FG-domains are also required for ribosomal subunit

export and may have additional functions specific for this

task. The dimensions of ribosomal subunits (-25-30 nm in

diameter) and the central channel of the NPC are compara-

ble, so passage may not require distortion of either the ribo-

somal subunit or the channel. Final maturation of the large

subunit in the cytoplasm includes removal of these export

factors. As for the export of most macromolecules from the

nucleus, including tRNAs and pre-miRNAs (but not most

mRNPs), ribosome subunit export requires the function of a

small G protein called Ran, as discussed in Chapter 13.

Sel f -Spl ic ing Group I  In t rons Were the F i rs t

Examples of Catalyt ic RNA

During the 1970s, the pre-rRNA genes of the protozoan

Tetrahymena thermophila were discovered to contain an

intron. Careful searches failed to uncover even one pre-

rRNA gene without the extra sequence' indicating that splic-

ing is required to produce mature rRNA in these organisms'

In 1,982, in vitro studies showing that the pre-rRNA was

spliced at the correct sites in the absence of any protein pro-

vided the first indication that RNA can function as a cata-

lyst. l ike enzymes.
A whole raft of self-splicing sequences subsequently were

found in pre-rRNAs from other single-celled organisms, in

mitochondrial and chloroplast pre-rRNAs, in several pre-

mRNAs from certain E. coli bacteriophages' and in some

bacterial tRNA primary transcripts. The self-splicing se-

self-splicing intron, designated group II'

The splicing mechanisms used by group I introns, group

II introns, and spliceosomes are generally similar, involving

two transesterification reactions, which require no input of

catalysis. The group I intron functions like a metalloenzyme

to piecisely orient the atoms that participate in the two

transesterification reactions adjacent to catalytic Mg2* ions'

Considerable evidence now indicates that splicing by group

II introns and by snRNAs in the spliceosome also involves

bound catalytic Mg2* ions. In both the group I and II self-

splicing introns and probably in the spliceosome, RNA func-

tions 
"s 

a ribozyme, an RNA sequence with catalytic ability'

Pre-tRNAs Undergo Extensive Modif ication

in the Nucleus

Mature cytosolic tRNAs, which average 75-80 nucleotides in

length, aie produced from larger precursors-(pre-tRNAs) syn-

thesized fy nNe polymerase III in the nucleoplasm' Mature

tRNAs also contain numerous modified bases that are not

an endonucleolytic cleavage specified by the IRNA three-

dimensional structure rather than the start site of transcrip-
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Group I

Self-splicing introns Spliceosome-catalyzed splicing
of pre-mRNA

Spl iceosome

HO-*9

  FIGURE 8-38 Splicing mechanisms in group I and group l l
self-spl icing introns and spl iceosome-catalyzed spl icing of pre_
mRNA. The intron is shown in gray, the exons to be joined in red. In
group I Introns, a guanosine cofactor (G) that is not part of the RNA
chajn associates with the active site. The 3,_hydroxyl group of this
guanosine part icrpates in a transesteri f icat lon reaction with the
phosphate at the 5' end of the intron; this reaction rs anatogous to

. 
As shown in Figure 8-39, the pre-tRNA expressed from

the yeast tyrosine IRNA (tRNATt.; gene contains a 14_base
intron that is not present in mature tRNATy.. Some other
eukaryotic IRNA genes and some archaeal IRNA genes also
contain introns. The introns in nuclear pre_tRNAs are
shorter than those in pre-mRNAs and lack the consensus
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that involving the 2'-hydroxyl groups of branch-site As in group ll
introns and pre-mRNA introns spliced in spliceosomes (see Figure g_g).
The subsequent transesterif ication that l inks the 5, and 3, exons is
s imi lar  in  a l l  three spl ic ing mechanisms Note that  sp l iced_out  group I
introns are l inear structures, unlike the branched intron products in
the other two cases. [Adapted from p A. Sharp, 1987, Science235:769.1

tRNAs generally are associated with proteins and spend
litt le t ime free in the cell, as is also the case for mRNAs
and rRNAs.

Nuclear  Bodies Are Funct ional ty  Specia l ized
Nuclear  Domains
High-resolution visualization of plant- and animal_cell nu_
clei by electron microscopy and subsequent staining with
fluorescently labeled antibodies has revealed domains in
nuclei in addition to chromosome territories and nucleoli.
These specialized nuclear domains, called nuclear bodies. are
not surrounded by membranes but are nonetheless regions
of high concentrarions of specific proteins and RNAs that
form distinct, roughly spherical structures within the nu_
cleus. The most prominent nuclear bodies are nucleoli, the
sites of ribosomal subunit synthesis and assembly discussed
earlier. Several orher types of nuclear bodies also have been
described in structural studies.

Experiments with fluorescently labeled nuclear proteins
have shown that the nucleus is a highly dynamic environ_
ment, with rapid diffusion of proteins through the nucleo_
plasm. Proteins associated with nuclear bodies are often also
observed at lower concentration in the nucleoplasm outside
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Mature tRNATY'
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  FIGURE 8-39 Changes that occur during the processing of

tyrosine pre-tRNA. A 14-nucleotide intron (blue) in the anticodon
loop is removed by splicing A 16-nucleotide sequence (green) at the
5' end is cleaved by RNase P U residues at the 3' end are replaced by

the CCA sequence (red) found in all mature tRNAs Numerous bases

the nuclear bodies, and fluorescence studies indicate that

they diffuse in and out of the nuclear bodies. Based on these

measurements of molecular mobil ity in l iving cells, nuclear

bodies can be mathematically modeled as the expected

steady state for diffusing proteins that interact with suffi-

cient affinity to form self-organized regions of high concen-

trations of specific proteins but with low enough affinity for

each other to be able to diffuse in and out of the structure.

Electron micrographs show these structures appear to be a

heterogeneous, spongelike network of interacting compo-

nents. 
'We 

discuss a few of these nuclear bodies here as ex-

amples of these nuclear domains.

Cajaf Bodies Calal bodies are :0'2-L pm spherical struc-

tures that have been observed in large nuclei for more than a

century (Figure 8-40). Current research indicates that like

nucleoli, Cajal bodies are centers of RNP-complex assembly

for spliceosomal snRNPs and other RNPs. Like rRNAs'

snRNAs undergo specific modifications, such as the conver-

sion of specific uridine residues to pseudouridine and addi-

tion of methyl groups to the 2'-hydroxyl groups of specific

riboses. These post-transcriptional modifications are impor-

tant for the proper assembly and function of snRNPs in pre-

mRNA splicing. These modifications occur in Cajal bodies,

where they are directed by a class of snoRNA-like guide

RNA molecules called scaRNAs (small Caial body-associ-

ated RNAs). There is also evidence that the Caial body is the

site of reassembly of the U4N6NS tri-snRNP complexes

required for pre-mRNA splicing from the free U4, U5, and

in the stem loops are converted to characteristic modified bases

(yellow). Not all pre-tRNAs contain introns that are spliced out during

processing, but they all undergo the other types of changes shown

here D :  d ihydrour id ine;  i l ,  =  pseudour id ine

U6 snRNPs released during the removal of each intron (see

Figure 8-11). Since Cajal bodies also contain a high concen-

,ri io., ol the uTsnRNP involved in the specialized 3'-end

processing of the major histone mRNAs, it is likely that this

pro..r, 
"l'ro 

o..nr. in Calal bodies, as may the assembly of

the telomerase RNP.

3 kDa

,l::l:ll:

A FIGURE 8-40 Nuclear bodies are differentially permeable to

molecules in the bulk nucleoplasm' Each pair of panels shows a

single area through a l iving Xenopus oocyte nucleus, which was

previously injected with fluorescent dextran of the indicated molecular

mass (3-2000 kDa), Each section of the upper panel is a confocal

rmage in which the intensity of f luorescence is a measure of dextran

concentration (i.e., darker areas show regions where dextran has been

excluded). Each section of the lower panel is a differential interference

contrast image of the same field. open arrowheads indicate nucleoli,

closed arrowheads cajal bodies (CBs) with attached nuclear speckles

which are much larger in Xenopus oocytes than in most somatic cells'

Dextrans of low molecular mass (e g., 3 kDa) almost completely

penetrated CBs but were excluded more from nuclear speckles and

nucleoli. Exclusion of dextran increased with molecular mass Bar'

1O pm, [From K E Handwerger,2OO5, Mol Biol Cell 15:2021
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Nuclear Speckles Nuclear speckles were observed with
fluorescently labeled antibodies to snRNp proteins and
other proteins involved in pre-mRNA splicing as -25-50 ir-
regular, amorphous structures 0.5-2 pm in diameter that are
distributed through the nucleoplasm of vertebrate cells.

Promyelocyt ic  Leukemia (pML) Nuclear  Bodies The
PML gene was originally discovered when chromosomal
translocations within the gene were observed in the
leukemic cells of patients with the rare disease promyelol_
cytic leukemia (PML). When antibodies speci?ic for the
PML protein were used in immunofluorescence ml_
croscopy studies, the protein was found to localize to
-10-30 roughly spherical regions 0.3-1 pm in diameter in
the nuclei of mammalian cells. Multiple functions have
been proposed for PML nuclear bodies, but a consensus is

response genes.
Recent results indicate that pML nuclear bodies are

also sites of protein post-translational modification
through the addition of a small, ubiquitin-l ike protein
called SUMOl (small zbiquitin-l ike miiety-1), whlch can
control the activity and subcellular localization of the
modified protein. Many transcriptional rcpressors are
sumoylated, and mutation of their site of sumoylation re_
duces their repression activity. These results suggest that
PML nuclear bodies may be involved in a mechanism of
transcriptional repression that remains to be studied and
understood.

In addition to PML nuclear bodies, the first nuclear bod_
ies to be observed, the nucleoli may have specialized regions
of substructure that are dedicated to functirons other thin ri_
bosome biogenesis. There is evidence that immature SRp ri_
bonucleoprotein complexes involved in protein secretion
and ER membrane insertion (Chapter 13) are assembled in
nucleoli and then exported to the cytoplasm, where their fi_
nal maturation takes place.

Processing of rRNA and IRNA
r. A.l.arg1 precursor pre-rRNA (45S in humans) synthe-
sized by RNA polymerase I undergoes cleavage, exonucle_
olytic digestion, and base modifications to yi.ld -"t.rr.
28S, 185, and 5.8S rRNAs, which associate with ribosomal
proteins into ribosomal subunits.

r Synthesis and processing of pre-rRNA occur in the nu-
cleolus. The 55 rRNA component of the large ribosomal
subunit is synthesized in the nucleoplasm by RNA poly-
merase IIL

r :150 snoRNAs associated with proteins in snoRNps
base-pair with specific sites in pre-RNA, directing ribose
methylation, modification of uridine to pseudouridine, and
cleavage at specific sites during rRNA processing in the
nucleolus.

r Pre-tRNAs synthesized by RNA polymerase III in the
nucleoplasm are processed by removal of the S,-end se-
quence, addition of CCA to the 3' end, and modification of
multiple internal bases (see Figure 8-39).

r Some pre-tRNAs contain a short intron that is removed
by a protein-catalyzed mechanism distinct from the solic-
ing of pre-mRNA and self-splicing introns.

pecies of RNA molecules are associated with pro-
various types of ribonucleoprotein particles both in
leus and after export to the cytoplasm.

r Nuclear bodies are functionally specialized regions in the
nucleus where interacting proteins form self-or ganized,
structures. Many of these, like the nucleolus, are regions of
assembly of RNP complexes.

In this and the previous chapter, we have seen that in eu_

RNA sequences and provides various avenues for regulating
synthesis of a polypeptide chain. Much remains to be
learned about the structure, operation, and regulation of
such complex machines as spliceosomes and the cleavage/
polyadenylation apparatus.

. Recent examples of the regulation of pre-mRNA splic_
ing raise the question of how extracellular signals might
control such events, especially in the nervous system of
vertebrates. A case in point is the remarkable situation in
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of Slo pre-mRNA. The challenging task facing researchers is

to discover how such cell-cell interactions regulate the activ-

ity of RNA-processing factors.
The mechanism of mRNP transport through nuclear

pore complexes poses many intriguing questions. Future re-

search will likely reveal additional activities of hnRNP and

nuclear mRNP proteins and clarify their mechanisms of

action. For instance, there is a small gene family encoding
proteins homologous to the large subunit of the mRNA

exporter. What are the functions of these related proteins?

Do they participate in the transport of overlapping sets of

mRNPs? Some hnRNP proteins contain nuclear-retention

signals that prevent nuclear export when fused to hnRNP

proteins with nuclear-export signals (NESs). How are these

hnRNP proteins selectively removed from processed mRNAs

in the nucleus, allowing the mRNAs to be transported to the

cytoplasm?
The localization of certain mRNAs to specific subcellular

locations is fundamental to the development of multicellular

organisms. As discussed in Chapter 22, during development

an individual cell frequently divides into daughter cells that

function differently from each other. In the language of de-

velopmental biology, the two daughter cells are said to have

different developmental fates. In many cases' this difference

in developmental fate results from the localization of an

mRNA to one region of the cell before mitosis so that after

cell division, it is present in one daughter cell and not the

other. Much exciting work remains to be done to fully un-

derstand the molecular mechanisms controll ing mRNA

localization that are critical for the normal development of

multicellular organisms.
Some of the most exciting and unanticipated discoveries

in molecular cell biology in recent years concern the exis-

tence and function of miRNAs and the process of RNA in-

terference. RNA interference (RNAi) provides molecular cell

biologists with a powerful method for studying gene func-

tion. The discovery of -1000 miRNAs in humans and other

organisms suggests that multiple significant examples of

translational control by this mechanism await to be charac-

terized. Recent studies in S. pombe and plants link similar

short nuclear RNAs to the control of DNA methylation and

the formation of heterochromatin. 
'Will 

similar processes

control gene expression through the assembly of heterochro-

matin in humans and other animals?'What other regulatory

processes might be directed by other kinds of small RNAs?

Since control by these mechanisms depends on base pairing

between miRNAs and target mRNAs or genes' genomic and

bioinformatic methods will probably suggest genes that may

be controlled by these mechanisms. 
'What 

other processes in

addition to translation control ' mRNA degradation, and

heterochromatin assembly might be controlled by miRNAs?

These are iust a few of the fascinating questions con-

cerning RNA processing, post-transcriptional control, and

nuclear transport that will challenge molecular cell biolo-

gists in the coming decades. The astounding discoveries of

entirely unanticipated mechanisms of gene control by

miRNAs remind us that many more surprises are likely in

the future.
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l. Describe three types of post-transcriptional regulation

of protein-coding genes.

2. You are investigating the transcriptional regulation of

not?

3. 
'S(hat 

is the evidence that transcription termination by

RNA polymerase II is coupled to polyadenylation?

4. It has been suggested that manipulation of HIV antiter-

mination might provide for effective therapies in combating

AIDS. 
'S(hat 

effect would a mutation in the TAR sequence

that abolishes Tat binding have on HIV transcription after

HIV infection and why? A mutation in Cdkg that abolishes

activity?

5. Describe how the discovery that introns are removed

during splicing was made. How are the locations of exon-

intron junctions Predicted?
6. \7hat is the difference between hnRNAs' snRNAs,

miRNAs. siRNAs, and snoRNAs?

7. \7hat are the mechanistic similarities between group II

intron self-splicing and spliceosomal splicing? \fhat is the

evidence that there may be an evolutionary relationship be-

tween the two?
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8. rWhere do researchers believe most transcription and
RNA-processing events occur? \fhat is the evidence to suD-
port  th is?

9. You obtain the sequence of a gene containing 10 exons,
9 introns, and a 3' UTR containing a polyadenylation con-
sensus sequence. The fifth intron also contains a polyadeny-
lation site. To test whether both polyadenylation sites are
used, you isolate mRNA and find a longer transcript from
muscle tissue and a shorter mRNA transcript from all other
tissues. Speculate about the mechanism involrred in the oro-
duction of these two transcrlDrs.

11. A protein complex in the nucleus is responsible for
transporting mRNA molecules into the cytoplaim. Describe
the proteins that form this exporter and whar two protern
groups are l ikely behind the mechanism involved in the
directional movement of the mRNp and complex into the
cytosol.

12. RNA knockdown has become a powerful tool in the
arsenal of methods to deregulat. g.n. expression. Briefly
describe how gene expression can be knocked down. What
effect would introducing siRNAs to TSC1 have on human
cells?

L3. Speculate about why plants deficient in Dicer activity
show increased sensitivity to infection by RNA viruses.
14. lVhat is the evidence that some mRNAs are directed to
accumulate in specific subcellular locations?

Analyze the Data

Most humans are infected with herpes simplex virus_1
(HSV-1), the causative agenr of cold sores. The HSV_1
genome encodes about 100 genes, most of which are expressed
in infected host cells at the site of oral sores. The infectious

These latently infected neurons are the source of active

type HSV-1. To determine if LAT functions to block apopto_
sis by encoding a miRNA, the following studies *.r. dtn.
(see Gupta er al., 2006, Nature C+2:52-g5).

a. A cell line was rransfected with an expression vector
that expresses a Pst-Msu (part b, diagram belowl fragment
of the LAT gene. The percentage of these transfecteJ cells
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that then undergo drug-induced cell death was compared to
that of control cells. The experiment was repeated in cells in
which Dicer expression was knocked down using Dicer
siRNA. The data obtained are shown in the graph below.
\fhy did the scientists who conducted this study examine the
effects of silencing Dicer? Under what conditions does the
LAT gene protect the cells from apoptosis?

o
o 6
; 9
6 i 1

n ' G

9 9 )
L C )

^.o !

! cetts transfected with
control expression vector

@ celts transfected with LAr
expresston vector

ffi cetts transfected with LAr
expression vector  and
expressing contro l  s iRNA

! celts transfected with LAr
expression vector  and
expressing Dicer s iRNA

b. Cells were transfected with an expression vector
expressing the Pst-Msu fragment of the LAT gene from
which the region between the two Sty restriction sites was
deleted (ASty; diagram below). Ifhen these cells were in-
duced to undergo apoptosis, they died at the same rate as
did non-transfected cells. In additional studies, cells were
transfected with an expression vector expressing the Sty-Sty
region of the LAT gene. These cells exhibited the same re-
sistance to apoptosis as did cells transfected with the pst-
Msu fragment. What can be deduced from these findings
about the region of the LAT gene required to protect cels
from apoptosis?

| ,  Ps t /Mlu  f ragment
-

F>l Region deleted in ASty

LAT gene

Exon 1 Exon 2

5' -crcGccGccccGcccccGccccccccGGAcccAAGGGGcccccGcccccGeccctli_ g,
I  s t . rn (b 'arm) LOOP S t e m  ( 3 ' a r m )  |

c. RNA encoded within the Sty-Sty region is predicted
to form a stem loop (part b, diagram above). Northern blot
analysis was performed on total-cell RNA isolated from con-
trol cells (mock), cells infected with wild-type HSV-1, cells
infected with an HSV-1 deletion mutant from which the se-
quence between the two Sty sites in the LAT gene was
deleted (ASty), and cells infected with a rescued ASty virus
into which the deleted region was re-inserted into the viral
genome (StyR). The probe used for the Northern blot was
the labeled 3' stem region of the LAT RNA in the Sty-Sty
region, as diagrammed in part (b). The RNAs recognized by
this probe were either -55 nucleotides or 20 nucleotides, as
shown in the Northern blot below. -il/hy were two different-
size RNAs detected? \7hen a second probe was used that
was the labeled 5' stem region of the RNA sequence shown



in part (b), only the -S5-nucleotide RNA was detected.
What can you deduce about the processing of RNA ex-
pressed from the LAT gene? 

'What 
enzyme likely produced

the -55 nucleotide RNA? In what part of the cell? What en-
zyme likely produced the 20-nucleotide RNA? In what part

of the cell?

Control wt HSV-1 A Sty StyR

t fll

d. TGF-B mRNA encodes a protein, transforming
growth factor B, that inhibits cell growth and induces apop-

tosis. The 3' untranslated region (3'-UTR) of TGF-B mRNA

can form an imperfect duplex with RNA encoded by the 5'

stem region of the LAT Sty-Sty domain (miR-LAT), as

shown below. In what way might the expression levels of

TGF-p differ in cells infected with wild-type HSV-1 com-
pared to uninfected cells? 

'What 
can you infer about latent

HSV-1 infections from these studies?

miR-LAr A

| | rGF-B-3,urR
CAG

References

Processing of Eukaryotic Pre-mRNA
Bentley, D. L. 2005. Rules of engagement: co-transcriptional

recruitment of pre-mRNA processing factors. Curr. Opin. Cell Biol.
17251.-256.

Buratowski, S. 2005. Connections between mRNA 3' end pro-
cessing and transcription termination. Curr. Opin. Cell Biol.
17:257-261..

Gu, M., and C. D. Lima. 2005. Processing the message: structural
insights into capping and decapping mRNA. Curr' Opin. Struct. Biol-
15:99-106.

Houseley, J., J. LaCava, and D. Tollervey' 2006. RNA-quality
control by the exosome. Nat. Reu. Mol. Cell  Biol.7:29-539.

Hsieh, J., A. J. Andrews, and C. A. Fierke. 2004. Roles of pro-
tein subunits in RNA-protein complexes: lessons from ribonuclease
P. Biopolymers 73:79-89.

Lambowitz, A. M., and S. Zimmerly. 2004' Mobile group II
introns. Annu. Reu. Genet. 3821.-35.

Lehmann, K., and U. Schmidt. 2003. Group II introns: structure
and catalytic versatility of large natural ribozymes. Crit. Reu.
Biochem. Mol. Biol. 38:249-303.

Moore, M. J. 2005. From birth to death: the complex lives of
eukaryotic mRNAs. Science 309: 1 5 14-1 5 1 8'

Sharp, P. A. 2005. The discovery of split genes and RNA splicing.
Tr ends B io ch em. S ci. 3O27 9 -28 t.

Shatkin, A. J., and J. L. Manley. 2000. The ends of the affair:

capping and polyadenylation. Nature Struct. Biol. 7 2838-842'

Soller, M. 2006. Pre-messenger RNA processing and its regula-

tion: a genomic perspective. Cell Mol. Life Sci.63:796-81'9'

Valadkhan, S. 2005. snRNAs as the catalysts of pre-mRNA

splicing. Curr. Opin. Chem. Biol.9:603-608.

Villa, T., J. A. Pleiss, and C. Guthrie. 2002. Spliceosomal snRNAs:

Mg(2*)-dependent chemistry at the catalytic core? Cell lO9:149-1'52'

Regulat ion of Pre-mRNA Processing

Black, D. L.2003' Mechanisms of alternative pre-mRNA splic-

ing. Ann. Reu. Biocbem. 72:291-336.

Blencowe, B. J. 2005. Alternative splicing: new insights from

giobal analyses. Cell 126:37-47.

Buratti, E., M. Baralle, and F. E. Baralle. 2006. De{ective splic-

ing, disease and therapy: searching for master checkpoints in exon

d"Jinit ion. Nucleic Acids Res. 34:3494-3510-

Lee, C., and Q. \7ang. 2005. Bioinformatics analysis of alterna-

tive splicing. Brief Bioinform. 6:23-33.

Licatalosi, D. D., and R. B. Darnell' 2006. Splicing regulation in

neurologic disease. Neuron 52293-101'.

Maniatis, T., and B. Tasic' 2002. Alternative pre-mRNA splicing

and proteome expansion in metazoans. Nature 418:236-243'

Sanford, J. R., J. Ellis, and J. F. Caceres. 2005. Multiple roles of

arginine/serine-rich splicing factors in RNA processing' Biochem'

Soc. Trans.33:443446.

Xing, Y., and C. Lee. 2006. Alternative- splicing and RNA selec-

tion pressure-evolutionary consequences tor eukaryottc genomes'

N at.- Reu. G enet. 7 :49 9-5 09 .

Transport of mRNA Across the Nuclear Envelope

Cole, C. N., and J. J. Scarcelli. 2006. Transport of messenger

RNA from the nucleus io the cytoplasm. Curr. Opin' Cell Biol'

78:299-306.
Darzacg,X., R. H. Singer, and Y. Shav-Tal. 2.005' Dynamicsof-

transcription and mRNA eiport. Curr. Opin- Cell Biol' 17:332-339'

Dimaano, C., and K. S. Ullman' 2004. Nucleocytoplasmic trans- .
oort, intes.atine mRNA production and turnover with export through

ih. .ru.l.i, po... Moi. cail B iol. 24:3069-307 6.

Fried, H., and U. Kutay. 2003. Nucleocytoplasmic transport:

taking an inventory. Cell Mol. Life Sci. 60t1'659-1688'

Huang, Y., and J' A. Steitz. 2005. SRprises along a messenger's
journey. Mol. Cell .  77:613-615.

Izaurralde, 8.2004. Directing mRNA export. Nat' Struct' MoL

Biol. ll:21.0-272.

Kuersten. S.. and E. B' Goodwin. 2005. Linking nuclear mRNP

assembly and cytoplasmic destiny. Biol. Cell. 97:469-478 '

Lim, R. Y., and B. Fahrenkrog. 2006.The nuclear pore complex

up close. Curr. Opin. Cell Biol. 18:342-347.

Maco, B., B. Fahrenkrog, N. P. Huang, and U' Aebi' 2005' Nu-

clear pore-complex structuri and plasti:ity r9ve115{ by electron and

atomfo force -^i.to..opy. Methods Mol. Biol.322:273-288'

Reed, R., and H. Cheng. 2005. TREX, SR proteins and export

of mRNA. Curr. Opin. Cell Biol. 17:269-273.

Ribbeck, K., and D. Gorlich. 2001. Kinetic analysis of tra-nslo-

cation through nuclear pore complexes. EMBO J ' 2O:L320-1'330'

Rodriguez, M. S., C. Dargemont, and F. Stutz' 2004' Nuclear

export of RNA. Blol. Cell 96:639-655.

Saguez, C., J. R. Olesen, and T. H. Jensen' 2005' Formation of

.*pori.o-p.t.nt mRNP: escaping nuclear destruction' Cun' Opin'

Cell  Biol.  17:287-293.

Sommer. P.. and U. Nehrbass. 2005. Quality control of messen-

ger ribonucleoprotein particles in the nucleus and at the pore' Curr'

Opin. Cell  Biol.  l7:294-30t.

Tran, E. J., and S' R. Wente. 2006. Dynamic nuclear pore com-

plexes: life on the edge' Cell 125:t041'-1'053 '

6
q)

9 5 0

o
N

z
8 2 0

RE F ERE NCES 359



Cytoplasmic Mechanisms of post-transcript ional Control
Almeida, R., and R. C. Allshire. 2005. RNA silencrns and

genome regulation. Trends Cell Biol. 1,5:25j,-25g.
Ambros, V.2004. The functions of animal microRNAs. Natwre

431:350-355.

. . Anant,, S., V. Blanc, and N. O. Davidson. 2003. Molecular regu_
lation, evolutionary, and functional adaptations associated with ito
U editing of mammalian apolipoproteinB mRNA. prog. Nucleic Acid
Res. Mol. Biol. 7 5:1.41..

Baulcombe, D. 2005. RNA si lencing. Trends Biochem. Sci.
302290-293.

_ Chan, S. \7.,  and L R. Henderson, and S. E. Jacobsen. 2005.
G_ardening the genome: DNA methyla tion in Aribidopsis thaliana.
Nat. Reu. Genet. 6:351-360.

- Chen, C.2., and H. F. Lodish. 2005. MicroRNAs as regulators
of mammalian hematopoiesis .  Semin. Immunol. 17:IS5-165.

Engels, B. M., and G. Hutvagner. 2005. principles and effects of
T].!91f4_T:diated post-transcriptional gene regulation . Oncogene
25:61.53-6169.

Filipowicz, W 2005. RNAi: the nuts and bolts of the RISC ma-
chine. Cell 122:1.7 -20.

Grewal, S. I., and J. C. Rice. 2004. Reeulation of heterochro-
T3tjn by \iltone merhylarion and small RNAs. Carr. Opin. Ceil
Biol. 16:230-238.

. Hirokawa, N. 2005. mRNA rransport in dendrites: RNA gran_
ules, motors, and tracks. /. Neurosci. 2elB9-2t42.

Huang, Y. S., and J. D. Richter. 2004. Regulation of local mRNA
translarion. Curr. Opin. Cell  Biol. l6:308-3 iJ.

_ Kidner, C. A., and R. A. Martienssen. 200j. The developmental
role of microRNA in plants. Curr. Opin. plant Biol. g:3g44.

Lejeune, F., and L. E. Maquar. 2005. Mechanistic links between
nonsense-mediated mRNA decay and pre-mRNA splicing in mam_
malian cel ls. Curr. Opin. Cell  Biol. lT; j09-J 15.

Maas, S., A Rich, and K. Nishikura. 2003. A-to-I RNA editing:
recent news and residual mysteries. J. Biol. Chem.27g:I39I_1394".

.  .  .Mangus, D. A., M. C. Evans, and A. Jacobson. 2003. poly(A)-
binding proteins: multifunctional scaffolds for rhe post-transcripiional
control of gene expression. Genome Biol.4:223.

Matzke, M., et al. 2004. Generic analysis of RNA-mediated
transcriptional gene silencing. Biochim. Biophys. Acta 1677 :729_14L

_ - Mello,,C. C., and D. Conte lr. 2004. Revealing the world of
RNA interference. Nature 431:338-342. C. C. Me"llo,s Nobel prize
lecture can be viewed at http://nobelprize.org/nobel_prizes/medicine/
laur e ate s I 20 0 6/announcement. html

Pqk, J., and A. Fire. 2006. Distinct populations of primary and
::.o"gr.ty..ffg.tors during RNAi in C. elegins. Science No".2j,2006
(E-pub.). A. Z. Fire's Nobel Prize lectureian be viewed athtt1ll
nobelprize. org/no bel_prizes/medicine/laureate sl 20 0 6 I announcemenr.
html

_ Parker, R., and H. Song. 2004.The enzymes and control of eu_
karyotic mRNA turnover. Nat. Struct. Mol. Biol. ll:121-I27.

. Richter, J. D., and N. Sonenberg. 2005. Regulation of cap_
dependent translation by eIF4E inhibitory pror;ns. Nature
433:477480.

Ruvkun, G. B. 2004. The tiny RNA world. Haruey Lect.99:1.-21..
Schmauss, C. 2003. Serotonin 2C receptors: suicide, serotonin,

and runaway RNA editing. Neuroscientist 9:237J42.
Shikanai, T.2006. RNA editing in plant organelles: machinery,

physiological function and evolurion. Cell Mol. Life Sci. 63$98-708.
Simpson, L., S. Sbicego, and R. Aphasizhev.2003. Uridine inser-

tion/deletion RNA editing in trypanosome mitochondria: a complex
business. RNA 92265-276.

Sontheimer, E. J., and R. W. Carthew. 2005. Silence from within:
endogenous siRNAs and miRNAs. Cell 122:9-12.

St. Johnston, D. 2005. Moving messages: the intracellular local-
ization of mRNAs. Nat. Reu. MoL Cell Biol.6:363-375.

Tang, G. 2005. siRNA and miRNA: an insight into RISCs.
Trends Biochem. Sci. 30:106-114.

Ule, J., and R. B. Darnell. 2006. RNA binding proreins and the
regulation of neuronal synaptic plasticity. Curr. Opln. Neurobiol.
L6:102-11.0.

Valencia-Sanchez, M. A., J. Liu, G. J. Hannon, and R. parker.
2006. Control of translation and mRNA degradation by miRNAs
and siRNAs. Genes Deu. 20:51. 5-524.

Verdel, A., and D. Moazed. 2005. RNAi-directed assembly of
heterochromatin in fission yeast. FEBS Lett. 579:5872-5878.

. $Tullschleger, S., R. Loewith, and M. N. Hall. 2006. TOR sig-
naling in growth and metabolism. Cell 124:471484.

. Zamore, P. D., and B. Haley. 2005. Ribo-gnome: the big world
of small RNAs. Sclezce 309:1.519-1,524.

Processing of rRNA and IRNA

_. Anderson, J. T. 2005. RNA turnover: unexpected consequences
of being tailed. Curr. Biol. l5:R635-R638.

Decatur, W. A., and M. J. Fournier. 2003. RNA-euided nu-
cleotide modification of ribosomal and other RNAs. /. Biol. Chem.
278:695-698.

Dez, C., and D. Tollervey.2004. Ribosome synthesis meets the
cell cycle. Curr. Opin. Miuobiol. T:631-637.

Evans, D., S. M. Marquez, and N. R. Pace. 2006. RNase p: in-
terface of the RNA and protein worlds. Trends Biochem. Sci.
3l:333-347.

Fatica, A., and D. Tollervey.2002. Making ribosomes. Curr. Opin.
Cell Biol. 14:313-318.

Handwerger, K. E., and J. G. Gall. 2006. Subnuclear orqanelles:
new insights into form and function. Trends Cell Biot. 16:15-26.

Hopper, A. K., and E. M. Phizicky. 2003. IRNA rransfers to rhe
limelight. Genes Deu. 17i.62-780.

Mayer, C., and I. Grummt. 2006. Ribosome biogenesis and cell
growth: mTOR coordinates transcription by all threi classes of nu-
clear RNA polymerases. Oncogene 2006 25:6384-6391..

Stahley, M. R., and S. A. Strobel. 2006. RNA splicing: group I
intron crystal structures reveal the basis of splice site selecti,cn and
metal ion catalysis. Curr. Opin. Struct. Biol. 16:319-326.

Tschochner, H., and E. Hurt. 2003. Pre-ribosomes on the road
from the nucleolus ro rhe cytoplasm. Trends Cett Biot. L3:255-263.

370 CHAPTER 8  |  PoST-TRANSCR|PT |ONAL  GENE CONTROL



Microtubules Go lg i Act inf ibers Mitochondr ia

Fluorescence microscopy shows the location of DNA and multiple
proteins within the same cell Here, f luorescent tagging and
staining techniques using different f luorescent molecules reveal
the cytoskeletal proteins ct-tubulin (green) and actin (red), DNA
(blue), the Golgi complex (yellow), and mitochondria (purple) The
images along the top are false-colored images of each structure
stained individually The larger image merges these separate
images to depict the full cell. Scale bars, 20 pm [From B N G
Giepmans, et al , 2006, Science312:217 |

A lmost 200 years ago Matthias Schleiden and

/ \ theodore Schwann used a primitive light microscope
/1ro show that individual cells constitute the funda-

mental unit of life, and light microscopy has been an in-

creasingly important research tool for biologists ever since.

Sophisticated light microscopes developed in the last two

decades now enable cell biologists to reveal the myriad

movements of cells ranging from the translocation of chro-

mosomes and vesicles to cell crawling and swimming.
Electron microscopy provides a much higher resolution

of cell ultrastructure than light microscopy, but the technol-
ogy requires that the cell be fixed and sectioned and thus all

cell movements are frozen in time. Electron microscopy re-

vealed that all eukaryotic cells-be they of fungal, plant' or

animal origin-are divided into similar multiple membrane-

limited compartments termed organelles. In the first section
of this chapter we describe the basic structures and functions

of the major organelles in animal and plant cells.
In the second and third sections of this chapter we dis-

cuss many modern techniques in light and electron

microscopy that are suitable for detecting and imaging par-

ticular structural features of the cell. Developments in both
light and electron microscopS together with those for gener-

ating monoclonal antibodies, have enabled modern cell biol-

ogists to detect specific proteins in fixed cells' thus providing

a static image of their location within cells, as illustrated in

the chapter opening figure. Such studies led to the important

concept that the membranes and interior spaces of each type

CHAPTER

VISUALIZI NG,
FRACTIONATING,
AND CULTURING
CE LLS

of organelle contain a unique group of proteins that are es-

sential for the organelle to carry out its unique functions. In

addition, we see how certain chimeric proteins-consisting

of a protein of interest covalently linked to a naturally fluo-

,.r.*t protein-enable biologists to image movements of

individual proteins in live cells. Introduction of digital sys-

tems also has resulted in the improved quality of micro-

scopic images, as well as digital storage and retrieval. Digital

algorithms also permit three-dimensional reconstructions of

..il .o-pottents from two-dimensional images, and allow

visualization and quantification of specific proteins and

other molecules in cells.
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Parallel developments in subcellular fractionation have
enabled cell biologists to isolate individual organelles to a
high degree of purity. These techniques, detailed in the
fourth section of this chapter, continue to provide important
information about the protein composition and biochemical
function of organelles. For example, the use of proteomic
approaches including mass spectrometry to determine the
identity of all of the major proteins present in preparatrons
of purified mitochondria has revealed many novel functions
for this organelle.

Many technical constraints hamper studies on cells in in-
tact animals and plants. One alternative is the use of intact
organs that are removed from animals and treated to main-
tain their physiologic integrity and function. However, the
organization of organs, even isolated ones, is sufficiently
complex to pose numerous problems for research. Thus mo-
lecular cell biologists often conduct experimental studies on
cells isolated from an organism. tn the fifth secion of this
chapter we learn how to isolate certain types of cells to high
purity from a complex mixture of cells.

In many cases, isolated cells can be maintained in the
laboratory under conditions that permit their survival and
growth, a procedure known as culturing. Cultured cells have
several advantages over intact organisms for cell biology re-
search. Cells of a single specific type can be grown in culture,
experimental conditions can be better controlled, and in
many cases a single cell can be readily grown into a colony
of many identical cells. The resulting srrain of cells, which is
genetically homogeneous, is called a clone. In culture, cer-
tain lines of undifferentiated mammalian cells can be in-
duced to differentiate over a period of days to a specific type
of cell such as muscle or nerve when switched to a different
culture medium. As we learn in the last section of this chao-
ter, such lines of cells provide powerful tools for understand-
ing how specific types of differentiated cells are formed in
the body.

fl| Organelles of the Eukaryotic Cell
The major organelles in animal and plant cells are depicted
in Figure 9-1. Unique proteins in the interior and membranes
of each type of organelle largely determine its specific func-
tional characteristics, which are examined in more detail in
later chapters. Those organelles bounded by a single mem-
brane are covered first, followed by the three types that have
a double membrane-the nucleus, mitochondrion, and
chloroplast. The internal organization of organelles, and the
structure of the plasma membrane, is organized by the fi-
brous cytoskeleton; Chapters 1,7 and 18 discuss these fibers
in detail.

The Plasma Membrane Has Many Common
Funct ions in  Al l  Cel ls
Although the lipid composirion of a membrane largely de-
termines its physical characteristics, its complement of pro_
teins is primarily responsible for a membrane.s functional

properties. In all cells, the plasma membrane acts as a per-
meability barrier that prevents the entry of unwanted mate-
rials from the extracellular milieu and the exit of needed
metabolites. Specific membrane transport proteins in the
plasma membrane permit the passage of nutrients into the
cell and metabolic wastes out of it; others function to
maintain the proper ionic composition and pH (=7.2) of the
cytosol, the aqueous portion of the cytoplasm excluding
organelles, membranes, and insoluble cytoskeletal compo-
nents. The structure and function of proteins that make the
plasma membrane selectively permeable to different mole-
cules are discussed in Chapters 10 and 11.

Unlike animal cells, most bacterial, and all fungal and
plant cells are surrounded by a rigid cell wall and lack the
extracellular matrix found in animal tissues. The plasma
membrane is intimately engaged in the assembly of cell
walls, which in plants are built primarily of cellulose. The
cell wall prevents the swelling or shrinking of a cell that
would otherwise occur when it is placed in a medium that is
less concentrated (hypotonic) or more concentrated (hyper-
tonic), respectively, than the cell interior. For this reason,
cells surrounded by a wall can grow in media having an
osmotic strength much less than that of the cytosol. The
properties, function, and formation of the plant cell wall are
covered in Chapter 19.

In addition to these universal functions, the plasma
membrane has other crucial roles in multicellular organisms.
Few of the cells in multicellular plants and animals exist as
isolated entities; rather, groups of cells with related special-
izations combine to form tissues. In animal cells, specialized
areas of the plasma membrane, called cell junctions, contain
proteins and glycolipids that form specific structures be-
tween cells that strengthen tissues and allow the exchange of
metabolites between cells. Certain plasma membrane pro-
teins anchor cells to components of the extracellular matrix,
the mixture of f ibrous proteins and polysaccharides that
provides a bedding on which sheets of epithelial cells or
small glands lie. \We examine both of these membrane func-
tions in Chapter 19. Still other proteins in the plasma mem-
brane act as anchoring points for many of the cytoskeletal
f ibers that permeate the cytosol, imparting shape and
strength to cells (Chapters 17 and 18).

The plasma membranes of many types of eukaryotic cells
also contain proteins that function as receptors by binding
specific signaling molecules, such as hormones, growth
factors, and neurotransmitters, leading to various cellular
responses. These proteins, which are critical for cell devel-
opment and functioning, are described in several later chap-
ters. Finally, peripheral cytosolic proteins that are recruited
to the membrane surface function as enzymes, intracellular
signal transducers, and structural proteins for stabilizing the
membrane.

Endosomes Take Up Soluble Macromolecules
from the Cell Exterior
Although transport proteins in the plasma membrane medi-
ate the movement of ions and small molecules into and out
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an ima l  ce l l

p lant  cel l

  FIGURE 9-1 Schematic overview of a "typical" animal cell
(top) and plant cell (bottom) and their major substructures.
Not  every cel l  wi l l  conta in a l l  the organel les,  granules,  and f ibrous

of the cell across the lipid bilayer, proteins and some other

soluble macromolecules in the extracellular milieu are inter-

nalized by endocytosis. In this process, a segment of the
plasma membrane invaginates into a "coated pit," whose cy-

tosolic face is lined by a specific set of proteins; several types

of endocytosis, each involving different sets of proteins, are
known. In receptor-mediated endocytosis, for example,
certain receptor proteins in the plasma membrane bind

macromolecules in the cell exterior and then become incor-
porated into the invaginating coated pit. The pit pinches

from the membrane into a small membrane-bounded vesicle

that contains extracellular material-both soluble and

bound to receptors-and is delivered to an early endosome,

a sorting station of membrane-limited tubules and vesicles
(Figure 9-2a,b). From this compartment' some membrane

proteins are recycled back to the plasma membrane; other

membrane proteins are transported to a late endosome

Plasma membrane contro ls movement of  molecules in and
out of  the cel l  and funct ions in cel l -cel l  s ignal ing and cel l
adhes ion .

Mitochondr ia,  which are surrounded by a double membrane,
generate ATP by oxidat ion of  g lucose and fat ty acids '

Lvsosomes, which have an acid ic lumen, degrade mater ia l
internal ized bv the cel l  and worn-out  cel lu lar  membranes and
o rgane l  l es .

Nuclear envelope,  a double membrane, encloses the contents
of  the nucleus;  the outer  nuclear membrane is cont inuous
with the rough ER.

Nucleolus is  a nuclear subcompartment where most of  the
cel l 's  rRNA is synthesized.

Nucleus is  f i l led wi th chromat in composed of  DNA and
proteins;  s i te of  mRNA and tRNA synthesis.

Smooth endoplasmic ret iculum (ER) synthesizes l ip ids and
detoxi f ies certa in hydrophobic compounds.

Rough endoplasmic ret iculum (ER) funct ions in the synthesis,
processing,  and sort ing of  secreted proteins,  lysosomal
proteins,  and certa in membrane proteins.

p Cotgi  complex processes and sorts secreted proteins,
-  

lvsosomal proteins,  and membrane proteins synthesized on
the  rough  ER .

@ Secretory vesic les store secreted proteins and fuse wi th the
- 

o lasma membrane to re lease their  contents.

I  Peroxisomes detoxi fy var ious molecules and also break down
- 

fat tv acids to produce acety l  groups for  b iosynthesis.

@ Cytoskeletal  f ibers form networks and bundles that  support
-  

cel lu lar  membranes,  help organize organel les,  and part ic ipate

in cel l  movement.

@ Microvi l l i  incre;se surface area for  absorpt ion of  nutr ients
f r om su r round ing  med ium.

E Cgl l  wal l ,  composed largely of  cel lu lose, .helps maintain the
- 

cel l 's  shape and provides protect ion against  mechanical
stress.

@ Vacuole stores water,  ions,  and nutr ients,  degrades- 
macromolecules,  and funct ions in cel l  e longat ion dur ing
growth.

@ Chloroplasts,  which carry out  photosynthesis,  are surrounded
- 

bv a double membrane and contain a network of  internal
membrane-bounded sacs.

structures shown here, and other substructures can be present in

some Cel ls  a lso d i f fer  considerably in  shape and in the prominence

of various organelles and substructures

where further sorting takes place' The endocytic pathway

ends when a late endosome delivers its membrane and inter-

nal contents-including material from the extracellular solu-

tion-to lysosomes for degradation. The entire endocytic

pathway is described in some detail in Chapter 14.

Lysosomes Are Acidic Organelles That Contain

a Battery of Degradative Enzymes

Lysosomes provide an excellent example of the ability of in-

tracellular membranes to form closed compartments in

which the composition of the lumen (the aqueous interior of

the compartment) differs substantially from that of the sur-

rounding cytosol. Found exclusively in animal cells, lyso-

somes are responsible for degrading certain components that

have become obsolete for the cell or organism' (The vacuoles

in plant and fungal cells have many of the same functions as
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A FIGURE 9-2 Cellular structures that participate in delivering
materials to lysosomes. (a) Schematic overview of three pathways
by which materials are moved to lysosomes Soluble macromotecutes
are taken into the cell by invagination of coated pits in the plasma
membrane and dehvered to lysosomes through the endocytic pathway
I l .  Whole cel ls  and other  large,  insoluble par t ic les move f rom the
cell surface to lysosomes through the phagocytic pathway E Worn-out
organel les and bulk cytoplasm are del ivered to lysosomes through
the autophagic pathway B With in the ac id ic  lumen of  lvsosomes,

animal lysosomes.) The process by which an aged organelle
is degraded in a lysosome is called autophagy (,,eating one-
self"). Materials are taken into a cell not only by endocytosis
but also by phagocytosis, a process in which large, insoluble
particles (e.g., bacteria) are enveloped by the plasma mem-
brane and internalized (see Figure 9-2a).ln borh cases, the
internalized material may be degraded in lysosomes.

Lysosomes contain a group of enzymes that degrade poly-
mers, releasing their monomeric subunits. For example, nu-
cleases degrade RNA and DNA to mononucleotides;
proteases degrade a variety of proteins and peptides to amino
acids; phosphatases remove phosphate groups from mononu-
cleotides, phospholipids, and other compounds; still other
enzymes degrade complex polysaccharides and glycolipids
into smaller units. All the lysosomal enzymes work most effi-

protein complexes in the cytosol (see Figure 3-29).

hydrolytic enzymes degrade proteins, nucleic acids, and other large
molecules (b)  An e lect ron micrograph of  a sect ion of  a cul tured
mammal ian cel l  that  had taken up smal l  gold par t ic les coated wi th
the egg protein ovalbumin. Gold-labeled ovalbumin (black spots) is
found in early endosomes (EE) and late endosomes (LE), but very l itt le
is present in autophagosomes (AV) (c) Electron micrograph of a
section of a rat l iver cell showing a secondary lysosome containing
fragments of a mrtochondrion (M) and a peroxisome (p). lpart (b) from
T. E Tjelle et al , 1 996, J Cell Sci 109:2905 Part (c) courtesy of D Friend l

Lysosomes vary in size and shape, and several hundred
may be present in a typical animal cell (Figure 9-3). In effect,
they function as sites where various materials to be degraded
collect. Primary lysosomes are roughly spherical and do not
contain obvious particulate or membrane debris. Secondary
lysosomes, which are larger and irregularly shaped, result
from the fusion of primary lysosomes with late endosomes
and other membrane-bounded organelles and vesicles. They
contain particles or membranes in the process of being di-
gested (Figure 9-2c).

Several human diseases are caused by defects in specific
lysosomal enzymes because their substrates accumulate

inside the organelle. For example , Tay-Sachs disease is caused
by a defect in one enzyme catalyzing a step in the lysosomal
breakdown of gangliosides. The resulting accumulation of
these glycolipids, especially in nerve cells, has devastating
consequences. The symptoms of this inherited disease are
usually evident before the age of 1. Affected children com-
monly become demented and blind by age 2 and die before
their third birthday. Nerve cells from such children are
greatly enlarged with swollen lipid-filled lysosomes. I

Peroxisomes Degrade Fatty Acids
and Toxic  Compounds
All animal cells (except erythrocytes) and many plant cells
contain peroxisomes, a class of roughly spherical organelles,
0.2-1.0 pr.m in diameter (Figure 9-4). Peroxisomes contain
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Smooth  ER Rough ER

# , .

A FIGURE 9-3 Location of lysosomes and mitochondria in a
cultured l iving bovine pulmonary artery endothelial cell. The
cell was stained with a green-f luorescing dye that is specif ically
bound to mitochondria, and a red-fluorescing dye that is specifically
incorporated into lysosomes. The image was sharpened using a
deconvolution computer program discussed later in the chapter
N : nucleus [Courtesy Invitrogen/ Molecular Probes Inc ]

several ox.idases-enzymes that use molecular oxygen to ox-
idize organic substances, in the process forming hydrogen
peroxide (HzOz), a corrosive substance. Peroxisomes also
contain copious amounts of the enzyme catdlase, which de-
grades hydrogen peroxide to yield water and oxygen:

c a  t a  l a s e

ZH2O2 ----+ 2H2O + 02

In contrast with the oxidation of fatty acids in mito-

chondria, which produces CO2 and is coupled to the gen-

eration of ATP, peroxisomal oxidation of fatty acids yields

acetyl groups and is not l inked to ATP formation (see Fig-

ure 1.2-L2). The energy released during peroxisomal oxi-

dation is converted into heat, and the acetyl groups are

transported into the cytosol, where they are used in the

synthesis of cholesterol and other metabolites. In most

eukaryotic cells, the peroxisome is the principal organelle
in which fatty acids are oxidized, thereby generating pre-

cursors for important biosynthetic pathways. Particularly
in l iver and kidney cells, various toxic molecules that enter

the bloodstream also are degraded in peroxisomes, produc-

ing harmless products.

Plant seeds contain glyoxisomes, small organelles that

oxidize stored lipids as a source of carbon and energy

  FIGURE 9-4 Electron micrograph showing various organelles
in a rat l iver cell. Two peroxisomes (P) l ie in close proximity to

mitochondria (M) and the rough and smooth endoplasmic reticulum
(ER) Also visible are accumulations of glycogen, a polysaccharide that is

the primary glucose-storage molecule in animals [courtesy of P Lazarow ]

many of the same types of enzymes as well as additional ones

used to convert fatty acids into glucose precursors. I

The Endoplasmic Ret icu lum ls  a Network

of Interconnected Internal Membranes

Generally, the largest membrane in a eukaryotic cell encloses

the endoplasmic reticulum (ER)-an extensive network of

closed, flattened membrane-bounded sacs called cisternae

(see Figure 9-1). The endoplasmic reticulum has a number of

functions in the cell but is particularly important in the syn-

thesis of lipids, membrane proteins, and secreted proteins'

The smooth endoplasmic reticulwm is smooth because it

lacks ribosomes. In contrast' the cytosolic face of the rowgh

endoplasmic reticulum is studded with ribosomes'

The Smooth Endoplasmic Reticulum The synthesis of

fatty acids and phospholipids takes place in the smooth ER'

Although many cells have very little smooth ER, this organelle

is abundant in hepatocytes' Enzymes in the smooth ER of the

liver also modify or detoxify hydrophobic chemicals such as

pesticides and carcinogens by chemically converting them into

more water-soluble, conjugated products that can be excreted

from the body. High doses of such compounds result in alarge

proliferation of the smooth ER in liver cells.

The Rough Endoplasmic Reticulum Cytoplasmic ribo-

somes bound to the rough ER synthesize certain membrane

and organelle proteins and virtually all proteins to be secreted

from the cell (Chapter 13). Sequences in the nascent polypeptide

Glycogen pm

for growth. They are similar to peroxisomes and contain
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overview Animation: protein Secretion {l l l t

M i tochondr ion

Go lg i  Endop lasm ic  p l asma  In te r ce l l u l a r
vesic les ret iculum membrane soace

  FIGURE 9-5 Characteristic features of cells specialized to
secrete large amounts of particular proteins (e.g., hormones,
antibodies). (a) Electron micrograph of a thin section of a hormone-
secreting cell from the rat pituitary The basal end of the cell (botfom)
is fi l led with abundant rough ER and Golgi sacs, where polypeptide
hormones are synthesized and packaged At the opposite apical end
of the cell (top) are numerous secretory vesicles, which contain
recently made hormones eventually to be secreted (b) Diagram of a
typical secretory cell tracing the pathway followed by a protein (small
red dots) to be secreted, lmmediatelv after their svnthesis on

( b )
Secreted protein

Secretorv vesicle

Golg i  ves ic les

R o u g h  E R

ribosomes (small black dots) of the rough ER, secreted proteins are found
in the lumen of the rough ER Transport vesicles bud off and carry these
proteins to the Golgi complex (lf ), where the proteins are concentrated
and packaged into immature secretory vesicles ([) These vesicles then
coalesce to form larger mature secretory vesicles that lose water to
the cytosol, leaving an almost crystall ine mixture of secreted proteins
in the lumen (B)  Af ter  these vesic les accumulate under the apical
surface, they fuse with the plasma membrane and release their contents
(exocytosis) in response to appropriate hormonal or nerve stimulation
(4) IPaft (a) courtesy of Biophoto Associates l

interior space, or lumen. There the protein folds, assisted by
folding catalysts termed chaperones. Secreted proteins are
modified in several ways by enzymes localized in the ER lu-
men, including covalent addition of sugars (glycosylation) and
formation of disulfide bonds. Newly made membrane pro-
teins remain associated with the rough ER membrane, and
proteins to be secreted accumulate in the lumen of the or-
ganelle.

AII eukaryotic cells contain a discernible amounr of
rough ER because it is needed for the synthesis of plasma
membrane proteins and secreted proteins that compiise the
extracellular matrix. Phospholipids are also synthesized in
association with the rough ER. Rough ER is particularly
abundant in specialized cells that produce an abundance of
specific proteins to be secrered. For example, plasma cells
produce antibodies, pancreatic acinar cells synthesize di-
gestive enzymes, and cells in the pancreatic islets of Langer-
hans produce the polypeptide hormones insulin and
glucagon. In these secretory cells and others, alarge part of
the cytosol is f i l led with rough ER and secretory vesicles
(Figure 9-5) .

The Golgi Complex Processes and Sorts Secreted
and Membrane Prote ins
Several minutes after proteins are synthesized in the rough
ER, most of them leave the organelle within small mem-
brane-bounded transport vesicles. These vesicles, which bud
from regions of the rough ER not coated with ribosomes,
carry the proteins to another membrane-limited organelle,
the Golgi complex (see Figure 9-5), named after the Italian
microscopist Camill io Golgi.

Three-dimensional reconstructions from serial sections
of a Golgi complex reveal this organelle to be a series of flat-
tened membrane vesicles or sacs (cisternae), surrounded by a
number of more or less spherical membrane-limited vesicles
(Figure 9-6). The stack of Golgi cisrernae has three defined
regions-the cis, the medial, and the trans. Translort vesi-
cles from the rough ER fuse with the cls region of ihe Golgi
complex, where they deposit their protein contents. As de-
tailed in Chapter 14, these proreins then progress from the
cis to the medial to the trons region. Within each region are
different luminal enzymes that modify proteins to be secreted
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&) vlA"o: Three-Dimensional Model of a Golgi Complex

> FIGURE 9-6 Model of the Golgi complex based on three-
dimensional reconstruction of electron microscopy images.
Transport vesicles (white spheres) that have budded off the rough
ER fuse with the crs membranes (l ight blue) of the Golgi complex
By mechanisms described in Chapter 14, proteins move from the
crs region to the medral region and finally to the trans region of
the Golgi complex Eventually, vesicles bud off the trans-Golgi
membranes (orange and red); some move to the cell surface and
others move to lysosomes. The Golgi complex, l ike the rough
endoplasmic reticulum, is especially prominent in secretory cells
[From B J Marsh et al , 2001, Proc Nat'l Acad Sci USA98:2399 I

and membrane proteins differentln depending on their
structures and their final destinations.

After proteins to be secreted and membrane proteins are
modified in the Golgi complex, they are transported out of
the complex by a second set of vesicles, which bud from the
trans stde of the Golgi complex. Some vesicles carry mem-
brane proteins destined for the plasma membrane or soluble
proteins to be released into the extracellular medium; others
carry soluble or membrane proteins to lysosomes or other
organelles. Continuous budding of vesicles in this manner
would result in accumulation of phospholipids at the plasma
membrane, but endocytic vesicles (see Figure 9-2) return
plasma membrane phospholipids to lysosomes or to the
Golgi. Yet other vesicles bud from Golgi vesicles and fuse
with earlier Golgi vesicles or with the rough ER. How intra-
cellular transport vesicles "know" with which membranes to
fuse and where to deliver their contents is also discussed in
Chapter 14.

Plant  Vacuoles Store Smal l  Molecules
and Enable a Cel l  to  Elongate Rapid ly

Most plant cells contain at least one membrane-lim-
ited internal vacuole. The number and size of vacuoles

depend on both the type of cell and its stage of development;
a single vacuole may occupy as much as 80 percent of a ma-
ture plant cell (Figure 9-7). A variety of transport proteins in
the vacuolar membrane allow plant cells to accumulate and
store water, ions, and nutrients (e.g., sucrose, amino acids)
within vacuoles (Chapter 11). Like a lysosome, the lumen of
a vacuole contains a battery of degradative enzymes and has
an acidic pH, which is maintained by similar transport pro-

teins in the vacuolar membrane. Thus plant vacuoles may
also have a degradative function similar to that of lysosomes
in animal cells. Similar storage vacuoles are found in green

algae and many microorganisms such as fung^.
Like most cellular membranes, the vacuolar mem-

brane is permeable to water but is poorly permeable to the

small molecules stored within it. Because the solute concen-

tration is much higher in the vacuole lumen than in the cy-

tosol or extracellular fluids, water tends to move by osmotic

flow into vacuoles. This influx of water, which causes the

vacuole to expand, creates hydrostatic pressure' or turgor,

inside the cell. This pressure is balanced by the mechanical

,  2 t r t  ,

A FIGURE 9-7 Electron micrograph of a thin section of a

leaf cell showing a prominent vacuole. In this cell, the single

large vacuole occupies much of the cell volume Parts of f ive

chloroplasts and the cel l  wal l  a lso are v is ib le Note the in ternal

subcompartments in the chloroplasts. [Courtesy of Biophoto
Associates/Myron C Ledbetter/Brookhaven National Laboratory I
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Video: Three-Dimensional Model
of a Mitochondrion

Inner  membrane Cristae
Outer
membrane

Matrix
gra n utes

A FIGURE 9-8 Electron micrograph of a mitochondrion.
Most  ATP product ion in  nonphotosynthetrc  cel ls  takes prace rn
mitochondr ia The inner  membrane,  which surrounds the matr ix
space, has many infoldings, called cristae Small calcium-containing
matrix granules also are evident [From D W Fawcett, 1981 , The Cell,
2d ed , Saunders, p a21 l

resistance of the cellulose-containing cell walls thar surround
plant cells. Most plant cells have a rurgor of 5-20 atmos-
pheres (atm); their cell walls must be strong enough to react
to this pressure in a controlled way. Unlike animal cells,
plant cells can elongate extremely rapidly, at rates of 20-75
prmlh. This elongation, which usually accompanies plant
growth, occurs when a segment of the somewhat elastic cell
wall stretches under the pressure created by water taken into
the vacuole. I

The Nucleus Conta ins the DNA Genome, RNA
Synthetic Apparatus, and a Fibrous Matrix
The nucleus, the largest organelle in animal cells, is sur-
rounded by two membranes, each containing many different
types of proteins. The inner nuclear membrane defines the
nucleus itself. In most cells, the outer nuclear membrane is
continuous with the rough endoplasmic reticulum, and the
space between the inner and outer nuclear membranes is

ture of nuclear pores and the regulated transport of material
through them are detailed in Chapter 8.

Most of the cell's ribosomal RNA is synthesized in the nu-
cleolus, a subcompartment of the nucleus that is not bounded
by a phospholipid membrane. Ribosomal proteins, like all
nuclear-encoded proteins, are made in the cytosol. Most enter
the nucleus via nuclear pores and are added to ribosomal
RNAs within the nucleolus. The finished or partly finished ri-
bosomal subunits, exit through a nuclear pore into the cytosol
for use in protein synthesis (Chapter 4). In mature erythro-
cytes from nonmammalian vertebrates and in other types of
"resting" cells, the nucleus is inactive or dormant and minimal
synthesis of DNA and RNA takes place. Similarly, mRNA and
IRNA is synthesized in the nucleus; following extensive pro-
cessing within the nucleus, particles containing these RNAs
also exit the nucleus into the cytosol through nuclear pores.

The packaging of nuclear DNA into chromosomes is de-
scribed in Chapter 6. Only during cell division are individual
chromosomes visible by light microscopy. In the electron mi-
croscope, the nonnucleolar regions of the nucleus, called the
nucleoplasm, can be seen to have dark- and light-staining
areas. The dark areas, which are often closely associated with
the nuclear membrane, contain condensed concentrated DNA,
called heterochromatin (see Figure 6-33a). Fibrous proteins
called lamins form a two-dimensional network along the inner
surface of the inner membrane, giving it shape and apparently
binding DNA to it. The breakdown of this network occurs
early in cell division, as we detail in Chapter 20.

Mitochondria Are the Principal Sites of ATP
Production in Aerobic Nonphotosynthetic Cells
Most eukaryotic cells contain many mitochondria (sing.,
mitochondrion), which occupy up to 25 percent of the volume
of the cytoplasm (see Figure 9-3). These complex organelles,
the main sites of ATP production during aerobic metabolism,
are generally exceeded in size only by the nucleus, vacuoles,
and chloroplasts (which also produce ATP).

The two membranes that bound a mitochondrion differ in
composition and function. The outer membrane, composed of
about half lipid and half protein, contains porin proteins (see
Figure 10-18) that render the membrane permeable to mole-
cules having molecular weights as high as 10,000. The inner
membrane is much less permeable; its surface area is greatly
increased by alarge number of infoldings, or cristae, that pro-
trude into the matrix, or central space (Figure 9-8).

In nonphotosynthetic cells, the principal fuels for ATp
synthesis are fatty acids and glucose. The complete aerobic
degradation of glucose to CO2 and H2O is coupled to the
synthesis of about 30 molecules of AIP (the exact number is
in question). In eukaryotic cells, the initial stages of glucose
degradation take place in the cytosol, where 2 ATP mole-
cules per glucose molecule are generated. The terminal
stages of oxidation and the coupled synthesis of ATP are car-
ried out by enzymes in the mitochondrial matrix and inner
membrane (Chapter 12). As many as 28 ATP molecules per
glucose molecule are generated in mitochondria. Similarly
virtually all the AIP formed in the oxidation of fatty acids to
CO2 is generated in mitochondria. Thus mitochondria can
be regarded as the "power plants" of the cell.

In te rmembrane
space

Mat r ix
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Chloroplasts Contain Internal Compartments
in Which Photosynthesis Takes Place

Except for vacuoles, chloroplasts are the largest and
the most characteristic organelles in the cells of

plants and green algae. They can be as long as 10 pcm and
are typically 0.5-2 p"n thick, but they vary in size and
shape in different cells, especially among the algae. In ad-
dition to the double membrane that bounds a chloroplast,
this organelle also contains an extensive internal system of
interconnected membrane-limited sacs called thylakoids,
which are flattened to form disks (Figure 9-9). Thylakoids
often form stacks called grana and are embedded in a ma-
trix space, the stroma. The thylakoid membranes contain
green pigments (chlorophylls) and other pigments that ab-
sorb light, as well as enzymes that generate ATP during
photosynthesis. Some of the ATP is used to convert CO2
into three-carbon intermediates by enzymes located in the
stroma; the intermediates are then exported to the cytosol
and converted into sugars. I

The molecular mechanisms by which ATP is formed in
mitochondria and chloroplasts are very similar, as explained
in Chapter 12. Chloroplasts and mitochondria have other
features in common: both often migrate from place to place
within cells, and they contain their own DNA, which en-
codes some of the key organellar proteins (Chapter 6). The
proteins encoded by mitochondrial or chloroplast DNA are
synthesized on ribosomes within the organelles. However,
most of the proteins in each organelle are encoded in nuclear
DNA and are synthesized in the cytosol; these proteins are

'i.: i.,

then incorporated into the organelles by processes described

in Chaoter 13.

Organelles of the Eukaryotic Cell

r AII eukaryotic cells contain a nucleus as well as numer-

ous other organelles in their cytoplasm (see Figure 9-1).

r The nucleus, mitochondrion, and chloroplast are

bounded by two bilayer membranes separated by an inter-

membrane space. All other organelles are surrounded by

single membranes.

I The plasma membrane acts as a permeability barrier. It

contains a multitude of proteins that transport nutrients

and waste molecules or that bind components of the ex-

tracellular matrix or, in plants, the cell wall. The plasma

membranes of many eukaryotic cells also contain receptor

proteins that bind specific signaling molecules.

r Endosomes internalize plasma membrane proteins and

soluble materials from the extracellular medium, and sort

the internalized materials back to the membrane or to lyso-

somes for degradation.

r Lysosomes have an acidic interior and contain various

hydrolases that degrade worn-out or unneeded cellular

components and some ingested materials (see Figure 9-2).

r Peroxisomes are small organelles containing enzymes

that oxidize various organic compounds without the pro-

duction of ATP. By-products of oxidation are used in

biosynthetic reactions.

r Secreted proteins and membrane proteins are synthesized

on the rough endoplasmic reticulum' a network of flattened

membrane-bounded sacs studded with ribosomes.

r Proteins synthesized on the rough ER first move to the

Golgi complex, where they are processed and sorted for trans-

port to the cell surface or other destinations (see Figure 9-5).

r Plant cells contain one or more large vacuoles, which are

storage sites for ions and nutrients. Osmotic flow of water

into vacuoles generates turgor pressure that pushes the

plasma membrane against the cell wall.

r The nucleus houses the genome of a cell. The inner and

outer nuclear membranes are fused at numerous nuclear

pores, through which materials pass between the nucleus

and the cytosol. The outer nuclear membrane is continuous

with that of the rough endoplasmic reticulum.

r Mitochondria have a highly permeable outer membrane

and an inner membrane that is extensively folded. Enzymes

in the inner mitochondrial membrane and central matrix

space carry out the terminal stages of sugar and lipid oxi-

dation coupled to AIP synthesis'

r Chloroplasts contain a complex system of thylakoid

membranes in their interiors. These membranes contain the

pigments and enzymes that absorb light and produce ATP

during photosynthesis.

Plasma membrane

Grana

Thylakoid
memorane

Sta rch
granu le

l l p m  I

  FIGURE 9-9 Electron micrograph of a plant chloroplast. The
internal membrane vesicles (thylakoids) are fused into stacks (grana),
which reside in a matrix (the stroma) All the chlorophyll in the cell
is contained in the thylakoid membranes, where the l ight-induced
production of ATP takes place during photosynthesis [Courtesy of
Biophoto Associates/M C Ledbetter/Brookhaven National Laboratory l
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@ Light Microscopy: Visualizing
Cell Structure and Localizing proteins
Within Cells
For many years, light microscopy has been an essential part
of virtually all research on eukaryotic cells. Basic light mi-
croscopes are used to enumerate the number of cells under
study, and simple staining procedures enable the study of
live cells. More specialized techniques in lighr mrcroscopy
enable the investigator to visualize movements such as the
crawling of cells along a substrate, extension of nerve axons,
and movements of chromosomes and organelles within cells.

J

< EXPERIMENTAL FIGURE 9-10 Optical microscopes are commonly configured for both
bright-field (transmitted), phase-contrast, and epifluorescence microscopy. (a) In a typical
l ight microscope, the specimen is usually mounted on a transparent glass slide and positioned on the
movable specimen stage The three imaging methods require different i l lumination systems and
condensers; bright f ield and epifluorescence microscopy use the same light-gathering and detection
systems, (b) In bright-field l ight microscopy, l ight from a tungsten lamp ts focused on the specimen
by a condenser lens below the stage; the l ight travels the pathway shown in yellow (c) ln phase-
contrast microscopy, incident l ight passes through an annular diaphragm, which focuses a circular
annulus (ring) of l ight on the sample Light that passes unobstructed through the specimen is

W focused by the oblective lens onto the thick gray ring of the phase plate, which absorbs some of the
| i l  direct l ight and alters its phase by one-quarter of a wavelength. lf a specimen refracts (bends) or

diffracts the l ight, the phase of some light waves is altered (green lines) and the l ight waves are
redirected through the thin, clear region of the phase plate The refracted and unrefracted l ight are
recombined at the image plane to form the image (d) In epifluorescence microscopy, ultraviolet l ight
(green line) from a mercury lamp positioned above the stage is focused on the specimen by the
objective lens Filters in the l ight path select a particular wavelength of ultraviolet l ight for
i l lumination and are matched to capture only l ight emitted by the specimen of a predetermined
wavelength that is longer than that of the incident l ight (red l ine)

I'i:'--
\,.:l:.

(d) Epifluorescence light path

Dichroic mirror

(,, l- Condenser lens

L a r  I  r p

Using techniques of recombinant DNA, researchers can ex-
press, in a cell or in an organism, a chimera of any desired
protein of interest linked to a naturally fluorescent protein.
Usually a chimera exhibits the normal function of the de-
sired protein, and its location in living cells can be observed
over time. Using immunofluorescence, researchers can deter-
mine the location of specific proteins in fixed cells, as well as
any localization changes in response to changes in the cell's
environment. Finally, many microscopic images of the same
cell can be stored in a computer data base; digital reconstruc-
tions permits three-dimensional reconstructions of cell com-
ponents from two-dimensional images, and a determination
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of whether two or more oroteins are found in the same sub-
cellular compartment.

The Resolution of the Light Microscope
fs About O.2 p,m

All microscopes produce a magnified image of a small object,
but the nature of the image depends on the type of microscope
employed and on the way in which the specimen is prepared.
The compound microscope, used in conventional bright-field
light microscopy, contains several lenses that magnify the im-
age of a specimen under study (Figure 9-10a, b). The total
magnification is a product of the magnification of the individ-
ual lenses: if the objectiue lens, the lens closest to the specimen,
magnifies 100-fold (a 100x lens, the maximum usually em-
ployed) and the proiection lens, sometimes called the ocular or
eyepiece, magnifies 10-fold, the final magnification recorded
by the human eye or on film will be 1000-fold.

However, the most important property of any micro-
scope is not its magnification but its resolving power, or
resolution-the ability to distinguish between two very
closely positioned objects. Merely enlarging the image of a
specimen accomplishes nothing if the image is blurred. The
resolution of a microscope lens is numerically equivalent to
D, the minimum distance between two distinguishable
objects. The smaller the value of D, the better the resolution.
The value of D is given by the equation

Owing to limitations on the values of a, )", and N based

on the physical properties of light, the limit of resolution

of a l ight microscope using visible l ight is about 0.2 trr.m
(200 nm). No matter how many times the image is magni-

fied, a conventional l ight microscope can never resolve

objects that are less than =0.2 p'm apart or reveal details

smaller than =0.2 pr,m in size. But exotic new light micro-

scopes described below can resolve two fluorescent obiects

even if they are as close together as =20 nm.
A conventional light microscope can be used to track the

location of a small bead of known size to a precision of only

a few nanometers. If we know the precise size and shape of

an obiect-say, a 5-nm sphere of gold that is attached to an

antibody in turn bound to a cell-surface protein-and if we

use a video camera to record the microscopic image as a

digital image, then a computer can calculate the position of

the center of the object to within a few nanometers. In this

way, computer algorithms can be used to make observa-

tions at a more precise level-in this case the movement of

a cell-surface protein labeled with the gold-tagged anti-

body-than would be possible based on the light micro-

scope's resolution alone. This technique has also been used

to measure nanometer-size steps as molecules and vesicles

move along cytoskeletal f i laments (see Figures 1'7-21,17-26,

and 17-27).

Phase-Contrast and Differential Interference
Contrast Microscopy Visualize Unstained
Liv ing Cel ls

Two common methods for imaging live cells and unstained

tissues generate contrast by taking advantage of differences

in the refractive index and thickness of cellular materials'

These methods, called phase-contrast microscopy and dif'

ferential interference contrast (DIC) microscopy (or No-

marski interference microscopy), produce images that dif-

fer in appe arance and reveal different features of cell

architecture. Figure 9-11 compares images of l ive, cultured

cells obtained with these two methods and standard bright-

field microscopy.

0.61i
u :  *

/ \  s lnd
(e-1)

where a is the angular aperture, or half-angle, of the cone of
light entering the objective lens from the specimen; N is the
refractive index of the medium between the specimen and
the objective lens (i.e., the relative velocity of light in the
medium compared with the velocity in air); and \ is the
wavelength of the incident light. Resolution is improved by
using shorter wavelengths of light (decreasing the value of \)
or gathering more light (increasing either N or a). Note that
the magnification is not part of this equation.

  EXPERIMENTAL FIGURE 9-11 Live cells can be visualized by
microscopy techniques that generate contrast by interference.
These micrographs show live, cultured macrophage cells viewed by
bri g ht-f ield m icroscopy (/eft), d ifferential i nterf erence contrast (DlC)
microscopy (middle), and phase-contrast microscopy (righ\ In a phase-

contrast image, cells are surrounded by alternating dark and light

bands; in-focus and out-of-focus details are simultaneously imaged in a

phase-contrast microscope. In a DIC image, cells appear in pseudorelief

Because only a narrow in-focus region is imaged, a DIC image is an

optical slice through the object. [Courtesy of N Watson and J Evans ]
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Phase-contrast microscopy (Figure 9-10c) generates an
image in which the degree of darkness or brightness of a re-
gion of the sample depends on the refractiue index of that
region. Light moves more slowly in a medium of higher
refractive index. Thus, a beam of light is refracted (bent)
once as it passes from air into a transparent object and again
when it departs. Consequently, part of a light wave that
passes through a specimen will be refracted and will be out
of phase (out of synchrony) with the part of the wave that
does not pass through the specimen. How much their phases
will differ depends on the difference in refractive index along
the two paths and on the thickness of the specimen. If the
two parts of the light wave are recombined, the resultant
light will be brighter if they are in phase and less bright if
they are out of phase. The refracted and unrefracted light are
recombined at the image plane to form the image. Phase-
contrast microscopy is suitable for observing single cells or
thin cell layers, but not thick tissues. It is particularly useful
for examining the location and movement of larger or-
ganelles in live cells.

DIC microscopy is based on interference between po-
larized light and is the method of choice for visualizing
extremely small details and thick objects. Contrast is gen-
erated by differences in the index of refraction of the ob-
ject and its surrounding medium. In DIC images, objects
appear to cast a shadow to one side. The "shadow" pri-
marily represents a difference in the refractive index of a
specimen rather than its topography. DIC microscopy eas-
ily defines the outl ines of large organelles, such as the nu-
cleus and vacuole. In addition to having a "relief"-l ike ap-
pearance, a DIC image is a thin optical section, or slice,
through the object. Thus details of the nucleus in thick
specimens (e.9., an intact Caenorhabditis elegans round-
worm; see Figure 21.-4) can be observed in a series of such
optical sections, and the three-dimensional structure of
the object can be reconstructed by combining the individ-
ual DIC images.

Both phase-contrast and DIC microscopy can be used in
time-lapse microscopy, in which the same cell is pho-
tographed at regular intervals over periods of several hours.
This procedure allows the observer to study cell movemenr,
provided the microscope's stage can control the temperature
of the specimen and the gas environmenr.

Fluorescence Microscopy Can Localize
and Quant i fy  Speci f ic  Molecules in  L ive Cel ls
Perhaps the most versatile and powerful technique for local-
izing proteins within a cell by light microscopy is fluorescent
staining of cells and observationby fluorescence mtcroscopy.
A chemical is said to be fluorescent if it absorbs light at one
wavelength (the excitation wavelength) and emits light (flu-
oresces) at a specific and longer wavelength. In modern flu-
orescence microscopes, only fluorescent light emitted by the
sample is used to form an image; light of the exciting wave-
length induces the fluorescence but is then not allowed to
pass the filters placed between the objective lens and the eye
or camera (Figure 9-10d).

Expression of Fluorescent Proteins in Live Cells and
Organisms A naturally f luorescent protein found in the
jellyfish Aequorea uictoria can be exploited to visualize live
cells and specific proteins within them. This 238-residue
protein, called green fluorescent protein (GFP), contains a
serine, tyrosine, and glycine sequence whose side chains
spontaneously cyclize to form a green-fluorescing chro-
mophore. rWith the use of recombinant DNA techniques
discussed in Chapter 5, the GFP gene can be introduced
into living cultured cells or into specific cells of an entire
animal. Cells containing the introduced gene will produce
GFP and thus emit a green fluorescence when irradiated;
this GFP fluorescence can be used to localize the cells
within a tissue or even a whole organism, as illustrated in
Figure 9-12 for a primitive metazoan organism, the
Cnidairian Hydra uulgans.

In a particularly useful application of GFP, a cellular
protein of interest is "tagged" with GFP to localize it. In
this technique, the gene for GFP is fused to the gene for a
particular cellular protein, producing a recombinant DNA
encoding one long chimeric protein that contains the
entirety of both proteins. GFP fusion proteins frequently
retain normal function, even with the large GFP polypep-
tide appended. Thus GFP fusions are exrremely useful

A EXPERf MENTAT FIGURE 9-12 Transgenic hydra H. vulgaris
expressing green fluorescent protein (GFP). A recombinant
plasmid in which the promoter of the H vulgaris B-actin gene
drives expression of the GFP gene was microinjected into embryos
at the two- to eight-cell stage. In certain hydra l ines, the plasmid
integrated into the genome of one or a few adjacent cells that
then underwent  d iv is ion.  The GFP-producing cel ls  (green) were
visualized by fluorescence microscopy In the specimen shown here,
GFP was confined to certain internal endodermal epithelial cells
(/nset) A patch of GFP* endodermal epithelial cells visualized by
confocal microscopy Scale bar, 20 pm With both imaging
techniques, the GFP-producing cells can be followed during growth
and differentiation of the organism [From J Wittl ieb eral ,2006, proc
Nat'l Acad Sci USA 103:6208 l
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tools for looking at the normal function and trafficking of
native proteins. Cells in which this recombinant DNA has
been int roduced wi l l  synthesize the chimer ic  prote in
whose green fluorescence reveals the subcellular location
of the protein of interest. This GFP-tagging technique, for
example, has been used to visualize the expression and
distribution of lamin A, a protein that l ines the inner, or
intranucleaq surface of the inner nuclear membrane; it
also forms tubule-l ike structures that protrude into the nu-
c leus (F igure 9-13) .

In a variation of this technique, a cDNA encoding a pro-
tein of interest is modified at its C-terminus by the addition
of a segment that encodes four cysteine residues in a defined
sequence (Cys-Cys-Xaa-Xaa-Cys-Cys). Following expres-
sion of the recombinant protein in cultured cells, a chemi-
cally modified red-fluorescing dye (ReAsH) is added to the
culture; this dye forms stable covalent bonds with the four
cysteines in the tetracysteine sequence. Because this sequence
is not found in natural proteins, the dye binds to no other
cellular proteins. After the cells are washed in buffers to re-
move unattached dye, the protein of interest can be visual-
ized by fluorescence microscopy on either live or fixed cells.
The subcellular localization of the tagged protein in the same
cells can also be visualized at a higher resolution by electron
microscopy. Figure 9-14 shows the use of this fluorescent-
tagging technique to localize connexin, a plasma membrane
protein that is found in gap junctions. These cell-surface
structures permit the rapid diffusion of small, water-soluble
molecules between the cytoplasms of two adjacent cells
(Chapter 19). Another example of this tagging technique is
shown in the chapter opening figure. In this case, HeLa cells
were transfected with a cDNAs encoding a B actin with a
tetracysteine tag and then stained with ReAsH dye to label
the B actin.

  EXPERIMENTAL FIGURE 9-13 An optical section of a l iving
CHO-K1 cell expressing a recombinant lamin A-GFP chimeric
protein. Shown here is the oval-shaped nucleus with lamin A (white)
l in ing the inner  nuclear  membrane Lamin A is  a lso found in in t ra-  and
transnuclear tubule-l ike structures The rest of the cell does not contarn
any lamin-GFP fusion protein and thus is black [rrom J L V Broers et al ,
1999, J Cell Sci 112:3463 l

Podcast; Light and Electron Microscopy

^| EXPERIMENTAL FIGURE 9-14 Detection of tetracysteine'
tagged Connexin43, a gap-junction protein, by both light and

electron microscopy. The cDNA encoding Connexin43 (Cx43) was

extended at the C-terminus with a sequence that encodes a short
peptide containing the Cys-Cys-Xaa-Xaa-Cys-Cys sequence. The

recombinant cDNA was expressed in HeLa cells, which were then

stained with ReAsH, a red-fluorescing dye that covalently binds only

to proteins with this specific tetracysteine (TC) sequence. (a) Confocal

image reveals two segments of the plasma membranes of adjacent
cells that are connected by multiple gap junctions that contain the

Cx43-TC protein (bright lines indicated by white arrows) The cells

were subsequently fixed with 2% glutaraldehyde, treated with the

dye diaminobenzidine, and subjected to intense il lumination Under

these conditions, the ReAsH dye undergoes a photoconversion that

results in formation of a dense precipitate, which can be seen, after

the cells are sectioned, in the electron microscope (b) In this electron
micrograph of the same area shown in (a) after photoconversion,

the dark lines (black arrows) represent the gap iunctions (c) High-

magnification view of the section depicted in panel (b) reveals many

C x43-containing gap junction proteins in the plasma membranes of

the two adjacent cells (dark stain) This image highlights the high

resolutron obtainable with the tetracysteine labeling method Bar

i n ( a ) ,  1 O U m ;  i n ( b ) ,  1 p m ;  a n d i n ( c ) ,  1 0 0 n m  l F r o m G G a i e t t a e t a l  ,
2OO2,Science 296:503; see also B N G Giepmans et al , 2006, Sclence

Vol  312,  page 207 l

Determination of Intracellular Ca2* and H+ Levels with

lon-sensitive Fluorescent Dyes The concentration of

Ca2* or H+ within live cells can be measured with the aid of

fluorescent dyes, or fluorochromes, whose fluorescence de-

oends on the concentration of these ions. As discussed in

i"te, .hapters, intracellular Ca2* and H* concentrations

have pronounced effects on many cellular processes. For in-

stance, many hormones and other stimuli cause a rise in cy-

tosolic Ca2* from the resting level of about 10-' M to 10-"

M, which induces various cellular responses including the

contract ion of  muscle.
The fluorescent dye fwra-2, which is sensitive to Ca"-,

contains five carboxylate groups that form ester linkages

with ethanol. The resultingfura-Z ester is l ipophil ic and can
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  EXPERIMENTAL FIGURE 9-15 Fura-2, a Ca2*-sensitive
fluorochrome, can be used to monitor the relative concentrations
of cytosolic Ca2* in different regions of live cells. (left) In a moving
leukocyte, a Ca2* gradient is established. The highest levels (green)
are at the rear of the cell, where cortical contractions take place, and
the lowest levels (blue) are at the cell front, where actin undergoes
polymerization. (Right) When a pipette fi l led with chemotactic
molecules placed to the side of the cell induces the cell to turn, the
Ca2* concentration momentarily increases throughout the cytoplasm
and a new gradient is established The gradient is oriented such that
the region of lowest Ca2* (blue) l ies in the direction that the cell wil l
turn, whereas a region of high Ca2* (yellow) always forms at the site
that wil l become the rear of the cell [From R A Brundage et al , 1 991 ,
Science 254:703; courtesy of F. Fay l

diffuse from the medium across the plasma membrane into
cells. \Tithin the cytosol, esterases hydrolyze fura-2 ester,
yielding fura-Z whose free carboxylate groups render the
molecule nonlipophil ic and thus unable to cross cellular
membranes, so it remains in the cytosol. Inside cells, each
fura-2 molecule can bind a single Ca2* ion but no other cel-
Iular cation. This binding, which is proportional to the cy-
tosolic Ca2* concentration over a certain range, rncreases
the fluorescence of fura-2 at one particular wavelength. At a
second wavelength, the fluorescence of fura-2 js the same
whether or not Ca2+ is bound and provides a measure of the
total amount of fura-Z in a region of the cell. By examining
cells continuously in the fluorescence microscope and mea-
suring rapid changes in the ratio of fura-2 fluorcscence at
these two wavelengths, one can quantify rapid changes in
the fraction of fura-2 that has a bound Ca2* ion and thus in
the concentration of cytosolic Ca2+ (Figure 9-15).

Fluorescent dyes (e.g., SNARF-1)-th^t urc sensitive to
the H* concentration can similarly be used to monitor the

recross the organelle membrane, they accumulate in the Iu-
men in concentrations many fold greater than in the cy-
tosol. Thus this type of f luorescent dye can be used to
specifically stain lysosomes in l iving cells, as Figure 9-3
snows,

lmaging Subcel lu lar  Deta i ls  Of ten Requi res that
the Samples Be Fixed, Sectioned, and Stained
Live cells and tissues generally lack compounds that ab-
sorb l ight and are thus nearly invisible in a l ight micro-
scope. Although such specimens can be visualized by the
special techniques we just discussed, these methods do not
reveal the fine details of structure. Microscopy of l ive cells
also requires thar cells be housed in special glass-faced
chambers, called culture chambers, that can be mounted
on a microscope stage. For these reasons, cells are
often fixed, sectioned, and stained to reveal subcellular
structures.

Specimens for light and electron microscopy are com-
monly fixed with a solution containing chemicals that
cross-link most proteins and nucleic acids. Formaldehyde, a
common fixative, cross-links amino groups on adjacent
molecules; these covalent bonds stabilize protein-protein
and protein-nucleic acid interactions and render the mole-
cules insoluble and stable for subsequent procedures. After
fixation, a sample used for l ight microscopy is usually
embedded in paraffin and cut into sections 0.5-50 ir,m thick
(Figure 9-16).For electron microscopy samples are imbedded
in liquid plastic and, after hardening, sections 50-100 nm
thick are cut. Alternativeln the sample can be frozenwithout

Copper
mesh
gr id

A EXPERIMENTAL FIGURE 9-16 Tissues for microscopy are
commonly fixed, embedded in a solid medium, and cut into
thin sections. A fixed tissue is dehydrated by soaking in a series of
alcohol-water solutions, ending with an organic solvent compatible
with the embedding medium To embed the tissue for sectioning,
the tissue is placed in l iquid paraffin for l ight microscopy or in l iquid
plastic for electron microscopy. After the block containing the specimen
has hardened, it is mounted on the arm of a microtome and slices are
cut with a knife. Typical sections cut for l ight microscopy are 0 5-50
pm thick. Those cut for electron microscopy are generally 50-100 nm
thick The sections are collected either on microscope slides (l ight
microscopy) or copper mesh grids (electron microscopy) and stalned
with an appropriate agent

Block Specimen

Microtome

Microscope sl ide
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prior fixation and then sectioned; such treatment preserves
the activity of enzymes for later detection by cytochemical
reagents. Cultured cells growing on glass coverslips, as
described later, are thin enough so they can be fixed in situ
and visualized by light microscopy without the need for
sectioning.

A final step in preparing a specimen for l ight mi-
croscopy ls to starn rt so as to visualize the main struc-
tural features of the cell or t issue. Many chemical stains
bind to molecules that have specific features. For exam-
ple, hematoxylin binds to basic amino acids (lysine and
arginine) on many different kinds of proteins, whereas
eosin binds to acidic molecules (such as DNA and side
chains of aspartate and glutamate). Because of their dif-
ferent binding properties, these dyes stain various cell
types sufficiently differently that they are distinguishable
visually. lf an enzyme catalyzes a reaction that produces a
colored or otherwise visible precipitate from a colorless
precursor, the enzyme may be detected in cell sections by
their colored reaction products. Such staining techniques,
although once quite common, have been largely replaced
by other techniques for visualizing particular proteins, as
discussed next.

lmmunofluorescence Microscopy Can Detect
Specif ic Proteins in Fixed Cells

The common chemical dyes just mentioned stain nucleic
acids or broad classes of proteins, but investigators often
want to detect the presence and location of specific proteins.
A widely used method for this purpose employs specific
antibodies that are detected by fluorescence. In one version
of this technology, the antibody-generally a monoclonal
antibody-is covalently linked to a fluorochrome. Com-
monly used fluorochromes include rhodamine and Texas
red, which emit red light; Cy3, which emits orange light; and
fluorescein, which emits green light. These fluorochromes
can be chemically coupled to purified antibodies specific for
almost any desired macromolecule.'When a fluorochrome--
antibody complex is added to a permeabilized cell or tissue
section, the complex will bind to the corresponding antigens,
which then light up when illuminated by the exciting wave-
Iength, a technique called immunofluorescence microscopy
(Figure 9-17). Staining a specimen with different dyes that
fluoresce at different wavelengths allows multiple proteins
as well as DNA to be localized within the same cell (see

chapter opening figure).
In a variation of the immunofluorescence technique, a

monoclonal or polyclonal antibody is applied to the fixed
tissue section, followed by a second fluorochrome-tagged
antibody that binds to the common (Fc) segment of the
first antibody. For example, a "second" antibody (called

"goat anti-rabbit") is prepared by immunizing a goat with
the Fc segment that is common to all rabbit IgG antibodies;
when coupled to a fluorochrome, this second antibody
preparation will detect any rabbit antibody used to stain a
tissue or cell. Because several goat anti-rabbit antibody
molecules can bind to a single rabbit antibody molecule in

,  2oP'm ,

A EXPERIMENTAL FIGURE 9-17 Aspecific protein can be
localized in fixed tissue sections by immunofluorescence
microscopy. A section of the rat intestinal wall was stained with
Evans blue, which generates a nonspecific red fluorescence, and with

a yellow green-fluorescing antibody specific for GLUT2, a glucose

transport protein. As evident from this fluorescence micrograph,
GLUT2 is present in the basal and lateral sides of the intestinal cells

but is absent from the brush border, composed of closely packed

microvil l i  on the apical surface facing the intestinal lumen. Capil laries
run through the lamina propria, a loose connective tissue beneath
the epithelial layer. lsee B Thorenset al, 1990, Am. J Physio 259:C279'

courtesy of B, Thorens l

a section, the fluorescence is often brighter than if just a

protein-specific antibody directly coupled to a fluo-

rochrome is used.
In another widely used version of this technolog5 cells

are transfected with a cDNA encoding a recombinant

protein that has appended, generally to one end' a short

sequence of amino acids called an epitope tag. Two com-

monly used epitope tags are called FLAG' encoding the

amino acid sequence DYKDDDDK (single-letter code),

and myc, encoding the sequence EQKLISEEDL. Commer-

cial fluorochrome-coupled monoclonal anti-epitope anti-

bodies can then be used to detect the recombinant protein

in the cell.
New types of f luorescence microscopy, such as one

with the exotic name of STED (stimulated emission deple-

tion). enable two fluorescent obiects to be resolved even if

they are as close together as =20 nm, well below the =200-

nm resolution l imit for standard l ight microscopy. For

example, nerve cells contain a class of membrane-lined

vesicles, termed synaptic vesicles, that ate too small (=40

nm in diameter) and too densely packed to be resolved by

available fluorescence microscopes. However, STED can

resolve individual vesicles in nerve cells. This technique

should also enable investigators to detect single fluores-

cent protein molecules in the membranes of purif ied

orqanelles.
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Confocal  and Deconvolut ion Microscopy Enable
Visual izat ion of  Three-Dimensional  Objects
Convent ional  f luorescence microscopy has rwo major
limitations. First, the fluorescent l ight emitted by a sam-
ple comes from molecules above and below the plane of
focus; thus the observer sees a blurred image caused by
the superposition of f luorescent images from molecules at
many depths in the cell. The blurring effect makes it diff i-
cult to determine the actual molecular arrangements (Fig-
ure 9-18a).  Second,  to v isual ize th ick specimens,  consecu-
t ive (ser ia l )  secr ions must  be prepared,  imaged,  and
aligned to reconstruct structures in thick tissues. Two ap-
proaches can be used to avoid the preparat ion of  ser ia l
sect ions and to obta in h igh-resolut ion three-dimensional
in format ion.

One approach, called confocal microcopy differs from
conventional f luorescence microscopy by the use of a pin-
hole located in front of the detector that blocks l ight not
originating from that focal plane. The resulting images do
not contain blurs from structures above and below the
current  posi t ion of  the focal  p lane (Figure 9-18b).  The ma-
jority of confocal microscopes use a laser as the source of
i l lumination; lasers provide a defined excitation wave-
length and because of their focused energy are often well
suited to penetrating thick specimens. Since a laser is fo-
cused on a s ingle point  on the specimen,  i t  must  be
scanned across and down to build an image. The intensity
of l ight from these in-focus areas is recor"ded by a photo-
multiplier tube, and the image is stored in a comouter. The

scanning process can often take a few minutes and so is
not well-suited to imaging fast biological processes in l iv,
ing samples. A revolutionary newly developed variation of
laser-scanning confocal microscopy is Nipkow confocal
microscopy. This method uses a spinning disk with multi-
ple pinholes that split the laser into hundreds of beamlets,
increasing the rate at which the image is collected by a fac-
tor  of  10 or  more.

Images of the highest possible resolution currently avail-
able can be obtained by deconvolution, a computationally
intensive mathematical process whereby blurred objects are
sharpened. Similar algorithms are used by astronomers to
sharpen images of distant stars. In deconuolution mi-
croscopy, a series of images of an object are taken at differ-
ent focal planes with a conventional f luorescence micro-
scope or confocal microscope. A separate series of images
are made from a test slide containing tiny fluorescent beads
smaller (e.g.,0.2 trrm in diameter) than the resolution of the
microscope. Each bead represents a pinpoint of light that be-
comes a blurred object because of the imperfect optics of the
microscope; from these images a point spread function is de-
termined that enables the investigator to calculate the distri-
bution of f luorescent point sources that generated the "blur"
in the object image. In other words, the light generaring the
blurred sample image from adjacent focal planes is reas-
signed to the correct focal plane via iterative comparlson
with the point spread function. Images restored by deconvo,
lution display impressive detail without any blurring as illus-
trated in Figure 9-19.

lmaged
vo lume

A EXPERIMENTAL FIGURE 9-18 Confocal microscopy produces an
in-focus optical section through thick cells. A mitotic fertilized egg
from a sea urchin (Psammechinus) was lysed with a detergenr, exposeo
to an anti- tubul in antibody, and then exposed to a f luorescein-tagged
antibody that binds to the anti- tubul in antibody. (a) When viewed by
conventional f  luorescence microscopy, the mitot ic spindle is blurred

' 4o P'm

i'*7 \-r
Focal plane ---+/ 

l__, \- tmaged
,  _ _ * \ : . . . J  v o t u m e

This blurr ing occurs because background f luorescence is detected from
tubulin above and below the focal plane as depicted in the sketch
(b) The confocal microscopic image is sharp, part icularly in the center
of the mitot ic spindle ln this case, f luorescence is detected only from
molecules in the focal plane, generating a very thin optical section
[Micrographs from J G White et al , 1987, J Cell Biol 104:41 ]

(a )  Convent iona l  f luorescence mic roscopy (b) Confocal f luorescence microscopy
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  EXPERIMENTAL FIGURE 9-19 Deconvolution fluorescence
microscopy yields high-resolution optical sections that can be
reconstructed into one three-dimensional image. A macrophage
cell was stained with fluorochrome-labeled reagents specific for DNA
(blue) ,  microtubules (green),  and act in  microf i laments ( red) .  The
series of f luorescent images obtained at consecutive focal planes
(optical sections) through the cell were recombined in three dimensions
(a) In this three-dimensional reconstruction of the raw images, the
DNA. microtubules.  and act in  aopear as d i f fuse zones in the cel l .
(b) After application of the deconvolution algorithm to the images,
the f ibr i l lar  organizat ion of  microtubules and the local izat ion of
act in  to adhesions become readi ly  v is ib le in  the reconstruct ion
[Courtesy of J Evans, Whitehead Institute ]

Graphics and Informatics Have Transformed
Modern Microscopy

In the past decade, digital cameras have largely replaced

optical cameras to record microscopy images. Digital im-

ages can be stored in a computer and manipulated by con-

ventional photographic software as well as by specialized

algorithms. As mentioned above, deconvolution algo-

rithms can sharpen an image by restoring out-of-focus

photons to their origin. Other computer algorithms,

which previously required supercomputing facil i t ies' en-

able visualization of intricate three-dimensional structures

reconstructed on desktop computers (see Figure 9-1'9).

Informatics including image analysis algorithms and sta-

tistical approaches allow quantitation of shapes, move-

ments and signal intensities within objects such as cells or

organelles.

Light Microscopy: Visualizing Cell Structure

and Localizing Proteins Within Cells

r The limit of resolution of a light microscope is about

200 nm.

r Because cells and tissues are almost transparent' various

types of stains and optical techniques are used to generate

sufficient contrast for imaging'

r Phase-contrast and differential interference contrast
(DIC) microscopy are used to view the details of l ive'

unstained cells and to monitor cell movement (see Fig-

ure 9-11).

r 
'Sfhen 

proteins tagged with naturally occurring green

fluorescent protein (GFP) or its variants are expressed in

live cells, they can be visualized in a fluorescence micro-

scope (see Figure 9-12).

r \fith the use of dyes whose fluorescence is proportional

to the concentration of Ca2* or H* ions' fluorescence mi-

croscopy can measure the local concentration of Ca2* ions

and intracellular pH in living cells.

r In immunofluorescence microscopy, specific proteins

and organelles in fixed cells are stained with fluo-

rochrome-labeled monoclonal antibodies. Multiple pro-

teins can be localized in the same sample by staining with

antibodies labeled with different f luorochromes (see

chapter opening figure).

r Confocal microscopy and deconvolution microscopy

use different methods to optically section a specimen,

thereby reducing the blurring due to out-of-focus fluores-

cence light (see Figures 9-18 and 9-19). Both methods

provide much sharper images, particularly of thick speci-

mens, than does standard fluorescence or l ight mi-

croscopy.

r Advances in computation and graphics enable measure-

ments to be extracted from microscope images.
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!f,l Electron Microscopy: Methods
and Applications
Electron microscopy of cells and tissues provides a much
higher resolution of cell ultrastrucrure than can be obtained
by light microscopy. However, the technology requires that
the cell be fixed and sectioned, and thus living cells cannot
be imaged. Researchers weigh these kinds of trade-offs and
select from a variety of methods to produce images that an-
swer their questions. For example, immunoelectron mi-
croscopy can be used to localize specific proreins at high res-
olution within cells. Two proteins, but generally not more,
can be detected simultaneously, though the procedure is
technically challenging. By comparison, f luorescence mi-
croscopy can be used to detect four or more proteins at the
same time (see chapter opening figure) albeit at a lower res-
olution. Preparations of certain purified particles, such as
viruses and ribosomes, can be visualized by electron mi-
croscopy without prior fixation or staining if the sample is
frozen in liquid nitrogen and maintained in the frozen state
while being observed.

Resolution of Transmission Electron Microscopy
ls Vastly Greater Than That of Light Microscopy
The fundamental principles of electron microscopy are slm-
ilar to those of light microscopy; the major difference is that
electromagnetic lenses focus a high-velocity electron beam
instead of the visible l ight used by optical lenses. In the
transmission electron microscope (TEM), electrons are
emitted from a filament and accelerated in an electric field.
A condenser lens focuses the electron beam onto the sam-
ple; objective and projector lenses focus the electrons that
pass through the specimen and project them onto a viewing
screen or other detector (Figure 9-20, left). Because atoms
in air absorb electrons, the entire tube between the electron
source and the detector is maintained under an ultrahigh
vacuum.

The short wavelength of electrons means that the limit of
resolution for a transmission electron microscope is theoret-
ically 0.005 nm (less than the diameter of a single atom), or
40,000 times better than the resolution of a l ight micro-
scope, and 2 million times better than that of the unaided
human eye. However, the effective resolution of the trans-
mission electron microscope in the study of biological sys-
tems is considerably less than this ideal. Under optimal con-
ditions, a resolution of 0.10 nm can be obtained with
transmission electron microscopes, about 2000 times better
than the best resolution of light microscopes. Several exam-
ples of cells and subcellular structures imaeed bv TEM were
included in Section 9.1.

Because TEM requires very thin, f ixed sections (about
50 nm), only a small part of a cell can be observed in any
one section. Sectioned specimens are prepared in a manner
similar to that used for l ight microscopy, by using a knife
capable of producing sections 50-100 nm in thickness (see

Figure 9-16). The generation of the image depends on dif-
ferential scattering of the incident electrons by molecules in
the preparation. 

'Without 
staining, the beam of electrons

passes through a specimen uniformlS and so the entire
sample appears uniformly bright with little differentiation
of components. To obtain useful images by TEM, samples
are commonly stained with heavy metals such as lead and
uranium, during or just after the fixation step. Metal-
stained areas appear dark on a micrograph because the
metals scatter (diffract) most of the incident electronsl scat-
tered electrons are not focused by the electromasnetic

Tungsten f i lament
(cathode)

-  Condenser  lens

Beam of electrons

Scann ing
co i l s

Spec imen

Electromagnetic -
objective lens

Projector lens

Detector

Specimen

  EXPERIMENTAL FIGURE 9-20 In electron microscopy, images
are formed from electrons that pass through a specimen or are
scattered from a metal-coated specimen, In a transmlssron
electron microscope (TEM), electrons are extracted from a heated
fi lament, accelerated by an electric f ield, and focused on the
specimen by a magnetic condenser lens Electrons that pass through
the specrmen are focused by a series of magnetic objective and
projector lenses to form a magnified image of the specimen on a
detector, which may be a fluorescent viewing screen, photographic
fi lm, or a charged-couple-device (CCD) camera In a scanning
electron microscope (5EM), electrons are focused by condensor and
objective lenses on a metal-coated specimen Scanning coils move
the beam across the specimen, and electrons scattered from the
metal are collected by a photomultiplier tube detector In both types
of microscopes, because electrons are easily scattered by air
molecules,  the ent i re column is  mainta ined at  a very h igh vacuum,

TEM SEM
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(cata lase)
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lenses and do not contribute to the image. Areas that take

up less stain appear l ighter. Osmium tetroxide preferen-

tially stains certain cellular components, such as mem-

branes (see Figure 10-6) .
Specific proteins can be detected in thin sections using

protein-specific antibodies. In this technique the cells are

lightly fixed (to avoid denaturing epitopes on the desired
protein) and then hozen at the temperature of liquid nitro-
gen and sectioned. After thawing, an antibody is applied to

the section, which then is treated with electron-dense gold

particles coated with protein A, a bacterial protein that

binds the Fc segment of all antibody molecules (Figure 9-21).

Because the gold particles diffract incident electrons, they

appear as dark dots.

Cryoelectron Microscopy Allows Visualization
of Part icles Without Fixation or Staining

Standard t ransmiss ion e lect ron microscopy cannot  be

used to study l ive cells because they are generally too vul-

nerable to the required conditions and preparatory tech-

niques. [n particular, the absence of water causes macro-

molecules to become denatured and nonfunctional.

However, hydrated, unfixed, and unstained biological

specimens can be viewed directly in a transmission elec-

tron microscope if the sample is frozen. In this technique

< EXPERIMENTAL FIGURE 9-21 Gold particles coated with
protein A are used to detect an antibody-bound protein by

transmission electron microscopy. (a) First antibodies are

allowed to interact with their specific antigen (e g , catalase) in a

section of f ixed tissue Then the section is treated with electron-

dense gold particles coated with protein A from the bacterium

S aureus Binding of the bound protein A to the Fc domains of the

antibody molecules makes the location of the target protein,

cata lase in  th is  case,  v is ib le in  the e lect ron microscope.  (b)  A s l ice

of l iver t issue was fixed with glutaraldehyde, sectioned, and then

treated as described in part (a) to localize catalase The gold

particles (black dots) indicating the presence of catalase are located

exclusively in peroxisomes [From H J Geuze et al , 1981, J Cell Biol

89:653 Reproduced from lhe Journal of Cell Biology by copyright

permission of  The Rockefel ler  Univers i ty  Press l

of cryoelectron microscopy, an aqueous suspenslon ol a

sample is  appl ied to a gr id  in  an extremely th in f i lm,

frozen in l iquid nitrogen, and maintained in this state by

means of a special mount. The frozen sample then is

placed in the electron microscope. The very low tempera-

ture ( -  196 'C)  keeps water  f rom evaporat ing,  even in a

vacuum. Thus, the sample can be observed in detail in its

native, hydrated state without f ixing or heavy metal stain-

ing, although cells and some viruses subjected to this

tr*t-.ttt wil l be kil led. By computer-based averaging of

hundreds of images, a three-dimensional model can be

generated almost to atomic resolution. For example, this

method has been used to generate models of ribosomes

(see Figure 4-26), the muscle calcium pump discussed in

Chapter 11, and other large proteins that are diff icult to

crystall ize.
Many viruses contain coats' or capsids, that contain mul-

tiple copies of one or a few proteins arranged in a symmetric

^ir^y.lia cryoelectron microscope, images of these particles

can be viewed from a number of angles. A computer analy-

sis of multiple images can make use of the symmetry of the

particle to ihe calculate three-dimensional structure of the

iapsid to about 5-nm resolution. Examples of such images

are shown in Figure 4-44.
An extension of this technique, cryoelectron tomogra-

phy, allows researchers to determine the three-dimen-

iional architecture of organelles or even whole cells em-

bedded in ice, that is, in a state close to l ife' In this

technique, the specimen holder is t i l ted in small incre-

-.nt, 
"rotr.td 

the axis perpendicular to the electron beam;

thus images of the object viewed from different directions

are obta ined (Figure 9-22a,  b) .  The images are then

merged computationally into a three-dimensional recon-

struit ion termed a tomogram (Figure 9-22c)' A disadvan-

tage of cryoelectron tomography is that the samples must

be relatively thin, about 200 nm; this is much thinner than

the samples (200 p'm thick) that can be studied by confo-

cal l ight microscopy.

( a l

( b ) Peroxisomes
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< EXPERIMENTAL FIGURE 9-22 Structure
of the nuclear pore complex (NPC) by
cryoelectron tomography. (a) In electron
tomography, a semicircular series of two-
dimensional projection images is recorded
from the three-dimensional specimen that is
located at the center; the specimen is t i l ted
while the electron optics and detector
remain stationary The three-dimensional
structure is computed from the individual
two-dimensional images that are obtained
when the object is imaged by electrons
coming from different directions (arrows in
left panel ) These individual images are used
to generate a 3-dimensional image of the
object (arrows, right panel) (b) lsolated
nucle i  f rom the cel lu lar  s l ime mold
Dictyostelium drscoideum were quick-frozen
in l iqu id n i t rogen and mainta ined in th is
state as the sample was observed in the
electron microscope. The panel shows three
sequent ia l  t i l ted images.  Di f ferent
orientations of NPCs (arrows) are shown in
top-view (left and center) and side-view
(nghf). Ribosomes connected to the outer
nuclear membrane are visible, as is a patch
of rough ER (arrowheads) (c) Computer-
generated surface-rendered representation
of a segment of the nuclear envelope
membrane (yellow) studded with NPCs
(blue) lpart (a) after 5 Nickell et al . 2006.
Nature Rev. Mol Cell Biol 7.225 Parts (b) and (c)

f rom M Beck eI  a l ,  2004,Science 306:1387 l

Electron Microscopy of Metal-Coated
Specimens Can Reveal Surface Features
of  Cel ls  and Thei r  Components
Information about the shapes of purified viruses, fibers, en-
zymes, and other subcellular particles can be obtained with
TEM by using metal shadowing. In this preparative tech-
nique,, a thin layer of metal, such as platinum, is evaporated
on a fixed or rapidly frozen biological sample (Figure 9-23a).
teatment with acid and bleach dissolves away thecell, leaving
a metal replica that is viewed in a transmission electron mi_
croscope (Figure 9-23b).

_. AlternativelS the scanning electron microscope (SEM)
allows investigators to view the surfaces of unsectioned
metal-coated specimens. An intense electron beam inside
the microscope scans rapidly over rhe sample. Molecules
in the coating are excited and release secondary electrons
that are focused onto a scinti l lation detector; the resulting
signal is displayed on a cathode-ray tube much like , .orl
ventional television (see Figure 9-20, right). The resulting
scanning electron micrograph has a three-dimensional
appearance because the number of  secondary e lect rons
produced by any one point on the sample depends on the
angle of the electron beam in relation to the surface

(Figure 9-24). The resolving power of scanning electron
microscopes, which is l imited by the thickness of the metal
coating, is only about 10 nm, much less than that of trans-
mission lnstruments.

Electron Microscopy: Methods and Applications

r Specimens for transmission electron mrcroscopy
(TEM) generally must be fixed, dehydrated, embedded,
sectioned, and then stained with electron-dense heavy
metals.

r Cryoelectron microscopy allows examination of hydrated,
unfixed, and unstained biological specimens directly in a
transmission electron microscope; samples are frozen in
liquid nitrogen and maintained in this state.

r Surface details of objects can be revealed by transmission
electron microscopy of metal-coated specimens.

r Scanning elecrron microscopy (SEM) of metal-coated
unsectioned cells or rissues produces images that appear to
be three-dimensional.
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A EXPERIMENTAL FIGURE 9-24 Scanning electron microscopy
(SEM) produces a three-dimensional image of the surface

of an unsectioned specimen. Shown here is an SEM image

of  the epi thel ium l in ing the lumen of  the in test ine.  Abundant

fingerlike microvil l i  extend from the lumen-facing surface of each

cel l .  The basal  lamina beneath the epi thel ium helps support  and

anchor i t  to  the under ly ing connect ive t issue.  Compare th is

image of  in test inal  ce l ls  wi th that  in  F igure 9-17,  a f luorescence

micrograph lFrom R Kessel and R Kardon, 1979, Tissues and Organs: A

Text-Atlas of Scanning Electron Microscopy, W H Freeman and Company,

o  t / b  I

@ Purification of Cell Organelles
Many studies on cell structure and function require sam-

ples of a particular type of subcellular organelle' As one

i*ample, a recent proteomic study on mitochondria puri-

fied fiom mouse brain, heart, kidney' and liver revealed

591 mitochondrial proteins, including 163 proteins not

previously associated with this organelle. Several proteins

were found in mitochondria only in specific cell types' De-

termining the functions associated with these newly iden-

tif ied mitochondrial proteins is a maior objective of cur-

rent research on this organelle. In this section' we describe

several commonly used techniques for separating different

organelles.

Disrupt ion of  Cel ls  Releases Thei r  Organel les

and Other Contents

The initial step in purifying subcellular structures is to re-

lease the cell's contents by rupturing the plasma membrane

and the cell wall, if present. First, the cells are suspended in

a solution of appropriate pH and salt content, usually iso-

tonic sucrose (0.25 M) or a combination of salts similar in

Carbon f i lm

Metal repl ica ready
l izat ion

g

,  1 g m  ,

A EXPERIMENTAL FIGURE 9-23 Metal shadowing makes surface
details on very small objects visible by transmission electron
microscopy. (a) The sample is spread on a mica surtace and then
dr ied in  a vacuum evaporator  ( t r )  The sample gr id is  coated wi th
a th in f i lm of  a heavy metal ,  such as p lat inum or  gold,  evaporated
f  rom an e lect r ica l ly  heated metal  f i lament  (E)  To stabi l ize the
repl ica,  the specimen is  then coated wi th a carbon f i lm evaporated
from an overhead e lect rode (B)  The b io logical  mater ia l  is  then
dissolved by ac id and b leach (El ) ,  which is  v iewed in a TEM In
electron mrcrographs of such preparations, the carbon-coated
areas appear l ight- the reverse of  micrographs of  s imple metal -
s ta ined preparat ions in  which the areas of  heaviest  metal  s ta in ing
appear the darkest  (b)  A p lat inum-shadowed repl ica of  the
substructura l  f  ibers of  ca l fsk in col lagen,  the major  s t ructura l
prote in of  tendons,  bone,  and s imi lar  t issues The f ibers are about
200 nm thick; a characteristic 64-nm repeated pattern (white
paral le l  l ines)  is  v is ib le a long the length of  each f iber .  [cour tesy of
K  B T U N S  I

5 p m
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through a very narrow space between a plunger and the ves-
sel wall; the pressure of being forced between the wall of the
vessel and the plunger ruptures the cell.

Recall that water flows into cells when they are placed in
a hypotonic solution, that is, one with a lower concenrration
of ions and small molecules than found inside the cell. This

Disrupting the cell produces a mix of suspended cellular
components, the homogenate, from which the desired or-
ganelles can be retrieved. Because rat l iver contains an abun-
dnnce of a single cell type, this tissue has been used in many
classic studies of cell organelles. However, the same isolation
principles apply to virtually all cells and tissues, and modifi-
cations of these cell-fractionation techniques can be used to
separate and purify any desired components.

Centri fugation Can Separate Many Types
of  Organel les
In Chapter 3, we considered the principles of centrifugation
and the uses of centrifugation techniques for separating pro-
teins and nucleic acids. Similar approaches are used foriep-
arating and purifying the various organelles, which differ in
both size and density and thus undergo sedimentation at dif-
ferent rates.

Most cell-fractionation procedures begin with differ-
ential centrifugation of a fi l tered cell homogenate ar in-

creasingly higher speeds (Figure 9-25). After centrifuga-
tion at each speed for an appropriare time, the l iquid that
remains at the top of the vessel, called the supernaranr, ls
poured off and centrifuged at higher speed. The pelleted
fractions obtained by differential centrifugation generally
contain a mixture of organelles, although nuclei and viral
particles can sometimes be purif ied completely by this
procedure.

An impure organelle fraction obtained by differential
centrifugation can be further purified by equilibrium
density-gradient centrifugation, which separates cellular
components according to their density. After the fraction is
resuspended, it is layered on top of a solution that contains
a gradient of a dense nonionic substance (e.g., sucrose or
glycerol). The tube is centrifuged at a high speed (about
40,000 rpm) for several hours, allowing each particle to mi-
grate to an equilibrium position where the density of the sur-
rounding liquid is equal to the density of the particle (Figure
9-26). The different layers of liquid are then recovered by
pumping out the contents of the centrifuge tube through a
narrow piece of tubing.

Because each organelle has unique morphologic al fea-
tures, the purity of organelle preparations can be assessed by
examination in an electron microscope. Alternatively, or-
ganelle-specific marker molecules can be quantified. For ex-
ample, the protein cytochrome c is present only in mito-
chondria; so the presence of this protein in a fraction of
lysosomes would indicate irs conramination by mitochon-
dria. Similarly, catalase is present only in peroxisomes; acid
phosphatase, only in lysosomes; and ribosomes, only in the
rough endoplasmic reticulum or the cyrosol.

> EXPERIMENTAL FTGURE 9-25 Differentiat
centrifugation is a common first step in
fractionating a cell homogenate. The
homogenate resul t ing f rom disrupt ing cel ls  is
usually filtered to remove unbroken cells and then
centrifuged at a fairly low speed to selectively
pellet the nucleus-the largest organelle The
undeposited materiai (the supernatant) is next
centrifuged at a higher speed to sediment the
mitochondr ia,  ch loroplasts,  lysosomes,  and
peroxisomes. Subsequent centrifugation in the
ul t racentr i fuge at  100,0009 for  60 minutes
results in deposition of the plasma membrane,
fragments of the endoplasmic reticulum, and
large polyribosomes The recovery of ribosomal
subunits, small polyribosomes, and particles such
as complexes of  enzymes requi res addi t ional
centr i fugat ion at  s t i l l  h igher  speeds.  Only the
cytosol - the soluble aqueous par t  of  the
cytoplasm-remains in  the supernatant  af ter
centrifugation at 300,0009 for 2 hours

peroxisomes (fragments of somes
endop lasmic
re t icu lum) ,
and la rge
polyribosomes

Centri fuge
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< EXPERIMENTAL FIGURE 9-26 A mixed organelle fraction

can be further separated by equilibrium density-gradient

centrifugation. In this example, uti l izing rat l iver, material in

the pel le t  f rom centr i fugat ion at  15,0009 (see Figure 9-25)  is

resuspended and layered on a gradient of increasingly more

dense sucrose solutions in a centrifuge tube. During centrifugation

for several hours, each organelle migrates to its appropriate

equi l ibr ium densi ty  and remains there To obta in a good separat ton

of lysosomes from mitochondria, the l iver is perfused with a

solution containing a small amount of detergent before the tissue

is disrupted. During this perfusion period, detergent is taken into the

cells by endocytosis and transferred to the lysosomes, maktng them

less dense than they would normally be and permitting a "clean"

separatron of lysosomes from mitochondria.

rification of vesicles whose outer surface is covered with

isolated by low-speed centrifugation (Figure 9-27)' A te-

lated technique uses tiny metallic beads coated with spe-

cific antibodies. Organelles that bind to the antibodies, and

are thus linked to the metallic beads, are recovered from

Before
centrifugation

After
centrifugation

Organelle-Specif ic Antibodies Are Useful
in  Prepar ing Highly  Pur i f ied Organel les

Cell fractions remaining after differential and equil ibrium

density-gradient centrifugation usually contain more than

one type of organelle. Monoclonal antibodies for various

organelle-specific membrane proteins are a powerful tool

for further purifying such fractions. One example is the pu-

( a )

Cla thr in Bacterial cel l

Antibodv to clathrin

Protein A

  EXPERIMENTAL FIGURE 9-27 Small coated vesicles can be
purified by binding of antibody specific for a vesicle surface
protein and linkage to bacterial cells. In this example, a suspension

of membranes from rat l iver is incubated with an antibody specific
for clathrin. a protein that coats the outer surface of certain cytosolic
vesicles. To this mrxture is added a suspension of Staphylococcus
aureus bacteria whose surface membrane contains protein A, which

( b ) Coated
vesicles

, 
0.1 pum 

,

binds to the Fc constant region of antibodies. (a) Interaction of

protein A with antibodies bound to clathrin-coated vesicles l inks

the vesicles to the bacterial cells. The vesicle-bacteria complexes

can then be recovered by low-speed centrif ugation (b) A thin-section

electron micrograph reveals clathrin-coated vesicles bound to an

S aureus cell [See E Merisko et al , 1982, I Cell Biol 93:846 Micrograph

courtesy of  G Palade l

Coated vesicle
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the preparation by adhesion to a small magnet on the side
of the test tube.

tain a particular glucose transporter (GLLT4) that is localized
to the membrane of one of these rypes of vesicle. \When insulin
is added to the cells, these vesicles fuse with the cell-surface
membrane and increase the number of glucose rransporters
able to take up glucose from the blood. As we will see in
Chapter 15, this process is critical to maintaining the appro-
priate concentration of sugar in the blood. The GLUIa-

Purif ication of Cell Organelles

r Disruption of cells by vigorous homogenization, sonica-
tion,.or other techniques releases their organelles. Swelling
of cells in a hypotonic solution weakens the plasma mem-
brane, making it easier ro ruprure.

r Sequential differential centrifugation of a cell homogenate
yields fractions of partly purified organelles that diifer in
mass and density (see Figure 9-25).

r Equilibrium density-gradient centrifugation, which sepa_
rates cellular components according to their densities, ian
further purify cell fractions obtained by differential cen-
trifugation (see Figure 9-26).

r Immunological techniques using antibodies against or-
ganelle-specific membrane proteins are particulaily useful
in purifying organelles and vesicles of similar sizes and den_
sities (see Figure 9-27).

![ lsolation, Culture,
and Differentiation of Metazoan Cells
Most animal and plant rissues contain multiple types of cells,
but biochemical and molecular investigationi 

"r. 
b.rt u..o-_

plished on homogenous cell populationi. In the first part of this
section we describe a powerful instrument, the flulrescence_

animal in the laboratory under conditions that permit their
survival and growth for at least several divisions.

Certain types of primary cells, especially those from em-
bryos, can undergo differentiation in culture. As an example,
we will describe how muscle cell precursors grown in culture
can differentiate and form apparently normal muscle cells, pro-
viding a good system for studying this developmental process.
Although many types of primary cells undergo only a limited
number of divisions in culture, some accumulate cancer-
causing (oncogenic) mutations that allow them to be cultured
indefinitely. In many cases a single cell can be readily grown
into a colony of identical cells, a process called cell cloning.
Because these cells are genetically homogeneous, they are pa:.
ticularly suitable for many types of biochemical and genetic
studies. Certain cloned cells can undergo differentiation into
specific cells types such as adipocytes (fat-storing cells), nerve,
or muscle, allowing studies on the mechanism of cell differen-
tiation to be conducted on homogenous cell populations.
Many times in this chapter we have shown how monoclonal
antibodies facilitate cell biological experiments; at the end of
this section we describe how special cultured cells are used to
generate these antibodres.

Flow Cytometry Separates Different Cell  Types
Some cell types differ sufficiently in density that they can be
separated on the basis ofthis physical property. Nfhite blood
cells (leukocytes) and red blood cells (erythrocytes), for in-
stance, have very different densities because erythrocvtes
have no nucleus; thus these cells can be separated fy .quitiU-
rium density centrifugation (described above). Because most
cell types cannot be differentiated so easilS other techniques
such as flow cytometry must be used to separate them.

A flow cytometer identifies different celli by measuring the
light that they scatter and the fluorescence that they emit as-they
flow through a laser beam; thus it can quantify the numbers of
cells of a particular type from a mixture. Indeed, a fluorescence-
activated cell sorter (FACS), which is based on flow cytometry
can select one or a few cells from thousands of other cells and
sort them into a separate culture dish (Figure 9-28). For exam-
ple, if an antibody specific to a certain cell-surface molecule is
linked to a fluorescent dye, any cell bearing this molecule will
bind the antibody and will then be separared from other cells
when it fluoresces in the FACS. Having been sorted from other
cells, the selected cells can be grown in culture.

The FACS procedure is commonly used to purify the dif-
ferent types of white blood cells, each of which bears on its
surface one or more distinctive proteins and will thus bind
monoclonal antibodies specific for that protein. Only the
T cells of the immune system, for instance, have both CD3 and
Thyl .2 proteins on their surfaces. The presence of these sur-
face proteins allows T cells to be separated easily from other
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Fluorescent  ce l l  d rop le ts  ,  
Sor ted  charged

droPle ts  conta in ing
Nonfluorescent cel l  droplet :  ' f luorescent cel ls

Ce l l  suspens ion < EXPERIMENTAL FIGURE 9-28 Fluorescence-

activated cell sorter (FACS) separates cells

that are labeled differentially with a

fluorescent reagent. Step E: A concentrated
suspension of labeled cells is mixed with a buffer
(the sheath f luid) so that the cells pass single-fi le

through a laser  l ight  beam. Step A:  Both the

fluorescent l ight emitted and the l ight scattered

by each cell are measured; from measurements
of the scattered l ight, the size and shape of the

cell can be determined Step S: The suspension

is then forced through a nozzle, which forms tiny

droplets containing at most a single cell At the

time of formation, each droplet is given a negative

electr ic  charge proport ional  to  the amount  of

fluorescence of its cell. Step 4: Droplets wrth no

charge and those with different electric charges

are separated by an electric f ield and collected

Because i t  takes only mi l l iseconds to sor t  each

droplet ,  as many as 10 mi l l ion cel ls  per  hour  can
pass through the machine lAdapted from D R Parks

and L A Herzenberg, 1982, Meth Cell Biol 26:2831

types of blood cells or spleen cells (Figure 9-29). Small magnetic

beads may be used in a variation of this process that does not

involve flow cytometry. The beads are coated with a mono-

clonal antibody specific for a surface protein such as CD3 or

Thyl.2. Only cells with these proteins will stick to the beads

and can be recovered from the preparation by adhesion to a

small magnet on the side of the test tube.
Other uses of flow cytometry include the measurement

of a cell's DNA and RNA content and the determination of

its general shape and size. The FACS can make simultaneous

measurements of the size of a cell (from the amount of scat-

tered light) and the amount of DNA that it contains (from

the amlunt of fluorescence emitted from a DNA-binding

dye). Measurements of the DNA content of individual cells

"ie 
.rs.d to follow replication of DNA as the cells progress

through the cell cycle (Chapter 20).

Cul ture of  Animal  Cel ls  Requi res Nutr ient -Rich

Media and Specia l  Sol id  Sur faces

In contrast with most bacterial cells, which can be cultured

quite easily, animal cells require many specialized nutrients

and often specially coated dishes for successful culturing' To

permit the iurvival and normal function of cultured tissues

Lr cells, the temperature, pH, ionic strength, and access to

< EXPERIMENTAL FIGURE 9-29 T cells bound to fluorescence-

tagged antibodies to two cell-surface proteins are separated

trom ottrer white blood cells by FACS. Spleen cells from a mouse

were treated with a red fluorescent monoclonal antibody specific for

the CD3 cell-surface protein and with a green fluorescent monoclonal

antibody specific for a second cel|-surface protein, Ihyl '2. As the ce||s

*ere passed through a FACS machine, the intensity of the green and

red fluorescence emitted by each cell was recorded Each dot

represents a single cell. This plot of the green fluorescence (vertical

axis) versus red fluorescence (horizontal axis) for thousands of spleen

cells shows that about half of them-the T cells-express both CD3

and Thyl.2 proteins on their surfaces (upper-right quadrant) The

remaining cells, which exhibit low fluorescence (lower-left quadrant)'

"*pr"r, 
only background levels of these proteins and are other types

of white blood cells. Note the logarithmic scale on both axes. lcourtesy

o{ Chengcheng Zhang, Whitehead Inst i tute I
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essential nutrients must simulate as closely as possible the
conditions within an intact organism. Isolated animal cells
are typically placed in a nurrient-rich liquid, called the cul_
ture medium, within specially treated plastic dishes or flasks.
The cultures are kept in incubators in which the tempera_
ture, atmosphere, and humidity can be controlled. To reduce

ganisms and other airborne contaminants.

fa91o1s include the polypeptide hormone insulin; rransferrin,
which supplies iron in a bioaccessible form; and numerous
growth factors. In addition, certain cell types requlre spe_
cialized protein growth factors not present in serum. For in_

can be maintained or grown in suspension as single cells.

Primary Cell Cultures Can Be Used
to Study Cell Differentiat ion
Normal animal tissues (e.g., skin, kidneg liver) or whole em_
bryos are commonly used to establish primary cell cwbures.
To prepare tissue cells for a primary .ulrr.., rhe cell_cell and
cell-matrix interactions must be broken. To do so, tissue

when calcium is removed; other cell-adhesion molecules that
are not calcium dependent need to be proteolyzed for the
cells to separate. The released cells are then placed in dishes
in a nutrient-rich, serum-supplemented medium, where they
can adhere to the surface and one another. The same pro-
tease/chelator solution is used to remove adherent cells from
a culture dish for biochemical studies or subculturing (trans-
fer to another dish).

Fibroblasts are the predominant cells in connective tissue
a_nd normally produce ECM components such as collagen
that bind to cell-adhesion molecules, thereby anchoring cells
to a surface. In culture, fibroblasts usually divide more
rapidly than other cells in a tissue, eventually becoming the
predominant cell type in a primary culture unless special
precautions are taken to remove them when isolatinq other
types of cells.

sion, the cells induce synthesis of dozens of muscle,specific
proteins necessary for further muscle development 

"nJ 
furr.-

tion. Similar mononucleated cells, termed ,itrllit, cells, are
found in adult muscle and can fuse to form multinucleated
myotubes and simultaneously induce synthesis of muscle-

ling muscle development.
Certain cells from blood, spleen, or bone marrow adhere

poorly, if at all, to a culture dish but nonetheless grow well
in culture. In the bodg such nonadherent cells are held in

Pr imary Cel l  Cul tures and Cel l  St ra ins Have
a Fin i te  L i fe  Span
ril/hen cells removed from an embryo or an adult animal
are cultured, most of the adherent ones wil l divide a finite
number of t imes and then cease growing (cell senescence).
For instance, human fetal f ibroblasts divide about 50 times
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Differentiated cellsUndifferentiated cells

Undifferentiated cells Differentiated cells

A EXPERIMENTAL FIGURE 9-30 Differentiation in culture of
primary mouse satell i te (myoblast) cells into muscle cells.
Primary mouse satell i te cells were cultured under nondifferentiating
prol i ferat ion condi t ions (a,c)  or  d i f ferent ia t ion condi t ions (b,d)
(a,b)  Phase-contrast  images show format ion of  mul t inucleated

before they cease growth (Figure 9-3lal. Starting with 106

cells, 50 doublings can produce 106 x 2)u, or more than

1020 cells, which is equivalent to the weight of about 1000

people. Normally, only a very small fraction of these cells are

used in any one experiment. Thus, even though its lifetime is

limited, a single culture, if carefully maintained, can be stud-

ied through many generations. Such a lineage of cells origi-

nating from one initial primary culture is called a cell strain.

Research with cell strains is simplified by the ability to

freeze and successfully thaw them at a latet time for experi-

mental analysis. Cell strains can be frozen in a state of sus-

syncytia during muscle differentiation (c,d) Staining with a red-

f iuoiescing antibody specif ic for myosin heavy chain reveals that this

muscle-specific protein is induced during differentiation Staining

with Hoechst dye (blue) detects nuclei Bar: 100 pm [Courtesy

Char lesEmersonandJenni ferChen,BostonBiomedicaIResearch|nst i tu te]

pended animation and stored for extended periods at liquid

nltrogen temperature' provided that a preservative that pre-

vents the foimation of damagittg ice crystals is used' Al-

though some cells do not survive thawing, many do survive

and resume growth.

Transformed Cells Can Grow Indefinitely

in  Cul ture
To be able to clone individual cells, modify cell behavior, or

select mutants, biologists often want to maintain cell
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  FIGURE 9-31 Stages in the establishment of a cell culture.
(a) When cells isolated from human tissue are init iallv cultured. some
cells die and others (mainly fibroblasts) start to grow; overall, the
growth rate increases (phase l) lf the remaining cells are harvested,
diluted, and replated into dishes again and again, the cell strain
continues to divide at a constant rate for about 50 cell generations
(phase ll), after which the growth rate falls rapidly. In the ensuing
period (phase lll), all the cells in the culture stop growing (senescence)
(b) In a culture prepared from mouse or other rodent celrs, init iar cerl
death (not shown) js coupled with the emergence of healthy growing
cells. As these dividing cells are diluted and allowed to conttnue
growth, they soon begin to lose growth potential, and most stop
growing (i e , the culture goes into senescence) Very rare cels
undergo oncogenic mutations that allow them to survlve ano
continue dividing unti l their progeny overgrow the culture, These cells
constitute a cell l ine, which wil l grow indefinitely if i t is appropriately
diluted and fed with nutrients. Such cells are saidto be immortal

cultures for many more rhan 100 doublings. Such prolonged
growth is exhibited by cells derived from some tumors. In
addition, rare cells in a population of primary cells may un_
dergo spontaneous oncogenic mutations, leading to onco_
genic transformation (Chapter 25). Such cells, iaid to be
oncogenically transformed or simply transformed, are able
to grow indefinitely. A culture of cells with an indefinite life
span is considered immortal and is called a cell line.

The HeLa cell line, the first human cell line, was origi_
nally obtaine d in 19 52 from a malignant tumor (carcinoma )
of the uterine cervix. Although primary cell cultures of nor_
mal human cells rarely undergo transformation into a cell
line, rodent cells commonly do. After rodent cells are grown
in culture for several generations, the culture goes into senes_
cence (Figure 9-31b). During rhis period, mlst of the cells
stop growing, but often a rapidly dividing transformed cell

arises spontaneously and takes over, or overgrows, the cul-
ture. A cell line derived from such a transformed variant will
grow indefinitely if provided with the necessary nutrienrs.

Regardless of the source, cells in immortalized lines often
have chromosomes with abnormal DNA sequences. In addi-
tion, the number of chromosomes in such cells is usually greater
than that in the normal cell from which they arose. and the
chromosome number expands and contracts as the cells con-
tinue to divide in culture. A noteworrhy exception is the Chi-
nese hamster ovary (CHO) line and its derivatives, which have
fewer chromosomes than their hamster progenitors. Cells with
an abnormal number of chromosomes are said tobe aneuploid.

Some Cell Lines Undergo Differentiat ion
in Cul ture
Most cell lines have lost some or many of the functions char-
acteristic of the differentiated cells from which they were de-
rived. Such relatively undifferentiated cells are poor models
for investigating the normal functions of specific cell types.
Better in this regard are several more-differentiated cell'lines
that exhibit many properties of normal nontransformed
cells. These lines include the human liver tumor (hepatoma)
HepG2 line, which synthesizes most of the serum proteins
made by normal liver cells (hepatocytes) and has been em_
ployed in studies identifying transcription factors that regu-
late synthesis of l iver proteins.

More useful for cell and developmental biologists are cell
lines that grow without acquiring characteristics of a differ-
entiated cell, yet can undergo differentiation into a particu-
lar cell type when placed in a different culrure medium.
Because large numbers of such cells can be induced to un-
dergo synchronized differentiation, they are often used in
biochemical and molecular srudies.

One example is a line of transformed mouse myoblasts
termed C2C1,2 cells. Derived from adult mouse muscle,
these_cells divide rapidly and induce none of the principai
muscle-specific proteins when grown in media rich in
growth factors. When the culture is placed in a medium with

tion, these cells have been particularly valuable in uncover-
ing the roles of many rranscription factors in muscle devel-
opment (Chapter 22).

Similarl5 the murine 3T3-L1 preadipocyte cell line grows
with fibroblastJike morphology in culture. Vhen switched to
a medium containing insulin and dexamethasone (a glucocor_
ticoid steroid hormone), 3T3-L1 cells undergo synchronized
differentiation into adipocytes, as shown both by accumula-
tion of intracellular lipids (Figure 9-33a-d) and induction of
adipocyte-specific mRNAs (Figure 9-33e). Because pnmary
adipocytes do nor divide in culture, these cell lines ari widely
used in biochemical, molecular, and cell bioloeical studies on
the developmenr and function of adipose cells.

( a )  Human  ce l l s

Growth
rate of
culture

Growth
rate of
cu l tu re

25 50
Cell  generations

Init ial  loss
,z of growlh

Emergence of
immortal
va r ia nt
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A EXPERIMENTAL FIGURE 9-32 Differentiation in culture of
C2C12 cells, a l ine of transformed mouse myoblasts' (a) C2C12
cells proliferate but do not differentiate in a medium containing fetal
calf serum, which contains high concentrations of mitogenic growth

factors (b) After placing C2C12 cells in a medium with horse serum,
which contains lower concentrations of such growth factors, many of
the cells fused to form multinucleate syncytia that express the
muscle-specific myosin heavy chain, detected with a green-
fluorescing antibody specific for this protein Staining of DNA with
blue DAPI dye reveals the nuclei Bar denotes 20 pm. (c) During
differentiation of cultured C2C'1 2 cells the levels of certain mRNAs
rncrease markedly, as shown in these graphs For instance, the
mRNAs for myogenin (a muscle-specific transcription factor), o-actin

As detailed in Chapter 19, many cell types function only

when closely linked to other cells. Key examples are the sheet-

like layers of epithelial tissue, called epithelia (sing.,

epithelium), which cover the external and internal surfaces of

organs. Typically, the distinct surfaces of a polarized epithelial

cell are called the apical (top), basal (base or bottom), and

lateral (side) surfaces (see Figure 19-8). The basal surface

Days

(major component of contracti le f i laments), and the GLUT4 glucose

transporter (found only in muscle and fat cells) increased 5 to

50 fold. In contrast, mRNAs encodrng proteins specific for growing

cells, such as the GLUT1 glucose transporter and B-actin, were

downregulated Other mRNAs, such as the glycolytic enzyme

glyceraldehyde 3 phosphate dehydrogenase (G3PDH), were

unaffected. Individual mRNAs were measured by using reverse

transcriptase to copy total cellular mRNA into DNA, followed by

quantitative polymerase chain reaction (PCR) amplif ication of specific

cDNAs. The results were normalized to the amount present in

growing cells lParts (a) and (b) courtesyJames Evans and Prakash Rao'

Whitehead Institute Part (c) adapted from T. Shimokawa et al , 1998'

Biochem BioPhYs Res Comm 246:287 I

usually contacts an underlying extracellular matrix called the

basal iamina, whose composition and function are discussed

in Section 19.3. Several types of cell junctions interconnect

adjacent epithelial cells and anchor them to the basal lamina'

Cultured iells called Madin-Darby canine kidney (MDCK)

cells arc often used to study the formation and function of

epithelial cells. \flhen grown in specialized containers, these
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PPARl

GLUT4

B-Actin

< EXPERIMENTAL FIGURE 9-33 A
line of 3T311 preadipocytes can
differentiate into adipocytes and
express adipocyte-specific mRNAs in
culture. Fibroblast-l ike 3T3-11
preadtpocytes growing in standard
serum-containing proliferation medium
(a,c) were switched to a differentiation
medium, conta in ing insul in ,  the stero id
hormone dexamethasone,  and
isobuty lmethylxanth ine,  an inhib i tor
of  cAMP phosphodiesterase,  for
B days (b,d) .  (a,b)  Di f ferentrar
in ter ference contrast  (DlC) microscopy
reveals the considerable
morphological  changes in the cel ls
dur ing d i f ferent ia t ion (c ,d)  Sta in ing
with Oil Red O reveals droplets of
triglycerides (red) in differentiated but
not undifferentiated cells, (e) Northern
blot analysis demonstrates expression of
two key adipocyte genes, encoding the
transcription factor PPARI and the
insulin-responsive glucose transporter
GLUT4 in the differentiated 3T3-11
cells (ngrht /ane) but not in the
undifferentiated 3T3-11 preadipocytes
(left lane) B-Actin was useo as a conrrol
to show loading of equal amounts of
RNA in the two gel lanes [part a-d
courtesy James Evans and Huangming Xie,
Whitehead Institute Part (e) from N L Harvey
et  a l  ,  2005, Nature Gen 37:10721

t ies of cells in complex rissues and organisms only on the
basis of experiments with isolated, cultured cells.

Hybr id  Cel ls  Cal led Hybr idomas produce
Abundant  Monoclonal  Ant ibodies
In addition to serving as research models for studies on cell
function, cultured cells can be converted into ,,factories" for
producing specific proreins. In Chapter 5, we described how
this is done by introducing genes encoding insulin, growth
factors, and other therapeutically useful proteins into bacte-
rial or eukaryotic cells (see Figures 5-31 and 5-32). Here we
consider the use of special cultured cells to generate mono-
clonal antibodies, which we have seen are experimental tools
widely used in many aspects of cell biological research. In-

A major disadvantage of cultured cells is that they are
not in their normal environment and hence their activities
are not regulated by the other cells and rissues as rhey would
be in an intact organism. For example, insulin produced by
the pancreas has an enormous effect on liver glucose metab_
olism; however, this normal regulatory mechanism does not
operate in a purif ied population of l iver cells (called hepato_
cytes) grown in culture. In addition, as already described, the
three-dimensional distribution of cells and extracellular
matrix around a cell influences its shape and behavior.
Because the immediate environment of coitured cells differs
radically from this "normal', environment, their properties
may be affected in various ways. Thus care must always be
exercised in drawing conclusions about the normal proper_
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Apical  surface

Basa l  Porous
lamina f i l te r

A EXPERIMENTAL FIGURE 9-34 Madin-Darby canine kidney
(MDCK) cells grown in specialized containers provide a useful
experimental system for studying epithelial cells. MDCK cells form
a polarized epithelium when grown on a porous membrane fi l ter coated
on one side with collagen and other components of the basal lamina
With the use of the special culture dish shown here, the medium on
each side of the fi l ter (apical and basal sides of the monolayer) can be
experimentally manipulated and the movement of molecules across the
layer monitored Several cell junctions that interconnect the cells form
only if the growth medium contains sufficient Ca2'

normal antibody-producing B lymphocyte in a mammal is

capable of producing a single type of antibody that can bind

to a specific chemical structure (called a determinant or

epitope) on an antigen molecule. If an animal is injected with

an antigen, many B lymphocytes that make antibodies recog-
nizing that antigen are stimulated to grow and secrete the

antibodies. Each antigen-activated B lymphocyte forms a

clone of cells in the spleen or lymph nodes, with each cell of

the clone producing the identical antibody-that is, a mono-

clonal antibody. Because most natural antigens contain mul-

tiple epitopes, exposure of an animal to an antigen usually

stimulates the formation of multiple different B-lymphocyte
clones, each producing a different antibody. The resulting
mixture of antibodies that recognize different epitopes on the

same antigen is said to be polyclonal. Stch polyclonal anti-

bodies circulate in the blood and can be isolated as a group.

Although polyclonal antibodies are useful for a variety of

experiments, monoclonal antibodies are required for many

types of experiments and medical applications. Unfortu-
nately, the biochemical purif ication of any one type of mon-

oclonal antibody from blood is not feasible for two main

reasons: the concentration of any given antibody is quite

low, and all antibodies have the same basic molecular archi-

tecture (see Figure 3-19).
Because of their limited life span, primary cultures of nor-

mal B lymphocytes are of limited usefulness for the produc-

tion of monoclonal antibodies. Thus the first step in produc-

ing a monoclonal antibody is to generate immortal,

antibody-producing cells. This immortality is achieved by fus-

ing normal B lymphocytes from an immunized animal with

transformed, immortal lymphocytes called myeloma cells that

themselves synthesize neither the heavy (H) nor the light (L)

polypeptides that constitute all antibodies (see Figure 3-19).

During cell fusion, the plasma membranes of two cells fuse to-

gether, allowing their cytosols and organelles to intermingle.

Treatment with certain viral glycoproteins or the chemical

polyethylene glycol promotes cell fusion. Some of the fused

cells undergo division, and their nuclei eventually coalesce,

producing viable hybrid cells wtth a single nucleus that con-

iains chromosomes from both "parents." The fusion of two

cells that are genetically different can yield a hybrid cell with

novel characteristics. For instance, the fusion of a myeloma

cell with a normal antibody-producing cell from a rat or

mouse spleen yields a hybrid that proliferates into a clone

called a hybridoma. Like myeloma cells, hybridoma cells grow

rapidly and are immortal. Each hybridoma produces the mon-

oclonal antibody encoded by its BJymphocyte parent.

The second step in this procedure for producing mono-

clonal antibody is to separate' or select, the hybridoma cells

from the unfused parental cells and the self-fused cells gen-

erated by the fusion reaction. This selection is usually per-

formed by incubating the mixture of cells in a special culture

medium, called selection medium, that permits the growth of

only the hybridoma cells because of their novel characteris-

tics. If the myeloma cells used for the fusion cany a mutation

that blocks a metabolic pathway, a selection medium can be

used that is lethal to them and not their lymphocyte fusion

Dartners that do not have the mutation. In the immortal hy-

trid cells, the functional gene from the lymphocyte can sup-

ply the missing gene product, and thus the hybridoma cells

will be able to grow in the selection medium. Because the

lymphocytes used in the fusion are not immortalized and do

not divide rapidly, only the hybridoma cells will proliferate

rapidly in the selection medium and can thus be readily iso-

lated from the initial mixture of cells.

Figure 9-35 depicts the general procedure for generating

and selecting hybridomas. In this case' normal B lympho-

cytes in a sample of spleen cells are fused with myeloma cells

that cannot grow in HAT mediwm' a common selection

medium. Only the myeloma-lymphocyte hybrids can survive

and grow for an extended period in HAT medium for rea-

sons described shortly' Thus, this selection medium permits

chromatography to isolate and purify proteins from complex

mixtures (see Figure 3-37c). They can also be used to label and

thus iocate a particular protein in specific cells of an organ and

within cultured cells with the use of immunofluorescence mi-

croscopy techniques or in specific cell fractions with the use of

immunoblotting (see Figure 3-38). Monoclonal antibodies also

have become important diagnostic and therapeutic tools in

medicine. For example, monoclonal antibodies that bind to

and inactivate toxins secreted by bacterial pathogens are used

to treat diseases. Other monoclonal antibodies are specific for

cell-surface proteins expressed by certain types of tumor cells'

Several of these anti-tumor antibodies are widely used in can-

cer therapy, including monoclonal antibody against a mutant

form of the Her2 receptor that is overexpressed in some breast

cancers (see Chapter 16, Figure 16-18).

Apica l  med ium

Cu l t u re  d i sh
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Technique Animation: preparing Monoclonal Antibodi", {l l t l

Test each well  for antibody to antigen X

< EXPERIMENTAL FIGURE 9-35 Use of cell fusion and
selection to obtain hybridomas producing monoclonal
antibody to a specific protein. Step [: lmmortal myeloma cells
that lack HGPRT, an enzyme required for growth on HAT medium,
are fused with normal antibody-producing spleen cells from an
animal that was immunized with antigen X. The spleen cells can
make HGPRT. Step [: When plated on HAT medium, unfused and
self-fused cells do not grow: the mutant myeloma cells because
they cannot make purines through an HGPRT-dependent metabolic
"salvage" pathway (see Figure 9-36), and the spleen cells because
they have a l imited l ife span in culture Thus only fused cells formed
from a myeloma cell and a spleen cell survive on HAT medium,
proliferating into clones called hybridomas Each hybridoma
produces a single antibody Step B: Testing of individual clones
identif ies those that recognize antigen X After a hybridoma that
produces a desired antibody has been identif ied, the clone can be
cultured to yield large amounts of that antibody.

tifolates because they block reactions of tetrahydrofolate, an
active form of folic acid.

Many cells, however, are resistant to antifolates be-
cause they contain enzymes that can synthesize the neces-
sary nucleotides by a different route from purine bases
and thymidine (Figure 9-36, bottom). Two key enzymes rn
these nucleotide saluage pathways are thymidine kinase
(TK) and hypoxanthine-guanine phosphoribosyl trans-
ferase (HGPRT). Cells that produce these enzymes can
grow on HAT medium, which supplies a salvageable
purine and thymidine, whereas those lacking either of
tnese enzymes cannot.

Cells with a TK mutation that prevents the production
of the functional TK enzyme can be isolated because such
cells are resistant to the otherwise toxic thymidine analog
S-bromodeoxyuridine. Cells containing TK convert this
compound into 5-bromodeoxyuridine monophosphate,
which is then converted into a nucleoside triphosphate by
other enzymes. The triphosphate analog is incorporated by
DNA polymerase into DNA, where it exerts its toxic effects.
This pathway is blocked in TK- mutanrs, and thus they are
resistant to the toxic effects of S-bromodeoxyuridine. Simi-
larly, cells lacking the HGPRT enzyme, such as the HGpRT
myeloma cell lines used in producing hybridomas, can be
isolated because they are resistant to the otherwise toxic
guanine analog 6-thioguanrne.

Normal cells can grow in HAI medium because even
though the aminopterin in the medium blocks de novo synthe-
sis of purines and TMP, the thymidine in the medium is trans-
ported into the cell and converted into TMp by TK and the
hypoxanthine is transported and converted into usable Durines
by HGPRT. On the other hand, neither TK- nor HGPRT-
ceLls can grow in HAI medium because each lacks an enzyme
of the salvage pathway. However, hybrids formed by the fusion
of these two mutants will carry a normal TI( gene from the
HGPRT- parent and a normal HGPRT gene from the TK-
parent. The hybrids will thus produce both functional salvage-
pathway enzymes and will grow on HAT medium.

Inject mouse
wi th  an t igen X

Mutant  mouse
mye loma ce l l s
unab le  to  g row
in  HAT med ium

E
Mouse sp leen ce l l s ;
some ce l l s  ( red)  make
antibody to antigen X

o

Unfused ce l l s
( O O O ) d i e

Fused cel ls
( O  O  )  g r o w

El
V

Cul tu re  s ing le  ce l l s
in separate wells

HAT Medium ls Commonly Used to lsolate
Hybr id  Cel ls
The principles underlying HAT selection are important not
only for understanding how hybridoma cells are isolated but
also for understanding several other frequently used selec-
tion methods, including selection of the embryonic stem (ES)
cells used in generating knockout mice (see Figure 5-40).
HAT medium contains Dypoxanthine (a purine), 4minopterin,
and rhymidine. Most animal cells can synthesize the purine
and pyrimidine nucleotides from simpler carbon and nitro-
gen compounds (Figure 9-36, top). The folic acid antago_
nists amethopterin and aminopterin block these biochemiial
pathways; they interfere with the donation of methyl and
formyl groups by tetrahydrofolic acid in the early stages of
the_synthesis of glycine, purine nucleoside monophosphates,
and thymidine monophosphate. These drugs are called an_

O
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De novo
synthesis of

punne nuc leo t ides
PRPP (5-Phosphoribosyl-1 -pyrophosphate)

I
Y locked by anti folates

De novo h cHo from tetrahydrofolate
pathways Y '

\

\

Guanine  Hypoxanth ine  Aden ine

De novo
synthesis of

TMP
Deoxyuridylate (dUMP)

I

I locked bY antifolates

H cH" f rom
Y tetiahydrofolate

€ Thymidylate (TMP)

Thymid ine

Salvage pathways

A FIGURE 9-36 De novo and salvage pathways for nucleotide
synthesis. Animal cells can synthesize purine nucleotides (AMP,
cMP, IMP) and thymidylate (TMP) f rom s impler  compounds by de
novo pathways (blue) Several of these reactions require the transfer
of a methyl or formyl ("CHO") group from an activated form of
tetrahydrofolate (e g., tvs,N10-methylenetetrahydrofolate), as shown
in the upper part of the diagram. Antifolates, such as aminopterin

lsolation, Culture, and Differentiation
of Metazoan Cells

r Flow cytometry can identify different cells on the basis
of the light that they scatter and the fluorescence that they
emit. The fluorescence-activated cell sorter (FACS) is useful
in separating different types of cells (see Figures 9-28 and
9-29) .

r Growth of vertebrate cells in culture requires rich media
containing essential amino acids, vitamins, fatty acids, and
peptide or protein growth factors; the last are frequently
provided by serum.

r Most cultured vertebrate cells will grow only when at-
tached to a negatively charged substratum that is coated
with components of the extracellular matrix.

r Primary cells, which are derived directly from animal
tissue, have limited growth potential in culture and may
give rise to a cell strain (see Figure 9-31). Some primary

cells can undergo differentiation into a specific type of
cell.

r Transformed cells, which are derived from animal tu-
mors or arise spontaneously by transformation of primary

cells, grow indefinitely in culture, forming cell lines.

r Certain cell lines can be induced to undergo differentia-
tion in culture to generate muscle, adipose, epithelial, and
other types of cells and are widely used in cell biological
studies (see Figures 9-30,9-32, and 9-33).

and amethopterin, block the reactivation of tetrahydrofolate,
preventing purine and thymidylate synthesis. Many animal cells can also

use salvage pathways (red) to incorporate purine bases or nucleosides

and thymidine. lf these precursors are present in the medium, normal

cells will grow even in the presence of antifolates However, cultured

cells lacking one of the enzymes-HGPRL APRL oT TK--rcf the salvage
pathways will not survive in media containing antifolates.

r The fusion of an immortal myeloma cell and a single B

lymphocyte yields a hybrid cell that can proliferate indefi-

nitely, forming a clone called a hybridoma (see Figure 9-35).

Because each individual B lymphocyte produces antibodies

specific for one antigenic determinant (epitope), a hybridoma

produces only the monoclonal antibody synthesized by its

original B-lymphocyte parental cell.

r HAT medium is commonly used to isolate hybridoma

cells and other types of hybrid cells.

Light microscopy will continue to be a major tool in cell bi-

ologS providing images that relate to both the interactions

"-o.g 
proteins and the movements' or mechanics, involved

in various cell processes. The use of more fluorescent labels

and tags will allow visualization of five or six different types

of molecules simultaneously. Vith more labeled proteins, the

complex interactions among proteins and organelles inside

cells will become better understood.
Very recent advances in light microscopy are opening entire

new areas for investigation. As an example, the two-photon

fluorescence microscope enables visualization of fluorescent

proteins (e.g., GFP expressed from a reporter gene) in thick

iissue samples. With this technology the properties of individ-

ual cells can assessed in tissues inside living animals.

Although the l imit of resolution of a l ight microscope

using visible l ight is about 0.2 pm (200 nm), new types of
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fluorescence microscopy, such as STED (stimulated emission
depletion), can resolve two fluorescent obiects as close to-
gether as =20 nm. For example, we noted that synaptic vesi-
cles are too small (=40 nm in diameter) and too densely
packed to be resolved by available fluorescence microscopes.
Howeveq STED can resolve these individual vesicles. This
technique will also enable investigators to detect single fluo-
rescent protein molecules in the membranes of purif ied
organelles. Another type of fluorescence microscopy under
development, termed total internal reflection (TIR) fluores-
cence microscopy, enables detection of single fluorochrome-
tagged proteins on the surface of living cells.

Improvements in cell culture technology will allow both
primary cells and cultured lines to be studied in more natu-
ral contexts, not on glass cover slips but in three-dimen-
sional gels of extracellular matrix molecules. This technique
will permit cultured cells such as liver and several hormone-
producing cells to achieve and maintain their differentiated
state for days, enabling many types of experiments to be per-
formed. Bioengineers also are fabricating artif icial t issues
based on a synthetic three-dimensional architecrure lncorDo-
rating layers of different cells. Eventually such artificial iis-
sues will provide replacements for defective tissues in sick,
injured, or aging individuals.

In parallel, investigators wil l use advanced microfabri-
cation techniques to culture minute numbers of cells in
microliter volumes on a glass slide consisting of microfab-
ricated wells and channels. With this technique, reagenrs
in nanoliter volumes can be introduced and exposed to se-
lected parts of individual cells; rhe responses of the cells
can then be detected by light microscopy and, analyzed by
powerful image-processing software. In these types of
studies cells can be screened rapidly with mill ions of dif-
ferent chemical compounds, thus facil i tarine the discovery
of  new drugs,  derect ion of  subt le phenory les of  muranr
cells (e.g., tumor cells), and development of comprehen-
sive models of cellular processes. Thus advances in bioengi-
neering will make major contributions not only to our un-
derstanding of cell and tissue function but also to the qualitv
of  human heal th.

Finally the electron microscope will become the domi-
nant insrrument for studying the structure of multiprotein
machines in vitro and in situ. Tomographic methods applied
to single cells and molecules combined with automated re-
construction methods will generate models of protein-based
structures that cannot be determined by x-ray crystallogra-
phy. High resolution three-dimensional models of molecules
in cells will help explain the intricate biochemical interac-
trons among proteins.

Key Terms

chimeric proteins 3Zl
chloroplast 379
cryoelectron microscopy 389
culturing 372
cytosol 372

differential centrifugation
392

differential interference
conrrast (DIC)
microscopy 381

endoplasmic reticulum
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equilibrium density-gradient
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sorter (FACS) 394
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hybridoma 401

Review the Concepts
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lumen 373
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peroxisome 324

phase-contrast
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resolution 381

scanning electron
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l. One of the defining features of eukaryotic cells is the
presence of organelles. I7hat are the major organelles of eu-
karyotic cells, and what is the function of each? What is the
cytosol? Sfhat cellular processes occur within the cytosol?
2. The internalization of proteins, soluble macromolecules
and large particles is a fundamental process required by all
cells. The size of the molecule often dictates how ir gets inter-
nalized. Describe how phagocytosis differs from endocytosis
and what generally happens to the internalized material.
3. Cell organelles such as mitochondria, chloroplasts, and
the Golgi apparatus each have unique structures. How is the
structure of each organelle related to its function?
4. Much of what we know about cellular function deoends
on experiments utilizing specific cells and specific prrrc 1..g.,
organelles) of cells. 

'$fhat 
techniques do scientists commonly

use to isolate cells and organelles from complex mixtures,
and how do these techniques work?
5. Both light and electron microscopy are commonly used
to visualize cells, cell structures, and the location of specific
molecules. Explain why a scientist may choose one or the
other microscopy technique for use in research.
6. The magnification possible with any type of microscope
is an important property, but its resolution, the ability to dis-
tinguish between two very closely apposed objects, is even
more critical. Describe why the resolving power of a micro-
scope is more important for seeing finer details than its mag-
nification. \fhat is the formula to describe the resolution of
a microscope lens and what are the limitations placed on the
values in the formula?

7. Sfhy are chemical srains required for visualizing cells
and tissues with the basic light microscope? What advantage
do fluorescent dyes and fluorescence microscopy provide in

autophagy 374

bright-field light
mrcroscopy 381

cell l ine 398

cell strain 397
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comparison to the chemical dyes used to stain specimens for
light microscopy? What advantages do confocal scanning
microscopy and deconvolution microscopy provide in com-
parison to conventional fluorescence microscopy?

8. In certain electron microscopy methods, the specimen is
not directly imaged. How do these methods provide infor-
mation about cellular structure, and what types of structures
do they visualize?

9. Vhat is the difference between a cell strain, a cell line,
and a clone?

10. Explain why certain cell lines are used to study the dif-
ferentiation and function of muscle or fat cells.

1L. Explain why the process of cell fusion is necessary to
produce monoclonal antibodies used for research.

Analyze the Data

Mouse liver cells were homogenized and the homogenate
subjected to equil ibrium density-gradient centrifugation
with sucrose gradients. Fractions obtained from these gradi-
ents were assayed for marker molecules (i.e., molecules that
are limited to specific organelles). The results of these assays
are shown in the figure. The marker molecules have the
following functions: Cytochrome oxidase is an enzyme
involved in the process by which ATP is formed in the com-
plete aerobic degradation of glucose or fatty acids;
ribosomal RNA forms part of the protein-synthesizing
ribosomes; catalase catalyzes decomposition of hydrogen
peroxide; acid phosphatase hydrolyzes monophosphoric
esters at acid pH; cytidylyl transferase is involved in phos-
pholipid biosynthesis; and amino acid permease aids in
transDort of amino acids across membranes.

a. Name the marker molecule and give the number of

the fraction that is most emiched for each of the following

cell components: lysosomes; peroxisomes; mitochondria;

plasma membrane; rough endoplasmic reticulum; smooth

endoplasmic reticulum.

b. Is the rough endoplasmic reticulum more or less

dense than the smooth endoplasmic reticulum? lfhy?

c. Describe an alternative approach by which you could

identify which fraction was enriched for which organelle.

d. How would addition of a detergent to the ho-

mogenate, which disrupts membranes by solubilizing their

lipid and protein components, affectthe equilibrium density-

gradient results?
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cLASSIC E X P E R I M E N T

SEPARATING ORGANELLES
Beaufay et al., 1964, Biochem J.92=191

In the 1950s and 1960s scientists used
two techniques to study cell organelles:
microscopy and fractionation. Christ-
ian de Duve was at the forefront of cell
fractionation. In the early 1950s he
used centrifugation to distinguish a
new organelle, the lysosome, from
previously characterized fractions: the
nucleus, the mitochondrial-rich frac-
tion, and the microsomes. Soon there-
after he used equilibrium-density cen-
trifugation to uncover yet another
organelle.

Background
Eukaryotic cells are highly organized
and composed of cell structures
known as organelles that perform
specific functions. Although mi-
croscopy has allowed biologists to de-
scribe the location and appearance of
various organelles, it is of l imited use
in uncovering an organelle's function.
To do this, cell biologists have relied
on a technique known as cell fraction-
ation. Here, cells are broken open,
and the cellular components are sepa-
rated on the basis of size, mass, and
density using a variety of centrifuga-
tion techniques. Scientists could then
isolate and analyze cell components
of different densities, called fractions.
Using this method, biologists had
divided the cell into four fractions:
nuclei, mitochondrial-rich fraction,
microsomes, and cell sap.

De Duve was a biochemist inter-
ested in the subcellular locations of
metabolic enzymes. He had already
completed a large body of work on the
fractionation of liver cells, in which he
had determined the subcellular loca-
tion of numerous enzymes. By locating
these enzymes in specific cell fractions,
he could begin to elucidate the func-
tion of the organelle. He noted that his

work was guided by two hypotheses:
the "postulate of biochemical homo-
geneity" and "the postulate of single
location." In short, these hypotheses
propose that the entire composition of

a subcellular population will contain
the same enzymes and that each en-
zyme is located at a discrete site within
the cell. Armed with these hypotheses
and the powerful tool of centrifuga-
tion. de Duve further subdivided the
mitochondrial-rich fraction. First, he

identified the light mitochondrial frac-

tion, which is made up of hydrolytic
enzymes that are now known to com-
pose the lysosome. Then, in a series of

experiments described here, he identi-
fied another discrete subcellular frac-
tion, which he called the peroxisome,
within the mitochondrial-rich fraction.

The Experiment
De Duve studied the distribution of

enzymes in rat l iver cells. Highly ac-

tive in energy metabolism, the l iver

contains a number of useful enzymes
to study. To look for the presence of

various enzymes during the fractiona-
tion, de Duve relied on known tests,

cal led enzyme assays,  for  enzYme
activity. To retain maximum enzyme
activity, he had to take precautions,
which included performing all frac-

tionation steps at OoC because heat

denatures protein, compromising en-
zyme actlvrty.

De Duve used rate-zonal centrifu-
gation to separate cellular components
by successive centrifugation steps. He

removed the rat's l iver and broke it

apart by homogenization. The crude
preparation of homogenized cells was

then subjected to relatively low-speed
centrifugation. This initial step sepa-
rated the cell nucleus, which collects as

sediment at the bottom of the tube'

from the cytoplasmic extract' which

remains in the supernatant. Next, de
Duve further subdivided the cytoplas-
mic extract into heavy mitochondrial
fraction, Iight mitochondrial fraction,

and microsomal fraction. He accom-
plished separating the cytoplasm by

employing successive centrifugation
steps of increasing force. At each step

he collected and stored the fractions
for subsequent enzyme analysis' Once

the fractionation was comPlete, de

Duve performed enzyme assays to de-

termine the subcellular distribution of

each enzyme. He then graphically plot-

ted the distribution of the enzyme

throughout the cell. As had been

shown previously, the activity of cy-

tochrome oxidase, an important en-

zyme in the electron transfer system'

was found primarily in the heavy mito-

chondrial fractions. The microsomal
fraction was shown to contain another
previously characterized enzYme,
glucose-5-phosphatase. The light mito-

chondrial fraction, which is made up

of the lysosome, showed the character-
istic acid phosphatase activity. Unex-
pectedly, de Duve observed a fourth

pattern when he assayed uricase activ-

ity. Rather than following the pattern

of the reference enzymes, uricase activ-

ity was sharply concentrated within

the light mitochondrial fraction. This

sharp concentration, in contrast to the

broad distribution, suggested to de

Duve that the uricase might be se-

cluded in another subcellular popula-

tion separate from the lYsosomal

enzymes.
To test this theorS de Duve em-

ployed a technique known as equilib-

rium density-gradient centrifugation,
which separates macromolecules on

the basis of density. Equilibrium
density-gradient centrifugation can be

performed using a number of different
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oxidase, segregated into the same frac-
tions as uricase. Because each of these
enzymes either produced or used hy-
drogen peroxide, de Duve proposed
that this fraction represented an
organelle responsible for the peroxide
metabolism and dubbed it the peroxi-
some.

Discussion
De Duve's work on cellular fractiona-
tion provided an insight into the func-
tion of cell structures as he sought to
map the location of known enzymes.
Examining the inventory of enzymes in
a given cell fraction gave him clues to

its function. His careful work resulted
in the uncovering of two organelles:
the Iysosome and the peroxisome. His
work also provided important clues to
the organelles' function. The lysosome,
where de Duve found so many poten-
t ia l ly  destruct ive enzymes.  is  now
known to be an important site for
degradation of biomolecules. The per-
oxisome has been shown to be the site
of fatty acid and amino acid oxidation,
reactions that produce a large amount
of hydrogen peroxide. In 1974, de
Duve received the Nobel Prize for
Physiology and Medicine in recogni-
tion of his pioneering work.

Peroxisomes.f
(1 .23  g /cms)  |

A FIGURE 1 Schematic depiction of
the separation of the lysosomes,
mitochondria, and peroxisomes by
equil ibrium density centrifugation. The
mitochondrial-rich fraction from rate-zonal
centrifugation was separated in a sucrose
gradient, and the organelles were separated
on the basis of density [From Lodish et al ,
Molecular Cell Biology,3d ed , W H Freeman and
Company, p 166 ]

gradients, including sucrose and glyco-
gen. In addition, the gradient can be
made up in either water or "heavy wa-
ter," which contains the hydrogen iso-
tope deuterium in place of hydrogen.
In his experiment de Duve separated
the mitochondrial-rich fraction pre-
pared by rare-zonal centrifugation in
each of these different gradients (Fig-
ure 1). If uricase were part of a sepa-
rate subcellular compartment, it would
separate from the lysosomal enzymes
in each gradient tested. De Duve per-
formed the fractionations in this series
of gradients, then performed enzyme
assays as before. In each case, he found
uricase in a separate population than
the lysosomal enzyme acid phos-
phatase and the mitochondrial enzyme
cytochrome oxidase (Figure 2).By re-
peatedly observ ing ur icase acr iv i ty  in  a
distinct fraction from the acivity of
the lysosomal and mitochondrial en-
zymes, de Duve concluded that uricase
was part of a separate organelle. The
experiment also showed that two other
enzymes, catalase and o-amino acid

Cytochrome oxidase

Uricase

Acid phosphatase

20 40 60 80
Percent height in tube

a FIGURE 2 Graphical representation of the enzyme analysis of products from a
sucrose gradient. The mitochondrial-rich fraction was separated as depicted in Figure 10.,1 ,
and then enzyme assays were performed The relative concentration of active enzyme is
plotted on the y axis; the height in the tube is plotted on the x axis The peak activit ies of
cytochrome oxidase (rop) and acid phosphatase (bottom) are observed near the top of the
tube The peak activity of uricase (middle) migrates to the bottom of the tube [Adapted from
Beaufay et al , 1964, Biochem J 92:191 l
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Molecular model of a phospholipid bilayer sunounded by water, as

determined by molecular dynamrcs calculations @ National Institutes

of Health/Photo Researchers, Inc

embranes participate in many aspects of cell struc-
ture and function. The plasma membrane defines the
cell and separates the inside from the outside. In

eukaryotes, membranes also define the intracellular organelles
such as the nucleus and lysosome. These biomembranes all
have the same basic architecture-a phospholipid bilayer-
but they are not static; their function is not to prevent all
exchange across a border. Each cellular membrane has its
own set of proteins that allow it to carry out its multitude of
specific functions (Figure 10-1).

Prokaryotes, the simplest and smallest cells, are about
t-2 pm in length and are surrounded by a single plasma
membrane; in most cases they contain no internal membrane-
limited subcompartments (see Figure 1-2a). However, this

single plasma membrane contains hundreds of different
types of proteins that are integral to the function of the

cell. Some of these proteins catalyze ATP synthesis and ini-

tiation of DNA replication, for instance. Others represent
the many types of membrane transport proteins that en-
able specific ions, sugars, amino acids, and vitamins to
cross the otherwise impermeable phospholipid bilayer to

enter the cell and that allow specific metabolic products

to exrt.
In eukaryotic cells the plasma membrane (Figure 10-2) is

not a site for ATP generation or DNA synthesis. Eukaryotic
plasma membranes are studded with a multitude of membrane
transpoft proteins that allow selective import and export of

small molecules and ions. Receptors in the plasma membrane

are proteins that allow the cell to recognize chemical signals-

CHAPTER

BIOMEMBRANE
STRUCTURE

many sent by neighboring cells-present in its environment

and adlust its metabolism or, especially during development,

its pattern of gene expression in response. Other specialized

plaima membrane proteins allow the cell to adhere to other

cells and to components in the surrounding fibrous extra-

cellular matrix. Many plasma membrane proteins bind

components of the cytoskeleton, the dense netutork of pro-

tein filaments that permeates the cytosol and mechanically

supports cellular membranes, interactions that are essential

for the cell to assume its specific shape and for many types

of cell movements.
The plasma membrane bends, folds, and flexes in three

dimensions. Some segments bleb inward, incorporating

components from the extracellular medium into intracel-

lular vesicles (see Figure 9-2). Viruses such as HIV bud out-

ward from the cell-surface membrane, enveloping them-

selves with a bit of the plasma membrane that contains

virus-specific proteins (Figure 10-3).
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10.1 Biomembranes:  L ip idComposi t ion
and Structural Organization

10.2 Biomembranes: Protein Components
and Basic Functions
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  FIGURE 10-1 Fluid mosaic model of biomembranes. A bilayer
of phospholipids -3 nm thick provides the basic architecture of all
cellular membranes; membrane proteins give each cellular membrane
its unique set of f unctions Integral (transmembrane) proteins span
the bilayer and often form dimers and higher-order oligomers Lipid-

Each organelle in a eukaryotic cell (Figures 1-2, 10-2 and
10-4) contains a unique complement of protelns-some em-
bedded in its membrane(s), others contained in its aqueous
interior space, the lumen-that enable it to carry our lrs
characteristic cellular functions. For instance, the internal
pH of the lysosome, an organelle that contains many

Lysosome Multivesicular body

A FIGURE 10-2 Cellular membranes The plasma memorane
defines the exterior of the cell and controls the movement of molecules
between the cytosol and the extracellular medium Different types of
organelles and smaller vesicles enclosed within their own distinctive
membranes carry out special functrons such as gene expression, energy
production, membrane synthesis, and intracellular transport.

anchored proteins are tethered to one leaflet by a long covalently
attached hydrocarbon chain Peripheral proteins associate with the
membrane primarily by specific noncovalent interactions with
integral proteins or membrane lipids. lAfter D Enqelman. 2005, /Vature
438:578-80 l

degradative enzymes, is about 5, compared to pH 7.2 of the
cytosol, the aqueous part of the cytoplasm. The lysosome
membrane contains ATP-powered H* pumps that use the
energy of hydrolysis of ATP phosphoanhydride bonds to
pump protons from the cytosol into the lumen of the lyso-
some, lowering its pH.

We begin our examination of biomembranes by consid-
ering their lipid components. These not only affect mem-
brane shape and function but also play important roles in
anchoring proteins to the membrane, modifying membrane
protein activit ies, and transducing signals to the cytoplasm.'We 

then consider the structure of membrane proteins.
Many, such as transport proteins and receptors, have large
segments that are imbedded in the hydrocarbon core of the

HIV core Plasma
memDrane

  FIGURE 10-3 Eukaryotic cell membranes are dynamic
structures. An electron micrograph of the plasma membrane of
an HIV-infected cell, showing HIV particles budding into the culture
medium. As the virus core buds from the cell, i t becomes enveloped
by a membrane derived from the cell 's plasma membrane that
contains specific viral proteins [From W Sundquist and U von Schwedler.
University of Utah l

Plasma membrane

410 C H A P T E R  1 O  I  B I O M E M B R A N E  S T R U C T U R E



A FIGURE 10-4 Stacked membranes of the Golgi complex.
Note the irregular shape and curvature of these membranes lFrom
C Hopkins and J Burden, lmperial College London l

phospholipid bilayer, and we wil l focus on the principal
classes of such membrane proteins. Finally, we consider
how phospholipids and cholesterol are synthesized in cells
and distributed to the many membranes and organelles. Cho-
lesterol is an essential component of the plasma membrane
of all animal cells but is toxic to the organism if present in
CXCCSS.

Biomembranes: Lipid Composit ion
and Structural Organization
In Chapter 2 we learned that phosphoglycerides are the prin-
cipal building blocks of most biomembranes. Like the two
other principal classes of membrane lipids, sphingolipids
and cholesterol (Figure 10-5), phosphoglycerides are amphi-
pathic molecules-they consist of two segments with very
different chemical properties. In phosphoglycerides and
sphingolipids the hydrocarbon "tails" of the fatty acid side
chains are hydrophobic and partition away from water,
whereas the "head groups" are strongly hydrophilic, or wa-
ter loving, and tend to interact with water molecules.
Steroids such as cholesterol, in contrast, are mostly hy-
drophobic except for one hydrophilic hydroxyl group. AII
three types of phospholipids have the necessary qualities to
form membranes and play different roles in the function of
the cell.

Phosphol ip ids Spontaneously  Form Bi layers

The amphipathic nature of phospholipids, which governs
their interactions, is critical to the structure of biomembranes.
When a suspension of phospholipids is mechanically dis-

persed in aqueous solution, the phospholipids aggregate
into one of three forms: spherical micelles and liposomes

and sheetlike phospholipid bilayers, which are two mole-
cules thick (Figure 10-6). The type of structure formed by a
pure phospholipid or a mixture of phospholipids depends
on several factors, including the length of the fatty acyl
chains, their degree of saturation, and temperature. In all

three structures, the hydrophobic effect causes the fatty

acyl chains to aggregate and exclude water molecules from
the "core." Micelles are rarely formed from natural phos-
phoglycerides, whose fatty acyl chains generally are too
bulky to fit into the interior of a micelle. However, micelles
are formed if one of the two fatty acyl chains is removed

from the phosphoglyceride by hydrolysis, forming a
lysophospholipid. In aqueous solution, common detergents
and soaps form micelles that behave as tiny ball bearings,
thus giving soap solutions their slippery feel and lubricat-

ing properties.
Under suitable conditions, phospholipids of the com-

position present in cells spontaneously form symmetric
phosphol ip id b i layers.  Each phosphol ip id layer  in  th is
lameilar structure is called a leaflet. The hydrophobic fatty

acyl chains in each leaflet minimize contact with water by
aligning themselves tightly together in the center of the

bilayer, forming a hydrophobic core that is about 3-4 nm

thick (Figure 10-6b). The close packing of these nonpolar

tails is stabil ized by van der 
'Sfaals 

interactions between
these hydrocarbon chains. Ionic and hydrogen bonds sta-

bil ize the interaction of the phospholipid polar head
groups with one another and with water. Electron mi-

croscopy of thin membrane sections of cells stained with

osmium tetroxide, which binds strongly to the polar head
groups of phospholipids, reveals the bilayer structure (Fig-

ure 10-6a). A cross section of a single membrane stained

with osmium tetroxide looks l ike a railroad track: two

thin dark l ines (the stained head group complexes) with a

uniform light space of about 2 nm between them (the

hydrophobic ta i ls) .
A phospholipid bilayer can be of almost unlimited size-

from micrometers (pm) to mill imeters (mm) in length or

width-and can contain tens of mill ions of phospholipid

molecules. Because of their hydrophobic core, bilayers are

virtually impermeable to salts, sugars, and most other small

hydrophil ic molecules. The phospholipid bilayer is the

basic structural unit of nearly all biological membranes;

although they contain other molecules (e.g., cholesterol,
glycolipids, proteins), biomembranes have a hydrophobic

core that separates two aqueous solutions and acts as a per-

meabil ity barrier.

Phosphol ip id  Bi layers Form a Sealed
Compartment  Surrounding an ln ternal
Aqueous Space

Phospholipid bilayers can be generated in the laboratory by

simple experimental manipulations; these utilize either chemi-

cally pure phospholipids or lipid mixtures of the composition
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A FIGURE 10-5 Three classes of membrane lipids. (a) Most Various fatty acyl chains are connected to sphingosine by an amide
phosphoglycerides are derivatives of glycerol 3-phosphate (red), bond The sphingomyelins (SM), which contain a phosphocholine
which contains two esterif ied fatty acyl chains that constitute the head group, are phospholipids Other sphingolipids are glycolipids in
hydrophobic "tail" and a polar "head group" esterif ied to the which a single sugar residue or branched oligosaccharide is attached
phosphate. The fatty acids can vary in length and be saturated (no to the sphingosine backbone. For instance, the simple glycolipid
double bonds) or unsaturated (one, two, or three double bonds). glucosylcerebroside (GlcCer) has a glucose head group. (c) The
In phosphatidylcholine (PC), the head group is choline Also shown major sterols in animals (cholesterol), fungi (ergosterol), and plants
are the molecules attached to the phosphate group in three other (stigmasterol) differ slightly in structure, but all serve as key components
common phosphoglycerides: phosphatidylethanolamine (PE), of cellular membranes The basic structure of steroids is a four-ring
phosphatidylserine (PS), and phosphatidylinositol (Pl) Plasmalogens hydrocarbon (yellow). Like other membrane lipids, sterols are
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( a t Membrane b i layer that mediate the transport of specific molecules across this
otherwise impermeable bilayer. The second property of the
bilayer is its stability. The bilayer structure is maintained by
hydrophobic and van der Waals interactions between the
lipid chains. Even though the exterior aqueous environment
can vary widely in ionic strength and pH, the bilayer has the
strength to retain its characteristic architecture. Third, all
phospholipid bilayers can spontaneously form sealed closed

compartments where the aqueous space on the inside is

Phospho l ip id
bi layer

Po lar  head
g rou ps

'l

golu,  nuua/
groups

Phospho l ip ids  in  so lu t ion

( c )

Disperse
phospho l ip ids
in water

D isso lve  phospho l ip ids
in  so lvent  and app ly
to  smal l  ho le
in oart i t ion

  FIGURE 10-6 The bilayer structure of biomembranes.
(a) Electron micrograph of a thin section through an erythrocyte
membrane stained with osmium tetroxide The characteristic "railroad
track" appearance of the membrane indicates the presence of two
polar layers, consistent with the bilayer structure for phospholipid
membranes (b) Schematic interpretation of the phospholipid bilayer
in which polar groups face outward to shield the hydrophobic fatty
acyl tails from water The hydrophobic effect and van der Waals
interactions between the fatty acyl tails drive the assembly of the
bilayer (Chapter 2). (c) Cross-sectional views of two other structures
formed by dispersal of phospholipids in water A spherical micelle has
a hydrophobic interior composed entirely of fatty acyl chains; a
spherical l iposome consists of a phospholipid bilayer surrounding an
aqueous center lPart (a) courtesy of J D Robertson ]

found in cell membranes (Figure 10-7). Studies on these bi-
layers have shown that they possess three important proper-
ties. First, the hydrophobic core is an impermeable barrier
that prevents the diffusion of water-soluble (hydrophilic)
solutes across the membrane. Importantly, this simple barrier
function is modulated by the presence of membrane proteins

a EXPERIMENTAL FIGURE 10-7 Formation and study of
pure phospholipid bilayers. (Iop) A preparation of biological
membranes is treated with an organic solvent, such as a mixture of
chloroform and methanol (3:1), which selectively solubil izes the
phospholipids and cholesterol. Proteins and carbohydrates remain
in an insoluble residue. The solvent is removed by evaporation
(Bottom /eft) lf the lipids are mechanically dispersed in water, they
spontaneously form a l iposome, shown in cross section, with an
internal aqueous compartment. (Bottom right) A planar bilayer, also
shown in cross section, can form over a small hole in a partit ion

separating two aqueous phases; such bilayers can be used to study
the movement of solutes from one solution to the other through the
membrane
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Mitochondrion

Intermembrane sDace

Matrix
Intermembrane space

Exoplasmic
face

Cytosol ic
face

Plasma membrane

Exterior

< FIGURE 10-8 The faces of cellular
membranes. The plasma membrane, a
s ingle b i layer  membrane,  encloses the cel l
In  th is  h ighly  schemat ic  representat ion,
internal cytosol (green stipple) and external
environment (purple) define the cytosolic (red)
and exoplasmic (black) faces of the bilayer
Vesicles and some organelles have a single
membrane and their internal aoueous soace
(purple) is topologically equivalent to the
outside of the cell. Three organelles-the
nucleus, mitochondrion, and chloroplast
(which is not shown)-are enclosed by two
membranes separated by a small intermembrane
space. The exoplasmic faces of the inner and
outer membranes around these organelles
border the intermembrane space between
them For simplicity, the hydrophobic membrane
interior is not indicated in this diaqram

separated from that on the outside. An "edge" of a phos-
pholipid bilayer, as depicted in Figure 10-6b with the hydro-
carbon core of the bilayer exposed to an aqueous solution, is
unstable; the exposed fatty acyl side chains would be in an
energetically much more stable state if they were not adja-
cent to water molecules but surrounded by other fatty acyl
chains (hydrophobic effect; Chapter 2). Thus in aqueous
solution, sheets of phospholipid bilayers sponraneously seal
their edges, forming a spherical bilayer that encloses an
aqueous central compartment. The liposome depicted in
Figure 10-6 is an example of such a structure viewed in
cross sectton.

This physical chemical property of a phospholipid
bilayer has important implications for cellular membranes:
no membrane in a cell can have an "edge" with exposed
hydrocarbon fatty acyl chains. All membranes form closed
compartments, similar in basic architecture to liposomes.
Because all cellular membranes enclose an entire cell or an
internal compartment, they have an internal face (the surface
oriented toward the interior of the compartment) and an
external face (the surface presented to the environment).

More commonl5 we designate the two surfaces of a cellu-
Iar membrane as the cytosolic face and the exoplasmic face.
This nomenclature is useful in highlighting the topological
equivalence of the faces in different membranes, as dia-
grammed in Figures 10-8 and 10-9. For example. the

Cytosol ic
face

A FIGURE 10-9 Faces of cellular membranes are conserved
during membrane budding and fusion. Red membrane surfaces
are cytosolic faces; black are exoplasmic faces. During endocytosis a
segment of the plasma membrane buds inward toward the cytosol
and eventually pinches off a separate vesicle. During this process the
cytosolic face of the plasma membrane remains facing the cytosol
and the exoplasmic face of the new vesicle membrane faces the
lumen During exocytosis an intracellular vesicle fuses with the
plasma membrane, and the lumen of the vesicle (exoplasmic face)
connects with the extracellular medium Proteins that span the
membrane retain their asymmetric orientation during vesicle budding
and fusion events; in particular the same segment always faces the
cyrosol

-  Exop lasmic
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exoplasmic face of the plasma membrane is directed away
from the cytosol, toward the extracellular space or external en-
vironment, and defines the outer limit of the cell. The cytosolic
face of the plasma membrane faces the cytosol. Similarly for
organelles and vesicles surrounded by a single membrane, the
cytosolic face faces the c1'tosol. The exoplasmic face is always
directed away from the cytosol and in this case is on the inside
of the organelle in contact with the internal aqueous space, or
lumen. That the inside, or lumen, of these vesicles is topologi-
cally equivalent to the extracellular space is most easily under-
stood for vesicles that arise by invagination (endocytosis) of the
plasma membrane. This process results in the external face of
the plasma membrane becoming the internal face of the vesicle
membrane, and in the vesicle the cytosolic face of the plasma
membrane remains facing the cytosol (see Figure 10-9).

Two distinct membranes surround three organelles-the
nucleus, mitochondrion, and chloroplast; the exoplasmic
surface of each membrane faces the space between the two
membranes. This can perhaps best be understood by refer-
ence to the endosymbiont hypothesis, discussed in Chapter
1, which posits that mitochondria and chloroplasts arose
early in the evolution of eukaryotic cells by the engulfment
of bacteria capable of oxidative phosphorylation or photo-
synthesis, respectively (see Figure 6-20). Thus the exoplasmic
face of the mitochondrial inner membrane, derived from the
exoplasmic face of the ancestral bacterial plasma membrane,
as well as the exoplasmic face of the outer mitochondrial
membrane, derived from the exoplasmic face of the ancestral
plasma membrane, both face the intermembrane space.

Natural membranes from different cell types exhibit a
variety of shapes, which complement a cell's function (Figure
10-10; see Figures 10-3 and 10-4). The smooth, f lexible sur-
face of the erythrocyte plasma membrane allows the cell to
squeeze through narrow blood capillaries. Some cells have a
long, slender extension of the plasma membrane, called a cil-
ium or flagellum, which beats in a whiplike manner. This mo-
tion causes fluid to flow across the surface of a sheet of cells
or a sperm cell to swim toward an egg. Membranes are dy-
namic structures; Figure 10-3 shows an HIV virus budding
from the surface of a human cell. In infected cells, specific vi-
ral proteins become inserted into the plasma membrane, and
segments of the plasma membrane envelop the viral core, or
nucleocapsid, that contains the viral RNA genome as the
virus buds from the cell. The membrane-coated virus then
pinches off from the plasma membrane and is released into
the surrounding medium. Internal cellular membranes such
as the Golgi complex (see Figure 10-4) are constantly bud-
ding off membrane vesicles into the cytosol. These then fuse
with other membranes to transport the luminal contents from
one organelle to another (Chapter 14).

Biomembranes Conta in Three Pr inc ipa l
Classes of Lipids

As noted above, a typical biomembrane is assembled from
three classes of amphipathic l ipids: phosphoglycerides,

|  
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  FIGURE 10-10 Variation in biomembranes in different cell
types. (a) A smooth, f lexible membrane covers the surface of the
discoid erythrocyte cell as seen in this scanning electron micrograph.
(b) Tufts of cil ia (Ci) project from the ependymal cells that l ine the
brain ventricles lPart (a) Copyright @ omi Kron/Photo Researchers, Inc.
Part (b) from R G Kessel and R H Kardon, 1979, Tissues and Organs: A
Text-Atlas of Scanning Electron Microscopy, W H Freeman and Company]

sphingolipids, and steroids, which differ in their chemical

structures, abundance, and functions in the membrane.

Phosphoglycerides, the most abundant class of lipids in

most membranes, are derivatives of glycerol 3-phosphate (see

Figure 10-5a). A typical phosphoglyceride molecule consists of

a hydrophobic tail composed of two fatty acyl chains esterified

to the fvvo hydroxyl groups in glycerol phosphate and a polar

head group attached to the phosphate group' The two fatty

acyl chains may differ in the number of carbons that they con-

tain (commonly 1.6 or 18) and their degree of saturation (0, 1,

or 2 double bonds). A phosphoglyceride is classified according

to the nature of its head group. In phosphatidylcholines,
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the most abundant phospholipids in the plasma membrane,
the head group consists of choline, a positively charged alco-
hol, esterified to the negarively charged phosphate. In other
phosphoglycerides, an OH-containing molecule such as
ethanolamine, serine, and the sugar derivative inositol is
linked to the phosphate group. The negatively charged
phosphate group and the positively charged groups or the
hydroxyl groups on the head group interacr strongly with
water. At neutral pH, some phosphoglycerides (e.g.,
phosphatidylcholine and phosphatidylethanolamine) carry no
net electric charge, whereas others (e.g., phosphatidylinositol
and phosphatidylserine) carry a single net negative charge.
Nonetheless, the polar head groups in all phospholipids can
pack together into the characteristic bilayer structure.

The plasmalogens are a group of phosphoglycerides that
contain one fatty acyl chain attached to carbon 2 of glycerol
by an ester linkage and one long hydrocarbon chain attached
to carbon 1 of glycerol by an ether (C-O-C) rather than
an ester l inkage. The abundance of plasmalogens varies
among tissues and species but is especially high in human
brain and heart tissue. The additional chemical stability of
the ether linkage in plasmalogens, compared to the ester
linkage, or the subtle differences in their three-dimensional
structure compared with that of other phosphoglycerides
may have as yet unrecognized physiologic significance.

A second class of membrane lipid is the sphingolipids. All
of these compounds are derived from sphingosine, an amino
alcohol with a long hydrocarbon chain, and contain a long-
chain faty acid attached in an amide linkage to the sphingosine
amino group. Like phosphoglycerides, sphingolipids have a
phosphate-based polar head. In sphingomyelin, the most abun-
dant sphingolipid, phosphocholine is attached to the terminal
hydroxyl group of sphingosine (see Figure 10-5b). Thus sphin-
gomyelin is a phospholipid, and its overall structure is quite
similar to that of phosphatidylcholine. Sphingomyelins are
similar in shape to phosphoglycerides and can form mixed
bilayers with them. Other sphingolipids are amphipathic
glycolipids whose polar head groups are sugars that are not
linked via a phosphate group. Glucosylcerebroside, the sim-
plest glycosphingolipid, contains a single glucose unit attached
to sphingosine. In the complex glycosphingolipids called
gangliosides, one or two branched sugar chains (oligosaccha-
rides) containing sialic acid groups are attached to sphingosine.
Glycolipids constitute 2-10 percent of the total lipid in plasma
membranesl they are most abundant in nervous tissue.

Cholesterol and its analogs constiture the third impor-
tant class of membrane lipids, the steroids. The basic struc-
ture of steroids is a four-ring hydrocarbon. The structures of
the principal yeast sterol (ergosterol) and plant phytosterols
(e.g., stigmasterol) differ slightly from that of cholesterol,
the major animal sterol (see Figure 10-5c). The small differ-
ences in the biosynthetic pathways of fungal and animal
sterols and in their structures are the basis of most antifun-
gal drugs currently in use. Cholesterol, Iike the rwo orher
sterols, has a hydroxyl substituent on one ring. Although
cholesterol is almost entirely hydrocarbon in composition, it
is amphipathic because its hydroxyl group can interact with
water. Cholesterol is especially abundant in the plasma

membranes of mammalian cells but is absent from most
prokaryotic and all plant cells. As much as 30-50 percent of
the l ipids in plant plasma membranes consist of certain
steroids unique to plants. Between 50 and 90 percent of the
cholesterol in most mammalian cells is present in the plasma
membrane and associated vesicles. Cholesterol and other
sterols are too hydrophobic to form a bilayer structure on
their own. Instead, at concentrations found in natural mem-
branes, these sterols must intercalate between phospholipid
molecules to be incorporated into biomembranes.

In addition to its structural role in membranes, choles-
terol is the precursor for several important bioactive mole-
cules. They include bile acids, which are made in the liver and
help emulsify dietary fats for digestion and absorption in the
intestinesl steroid hormones produced by endocrine cells
(e.g., adrenal gland, ovar5 testes); and vitamin D produced in
the skin and kidneys. Another critical function of cholesterol
is its covalent addition to Hedgehog protein, a key signaling
molecule in embryonic development (Chapter 16).

Most Lipids and Many Proteins Are Lateral ly
Mobi le  in  Biomembranes
In the two-dimensional plane of a bilayer, thermal motion
permits lipid molecules to rotate freely around their long
axes and to diffuse Iaterally within each leaflet. Because
such movements are lateral or rotational, the fatty acyl
chains remain in the hydrophobic interior of the bilayer. In
both natural and artificial membranes, a typical lipid molecule

Heat

Gel- l ike consistency Fluidl ike consistency

s i

  FIGURE 10-11 Gel and fluid forms of the phospholipid
bilayer. (Iop) Depiction of gel-to-fluid transition Phospholipids
with long saturated fatty acyl chains tend to assemble into a highly
ordered, gel-l ike bilayer in which there is l i tt le overlap of the
nonpolar tails in the two leaflets. Heat disorders the nonpolar tails
and induces a transition from a gel to a fluid within a temperature
range of only a few degrees. As the chains become disordered, the
bilayer also decreases in thickness. (Bottom) Molecular models of
phospholipid monolayers in gel and fluid states, as determined by
molecular dynamrcs calculations. lBottom based on H Heller etal, 1993.
J Phys Chem 97:8343 l
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exchanges places with its neighbors in a leaflet about 107
times per second and diffuses several micrometers per sec-
ond at 37 "C. These diffusion rates indicate that the viscos-
ity of the bilayer is 100 times as great as that of water-
about the same as the viscosity of olive oil. Even though
lipids diffuse more slowly in the bilayer than in an aqueous
solvent, a membrane lipid could diffuse the length of a typ-
ical bacterial cell (1 pm) in only 1 second and the length of
an animal cell in about 20 seconds. Vhen fluid artificial
pure phospholipid membranes are cooled below 37'C, the
lipids can undergo aphase transition from a liquidlike (fluid)
state to a gel-like (semisolid) state, analogous to the liquid-
solid transition when liquid water freezes (Figure 10-11).
Below the phase transition temperature, the rate of diffu-
sion of the lipids drops precipitously. At usual physiologic
temperatures, the hydrophobic interior of natural mem-
branes generally has a low viscosity and a fluidlike consis-
tency, in contrast to the gel-like consistency observed at
lower temperatures,

( a )

Membrane pro te in Fluorescent reagent

I

In pure membrane bilayers, phospholipids and sphin-
golipids rotate and move laterallg but they do not sponta-

neously migrate, or flip-flop, from one leaflet to the other'

The energetic barrier is too high; migration would require

moving the polar head group from its aqueous environ-
ment through the hydrocarbon core of the bilayer to the

aqueous solution on the other side. Special membrane pro-

teins discussed in Chapter 1.1 are required for membrane
lipids and other polar molecules to flip from one leaflet to

the other.
The lateral movements of specific plasma-membrane

proteins and lipids can be quantified by a technique called

fluorescence recouery after photobleaching /FRAP/. Phos-

pholipids containing a fluorescent substituent are used to

monitor lipid movement. For proteins, a fragment of a mon-

oclonal antibody that is specific for the exoplasmic domain

of the desired protein and that has only a single antigen-

binding site is tagged with a fluorescent dye. \fith this

method, described in Figure 10-1.2, the rate at which
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A EXPERIMENTAL FIGURE 10-12 Fluorescence recoveryafter
photobleaching (FRAP) experiments can quantify the lateral
movement of proteins and lipids within the plasma
membrane. (a) Experimental protocol Step (E): Cells are first
labeled with a fluorescent reagent that binds uniformly to a specific
membrane lipid or protein Step (E): A laser l ight is then focused
on a small area of the surface, irreversibly bleaching the bound
reagent and thus reducing the fluorescence in the i l luminated area
Step (B): In time, the fluorescence of the bleached patch rncreases
as unbleached fluorescent surface molecules diffuse into it and
bleached ones diffuse outward The extent of recovery of
fluorescence in the bleached patch is proportronal to the fraction of

100  150
Time (s)

labeled molecules that are mobile in the membrane. (b) Results
of FRAP experiment with human hepatoma cells treated with a
fluorescent antibody specif ic for the asialoglycoprotein receptor
protein The finding that 50 percent of the fluorescence returned to

the bleached area indicates that 50 percent of the receptor molecules
in the i l luminated membrane patch were mobile and 50 percent

were immobile Because the rate of f luorescence recovery is

oroportional to the rate at which labeled molecules move into the

bleached region, the diffusion coefficient of a protein or l ipid in the

membrane can be calculated from such data. [See Y I Henis et al ,
1990, J Cell Biol. 111:14091

Bleached area

Fluorescence before bleaching
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PC : phosphatidylcholine; PE : phosphatidylethanolamine; PS : phosphatidylserine; SM - sphingomyelin.
souRcE:S7.DowhanandM.Bogdanov,2002,inD.E.VanceandJ.E Vance,eds.,Biochemistryof Lipids,Lipoproteins,andMembranes,Elsevier.

membrane molecules move-the diffusion coefficient-can
be determined, as well as rhe proportion of the molecules
that are laterally mobile.

The results of FRAP studies with fluorescence-labeled
phospholipids have shown that in fibroblast plasma mem-
branes, all the phospholipids are freely mobile over dis-
tances of about 0.5 pm, but most cannot diffuse over much
longer distances. These findings suggest that protein-rich
regions of the plasma membrane about 1 pm in diameter
separate l ipid-rich regions containing the bulk of the mem-
brane phospholipid. Phospholipids are free to diffuse
within such regions but not from one lipid-rich region to
an adjacent one. Furthermore, the rate of lateral diffusion
of l ipids in the plasma membrane is nearly an order of
magnitude slower than in pure phospholipid bilayers:
diffusion consrants of 10-8 cm2/s and I0-7 cm2ls are char-
acteristic of the plasma membrane and a l ipid bilayer,
respectively. This difference suggests that l ipids may be
tightly but not irreversibly bound to certain integral pro-
teins in some membranes, as indeed has recently been
demonstrated (see Figure 10-17 below).

Lip id Composi t ion In f luences the phys ica l
Propert ies of Membranes
A typical cell contains myriad types of membranes, each
with unique properties bestowed by its particular mix of
Iipids and proteins. The data in Table 10-1 illustrate the vari-
ation in lipid composition in different biomembranes. Several

phenomena contribute to these differences. For instance,
there are differences in the relative abundances of phospho-
glycerides and sphingolipids between membranes in the en-
doplasmic reticulum (ER), where phospholipids are synthe-
sized, and the Golgi, where sphingolipids are synthesized.
The proportion of sphingomyelin as a percentage of total
membrane lipid phosphorus is about six times as high in
Golgi membranes as it is in ER membranes. In other cases,
the movement of membranes from one cellular compartment
to another can selectively enrich certain membranes in lipids
such as cholesterol. In responding to differing environments
throughout an organism, different types of cells generate
membranes with differing lipid compositions. In the cells
that line the intestinal tract, for example, the membranes
that face the harsh environment in which dietary nutrients
are digested have a sphingolipid-to-phosphoglyceride-to-
cholesterol ratio of 1:1,;1 rather than the 0.5:1.5:1 ratio
found in cells subject to less stress. The relatively high con-
centration of sphingolipid in this intestinal membrane may
increase its stability because of extensive hydrogen bonding
by the free -OH group in the sphingosine moiety (see
Figure 10-5) .

The degree of bilayer fluidity depends on the lipid com-
position, structure of the phospholipid hydrophobic tails,
and temperature. As aheady noted, van der 

'Waals 
interac-

tions and the hydrophobic effect cause the nonpolar tails
of phospholipids to aggregate. Long, saturated fatty acyl
chains have the greatest tendency to aggregate, packing
tightly together into a gel-l ike state. Phospholipids with
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cholesterol

short fatty acyl chains, which have less surface area and
therefore fewer van der'Waals interactions, form more fluid
bilayers. Likewise, the kinks in cis- unsaturated fatty acyl
chains (Chapter 2) result in their forming less stable van der
Waals interactions with other lipids, and hence more fluid
bilayers, than do straight saturated chains, which can pack
more tightly together.

Cholesterol is important in maintaining the appropriate
fluidity of natural membranes, a property that appears to
be essential for normal cell growth and reproduction. Cho-
lesterol restricts the random movement of phospholipid
head groups at the outer surfaces of the leaflets, but its
effect on the movement of long phospholipid tails depends
on concentration. At cholesterol concentrations present in
the plasma membrane, the interaction of the steroid ring
with the long hydrophobic tails of phospholipids tends to
immobilize these lipids and thus decrease biomembrane
fluidity. At lower cholesterol concentrations, however, the
steroid ring separates and disperses phospholipid tails,
causing the inner regions of the membrane to become
slightly more fluid.

The lipid composition of a bilayer also influences its
thickness, which in turn may influence the distribution of
other membrane components, such as proteins, in a particu-
lar membrane. The results of biophysical studies on artificial
membranes demonstrate that sphingomyelin associates into

< FIGURE 10-13 Effect of l ipid composition on bilayer
thickness and curvature. (a) A pure sphingomyelin (SM) bilayer
is thicker than one formed from a phosphoglyceride such as
phosphatidylcholine (PC). Cholesterol has a l ipid-ordering effect on
phosphoglyceride bilayers that increases their thickness but does not
affect the thickness of the more ordered SM bilayer. (b) Phospholipids
such as PC have a cylindrical shape and form more or less flat
monolayers, whereas those with smaller head groups such as
phosphatidylethanolamine (PE) have a conical shape (c) A bilayer
enriched with PC in the exoplasmic leaflet and with PE in the
cytosolic face, as in many plasma membranes, would have a natural
curvature lAdaptedfromH Sprongetal ,2001, NatureRev Mol Cell Biol
22504l

a more gel-like and thicker bilayer than phospholipids do
(Figure 10-13a). Cholesterol and other molecules that de-

crease membrane fluidity also increase membrane thickness.

Because sphingomyelin tails are akeady optimally stabilized,

the addition of cholesterol has no effect on the thickness of a

sphingomyelin bilayer.
Another property dependent on the lipid composition of

a bilayer is its curvature, which depends on the relative sizes

of the polar head groups and nonpolar tails of its con-

stituent phospholipids. Lipids with long tails and large head

groups are cylindrical in shape; those with small head

groups are cone shaped (Figure 10-13b). As a result, bilayers

composed of cylindrical lipids are relatively flat, whereas

those containing large numbers of cone-shaped lipids form

curved bilayers (Figure 10-13c). This effect of l ipid compo-

sition on bilayer curvature may play a role in the formation

of highly curved membranes, such as sites of viral budding
(see Figure 10-3) and formation of internal vesicles from

the plasma membrane (see Figure 10-9) and in specialized

stable membrane structures such as microvilli. Several pro-

teins bind to the surface of phospholipid bilayers and cause

the membrane to curve; such proteins are important in

formation of transport vesicles that bud from a donor mem-

brane (Chapter 14).

Lipid Composit ion ls Different in the Exoplasmic
and Cytosolic Leaflets

A characteristic of all membranes is an asymmetry in l ipid

composition across the bilayer. Although most phospho-

lipids are present in both membrane leaflets' they are

commonly more abundant in one or the other leaflet. For

instance, in plasma membranes from human erythrocytes

and certain canine kidney cells grown in culture' almost

all the sphingomyelin and phosphatidylcholine, both of

which form less fluid bilayers, are found in the exoplas-

mic leaflet. In contrast, phosphatidylethanolamine, phos-

phatidylserine, and phosphatidylinositol, which form

more fluid bilayers, are preferentially located in the cy-

tosolic leaflet. This segregation of l ipids across the bilayer

BIOMEMBRANES:  L IP ID  COMPOSIT ION AND STRUCTURAL  ORGANIZAT ION 419



o
_______> |

c :o
I

(cH,)
|  

- n

cHg

A FIGURE 10-14 Specificity of phospholipases. Each type of
phosphol ipase c leaves one of  the suscept ib le bonds shown in red
The g lycero l  carbon atoms are indicated by smal l  numbers In
intact  ce l ls ,  only  phosphol ip ids in  the exoplasmic leaf le t  of  the
plasma membrane are c leaved by phosphol ipases in  the
surrounding medium Phosphol ipase C,  a cytosol ic  enzyme, c leaves
cer ta in phosphol ip ids in  the cytosol ic  leaf le t  of  the p lasma
membrane

may influence membrane curvature (see Figure 10-13c).
Unlike particular phospholipids, cholesterol is relatively
evenly distributed in both leaflets of cellular membranes.
The relative abundance of a particular phospholipid in the
two leaf le ts  of  a p lasma membrane can be determined
experimentally on the basis of the susceptibil i ty of phos-
pholipids to hydrolysis by phospholipases, enzymes that
cleave various bonds in the hydrophil ic ends of phospho-
lipids (Figure 10-14). \7hen added to the external
medium, phospholipases cannot cross the membrane, and
thus they cleave off the head groups of only those lipids
present in the exoplasmic face; phospholipids in the
cytosolic leaflet are resistant to hydrolysis because the
enzymes cannot penetrate to the cytosolic face of the plasma
memDrane.

How the asymmetric distribution of phospholipids in
membrane leaflets arises is still unclear. As noted, in pure bi-
layers phospholipids do not sponraneously migrate, or flip-
flop, from one leaflet to the other. To a first approximation,
the asymmetry in phospholipid distribution results from
synthesis of these lipids in the endoplasmic reticulum and
Golgi. Sphingomyelin is synthesized on the luminal (exo-
plasmic) face of the Golgi, which becomes the exoplasmic
face of the plasma membrane. In contrast, phosphoglyc-
erides are synthesized on the cytosolic face of the ER mem-
brane, which is topologically identical with the cytosolic face
of the plasma membrane (see Figure 10-8). Clearly, this ex-
planation does not account for the preferential location of

phosphatidylcholine in the exoplasmic leaflet. Movement of
this phosphoglyceride, and perhaps others, from one leaflet
to the other in some natural membranes is catalyzed by ATP-
powered transport proteins called flippases, which are dis-
cussed in Chapter 11.

The preferential location of l ipids on one face of the
bilayer is necessary for a variety of membrane-based func-
tions. For example, the head groups of all phosphorylated
forms of phosphatidylinositol (see Figure 10-5; PI) face
the cytosol. Stimulation of many cell-surface receptors by
their corresponding hormone results in activation of the
cytosolic enzyme phospholipase C, which can then hy-
drolyze the bond connecting the phosphoinositols to the
diacylglycerol. As we wil l see in Chapter 15, both water
soluble phosphoinositols and membrane-embedded dia-
cylglycerol participate in intracellular signaling pathways
that affect many aspects of cellular metabolism. Phos-
phatidylserine also is normally most abundant in the cy-
tosolic leaflet of the plasma membrane. In the init ial stages
of platelet stimulation by serum, phosphatidylserine is
briefly translocated to the exoplasmic face, presumably by
a fl ippase enzyme, where it activates enzymes participar-
ing in blood clotting.

Cholestero l  and Sphingol ip ids Cluster  wi th
Speci f ic  Prote ins in  Membrane Microdomains
Membrane lipids are not randomly distributed (evenly
mixed) in each leaflet of a bilayer. One hint that l ipids may
be organized within the leaflets was the discovery that the
lipids remaining after the extraction of plasma membranes
with nonionic detergents predominantly conrain two
species: cholesterol and sphingomyelin. Because these two
lipids are found in more ordered, less fluid bilayers, re-
searchers hypothesized that they form microdomains,
termed lipid rafts, surrounded by other, more fluid phos-
pholipids that are more readily extracted by detergents.
Some biochemical and microscopic evidence supports the
existence of l ipid rafts, which in natural membranes are
typically 50 nm in diameter. Rafts can be disrupted by
methyl-B-cyclodextrin, which specifically extracts choles-
terol out of membranes, or by antibiotics, such as fi l ipin,
that sequester cholesterol into aggregates within the mem-
brane. Such findings indicate the importance of cholesterol
in maintaining the integrity of these rafts. As judged by
their presence in the complex of cholesterol and sphin-
gomyelin remaining after detergent extraction, lipid rafts
in plasma membranes are thought to be enriched for a sub-
set of plasma membrane proteins, including those that par-
ticipate in sensing extracellular signals and transmitting
them into the cytosol. Thus by bringing many key proteins
into close proximity these lipid-protein complexes may
facil itate signaling by cell-surface receptors and the subse-
quent activation of cytosolic events. However, much re-
mains to be learned about the structure and bioloeical
function of lipid rafts.
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Biomembranes: Lipid Composition
and Structural Organization

r The eukaryotic cell is demarcated from the external en-
vironment by the plasma membrane and organized into
membrane-limited internal compartments (organelles and
vesicles).

r The phospholipid bilayer, the basic structural unit of all
biomembranes, is a two-dimensional lipid sheet with hy-
drophilic faces and a hydrophobic core, which is imperme-
able to water-soluble molecules and ions (see Figure 10-6).

r The primary l ipid components of biomembranes are
phosphoglycerides, sphingolipids, and sterols such as cho-
lesterol (see Figure 10-5).

r Most lipids and many proteins are laterally mobile
biomembranes.

r Membranes can undergo phase transitions from the fluid
to gel-like states depending on the temperature and com-
position of the membrane.

r Different cellular membranes vary in lipid composition
(see Table 10-1). Phospholipids and sphingolipids are
asymmetrically distributed in the two leaflets of the bilayer,
whereas cholesterol is fairlv evenlv distributed in both
leaflets.

r Natural biomembranes generally have a viscous con-
sistency with fluidlike properties. In general, membrane
fluidity is decreased by sphingolipids and cholesterol and
increased by phosphoglycerides. The lipid composition of a
membrane also influences its thickness and curvature (see

Figure 10-13) .

r Lipid rafts are microdomains containing cholesterol,
sphingolipids, and certain membrane proteins that form in
the plane of the bilayer. These aggregates might facilitate
signaling by certain plasma-membrane receptors.

Biomembranes: Protein
Components and Basic Functions
Membrane proteins are defined by their location within or at
the surface of a phospholipid bilayer. Although every biolog-
ical membrane has the same basic bilayer structure, the pro-
teins associated with a particular membrane are responsible
for its distinctive activities. The kinds and amounts of pro-
teins associated with biomembranes vary depending on cell
type and subcellular location. For example, the inner mito-
chondrial membrane is 75 percent protein; the myelin mem-
brane that surrounds nerve axons, only 18 percent. The high
phospholipid content of myelin allows it to electrically insu-
late the nerve from its environment, as we discuss in Chap-
ter 23. The importance of membrane proteins is suggested
from the finding that approximately a third of all yeast genes

encode a membrane protein. The relative abundance of

genes for membrane proteins is greater in multicellular or-

ganisms in which membrane proteins have additional func-

tions in cell adhesion.
The lipid bilayer presents a distinctive two-dimensional hy-

drophobic environment for membrane proteins. Some proteins

contain segments that arc imbedded within the hydrophobic

core of the phospholipid bilayer; other proteins are associated

with the exoplasmic or cytosolic leaflet of the bilayer. Protein

domains on the extracellular surface of the plasma membrane

generally bind to extracellular molecules, including external

signaling proteins, ions, and small metabolites (e.g., glucose,

fatty acids), as well as proteins on other cells or in the external

environment. Segments of the protein within the plasma mem-

brane have a variety of functions, including those that form

channels and pores in transport proteins that move molecules

and ions into and out of cells. Domains lying along the cytoso-

lic face of the plasma membrane have a wide range of func-

tions, from anchoring cytoskeletal proteins to the membrane to

triggering intracellular signaling pathways.
In many cases, the function of a membrane protein and

the topology of its polypeptide chain in the membrane can be

predicted on the basis of its similarity with other well-

characterized proteins. In this section' we examine the char-

acteristic structural features of membrane proteins and some

of their basic functions. 
'We 

will describe the structures of

several proteins to help you get a feel for the way membrane

proteins interact with membranes. More complete character-

ization of the properties of various types of membrane proteins

is presented in later chapters that focus on their structures

and activities in the context of their cellular functions.

Proteins Interact with Membranes
in Three Different WaYs

Membrane proteins can be classified into three categories-

integral, lipid-anchored, and peripheral-on the basis of the

nature of the membrane-protein interactions (see Figure 10-1)'

Integral membrane proteins, also called transrnembrane

proteins, span a phospholipid bilayer and comprise three

segments. The cytosolic and exoplasmic domains have hy-

drophilic exterior surfaces that interact with the aqueous

solutions on the cytosolic and exoplasmic faces of the

membrane. These domains resemble segments of other

water-soluble proteins in their amino acid composition and

structure. In contrast, the membrane-spanning segments

usually contain many hydrophobic amino acids whose side

chains protrude outward and interact with the hydropho-

bic hydrocarbon core of the phospholipid bilayer. In all

transmembrane proteins examined to date, the membrane-

spanning domains consist of one or more a helices or of

multiple B strands. Because they must be inserted into

membranes, the ribosomal synthesis and posttranslational

processing of integral membrane proteins differs from that

of soluble cytosolic proteins and is discussed separately in

Chapters 13 and 1'4.
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Lipid-anchored membrane proteins are bound covalently
to one or more lipid molecules. The hydrophobic segment of
the attached lipid is embedded in one leaflet of the membrane
and anchors the protein to the membrane. The polypeptide
chain itself does not enter rhe phospholipid bilayer.

Peripheral membrane proteins do not directly contact the
hydrophobic core of the phospholipid bilayer. Instead they are
bound to the membrane either indirectly by interactions with in-
tegral or lipid-anchored membrane proteins or directly by inter-
actions with lipid head groups. Peripheral proteins can be bound
to either the cytosolic or the exoplasmic face of the plasma mem-
brane. In addition to these proteins, which are closely associated
with the bilayer, cytoskeletal filaments can be more loosely asso-
ciated with the cytosolic face, usually through one or more pe-
ripheral (adapter) proteins. Such associations with the cy-
toskeleton provide support for various cellular membranes,
helping to determine cell shape and mechanical properties, and
play a role in the two-way communication between the cell in-
terior and the exterior, as we learn in Chapter 17. Finally, pe-
ripheral proteins on the outer surface of the plasma membrane
and the exoplasmic domains of integral rn.rntr"n. proreins are
often anached to components of the extracellular matrix or to
the cell wall surrounding bacterial and plant cells, providing a
crucial interface betlveen the cell and its environmenr.

( a )

Extracel lu la r
domain

Mem bra  ne-spa nn ing

Cytosol ic
domain

A FIGURE 10-15 Structure of glycophorin A, a typical single-
pass transmembrane protein. (a) Diagram of dimeric glycophorin
showing major sequence features and i ts relat ion to the membrane
The single 23-residue membrane-spanning o hel ix in each monomer is
composed of amino acids with hydrophobic (uncharged) side chains
(red and green spheres). By binding negatively charged phospholipid
head groups, the posit ively charged arginlne and lysine residues (blue
spheres) near the cytosol ic side of the hel ix help anchor glycophorin
in the membrane Both the extracel lular and the cytosol ic domains
are  r i ch  in  charged res idues  and po la r  uncharqed res idues :  the

Most Transmembrane Proteins Have
Membrane-Spanning a Hel ices
Soluble proteins exhibit hundreds of distinct localized folded
structures, or motifs (see Figure 3-9). In comparison, the
repertoire of folded structures in the transmembrane domains
of integral membrane proteins is quite limited, with the hy-
drophobic ct helix predominating. Proteins containing mem-
brane-spanning a-helical domains are stably embedded in
membranes because of energetically favorable hydrophobic
and van der rWaals interactions of the hydrophobic side chains
in the domain with specific lipids and probably also by ionic
interactions with the polar head groups of the phospholipids.

A single cr-helical domain is sufficient to incorporate
an integral membrane protein into a membrane. However,
many proteins have more than one transmembrane cr helix.
Typically, a membrane-embedded cr helix is composed of a
continuous segment of 20-25 hydrophobic (uncharged)
amino acids (see Figure 2-14).The predicted length of such
an ct helix (3.75 nm) is just sufficient to span the hydrocar-
bon core of a phospholipid bilayer. In many membrane pro-
teins, these helices are perpendicular to the plane of the
membrane, whereas in others, the helices rraverse the mem-
brane at an oblique angle. The hydrophobic side chains pro-
trude outward from the helix (Figure 10,15) and form van

(b I

extracellular domain is heavily glycosylated, with the carbohydrate
side chains (green diamonds) attached to specific serine, threonine,
and asparagine residues (b) Molecular model of the transmemprane
domain of dimeric glycophorin corresponding to resrdues 73-96. The
hydrophobic side chains of the o helix in one monomer are snown In
pink; those in the other monomer, in green Residues depicted as
space-fi l l ing structures participate in intermonomer van der Waals
interactions that stabil ize the coiled-coil dimer [part (b) adapted from
K R MacKenzieetal ,  1997, Science2T6:131 I

he l ices
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  FIGURE 10-16 Structural models of two multipass membrane
proteins. (a) Bacteriorhodopsin, a photoreceptor in certain bacteria
The seven hydrophobic cr helices in bacteriorhodopsin traverse the
lipid bilayer roughly perpendicular to the plane of the membrane A
retinal molecule (black) covalently attached to one helix absorbs l ight
The large class of G protein-coupled receptors in eukaryotic cells also
has seven membrane-spanning cr helices; their three-dimensional
structure is thought to be srmilar to that of bacteriorhodopsin. (b) Two
views of the glycerol channel Glpf, rotated 180" with respect to each
other along an axis perpendicular to the plane of the membrane. Note

Hal f  he l i ces

several membrane-spanning o helices that are at oblique angles, the

two helices that penetrate only halfway through the membrane
(purple with yellow arrows), and one long membrane-spanning helix

with a "break" or distortion in the middle (purple with yellow line)'

The glycerol molecule in the hydrophil ic "core" is colored red The

structure was approximately positioned in the hydrocarbon core of the

membrane by finding the most hydrophobic 3 mm slab of the protein

perpendicular to the membrane plane. lPart (a) After H Luecke et al ,
1ggg, J Mol. Biol 291:899 Part (b) after J Bowie, 20O5, Nature 438:58'l-589,

and D Fu et al , 2000, Sclence 290:481-486.1

der.il/aals interactions with the fatty acyl chains in the bi- detail is bacteriorhodopsin' a protein found -in 
the mem-

layer. In conrrast, the hydrophilic amide peptide bonds are in brane of certain photosynthetic bacteria; it illustrates the

the interior of the cr helix (see Figure :-4;; e".h carbonyl general structure of all these proteins (Figure-10-16a)' Ab-

(C:O) group forms a hydrogen bond with the amide hy- iorption of light by the retinal group covalently attached to

drogen 
"-to--of 

the amino acid four residues toward the C- this protein causes a conformational change in the protein

terminus of the helix. These polar groups are shielded from that results in the pumping of protons from-the cytosol

the hydrophobic interior of tLe membrane. across the bacterial membrane to the extracellular space'

To help you get a better sense of the structures of proteins The proton concentration gradient thus generated across the

with a-helical domains, we will briefly discuss three Jifferent membrane is used to synthesize ATP (Chapter 1'2)' In the

kinds of such proteins: glycophorin A, G protein-coupled high-resolution structure of bacteriorhodopsin the positions

receptors, a^d aqrr"pori.i(*"i.riglycerol channels). of all the individual amino acids, retinal, and the surround-

blycophorin- A, the major p-rotein in the erythrocyte ing lipids are clearly defined. As might be expected, virtually

plasma membrane, is a ..pr.r.., itive single-pass tiansmem- ali oi the amino acids on the exterior of the membrane-

brane protein, which contains only one membrane-spanning
cr helix (Figure 10-15). The transmembrane helix of one gly-

cophorin A polypeptide associates with the corresponding
transmembrane helix in a second glycophorin A to form a

coiled-coil dimer (Figure 10-15b). Such interactions of mem-

brane-spanning ct helices are a common mechanism for cre-

ating dimeric membrane proteins, and many membrane pro-

teins form oligomers (two or more polypeptides bound

together noncovalently) by interactions between their mem-

brane-spann ing hel ices.
A large and important group of integral proteins is defined

by the presence of seven membrane-spanning a helices; this in-

cludes the large family of G protein-coupled cell-surface re-

ceptors discussed in Chapter 15. One such mwbipass trans-

membrane protein whose structure is known in molecular
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the middle, and more strikingly, there are two c helixes
that penetrate only halfway through rhe membrane. The
N-termini of these helices face each other (yellow N's in
the figure), and together they span the membrane at an
oblique angle. Thus some membrane-embedded helices-
and other nonhelical structures we wil l encounter later-
do not traverse the entire bilayer. As we wil l see in Chap-
ter 1.1, these short helixes in aquaporins form part of the
glycerol/water-selective pore in the middle of each sub-
unit. This highlights the considerable diversity in the ways
membrane-spanning cr helices interact with the l ipid bi-
layer and with other segments of the protein.

The specificity of phospholipid-protein interactions is
revealed in great detail in the structure of a different aqua-
porin, aquaporin 0 (Figure 10-17). Aquaporin 0 is the
most abundant protein in the plasma membrane of the
fiber cells that make up the bulk of the lens of the mam-
malian eye. Like orher aquaporins, it is a tetramer of iden-
tical subunits. The protein's surface is not covered by a set
of uniform binding sites for phospholipid molecules. In-
stead, fatty acyl side chains pack tightly against the

Podcast: Annular PhospholipiO, $|

Membrane

  FIGURE 10-17 Annular phospholipids. Side view of the
three-dimensional structure of one subunit of the lens-specific
aquaporin 0 homotetramer, crystall ized in the presence of the
phospholipid dimyristoylphosphatidylcholine, a phospholipid with
14 carbon-saturated fatty acyl chains Note the l ipid morecures
forming a bilayer shell around the protein The protein is shown as
a surface plot (the l ighter background molecule). The lipid
molecules are shown in space-fi l l  format; the polar l ipid head
groups (grey and red) and the l ipid fatty acyl chains (black and
grey) form a bilayer with almost uniform thrckness around the
protein. Presumably, in the membrane, l ipid fatty acyl chains wil l
cover the whole of the hydrophobic surface of the protein; only
the most ordered of the l ipid molecules wil l be resolved in the
crystallographic structure [After A Lee, 2005, Nature 438:569_570.
and T. Gonen et al , 2005, Nature 439:633-688 l

irregular hydrophobic outer surface of the proteinl some
of the fatty acyl chains are straight, in the all-trans confor-
mation (Chapter 2), whereas others are kinked in order to
interact with bulky hydrophilic side chains on rhe surface
of the protein. Some of the l ipid head groups are parallel
to the surface of the membrane, as is the case in purif ied
phospholipid bilayers. Others, however, are oriented al-
most at right angles to the plane of the membrane. Thus
there can be specific interactions between phospholipids
and membrane-spanning proteins, and the function of
many membrane proteins can be affected by the specific
types of phospholipid present in the bilayer.

Mult ip le  p Strands in  Por ins Form
Membrane-Spanning "Barre ls"
The porins are a class of transmembrane proteins whose
structure differs radically from that of other integral proreins
based on a-helical transmembrane domains. Several types of
porins are found in the outer membrane of gram-negative
bacteria such as E. coli and in the outer membranes of mito-
chondria and chloroplasts. The outer membrane prorecrs an
intestinal bacterium from harmful agents (e.g., antibiotics,
bile salts, and proteases) but permits the uptake and disposal
of small hydrophil ic molecules, including nutrients and
waste products. Different types of porins in the outer mem-
brane of an E. coli cell provide channels for the passage of
specific types of disaccharides or other small molecules as
well as of ions such as phosphate. The amino acid sequences
of porins contain none of the long hydrophobic segments
typical of integral proteins with o-helical membrane-span-
ning domains. X-ray crystallography has revealed that
porins are trimers of identical subunits. In each subunit,
16 B strands form a sheet that twists into a barrel-shaped
structure with a pore in rhe center (Figure 10-18). Unlike a
typical water-soluble globular protein, a porin has a hy-
drophilic interior and a hydrophobic exrerior; in this sense.
porins are inside out. In a porin monomer, the outward-
facing side groups on each of the B strands are hydrophobic
and form a nonpolar ribbonlike band that encircles the out-
side of the barrel. This hydrophobic band interacts with the
fatty acyl groups of the membrane lipids or with other porin
monomers. The side groups facing the inside of a iorin
monomer are predominantly hydrophilic; they line the pore
through which small water-soluble molecules cross the mem-
brane. (Note that the aquaporins discussed above, despite
their name, are not porins and contain multiple trurrrr.ri--
brane o. helices.)

Covalently Attached Hydrocarbon Chains
Anchor  Some Prote ins to  Membranes
In eukaryotic cells, several types ofcovalently attached lipids
anchor some otherwise typically water soluble proteins to
one or the other leaflet of the plasma membrane or other cel-
lular membranes. In these lipid-anchored proteins, the lipid
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group is bound through a thioether bond to the -SH group

of a b-terminal cysteine residue. In some cases' a second ger-

anylgeranyl group or a fatty acyl palmitate group is linked to

a nearby cysteine residue. The additional hydrocarbon an-

chor is thought to reinforce the attachment of the protein to

the membrane. For example, Ras' a GTPase superfamily

protein that functions in intracellular signaling (Chapter 16),

is recruited to the cytosolic face of the plasma membrane by

such a double anchor. Rab proteins' which also belong to the

GTPase superfamily, are similarly bound to the cytosolic

surface of intracellular vesicles by prenyl anchors; these

proteins are required for the fusion of vesicles with their

target membranes (ChaPtet 1"4).

Some cell-surface proteins and specialized proteins

with distinctive covalently attached polysaccharides called

Periplasm

A FIGURE 10-18 Structural model of one subunit of OmpX'
a porin found in the outer membrane of E. coli '  All porins are
t r imer ic  t ransmembrane prote ins Each subuni t  is  barre l  shaped,
wi th B st rands forming the wal l  and a t ransmembrane pore in  the
center  A band of  a l iphat ic  (hydrophobic and noncycl ic)  s ide charns
(yellow) and a border of aromatic (ring-containing) side chains (red)
position the orotein in the bilaver. lAfter G E Schulz,20O0, Curr. Opin
Struc Biol 10:443 |

hydrocarbon chains are embedded in the bilayer' but the

protein itself does not enter the bilayer. The anchors used to

insert proteins at the cytosolic face are not used for the exo-

plasmic face and vice versa.
One group of cytosolic proteins are anchored to the cy-

tosolic face of a membrane by a fatty acyl group (e.g.,

myristate or palmitate) covalently attached to an N-terminal

glycine residue (Figure 10-t9a). Retention of such proteins

at the membrane by the N-terminal acyl anchor, called

acylation, may play an important role in a membrane-

associated function. For example, v-Src, a mutant form of

a cellular tyrosine kinase, induces abnormal cellular

growth that can lead to cancer but only when it has a

myristylated N-terminus.
A second group of cytosolic proteins are anchored to

membranes by a hydrocarbon chain attached to a cysteine

residue at or near the C-terminus (Figure 10-19b). Some of

these chains arc prenyl anchors, built from S-carbon

isoprene units, which, as detailed in the following section,

are also used in the synthesis of cholesterol. In these pro-

teins, a 1S-carbon farnesyl or 20-carbon geranylgeranyl

Exterior

Cytosol

(a) Acylation (b) Prenylation

A FIGURE 10-19 Anchoring of plasma-membrane proteins

to the bilayer by covalently linked hydrocarbon groups'

(a) Cytosolic proteins such as v-Src are associated with the plasma

membrane through a single fatty acyl chain attached to the

groups, both of which are unsaturated. (c) The lipid anchor on the

exoplasmic surface of the plasma membrane is glycosylphos-

phatidylinositol (GPl). The phosphatidylinositol part (red) of this

anchoi contains two fatty acyl chains that extend into the bilayer. The

phosphoethanolamine unit (purple) in the anchor l inks it to the

protein. The two green hexagons represent sugar units, which vary in

number, nature, and arrangement in different GPI anchors The

complete structure of a yeast GPI anchor is shown in Figure 13-14

lAdaptedfromH Sprongetal  ,2001, NatureRev Mol  Cel l  Bio l  2:5041

NHst
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proteoglycans (Chapter 19) are bound to the exoplasmic
face of the plasma membrane by a third type of anchor
group, glycosylphosphatidylinositol (GpI). The exact
structures of GPI anchors vary gready in different cell

(Figure 10-19c). Therefore GpI anchors are glycolipids.
The GPI anchor is both necessary and sufficient for bind-

All Transmembrane proteins and Glycolipids
Are Asymmetrical ly Oriented in the Bilayer

faces. The orientation of different types of transmembrane
proteins is established during their synthesis, as we describe
in Chapter 13. Membrane proteins have never been ob-
served to flip-flop across a membrane; such movemenr, re-
quiring a transient movement of hydrophil ic amino acid
residues through the hydrophobic inteiior of rhe mem-
brane, would be energetically unfavorable. Accordingly, the
asymmetric topology of a transmembrane protein, which is
established during its biosynthetic insertion lnro a mem_
brane, is maintained throughout the protein's lifetime. As

drial membrane, chloroplast lamellae, and several other in_
tracellular membranes. Because the carbohydrate chains of
glycoproteins and glycolipids in the plasma membrane

L ip id  o r
protein A an t igen

L ip id  o r
p rotein O ant igen

L ip id  o r
protein B antigen

  FIGURE 10-20 Human ABO blood group antigens. These
antigens are oligosaccharide chains covalently attached to glycolipids or
glycoproteins in the plasma membrane. The terminal oligosaccharide
sugars distinguish the three antigens. The presence or absence of the
glycosyltransferases that add galactose (Gal) or N-acetylgalactosamine
(GalNAc) to O antigen determine a person's blood type

extend into the extracellular space, they are available to in-
teract with components of the extracellular matrix as well
as lectins (proteins that bind specific sugars), growth fac-
tors. and antibodies.

One important consequence of such interactions is i l-
lustrated by the A, B, and O blood group antigens. These
three structurally related oligosaccharide components of
certain glycoproteins and glycolipids are expressed on the
surfaces of human red blood cells and many other cell
types (Figure 10-20). AII humans have the enzymes for
synthesizing O antigen. Persons with type A blood also
have a glycosyltransferase enzyme that adds an extra
modified monosaccharide called N-acetylgalactosamine
to O antigen to form A antigen. Those with type B blood
have a different transferase that adds an extra galactose to
O antigen to form B antigen. People with both trans-
ferases produce both A and B antigen (AB blood type);
those who lack these transferases produce O antigen only
(O blood type) .

People whose erythrocytes lack the A antigen, the B anti-
gen, or both on their surface normally have antibodies
against the missing antigen(s) in their serum. Thus if a type
A or O person receives a transfusion of type B blood, anti-
bodies against the B antigen will bind to the introduced red
cells and trigger their destruction. To prevent such harmful
reactions, blood group typing and appropriate matching of
blood donors and recipients are required in all transfusi,ons
(Table 10-2) .
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BI()OD GRI)UP ANTIGTNS ON RBCS- SERUM ANTIBODIES CAN RECEIVE BTtlOl) TYPES

A A Anti-B A and O

ts, B Anti-A B and O

AB A and B None All

O O Anti-A and anti-B O

"See Figure 10-20 for antigen structures.

Lip id-Binding Mot i fs  Help Target  Per iphera l
Proteins to the Membrane

Many water-soluble enzymes use membrane phospholipids

as their substrates and thus must bind to membrane surfaces'

As exemplified by the phospholipases, many such enzymes

initially bind to the polar head groups of membrane phos-

pholipids to carry out their catalytic functions. As noted ear-

i ier, phospholipases hydrolyze various bonds in the head

groups of phospholipids (see Figure 1.0-1'4). These enzymes

have an important role in the degradation of damaged or

aged cell membranes and also are active components in

many snake venoms. The mechanism of action of phospho-

lipase 42 illustrates how such water-soluble enzymes can re-

versibly interact with membranes and catalyze reactions at

the interface of an aqueous solution and lipid surface (inter-

facial chemistry). 'When this enzyme is in aqueous solution,

its Ca2*-containing active site is buried in a channel lined

the catalytic site (Figure 10-21b).

Prote ins Can Be Removed f rom Membranes

by Detergents or  High-Sal t  Solut ions

hydrophobic part of a detergent molecule is attracted to

Active
site

  FIGURE 10-21 Interfacial binding surface and mechanism

change, opening a channel l ined with hydrophobic amino acids that

leads from the bi layer to the catalyt ic si te As a phospholipid moves

into the channel, an enzyme-bound Ca2* ion (green) binds to the

head group, posit ioning the ester bond to be cleaved (red) next to

the catalytic site. lPart (a) adapted from M H Gelb et al ' 1999' Curr' Opin

Struc Biol 9:428 Parl (b), see D Blow, 1991, Nature351:4441

(b)
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IONIC DETERGENTS

H"C- t o
l l- O - S - O - N a +

o

HC- CH2-CHz -  COO-Na+ H3C- (CH2)11

Sodium deoxycholate Sodium dodecylsulfate (SDSI

NONIONIC DETERGENTS

HsQ 9Hs
1 lH3c-c-cH2-?1 

/o_rcnz_cH2_o)e5_H
HsC CHs (Average)

( p o t yoxyet n y rrr lirlS i, Il lll- ""r' 
p h e n o | )

A FIGURE 10-22 Structures of four common detergents. The
hydrophobic part of each molecule is shown in yellow; the
hydrophil ic part, in blue The bile salt sodium deoxvcholate is a

water (Figure 10-22).Ionic detergents, such as sodium de_
oxycholate and sodium dodecylsulfate (SDS), contain a
charged group; nonionic detergents, such as Triton X_100
and octylglucoside, lack a charged group. At very low con_
centrations, detergents dissolve in pure water as isolated
molecules. As the concentration incriases, the molecules be_
gin to form micelles-small. spherical aggregates in which
hydrophilic parts of the molecule, f".e Lut*ard and the
hydrophobic parts clusrer in rhe center (see Figure 10_6(c)).
The critical micelle concentration (CMC) at which micelles
form is characteristic of each detergent and is a function of
the structures of its hydrophobic and hydrophilic parts.

Ionic detergents bind to the exposed hydrofhobi. ,._
gions of membrane proteins as well as to the hvdrophobic
cores of water-soluble proteins. Because of rheir . iurg.,
these detergents also disrupt ionic and hydrogen borrds. Ai
high concenrrations, for example, sodium Jodecylsulfate
completely denatures proteins by binding to every side
chain, a properry that is exploited in SDS gel electrophoresis
(see Figure 3-35). Nonionic detergenls generally do not de_
nature proteins and are thus useful in extracting proteins
from membranes before the proteins are purified.-Tirese de_
tergents act in different ways at different concentrations. At
high concentrations (above the CMC), they solubilize bio_
logical membranes by forming mixed micelies of detergent,
phospholipid, and integral membrane proteins (Figure t0_
23). At low concentrarions (below the CMC). these deter_
gents bind to the hydrophobic regions of most integral mem_
brane proteins, making them soluble in aqueous solution.

Treatmenr of cultured cells with a buffered salt solution
containing a nonionic detergent such as Triton X_100 extracts
water-soluble proteins as well as integral membrane protelns.
As noted earlier, the exoplasmic and cytosolic domains of
integral membrane proteins 

"r. 
g.rr.."ily hydrophilic and
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Octylglucoside
(octyl-p-D-glucopyranoside)

natural product; the others are synthetic. Although ionic detergents
commonly cause denaturation of proteins, nonionic detergents do
not and are thus useful in solubil izing integral membrane proteins

soluble in water. The membrane-spanning domains, how_
ever, are rich in hydrophobic and uncharged residues (see
Figure 10-15). When separated from membranes, these
exposed hydrophobic segmenrs tend to interact with one

proteins can rhen be purified by affinity chromatography
and other techniques used in purifying water-soluble pro_
teins (Chapter 3).

. As discussed previously, most peripheral proteins are
bound to specific transmembrane proieins or membrane
phospholipids by ionic or other weak interactions. Gener_
ally, peripheral proteins can be removed from the membrane
by solutions of high ionic strength (high salt concentrations),
which disrupt ionic bonds, or by chemicals that bind divaleni
cations such as Mgt*. Unlike integral proteins, most periph_
eral proteins are soluble in aqueous solution 

"rrd 
,r..J rroi be

solubilized by nonionic detergents.

o- (cH2)7-CH3

Biomembranes: Protein Components
and Basic Functions

r Biological membranes usually contain both integral
(transmembrane) proteins and peripheral membrarr. p.o_
teins, which do not enter the hydrophobic core of the bilaver
(see Figure l0- I  ) .
r Most integral membrane proteins contain one or more
membrane-spanning hydrophobic a helices bracketed by



Concentrat ion
above CMC

hydrophilic domains that extend into the aqueous solu-

tions surrounding the cytosolic and exoplasmic faces of the

membrane (see Figures 10-15 and 1,0-16).

r Fatty acyl side chains as well as the polar heads of mem-

brane lipids groups pack tightly and irregularly around the

hydrophobic segments of integral membrane proteins.

r All transmembrane proteins and glycolipids are asym-

metrically oriented in the bilayer; invariably carbohy-

drate chains are attached to the exoplasmic surface of the

proteln.

r The porins, unlike other integral proteins, contain

membrane-spanning B sheets that form a barrel-l ike chan-

nel through the bilayer (see Figure 10-18).

r Long-chain lipids attached to certain amino acids anchor

some proteins to one or the other membrane leaflet (see

Figure 10-19) .

r The binding of a water-soluble enzyme (e.g., a phospho-

lipase, kinase, or phosphatase) to a membrane surface

brings the enzyme close to its substrate and in some cases

activates it. Such interfacial binding is often due to the at-

traction between positive charges on basic residues in the

protein and negative charges on phospholipid head groups

in the bilayer.

r Transmembrane proteins are selectively solubilized and

purified with the use of nonionic detergents.

Phosphol ipids, SPhingol iPids,

and Cholesterol: Synthesis
and Intracellular Movement
In this section, we consider some of the special challenges

that a cell faces in synthesizing and transporting l ipids,

which are poorly soluble in the aqueous interior of cells.

< FIGURE 10-23 Solubil ization of integral

membrane proteins bY nonionic
detergents. At a concentration higher than
its crit ical micelle concentration (CMC), a

detergent solubil izes l ipids and integral
membrane proteins, forming mixed micelles
containing detergent, protern, and lipid
molecules At concentrations below the CMC,

nonionic detergents (e g., octylglucoside,
Triton X-100) can dissolve membrane proteins

without forming micelles by coating the
membrane-spanning regions

Dissolved
but not
fo rming
mice l les

One focus will be on fatty acids, the precursors of the phos-

helps controls calcium metabolism; and other biologically

active l ipids.

o
H3C -  (CH2)n-  c  -o -cH2

o l

H3C-(CH2)"-c-o-cH

?l
H3C-(CH2), -c-o-cH2

Triacylglycerol

Sfe focus our discussion of l ipid biosynthesis and

movement on the major l ipids found in cellular mem-

branes and their precursors. In l ipid biosynthesis' water-

soluble precursors are assembled into membrane-

"sroci"tei 
intermediates that are then converted into

membrane lipid products. The movement of l ipids, espe-

cially membtuni .o-ponents' between different or-

g"n.i l., is crit ical for maintaining the proper composition

i.rd p.op..t ies of membranes and overall cell structure,

b.rt ou, understanding of such intracellular l ipid transport

is sti l l  rudimentarY'
A fundamental principle of membrane biosynthesis is

that cells synthesize new membranes only by the expansion

of existing membranes. Although some early steps in the

P H O S P H O L I P I D S ,  S P H I N G O L I P I D S ,  A N D  C H O L E S T E R O L :  S Y N T H E S I S  A N D  I N T R A C E L L U L A R  M O V E M E N T 429



synthesis of membrane lipids take place in the cytoplasm,
the final steps are catalyzed by enzymes bound to preexist-
ing cellular membranes, and the products are incoiporated
into the membranes as they are generated. Evidence for this
phenomenon is seen when cells are briefly exposed to ra-
dioactive precursors (e.g., phosphate or fatty 

"i idr;, 
all the

phospholipids and sphingolipids incorporating these pre-
cursor substances are associated with intracellular mem_

membranes.

Fatty Acids Synthesis ts Mediated
by Several lmportant Enzymes

urated and unsaturated chains.

. . 
Fatty acids are synthesized from the two-carbon building

block acetate, CH3COO-. In cells, both acetate and the in_
termediates in fatty acid biosynthesis are esterified to the
large water-soluble molecule coenzyme A (CoA), as exempli-
fied by the srructure of acetyl CoA:

Acetyl CoA is an important intermediate in the metabo-
lism of glucose, fatty acids, and many amino acids, as detailed
in Chapter 12. It also contributes acetyl groups in many
biosynthetic pathways. Saturated fatty' aC-ids lno double
bonds) containing 14 or 16 carbon atoms are made from
acetyl CoA by two enzymes, acetyl-CoA carboxylase and fatty
acid synthase. In animal cells, these enzymes are found in the

7t9sof;.in 
plants, they are found in chloroplasts. palmitoyl

CoA (16 carbon fatty acyl group linked to C-oe) can be elon_
gated to 18-24 carbons by the sequential addition of two_
carbon units in the endoplasmic reticulum (ER) or sometimes
in the mitochondrion. Desaturase enzymes, also located in the
ER, introduce double bonds at specific positions in some fatty
acids, yielding unsaturated fatty acidi. Oleyl CoA (oleat!
linked to CoA, see Table 2-4), for example, is formed by re_
moval of two H atoms from stearyl CoA. In contrast to free
fatty.acids, fatty acyl CoA derivatives are soluble in aqueous
solutions because of the hydrophilicity of the CoA sesment.
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  FIGURE 10-24 Binding of a fatty acid to the hydrophobic
pocket of a fatty-acid-binding protein (FABP). The crystal
structure of adipocyte FABp (ribbon diagram) reveals that the
hydrophobic binding pocket is generated from two B sheets that
are near ly  at  r ight  angles to each othel  forming a c lam-shel l - l ike
structure A fatty acid (carbons yellow; oxygens red) interacts
noncovalently with hydrophobic amino acid residues within this
pocket. [See A Reese-Wagoner et al , j999, Biochim Biophys Acta
23:1 44 1 (2-3). 1 06-1 1 6 l

Small Cytosolic Proteins Facil i tate
Movement of Fatty Acids
In order to be transported through the cell cytoplasm free,
or unesterified, fatty acids (those unlinked to a CoA). com_
monly are bound by fatty-acid-binding proteins (FABps),

Coenzyme A (CoA)

which belong to a group of small cytosolic
facilitate the intracellular movement of many
proteins contain a hydrophobic pocket l ined
(Figure 10-24). A long-chain fatty acid can
pocket and interact noncovalently with the
protetn.

proteins that
Iipids. These
by B sheets
fit into this
surrounding
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A FIGURE 10-25 Phospholipid synthesis. Because phospholipids

are amphipathic molecules, the last stages of their multistep synthesis
take place at the interface between a membrane and the cytosol and
are catalyzed by membrane-associated enzymes Step ([): Two fatty
acids from fatty acyl CoA are esterif ied to the phosphorylated
glycerol backbone, forming phosphatidic acld, whose two long
hydrocarbon chains anchor the molecule to the membrane. Step (Z):

Incorporation of Fatty Acids into Membrane
Lip ids Takes Place on Organel le  Membranes

Fatty acids are not directly incorporated into phospholipids;

rather, in eukaryotic cells they are first converted into CoA

esters. The subsequent synthesis of many diacyl glycetophos-

pholipids from fatty acyl CoAs, glycerol 3-phosphate, and

polar head-group precursors is carried out by enzymes associ-

ated with the cytosolic face of the ER membrane, usually the

smooth ER, in animal cells (Figure 10-25); the ER is described

in detail in Chapters 9 and L3 . Mitochondria synthesize some

of their own membrane lipids and import others.

Sphingolipids are derivatives of sphingosine, an amino alco-

hol that contains a long, unsaturated hydrocarbon chain (Fig-

ure 10-5). Sphingosine is made in the ER, beginning with the

coupling of a palmitoyl group from palmitoyl CoA to serine;

the subsequent addition of a second fatty acyl group to form

N-acyl sphingosine (ceramide) also takes place in the ER. The

later addition of a polar head group to ceramide in the Golgi

yields sphingomyelin, whose head group is phosphorylcholine,

and various glycosphingolipids, in which the head group may

be a monosaccharide or a more complex oligosaccharide (see

Figure 10-5b). Some sphingolipid synthesis can also take place

in mitochondria. In addition to serving as the backbone for

sphingolipids, ceramide and its metabolic products are

important signaling molecules that can influence cell growth'

proliferation, endocytosis, resistance to stress, and apoptosis.

After their synthesis is completed in the Golgi, sphin-

golipids are transported to other cellular compartments

formed to the exoPlasmic leaflet.

through vesicle-mediated mechanisms similar to those dis-

.orr.J in Chapter 14. In contrast, phospholipids, as well as

cholesterol, can move between organelles by different mech-

anisms, described below.

Fl ippases Move Phosphol ip ids f rom One

Membrane Leaflet to the Opposite Leaflet

Even though phospholipids are initially incorporated into

the cytosolic leaflei of the ER membrane' various phospho-

lipids are asymmetrically distributed in the two leaflets of

tl ie ER membrane and of other cellular membranes' As

noted above, phospholipids spontaneously fl ip-flop from

one leaflet to the other only very slowly' For the ER mem-

brane to expand by growth of both leaflets and have asym-

metrically distributed phospholipids, its phospholipid com-

ponents must be able to rapidly and selectively flip-flop from

tne membrane leaflet to the other. Although the mechanisms

leaflet to the other (see Figure 1'1'-1'6).

The usual asymmetric distribution of phospholipids in

membrane leaflets is broken down as cells (e'g', red blood

cells) become senescent or undergo apoptosis' For instance,

phosphatidylserine and phosphatidylethanolamine are prefer-

..rtl"ity located in the cytosolic leaflet of cellular membranes'
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Cholesterol ls Synthesized by Enzymes
in the Cytosol  and ER Membrane
Next we focus on cholesterol, the principal sterol in animal
cells. The first steps of cholesterol synthesis (Figure 10-26)-

protein, even though both its subsrrate and its product are
water soluble. The water-soluble catalytic domain of HMG_

are high, binding of cholesterol to this domain causes the
protein to bind to two other integral ER membrane pro-
teins, Insig-1 and Insig-2. This in turn induces ubiquitina-
t ion (see Figure 3-29)  of  HMG-CoA reductase and i ts
degradation by the proteosome pathway, reducing the pro-
duction of mevalonate, the key intermediate in cholesterol
biosynthesis.

Atherosclerosis, frequently called cholesterol-dependent
clogging of the arteries, is characterized by the pro-

gressive deposition of cholesterol and other lipids. cells. and
extracel lu lar  marr ix  mater ia l  in  the inner  layei  of  rhe wal l  o f
an artery. The resulting distortion of the artery's wall can
Iead, either alone or in combination with a blood clot, ro
major blockage of blood flow. Atherosclerosis accounts for
75 percent of deaths due to cardiovascular disease in the
United States.

. Cholesterol is synthesized mainly in the l iver. perhaps
the most successful anti-atherosclerosis medications aie
the statins. These drugs bind to HMG-CoA reductase and
directly inhibit its activity, thereby lowering cholesterol
biosynthesis. As a consequence, the amount of low-density
lipoproteins (see Figure 14-27)-the small, membrane-
enveloped particles containing cholesterol esterified to fatty

S-CoA
Acetyl CoA * acetoacetyl CoA

I
I
J

HMG-CoA

,HMG-CoA
J 
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Meva lonate

J
J

lsopentenyl pyrophosphat" 'z lsoPentenyl adenosine

( lPP)  '  Many o ther  i sopreno ids
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-o/'-AAs-coa

OPP

Vi tamin  D

H O

* -  B i le  ac ids
Cholesterol I  Steroid hormones' 

Cholesterol esters
Mod i f ied  pro te ins  (Hedgehog)

which has the basic f ive-carbon isoprenoid structure lpp can be
converted into cholesterol and into many other l ipids, often through
the polyisoprenoid intermedlates shown here. Some of the numerous
compounds derived from isoprenoid intermediates and cholesterol
i tself  are indicated.

  FIGURE 10-26 Cholesterol biosynthetic pathway. The
regulated rate-controll ing step in cholesterol biosynthesis is the
conversion of B-hydroxy-B-methylglutaryl CoA (HMG_CoA) into
mevalonic acid by HMG-CoA reductase, an ER_membrane protein.
Mevalonate is then converted into isopentenyl pyrophosphate (lpp),
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acids that often and rightly are called "bad cholestslol"-
drops in the blood, reducing the formation of atheroscle-
rotic plaques. I

Mevalonate, the 6-carbon product formed by HMG-CoA

reductase, is converted in several steps into the 5-carbon iso-
prenoid compound isopentenyl pyrophosphate (IPP) and its

stereoisomer, dimethylallyl pyrophosphate (DMPP) (see

Figure 70-26). These reactions are catalyzedby cytosolic en-
zymes, as are the subsequent reactions in the cholesterol
synthesis pathway, in which six IPP units condense to yield

squalene, a branched-chain 30-carbon intermediate. Enzymes

bound to the ER membrane catalyze the multiple reactions

that convert squalene into cholesterol in mammals or into

related sterols in other species. One of the intermediates in

this pathway, farnesyl pyrophosphate, is the precursor of the
prenyl l ipid that anchors Ras and related proteins to the

cytosolic surface of the plasma membrane (see Figure 10-19)

as well as other important biomolecules (see Figure 10-26\.

Cholestero l  and Phosphol ip ids Are Transpor ted
Between Organel les by Severa l  Mechanisms

As already noted, the final steps in the synthesis of choles-

terol and phospholipids take place primarily in the ER,

although some of these membrane lipids (plasmalogens) are
produced in mitochondria and peroxisomes. Thus the
plasma membrane and the membranes bounding other or-
ganelles must obtain these lipids by means of one or more in-

tracellular transport processes. Membrane lipids accompany
both soluble and membrane proteins during the secretory
pathway described in Chapter 14; membrane vesicles bud

from the ER and fuse with membranes in the Golgi complex,

and other membrane vesicles bud from the Golgi complex

and fuse with the plasma membrane (Figure 10-27a).How-
ever, several lines of evidence suggest that there is substantial
interorganelle movement of cholesterol and phospholipids

through other mechanisms. For example, chemical in-

hibitors of the classic secretory pathway and mutations that

{ a )

Vesicle

Cytosol

  FIGURE 10-27 Proposed mechanisms of transport of
cholesterol and phospholipids between membranes. In
mechanism (a), vesicles transfer l ipids between membranes ln
mechanism (b), l ipid transfer is a consequence of direct contact

impede vesicular traffic in this pathway do not prevent cho-

lesterol or phospholipid transport between membranes.

A second mechanism entails direct protein-mediated

contact of ER or ER-derived membranes with membranes of

other organelles (Figure 10-27b). In the third mechanism,

small lipid-transfer proteins facilitate the exchange of phos-

pholipids or cholesterol between different membranes (Fig-

r:.te IO-27c). Although such transfer proteins have been iden-

tified in assays in vitro, their role in intracellular movements

of most phospholipids is not well defined. For instance, mice

with a knockout mutation in the gene encoding the phos-

phatidylcholine-transfer protein appear to be normal in

most respects, indicating that this protein is not essential for

cellular phospholipid metabolism.
As noted earlier, the lipid compositions of different or-

ganelle membranes vary considerably (see Table 10-1). Some

of th.r. differences are due to different sites of synthesis. For

example, a phospholipid called cardiolipin, which is localized

to the mitochondrial membrane, is made only in mitochon-

dria and little is transferred to other organelles. Differential

transport of lipids also plays a role in determining the lipid

compositions of different cellular membranes. For instance,

even though cholesterol is made in the ER, the cholesterol

concentration (cholesterol-to-phospholipid molar ratio) is

-1.5-13-fold higher in the plasma membrane than in other

organelles (ER, Golgi, mitochondrion, lysosome)' Although

the mechanisms responsible for establishing and maintaining

these differences are not well understood' we have seen that

the distinctive lipid composition of each membrane has a ma-

ior influence on its physical and biological properties'

Phosphol ipids, Sphingol ipids, and Cholesterol :
Synthesis and Intracellular Movement

r Saturated and unsaturated fatty acids of various chain

Iengths are components of phospholipids, sphingolipids'
and triglycerides.
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between memDranes that is mediated by membrane-embedded
proteins In mechanism (c), transfer is mediated by small, soluble

lipid-transfer proteins lAdapted from F R Maxfield and D Wustnel 2002'
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Fatty acids are synthesized from acetyl CoA by water-
luble enzymes and modified by elongation and desatura-

tion in the endoplasmic reticulum (ER).

r The final steps in the synthesis of glycerophospholipids,
plasmalogens, and sphingolipids are catalyzed by mem-
brane-associated enzymes primarily on the cytosolic face of
the ER (see Figure 10-25).

r Each type of lipid is initially incorporated
existing membranes on which it is made.

for transporting cholesterol and phospholipids between or-
ganelle membranes remain poorly characterized. In particu-
lar, we lack a detailed understanding of how various trans-
port proteins move lipids from one membrane leaflet to
another (flippase activity) and into and out of cells. Such un-
derstanding will undoubtedly require a determination of
many high-resolution structures of these molecules, their cap-
ture in various stages of the transport process, and careful ki-
netic and other biophysical analyses of their function, similar
to the approaches discussed in Chapter 11 for elucidating the
operation of ion channels and ATP-powered pumps.

Recent advances in solubilizing and crystallizing integral
membrane proteins have led to the delineation of the molec-
ular structures of many important types of proteins, such as
ion channels, ATP-powered ion pumps, and aquaporins, as
we will see in Chapter 11. However, many important classes
of membrane proteins have proven recalcitrant to even these
new approaches. For example, we lack the structure of any
protein that transports glucose into a eukaryotic cell. As we
will learn in Chapters 15 and 16, many classes of receptors
span the plasma membrane with one or more o helixes. per-
haps surprisingl5 we lack the molecular structure of the
transmembrane segment of any eukaryotic cell-surface re-
ceptor, and so many aspects of the function of these proteins
are still mysterious. Elucidating the molecular structures of
these and many other types of membrane proteins will clar-
ify many aspects of molecular cell biology.

Key Terms
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brle acld 416

cholesterol 41.5

critical micelle
concentration (CMC) 428

cytosolic face 414

detergent 427

exoplasmic face 414

external face 414

flippase 420

fluorescence recovery after
photobleaching (FRAP) 41 7

glycolipid 416

GPI anchor 426
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hydrophil ic 411

integral membrane
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internal face 414
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statrn 432
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the pre-

r Most membrane phospholipids are preferentially distrib-
uted in either the exoplasmic or the cytosolic leaflet. This
a.symmetry results in part from the action of phospholipid
flippases.

The initial steps in cholesterol biosynthesis take place in
e cytosol, whereas the last steps are catalyzed by enzymes
sociated with the ER membrane.

r The rate-controlling step in cholesterol biosynthesis is
catalyzed by HMG-CoA reductase, whose rransmembrane
segments are embedded in the ER membrane and contain a
sterol-sensing domain.

r Considerable evidence indicates that Golgi-independent
vesicular transport, direct protein-mediated contacts
between different membranes, soluble protein carriers, or
all three may account for some inter-organelle transport of
cholesterol and phospholipids (see Figure 10-27).

One fundamental question in lipid biology concerns the gen-
eration, maintenance, and function of the asymmetric distri-
bution of lipids within the leaflets of one membrane and the

Major controversies surround the existence of lipid rafts
in biological membranes and their function in cell signaling.
Many biochemical studies using model membranes show that

structure and are too small to be resolved by fluorescence
microscopy. Proving their existence in cells will require devel_
opment of new biophysical and microscopic tools.

Despite considerable progress in our understanding of the
cellular metabolism and movement of lipids, the mechanisms
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l. \flhen viewed by electron microscopy the lipid bilayer is
often described as looking like a railroad track. Explain how
the structure of the bilayer creates this image.



2. Biomembranes contain many different types of lipid
molecules. What are the three main types of lipid molecules
found in biomembranes? How are the three types similar,
and how are they different?

3. Proteins may be bound to the exoplasmic or cytosolic
face of the plasma membrane by way of covalently
attached lipids. -What are the three types of l ipid anchors
responsible for tethering proteins to the plasma membrane

bilayer, and which type is used by cell-surface proteins

that face the external medium and by glycosylated
proteoglycans ?

4. Lipid bilayers are considered to be two-dimensional
fluids; what does this mean?'What drives the movement of
lipid molecules and proteins within the bilayer? How can
such movement be measured? What factors affect the degree
of membrane fluidity?

5. Phospholipid biosynthesis at the interface between the
endoplasmic reticulum (ER) and the cytosol presents a num-
ber of challenges that must be solved by the cell. Explain
how each of the following is handled.

a. The substrates for phospholipid biosynthesis are all
water soluble, yet the end products are not.

b. The immediate site of incorporation of all newly synthe-
sized phospholipids is the cytosolic leaflet of the ER mem-

brane, yet phospholipids must be incorporated into both
leaflets.

c. Many membrane systems in the cell, for example' the
plasma membrane, are unable to synthesize their own phos-

pholipids, yet these membranes must also expand if the cell
is to grow and divide.

6. Fatty acids must associate with lipid chaperones in order

to move within the cell. \7hy are these chaperones needed,

and what is the name given to a group of proteins that are

responsible for this intracellular trafficking of fatty acids?
'What 

is the key distinguishing feature of these proteins that
allows fatty acids to move within the cell?

7. What are the common fatty acid chains in glycerophos-
pholipids, and why do these fatty acid chains differ in their
number of carbon atoms by multiples of 2?

8. The biosynthesis of cholesterol is a highly regulated
process. 

'What 
is the key regulated enzyme in cholesterol

biosynthesis? This enzyme is subject to feedback inhibition.

What is feedback inhibition? How does this enzyme sense

cholesterol levels in a cell?

9. It is evident that one function of cholesterol is structural

because it is the most common single lipid molecule in the
plasma membrane of mammals. Yet cholesterol may also
have other functions. 

'Strhat 
aspects of cholesterol and its

metabolism lead to the conclusion that cholesterol is a mul-

tifunctional membrane lipid?

10. Phospholipids and cholesterol must be transported from

their site of synthesis to various membrane systems within

cells. One way of doing this is through vesicular transport'
as is the case for many proteins in the secretory pathway.

However, most phospholipid and cholesterol membrane-to-
membrane transport in cells is not by Golgi-mediated vesic-

ular transport. 
'S7hat 

is the evidence for this statement?

\fhat appear to be the maior mechanisms for phospholipid

and cholesterol transport?

11. Explain the following statement: The structure of all

biomembranes depends on the chemical properties of phos-

pholipids, whereas the function of each specific biomem-

brane depends on the specific proteins associated with that

membrane.

12. Name the three groups into which membrane-associated

proteins may be classified. Explain the mechanism by which

each group associates with a biomembrane.

13. Although both faces of a biomembrane are composed

of the same general types of macromolecules, principally

l ipids and proteins, the two faces of the bilayer are not

iJentical. What accounts for the asymmetry between the

two faces?

Analyze the Data

The behavior of receptor X (XR)' a transmembrane proteln

present in the plasma membrane of mammalian cells, is be-

ing investigated. The protein has been engineered as a fusion

protein containing the green fluorescent protein (GFP) at its

N-terminus. GFP-XR is a functional protein and can replace

XR in cells.

a. Cells expressing GFP-XR or artificial lipid vesicles

(liposomes) containing GFP-XR are subjected to fluores-

cence recovery after photobleaching (FRAP). The intensity

of the fluorescence of a small spot on the surface of the cells

(solid line) or on the surface of the liposomes (dashed line) is

measured prior to and following laser bleaching (arrow)'

The data are shown below

25 50 75 100

Time (s)

\What explanation could account for the differing behavior

of GFP-XR in liposomes versus in the plasma membrane of

a cell?

b. Tiny gold particles can be attached to individual

molecules and their movement then followed in a light mi-

croscope by single-particle tracking. This method allows one

to observe the behavior of individual proteins in a mem-

brane. The tracks generated during a 5-second observational

period by a gold particle attached to XR present in a cell
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(left) or in a liposome (middle) or to XR adhered to a micro-
scope slide (right) are shown below.

€

XR present
in  a  ce l l

475 500 525
Wavelength (nm) of emitted fluorescent l ight

$7hat can be deduced about XR from these data?
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XR present
in  a  l iposome

XR present on a
microscope s l ide

\fhat additional information do these data provide beyond
what can be determined from rhe FRAp data?

c. Fluorescence resonance energy transfer (FRET) is a
technique by which a fluorescent molecule, following its
excitation with the appropriate wavelength of light, can trans-
fer its emission energy ro and excite a nearby different fluo-
rescent molecule (see Figure 15-1,4). Cyan fluorescenr pro-
tein (CFP) and yellow fluorescent protein (yFp) are relared
to GFP but fluoresce ar cyan and yellow wavelengths rather
than at green. If CFP is excited with the appropnare wave,
length of light and a YFP molecule is very near, rhen energy
can be transferred from CFP emission and used to excite
YFP, as indicated by a loss of emission of cyan fluorescence
and an increase in emission of yellow fluorescence. CFP-XR
and YFP-XR are expressed rogether in a cell line or are both
incorporated into liposomes. The number of molecules of
YFP-XR and CFP-XR per cm2 of membrane is equivalent in
the cells and the liposomes. The cells and liposomes are then
irradiated with a wavelength of light that causes CFp but not
YFP to fluoresce. The amount of cyan (CFp) and yellow
(YFP) fluorescence emitted by the cells (solid l ine) or l ipo-
somes (dashed line) is then monitored, as shown below.
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CHA PTER

TRANSMEMBRANE
TRANSPORT OF
IONS AND SMALL
MOLECULES

water. Plasma and other membranes serve as both barriers

and conduits.
Integral membrane proteins called transport proteins,

embedded in the plasma membrane and other membranes

within cells by multiple transmembrane domains, permit the

controlled and selective transport of molecules and ions

across the membrane. In some cases, this involves molecules

moving from a higher to a lower concentration, a thermody-

namically spontaneous process that does not require the in-

put of energy. Examples include the movement of water or

glucose from the blood into body cells.

In other cases. molecules must be moved "uphill" across

a membrane-against a concentration gradient-a thermo-

dynamically unfavorable process that can only occur when

an external source of energy is available. Examples include

OUTL INE

11.1 Overview of Membrane Transport

11.2 Uniport Transport of Glucose and Water

11.3 ATP-Powered Pumps and the Int racel lu lar  lon ic

Envi ronment

11.4 Nongated lon Channels and the Rest ing
Membrane Potent ia l

11.5 Cotransport by Symporters and Antiporters 465

11.6 Transepithelial Transport 47O

A study of mutant zebrafish with pale str ipes led to the
identi f  icat ion of a sodium/calcium transporter that regulates the

darkness of human skin @ Christ ina Micek

I n all cells, the plasma membrane forms the permeability

I barrier that separates the cytoplasm from the exterior en-
I vironment, thus topologically and biochemically defining a
cell and distinguishing it from its surroundings. As a perme-

ability barrier, the plasma membrane allows import of essen-
tial nutrients, ensures that metabolic intermediates remain in
the cell where they belong, and enables waste products to
leave the cell. By preventing the unimpeded movement of
molecules into and out of cells, the plasma membrane main-
tains essential differences between the composition of the ex-
tracellular fluid and that of the cytoplasm; for example, the
concentration of NaCl in the blood and extracellular fluids
of animals is generally above 150 mM, similar to that of the
seawater in which all cells are thought to have evolved'
whereas the Na+ concentration in the cytoplasm is tenfold
lower. In contrast, the potassium ion concentration is higher

in the cytoplasm than outside.
The plasma membrane, like all cellular membranes, is

based on a bilayer of phospholipids into which proteins and
other lipids are embedded. If the plasma membrane were a
pure phospholipid bilayer, it would be an excellent chemical
barrier, impermeable to virtually all ions, amino acids' sug-
ars, and other water-soluble molecules that must selectively
enter or leave a cell. In fact, only a few gases and uncharged
small molecules can readily diffuse across a pure phospho-

lipid membrane (Figure 11-1). However, plasma membranes
must not only serve as barriers but also must play another'

almost contradictory role. They must permit the selective
transport of material and information between the cell 's
interior and exterior spaces, which often involves regulated

entrv or exit of many diverse small biomolecules, ions, and
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  FIGURE 11-2 Multiple transport proteins function together
in the plasma membrane of metazoan cells. Graotenrs are
indicated by triangles with the tip pointing toward lower
concentration The Na+/K+ ATPase in the plasma membrane uses
energy released by ATP hydrolysis to pump Na+ out of the cell and
K* inward; this creates a concentration gradient of Na+ that is
greater out than in and one of K+ that is greater in than out
Movement of positively charged K* ions out of the cell through
membrane K+ channel proteins creates an electric potential across
the plasma membrane-the cytosolic face is negative with respect to
the extracellular face. A sodium-lysine transporter, a typical
sodium-amino acid transporter, moves Na+ ions together with
lysine from the extracellular medium into the cell. "Uphil l" movement
of the amino acid is powered by "downhil l" movement of Na+ ions,
powered both by the out-greater-than-in Na+ concentration gradient
and by the negative potential on the inside of the cell membrane,
which attracts the positively charged Na* ions The ultimate source of
the energy to power amino acid uptake comes from the ATp
hydrolyzed by the Na*/K+ ATPase, since this pump creates both the
Na- ion concentration gradient and, via the K+ channels, the
membrane potential, which together power influx of Na+ ions

properties that enable different cell types to function appro-
priately. We also explain how subcellular membranes encom-
pass specific combinations of transport proteins that enable
cells to carry out essenrial physiological processes, including
the maintenance of cytosolic pH, the accumulation of sucrose
and salts in plant cell vacuoles, and the directed flow of wa-
ter in both plants and animals. Epithelial cells, such as rhose
lining the small intestine, transport ions, sugars, and other
small molecules and water from one side ro the other.'We will
see how this understanding has led to the development of
sports drinks and also therapies for cholera.

Overview of Membrane Transport
Many different proteins contribute to the transport of ions
and small molecules across membranes. As we learn about
different transport processes in this chapter, we will see how
different kinds of membrane-embedded proteins accomplish
the task of moving molecules in different ways.

Only Smal l  Hydrophobic  Molecules Cross
Membranes by Simple Di f fus ion
As we saw above, only gases, such as 02 and CO2, and small
uncharged polar molecules, such as urea and ethanol. can

A FIGURE 11-1 Relative permeabil ity of a pure phospholipid
bilayer to various molecules. A bilayer is permeable to small
hydrophobic molecules and small uncharged polar molecules, slightly
permeable to water and urea, and essentrally impermeable to ions
and to large polar molecules

concentraring protons within lysosomes to generate a low
pH in the lumen. Often this energy is provided by mechanis-
tically coupling the energy-releasing hydrolysis of the termi-
nal phosphoanhydride bond in ATp; such transporrers are
called ATP-powered pumps. When such pumps rransport
ions, such as Na* and K+, they generate across the membrane
an electrical gradient, or potential, as well as a chemical con-
centration gradient. The energy stored in such gradients can
subsequently be used to do work or convey information.
Other transport proteins couple the movement of one mole-
cule or ion against its concentration gradient with the move-
ment of another down its gradient, using the energy released
by the downhill movement of one molecule or ion to thermo-
dynamically drive the uphill movement of another.

Frequently, several different types of transport proteins
work in concert to achieve a physiological function. An ex-
ample is seen in Figure 11-2,where an ATp-powered rrans-
porter pumps Na* our of the cell and K+ ions inward; this
pump establishes the opposing concenrration gradients of
Na* and K+ ions across the plasma membrane. The human
genome encodes hundreds of different types of transport
proteins that use the energy stored in the Na+ concentration

quent sections, we describe the structure and ooeration of
specific examples of each class and show how members of
families of homologous transport proteins have different
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readily move by simple diffusion across an artificial mem-
brane composed of pure phospholipid or of phospholipid

and cholesterol (see Figure 11-1). Such molecules also can
diffuse across cellular membranes without the aid of trans-
port proteins. No metabolic energy is expended because
movement is from a high to a low concentration of the mol-

ecule, down its chemical concentration gradient. As noted in

Chapter 2, such transport reactions are spontaneous because
they have a positive AS value (increase in entropy) and thus

a negative AG (decrease in free energy).
The relative diffusion rate of any substance across a pure

phospholipid bilayer is proportional to its concentration
gradient across the bilayer and to its hydrophobicity and
size; the movement of charged molecules is also affected by

any electric potential across the membrane. tWhen a phos-
pholipid bilayer separates two aqueous compartments,
membrane permeability can be easily determined by adding
a small amount of radioactive material to one compartment
and measuring its rate of appearance in the other compart-
ment. The greater the concentration gradient of the sub-

stance, the faster its rate of movement across a bilayer.
The hydrophobicity of a substance is measured by its par-

tition coefficient K, the equilibrium constant for its partition

between oil and water. The higher a substance's partition co-

efficient, the more lipid soluble it is. The first and rate-limiting
step in transport by simple diffusion is movement of a mole-

cule from the aqueous solution into the hydrophobic interior

of the phospholipid bilayer, which resembles oil in its chemi-

cal properties. This is the reason that the more hydrophobic a

molecule is, the faster it diffuses across a pure phospholipid bi-

layer. For example, diethylurea, with an ethyl group
(CH3CH2-) attached to each nitrogen atom of urea, has a K

of 0.01, whereas urea has a K of 0.0002 (see Figure 11-1). Di-

ethylurea, which is 50 times (0.01/0.0002) more hydrophobic
than urea, will therefore diffuse through phospholipid bilayer
membranes about 50 times faster than urea. Similarly, fatty

E
ATP-powered pumps

(100-103 ions/s)

a
lon channels

( 1 o7-1 08 ions/s)

acids with longer hydrocarbon chains are more hydrophobic

than those with shorter chains and will diffuse more rapidly

across a pure phospholipid bilayer at all concentrations.

If a transported substance carries a net charge, its move-

ment is influenced by both its concentration gradient and the

membrane potential, the electric potential (voltage) across

the membrane. The combination of these two forces, called

the electrochemical gradient, determines the energetic ally fa-

vorable direction of transport of a charged molecule across a

membrane. The electric potential that exists across most cel-

lular membranes results from a small imbalance in the con-

centration of positively and negatively charged ions on the

two sides of the membrane. \7e discuss how this ionic im-

balance, and resulting potential' arise and are maintained in

Sections 17.4 and 1I.5.

Membrane Proteins Mediate Transport of Most

Molecules and Al l  lons Across Biomembranes

As is evident from Figure 1'1'-L, very few molecules and no

ions can cross a pure phospholipid bilayer at appreciable

rates by simple diffusion. Thus transport of most molecules

into and out of cells requires the assistance of specialized

membrane proteins. Even transport of molecules with rela-

tively large partition coefficients (e'g., urea and certain gases

such as CO2) is frequently accelerated by specific proteins

because their transport by simple diffusion usually is not suf-

ficiently rapid to meet cellular needs.

All transport proteins are transmembrane proteins con-

taining multiple membrane-spanning segments that gener-

ally are o. helices. By forming a protein-lined pathway across

the membrane, transport proteins are thought to allow

movement of hydrophilic substances without their coming

into contact with the hydrophobic interior of the membrane'

Here we introduce the various types of transport proteins

covered in this chapter (Figure 11-3).

E
Transporters

(02-104 molecules/s)

a a
Antiporter

q

Uniporters transport a single type of molecule down its concentratton

gradient EE. Cotransport proteins (symporters, EE, and antiporters,

EE) catalyze the movement of one molecule against its concentration

gradient (black circles), driven by movement of one or more ions

do*n .n electrochemical gradient (red circles). Differences in the

mechanisms of transport by these three major classes of proteins

account for their varying rates of solute movement

Unipor te r

tr

Closed

A T P  A D P + P , Open

  FIGURE 1'l-3 Overview of membrane transport proteins'
Gradients are indicated by triangles with the tip pointing toward
lower concentration, electrical potential, or both. E Pumps uti l ize
the energy released by ATP hydrolysis to power movement of specific
ions (red circles) or small molecules against therr electrochemical
gradient E Channels permit movement of specrfic ions (or water)
down their electrochemical gradient S Transporters, which fall into
three groups, facil i tate movement of specific small molecules or ions

Symporter

tr
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ATP-powered pumps (or simply pumps) are ATpases that
use the energy of AIP hydrolysis to move ions or small mole-
cules across a membrane against a chemical concentration gra-
dient, an electric potential, or both. This process, referred to as
active transport, is an example of a coupled chemical reaction
(Chapter 2). In this case, transport of ions or small molecules
"uphill" against an electrochemical gradient, which requires
energy, is coupled to the hydrolysis of ATp, which releases en-
ergy. The overall reaction-ATP hydrolysis and the ,,uphill',

movement of ions or small molecules-is energetically favor-
able. The Na*/K* pump shown in our overview figure (see
Figure 11-2) is an example of an Alp-powered pump.

Channel proteins transport water, specific ions, or hy-
drophilic small molecules down their concentration or electric
potential gradients via facil i tated transport (or facil i tated
diffusion), the protein-assisted movement of a substance

In contrast, antiporters and symporters couple the movement
of one type of ion or molecule against its concentration gra,
dient with the movement of one or more different ions doun
its concentration gradient, in the same (symporter) or differ-
ent (antiporter) directions. These proteins ofren are called co-
transporters, referring to their ability to transporr rwo or
more different solutes simultaneously. In Figure 11-2, lysine
is moved into the cell via a Na+/lysine symporter.

Like AIP pumps, cotransporters mediate coupled reactions
in which an energetically unfavorable reaction (i.e., uphill
movement of one type of molecule) is coupled to an energet-
ically favorable reaction, the downhill movement of another.
Note, however, rhat the nature of the energy-supplying re-
action driving active transport by these two classes of pro-
teins differs. ATP pumps use energy from hydrolysis of ATp,
whereas cotransporters use the energy stored in an electro-
chemical gradient. This latter process sometimes is referred
to as secondary active transport.

Table 11-1 summarizes the four mechanisms by which
small molecules and ions are transported across cellular
membranes. Conformational changes are essential to the
function of all transport proteins. MP-powered pumps and
transporters undergo a cycle of conformational change ex-
posing a binding site (or sites) to one side of the membrane
in one conformation and to the other side in a second con-
formation. Because each such cycle results in movement of
only one (or a few) substrate molecules, these proteins are
charactertzed by relatively slow rates of transport ranging
from 100 to 10a ions or molecules per second lsee figure t i-:;.
Ion channels shuttle between a closed state and an oDen
state, but many ions can pass through an open channel with-
out any further conformational change. For this reason,
channels are characterizedby very fast rates of transport, up

PROPEBTY

Requires specific
proteln

Solute transported
against its gradient

Coupled to ATp
hydrolysis

Driven by movement
of a cotransported ion
down its gradient

Examples of
molecules transported

SIMPLE DIFFUSION FACITITATED TflANSPOBI ACTIVE TRANSP()RT COTRANSP()RT-

+

+

02, CO2, steroid
hormones, many
drugs

Glucose and
amino acids
(uniporters); ions
and water (channels)

Ions, small
hydrophilic
molecules, lipids
(ATP-powered pumps)

+

Glucose and amino
acids (symporters);
various ions and
sucrose (antiporters)

Also called secondary dctiue transport
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to 10E ions per second.'We will begin with the simplest trans-
port proteins, the molecules responsible for the transport of
glucose and water, before moving on to progressively more
complex transport molecules.

Overview of Membrane Transport

r The plasma membrane regulates the traffic of molecules
into and out of the cell.

r \With the exception of gases (e.g., Oz and COz) and small
hydrophobic molecules, most molecules cannot diffuse
across a pure phospholipid bilayer at rates sufficient to
meet cellular needs.

r Three classes of transmembrane proteins mediate trans-
port of ions, sugars, amino acids, and other metabolites
across cell membranes: ATP-powered pumps, channels'
and transporters (see Figure 11-3).

r In active transport, a transport protein couples move-
ment of a substrate against its concentration gradient to

ATP hydrolysis.

r In facilitated diffusion, a transport protein assists in the

movement of a specific substrate (molecule or ion) down its

concentration gradient.

r In secondary active transport, or cotransport, a transport
protein couples movement of a substrate against its con-

centration gradient to the movement of a second substrate
down its concentration gradient (see Table 11-1).

Uniport Transport of Glucose
and Water
Most animal cells utilize glucose as a source for ATP pro-

duction; they employ a glucose uniporter to take up glucose

from the blood or other extracellular fluid down its concen-

tration gradient. Many cells utilize membrane transport pro-

teins called aquaporins to increase the rate of water movement

across their surface membranes. Here, we discuss the struc-

ture and function of these and other uniport proteins.

Several Features Distinguish Uniport Transport
from Simple Diffusion

The protein-mediated transport of glucose and other small

hydrophilic molecules across a membrane, a process known

as uniport, exhibits the following distinguishing properties:

l. The rate of facilitated diffusion by uniporters is far higher

than simple diffusion through a pure phospholipid bilayer.

2. Because the transported molecules never enter the hy-

drophobic core of the phospholipid bilayer, the partition

coefficient K is irrelevant.

3. Transport occurs via a limited number of uniporter
molecules rather than throughout the phospholipid bilayer.

Consequently, there is a maximum transport rate V^"* that

is achieved when the concentration gradient across the

membrane is very large and each uniporter is working at its

maximal rate.

4. Transport is specific. Each uniporter transports only a

single species of molecule or a single group of closely re-

lated molecules. A measure of the affinity of a transporter

for its substrate is K-, which is the concentration of sub-

strate at which transport is half maximal.

These properties also apply to transport mediated by the

other classes of proteins depicted in Figure 11-3.

One of the best-understood uniporters is the glucose

A EXPERIMENTAL FIGURE 11-4 Cellular uptake of glucose

mediated by GLUT proteins exhibits simple enzyme kinetics

and greatly exceeds the calculated rate of glucose entry solely

by simple diffusion. The init ial rate of glucose uptake (measured as

micromoles per mill i l i ter of cells per hour) in the first few seconds is

plotted against increasing glucose concentration in the extracellular

medium. In this experiment, the init ial concentration of glucose in

the cells is always zero Both GLUT1, expressed by erythrocytes, and

GLUT2, expressed by l iver cells, greatly increase the rate of glucose

uptake (burgundy and tan curves) compared with that associated

with simple diffusion (blue curve) at all external concentrations Like

enzyme-catalyzed reactions, GLUT-facil i tated uptake of glucose

exhibits a maximum rate (V'"^). The K' is the concentration at which

the rate of glucose uptake is half maximal GLUT2, with a K' of

about 20 mM, has a much lower affinity for glucose than GLUT1,

with a K- of about 1 5 mM
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A FIGURE 11-5 Model of uniport transport by GLUT1. In one
conformation, the glucose-binding site faces outward; in the other,
the binding site faces inward Binding of glucose to the outward-
facing site (step n) triggers a conformational change in the transporter
such that the binding site now faces inward toward the cytosol
(step Z) Glucose then is released to the inside of the cell (step B).

Finally, the transporter undergoes the reverse conformational change,
regenerating the outward-facing binding site (step E). lf the con-
centration of glucose is higher inside the cell than outside, the cycle
will work in reverse (step 4 -+ step [), resulting in net movement
of glucose from inside to out The actual conformational chanqes are
probably smaller than those depicted here.

enzyme-catalyzed reaction involving a single substrate. The
kinetics of transport reactions mediated by other types of
proteins are more complicated than for uniporters. Nonethe-
less, all protein-assisted transport reactions occur faster than
allowed by simple diffusion, are subsrrare-specific as re-
flected in lower K- values for some substrates than others,
and exhibit a maximal rate (V*"*).

GLUT1 Uniporter Transports Glucose into Most
Mammal ian  Ce l l s
Most mammalian cells use blood glucose as the malor source
of cellular energy and express GLUT1. Since the glucose
concentration usually is higher in the extracellular medium
(blood, in the case of erythrocytes) than in the cell, GLUT1
generally catalyzes the net import of glucose from the extra-
cellular medium into the cell. Under this condition, V_.* is
achieved at high external glucose concentrations.

Like other uniporters, GLUT1 alternates between two
conformational states: in one, a glucose,binding site faces
the outside of the membranel in the other, a glucose-binding
site faces the inside. Figure 11-5 depicts the sequence o?

The kinetics of the unidirectional transport of glucose
from the outside of a cell inward via GLUT1 can be de-
scribed by the same rype of equation used ro describe a
simple enzyme-catalyzed chemical reaction. For simplicitS
let's assume that the substrate glucose, S, is present i"itiatiy
only on the outside of the membrane. In this case. we can
wnte

where So,, - GLUT1 represents GLUT1 in the outward-
facing conformation with a bound glucose. This equation is
similar to the one describing the path of a simple enzyme-
catalyzed reaction where the protein binds a single substrate
and then transforms it into a different molecule. Here, how-
ever, no chemical modification occurs to the GLUT1-bound
sugar; rather, it is moved across a cellular membrane.
Nonetheless, the kinetics of this transport reaction are simi-
lar to those of simple enzyme-catalyzed reactions, and we
can use the same derivation as that of the Michaelis-Menten
equation in Chaprer 3 to derive the following expression for
u, the initial transport rate for S into the cell catalyzed by
GLUT1:

V-"*
v :  _ _  

u  ( 1 1 _ t )^_1*?

where C is the concentration of So,t (initiallg the concentra-
tion of Si" : 0). V-"*, the rate of transport when all mole-
cules of GLUT1 contain a bound S, occurs at an infinitely
high So", concentration. The lower the value of K-, the more
tightly the substrate binds to the transporter and the greater
the transport rate at a fixed concentration of substrate.
Equation 11-1 describes the curve for glucose uptake by ery-
throcytes shown in Figure '1.'J.-4 

as well as similar curves for
other uniporters.

For GLUT1 in the erythrocyte membrane, the K- for
glucose transport is 1.5 mM; at this concentration, roughly
half the transporters with outward-facing binding iites
would have a bound glucose and transport would occur at
50 percent of the maximal rate. Since blood glucose is nor-
mally 5 mM, the erythrocyte glucose transporter usually is
functioning at 77 percent of the maximal rate, as can be seen
from Equation 11-1. GLUT1 and the very similar GLUT3
are expressed by erythrocytes and other cells that need to
take up glucose from the blood continuously at high rates;

K-
So, t+GLUT1 :  So, t

V-u*
- GLUT1 .- Si, + GL1;rI1
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the rate of glucose uptake by such cells wil l remain high
regardless of small changes in the concentration of blood
glucose.

In addition to glucose, the isomeric sugars D-mannose
and n-galactose, which differ from l-glucose in the configu-
ration at only one carbon atom, are transported by GLUT1
at measurable rates. However, the K- for glucose (1.5 mM)
is much lower than the K- for D-mannose (20 mM) or o-
galactose (30 mM). Thus GLUT1 is quite specific, having a
much higher affinity (indicated by a lower K-) for the nor-
mal substrate o-glucose than for other substrates.

GLUT1 accounts for 2 percent of the protein in the
plasma membrane of erythrocytes. After glucose is trans-
ported into the erythrocyte, it is rapidly phosphorylated,
forming glucose 6-phosphate, which cannot leave the cell.
Because this reaction, the first step in the metabolism of glu-
cose (see Figure 12-3), is rapid and occurs at a constant rate,
the intracellular concentration of glucose is kept low even
when glucose is imported from the medium. Consequently
the concentration gradient of glucose outside greater than
inside the cell is maintained at a sufficiently high ratio to
support import of additional glucose molecules and main-
tain a constant rate of slucose metabolism.

The Human Genome Encodes a Fami ly  of  Sugar-
Transport ing GLUT Proteins

The human genome encodes at least 12 highly homologous
GLUT proteins, GLUT1-GLUTI2, that are all thought to
contain 12 membrane-spanning ct helices, suggesting that they
evolved from a single ancestral transport protein. Although
no three-dimensional structure of GLUT1 is available, de-
tailed biochemical studies have shown that the amino acid
residues in the transmembrane ct helices are predominantly
hydrophobic; several helices, however, bear amino acid
residues (e.g., serine, threonine, asparagine, and glutamine)
whose side chains can form hydrogen bonds with the hy-
droxyl groups on glucose. These residues are thought to
form the inward-facing and outward-facing glucose-binding
sites in the interior of the protein (see Figure 11-5).

The structures of all GLUT isoforms are thought to be
quite similar, and all transport sugars. Nonetheless, their
differential expression in various cell types and isoform-
specific functional properties enable different body cells to
regulate glucose metabolism independently and at the
same time maintain a constant concentration of glucose in
the blood. For instance, GLUT3 is found in neuronal cells
of the brain. Neurons depend on a constant influx of glu-
cose for metabolism, and the low K- of GLUT3 for glu-
cose, l ike that of GLUT1, ensures that these cells incorpo-
rate glucose from brain extracellular f luids at a high and
constant rate.

GLUT2, expressed in liver and the insulin-secreting B
cells of the pancreas, has a K- of :20 mM, about 13 times
higher than the K^ of GLUT1. As a result, when blood glu-
cose rises from its basal level of 5 mM to 10 mM or so after
a meal, the rate of glucose influx wil l almost double in

GlUT2-expressing cells, whereas it will increase only

slightly in GLUT1-expressing cells (see Figure 11-4).In liver,

the "excess" glucose brought into the cell is stored as the

polymer glycogen. In islet B cells, the rise in glucose triggers

secretion of the hormone insulin, which in turn lowers blood
glucose by increasing glucose uptake and metabolism in

muscle and by inhibiting glucose production in liver (see

Figure 1,5-32).
Another GLUT isoform, GLUT4, is expressed only in

fat and muscle cells, the cells that respond to insulin by in-

creasing their uptake of glucose, thereby removing glucose

from the blood. In the absence of insulin, GLUT4 is found

in intracellular membranes, not on the plasma membrane,

and is unable to facil i tate glucose uptake. By a process de-

tailed in Chapter 15, insulin causes these GLUT4-rich in-

ternal membranes to fuse with the plasma membrane, in-

creasing the number of GLUT4 molecules on the cell

surface and thus the rate of glucose uptake. A defect in

this process, one principal mechanism by which insulin

lowers blood glucose, is one of the causes of adult onset,

or type II, diabetes, a disease marked by continuously high

blood glucose.

Transport Proteins Can Be Enriched Within
Arti f icial Membranes and Cells

Although transport proteins can be isolated from mem-

branes and purified, the functional properties of these pro-

teins can be studied only when they are associated with a

membrane. Most cellular membranes contain many different

types of transport proteins but a relatively low concentration

of any particular one, making functional studies of a single

protein difficult. To facilitate such studies, researchers use

two approaches for enriching a transport protein of interest

so that it predominates in the membrane.
In one common approach, a specific transport protein is

extracted and purified; the purified protein then is reincor-

porated into pure phospholipid bilayer membranes, such as

liposomes (see Figure 10-6). For example, all of the integral

proteins of the erythrocyte membrane can be solubilized by

a nonionic detergent, such as octylglucoside. The glucose

uniporter GLUT1 can be purified by antibody affinity chroma-

tography (Chapter 3) on a column containing a specific mon-

oclonal antibody and then incorporated into l iposomes

made of pure phospholipids.
Alternatively, the gene encoding a specific transport pro-

tein can be expressed at high levels in a cell type that nor-

mally does not express it. The difference in transport of a

substance by the transfected and by control nontransfected

cells will be due to the expressed transport protein. In these

systems, the functional properties of the various membrane

proteins can be examined without ambiguity. As an exam-

ple, overexpressing GLUT1 in lines of cultured fibroblasts

increases severalfold their rate of uptake of glucose, and ex-

pression of mutant GLUT1 proteins with specific amino acid

alterations can identify residues important for substrate

binding.

UNIPORT TRANSPORT OF  GLUCOSE AND WATER 443



Osmotic Pressure Causes Water to Move Across
Membranes
Movement of water in and out of cells is an important fea-
ture of the life of both plants and animals. Aquaporins are a
family of membrane proteins that allow water and a few
other small uncharged molecules, such as glycerol, to cross
biomembranes. But before discussing these transport pro-
teins, we need to review osmosis, the force that powers the
movement of water.

'Water 
tends to move across a semioermeable membrane

from a solution of low solute concentiation to one of high
concentration, a process termed osmosis, or osmotic flow. In
other words, since solutions with a high concentration of
dissolved solute have a lower concentration of water, water
wil l spontaneously move from a solution of high water con-
centration to one of lower. In effect, osmosis is equivalent to
"diffusion" of water. Osmotic pressure is defined as the hy-
drostatic pressure required ro stop the net flow of water
across a membrane separating solutions of different compo-
sitions (Figure t1-6).In this context, the "membrane" may
be a layer of cells or a plasma membrane that is permeable to
water but not to the solutes. The osmotic pressure is directly
proportional to the difference in the concentration of the
total number of solute molecules on each side of the mem-
brane. For example, a 0.5 M NaCl solution is actually 0.5 M
Na* ions and 0.5 M Cl- ions and has the same osmouc
pressure as a 1 M solution of glucose or sucrose.

The movement of water across the plasma membrane
also determines the volume of individuaf cells, which must
be regulated to avoid damage to the cell. Osmotic pressure is
the force powering the movement of water in biological
systems.

Water-permeable Hydros ta t i c  p ressure

membrane requr red  to  p reven l
ne t  water  f low

In higher plants, water and minerals are absorbed
from the soil by the roots and move up the plant

through conducting tubes (the xylem); water loss from the
plant, mainly by evaporation from the leaves, drives these
movements of water. Unlike animal cells, plant, algal, fun-
gal, and bacterial cells are surrounded by rigid cell walls,
which resist the expansion of the volume of the cell when the
intracellular osmotic pressure increases. Sfithout such a
wall, animal cells expand when internal osmotic pressure in-
creases-if that pressure rises too much, the cells will burst
l ike overextended balloons. Because of the cell wall in
plants, the osmotic influx of water that occurs when such
cells are placed in a hypotonic solution (even pure water)
leads to an increase in intracellular pressure but not in cell
volume. In plant cells, the concentration of solutes (e.g., sug-
ars and salts) usually is higher in the vacuole (see Figure 9-7)
than in the cytosol, which in turn has a higher solute con-
centration than the extracellular space. The osmotic pres-
sure, called turgor pressure, generated from the entry of wa-
ter into the cytosol and then into the vacuole pushes the
cytosol and the plasma membrane against the resistant cell
wall. Plant cells can harness this pressure to help them grow.
Cell elongation during growth occurs by a hormone-induced
localized loosening of a defined region of the cell wall, fol-
Iowed by influx of water into the vacuole, increasing its size
and thus the size of the cell. I

Although most protozoans (l ike animal cells) do not
have a rigid cell wall, many contain a contracti le vacuole
that permits them to avoid osmotic lysis. A contracti le
vacuole takes up water from the cytosol and, unlike a
plant  vacuole,  per iodical ly  d ischarges i ts  contents
through fusion with the plasma membrane. Thus even
though water continuously enters the protozoan cell by
osmotic floq the contracti le vacuole prevents too much
water from accumulating in the cell and swell ing it to the
bursting point.

Aquaporins lncrease the Water Permeabil i ty of
Cel l  Membranes
Small changes in extracellular osmotic strength cause most
animal cells to swell or shrink rapidly. N7hen placed in a hy-
potonic solution (i.e., one in which the concentration of
solutes is lower than in the cytosol), animal cells swell ow-
ing to the osmotic flow of water inward. Converselg when
placed in a hypertonic solution (i.e., one in which the con-
centration of solutes is higher than in the cytosol), animal
cells shrink as cytosolic water leaves the cell by osmotic
flow. Consequently, cultured animal cells must be main-
tained in an isotonic medium, which has a solute concen-
tration and thus osmotic strength identical with that of the
cell cytosol.

In contrast, frog oocytes and eggs do not swell when placed
in pond water of very low osmotic strength, even though their
internal salt (mainly KCI) concentration is comparable to that
of other cells (:159 mM KCI). These observations were what
first led investigators to suspect that the plasma membranes of

Solu t ion  A

CA

I

*

Solution B

U B

A FIGURE 11-6 Osmotic pressure. Solutions A and B are
separated by a membrane that is permeable to water but
impermeable to all solutes. lf Cs (the total concentration of solutes in
solution B) is greater than C4, water wil l tend to flow across the
membrane from solution A to solution B The osmotic pressure n
between the solutions is the hydrostatic pressure that would have to
be applied to solution B to prevent this water f low. From the van,t
Hoff equation, osmotic pressure is given by n = ,q16', - Co), where R
rs the gas constant and f is the absolute temperature
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Video:Frog Oocyte Expressing Aquaporin Bursts in Hypotonic Solution

0 . 5  m i n 1 . 5  m i n 2 . 5  m i n

A EXPERIMENTAL FIGURE 11-7 Expression of aquaporin by
frog oocytes increases their permeability to water. Frog oocytes,
which normally are impermeable to water and do not express an
aquaporin protein, were microinjected with mRNA encoding
aquaporin These photographs show control oocytes (bottom cell in
each panel) and microinjected oocytes (top cell in each panel) at the
indicated times after transfer from an isotonic salt solution (0 1 mM)
to a hvpotonic salt solution (0 035 M) The volume of the control

erythrocytes and other cell types, but not frog oocytes, contain
water-channel proteins that accelerate the osmotic flow of
water. The experimental results shown in Figure 1L-7 demon-
strate that an aquaporin in the erythrocyte plasma membrane
functions as a water channel.

In its functional form, aquaporin is a tetramer of identi-
cal 28-kDa subunits (Figure 11-8a). Each subunit contains
six membrane-spanning ct helices that form a central pore
through which water moves (Figure 11-8b, c). At its center,
the :2-nm-long water-selective gate, or pore, is only 0.28
nm in diameter-only slightly larger than the diameter of a
water molecule. The molecular sieving properties of the
constriction are determined by several conserved hy-
drophil ic amino acid residues whose side-chain and car-
bonyl groups extend into the middle of the channel. Several
water molecules move simultaneously through the channel,
each of which sequentially forms specific hydrogen bonds
and displaces another water molecule downstream. The for-
mation of hydrogen bonds between the oxygen atom of wa-
ter and the amino groups of two amino acid side chains en-
sures that only water passes through the channel; even
protons cannot pass through, allowing ionic gradients to be
maintained across membranes even when water is flowing
across.

Mammals express a family of aquaporins; 11 are
known in humans. Aquaporin 1 is expressed in abun-
in erythrocytes, and the homologous aquaporin 2 is

3.5  min

oocytes remained unchanged because they are poorly permeable to
water In contrast, the microinjected oocytes expressing aquaporin
swelled and then burst because of an osmotic influx of water,
indicating that aquaporin is a water-channel protein [Courtesy of
Gregory M Preston and Peter Agre, Johns Hopkins University School of
Medicine See L 5 King, D Kozono, and P Agre ,2004, Nat Rev. Mol Cell

Biol 5:687-981

found in the kidney epithelial cells that resorb water from

the urine, thus controlling the amount of water in the body.

The activity of aquaporin 2 is regulated by vasopressin, also

called antiduretic hormone. The regulation of the activity of

aquaporin 2 in resting kidney cells resembles that of

GLUT4 in fat and muscle in that when its activity is not re-

quired, when the cells are in their resting state and water is

excreted to form urine, aquaporin 2 is localized to intracel-

lular vesicle membranes, not to the plasma membrane' and

so is unable to catalyze water import into the cell. 
'$7hen 

the

polypeptide hormone vasopressin binds to the cell-surface

vasopressin receptor, it activates a signaling pathway (de-

tailed in Chapter 15) that causes these aquaporin 2-con-

taining vesicles to fuse with the plasma membrane' increas-

ing the rate of water uptake and its return into the

circulation instead of the urine. Inactivating mutations in ei-

ther the vasopressin or the aquaporin 2 gene cause diabetes

insipidus, a disease marked by excretion of large volumes of

dilute urine. This finding establishes the etiology of the dis-

ease and demonstrates that the level of aquaporin 2 is rate

limiting for water resorption from urine being formed by

the kidney. I

Other members of the aquaporin family transport hy-

droxyl-containing molecules such as glycerol rather than

water. Human aquaporin 3, for instance, transports glycerol

and is similar in amino acid sequence and structure to the

Escherichia coli glycerol transport protein G/pF.dance
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Exterior

Cytosol

NHs*

  FIGURE 11-8 Structure of the water-channel protein
aquaporin. (a) Structural model of the tetrameric protein comprising
four identical subunits Each subunit forms a water channel, as seen
in this view looking down on the protein from the exoplasmic side
One of the monomers is shown with a molecular surface in which
the pore entrance can be seen (b) Schematic diagram of the
topology of a single aquaporin subunit in relation to the membrane.
Three pairs of homologous transmembrane o helices (A and A,, B
and B', and C and C') are oriented in the opposite direction with
respect to the membrane and are connected by two hydrophil ic
loops containing short non-membrane-spanning helices and
conserved asparagine (N) residues. The loops bend into the cavity
formed by the six transmembrane helices, meetinq in the middle to

Uniport Transport of Glucose and Water

r Protein-catalyzed transport of a solute across a membrane oc-
curs much faster than passive diffusion, exhibits a V^"* when
the limited number of transporter molecules are saturated with
substrate, and is highly specific for substrare (see Figure 11-4).

r Uniport proteins, such as the glucose transporters (GLUTs),
are thought to shuttle between two conformational states,
one in which the substrate-binding site faces outward and
one in which the binding site faces inward (see Figure 11-5).

r All members of the GLUT protein family transporr sugars
and have similar structures. Differences in their K- values,
expression in different cell types, and substrate specificities
are important for proper sugar metabolism in the body.

r Two common experimental systems for studying the
functions of transport proteins are liposomes containing a
purified transport protein and cells transfected with the
gene encoding a particular transport protein.

Extracel lular
vestibule

coo-
form part of the water-selective gate (c) Side view of the pore in a
single aquaporin subunit in which several water molecules (red
oxygens and white hydrogens) are seen within the 2-nm-long water-
selective gate that separates the water filled cytosolic and
extracellular vestibules The gate contains highly conserved arginine
and histidine residues, as well as the two asparagine residues (blue)
whose side charns form hydrogen bonds with transported waters.
(Key gate residues are highlighted in blue ) Transported waters also
form hydrogen bonds to the main-chain carbonyl group of a cysteine
residue The arrangement of these hydrogen bonds and the narrow
pore diameter of 0.28 nm prevent passage of protons (i.e., HrO+) or
other ions lAfter H. Sui et al , 2OO1, Nature 414.8]2 See also T. Zeuthen,
2001, Trends Biochem Sci. 26:77, and K Murata et al, 2000, Nature 4O7:599 |

r Most biological membranes are semipermeable, more
permeable to water than to ions or most other solutes.'Water 

moves by osmosis across membranes from a solu-
tion of lower solute concentration to one of higher solute
concentration.

r The rigid cell wall surrounding plant cells prevents their
swelling and leads to generation of turgor pressure in re-
sponse to the osmotic influx of water.

r In response to the entry of wate! protozoans maintain
their normal cell volume by extruding water from contrac-
tile vacuoles.

r Aquaporins are water-channel proteins that specifically
increase the permeability of biomembranes for water (see
Figure 11-8) .

r Aquaporin 2 in the plasma membrane of certain kidney
cells is essential for resorption of water from urine being
formed; the absence of aquaporin 2 leads to the medical
condition diabetes insipidus.
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ATP-Powered Pumps and the
lntracellular lonic Environment
In previous sections, we focused on transport proteins that
move molecules down their concentrations gradients. Here
we focus our attention on a major class of proteins-the
ATP-powered pumps-that use the energy released by hy-
drolysis of the terminal phosphoanhydride bond of ATP to
transport ions and various small molecules across mem-
branes against their concentration g.adietttt. All ATP-
powered pumps are transmembrane proteins with one or
more binding sites for ATP located on subunits or segments
of the protein that face the cytosol. Although these proteins
commonly are called ATPases, they normally do not hy-
drolyze ATP into ADP and P1 unless ions or other molecules
are simultaneously transported. Because of this tight cou-
pling between ATP hydrolysis and transport, the energy
stored in the phosphoanhydride bond is not dissipated but
rather used to move ions or other molecules uphill against

an electrochemical gradient. As Figure 11-2 i l lustrates,

these concentration gradients are used by other transport

proteins to power uphill movement of yet other types of

molecules.

Different Classes of Pumps Exhibit
Characterist ic Structural and Functional
Propert ies

The general structures of the four classes of ATP-powered
pumps are depicted in Figure 11-9, with specific examples in

each class listed below the figure. Note that the members of

three of the classes (R R and V) only transport ions' whereas

members of the ABC superfamily primarily transport small

molecules such as amino acids and sugars.
All P-class ion pumps possess two identical catalytic o.

subunits, each of which contains an MP-binding site. Most

also have two smaller B subunits that usually have regula-

tory functions. During transport, at least one of the a

Exoplasmic
face

vo

Cytosolic
face

ATP ADP + P;

P-class pumps V-class proton pumps

Plasma membrane o f  p lan ts ,  fung i ,  Vacuo lar  membranes in
bacteria (H+ pump) plants, yeast, other fungi

P lasma membrane o f  h igher  Endosomal  and lysosmal
eukaryo tes  (Na+/K+ pump)  membranes in  an ima l

Ap ica l  p lasma membrane o f  ce l l s

mammal ian  s tomach (Hr /Kr  pump)  P lasma membrane o f

plasma membrane of al l  eukarvotic osteoclasts and some
t r  t a  ) -  K lOneY  IUDUIe  Ce l l s

cei ls  (La- pump,

Sa rcop lasm ic  r e t i cu l um membrane
in  musc le  ce l l s  (Ca2*  pump)

A FIGURE 11-9 The four classes of ATP-powered transport
proteins. The location of specific pumps are indicated below each
class P-class pumps are composed of two catalytic cr subunits, which
become phosphorylated as part of the transport cycle Two B
subunits, present in some of these pumps, may regulate transport
Only one o and B subunit are depicted. V-class and F-class pumps
do not form phosphoprotein intermediates and transport only
protons Their structures are similar and contain similar proteins, but
none of therr subunits are related to those of P-class pumps V-class
pumps couple ATP hydrolysis to transport of protons against a
concentration gradient, whereas F-class pumps normally operate in

the reverse directron to uti l ize energy in a proton concentratlon or

electrochemical gradient to synthesize ATP All members of the large

ABC superfamily of proteins contain two transmembrane (T) domains

and two cytosolic ATP-binding (A) domains, which couple ATP

hydrolysis to solute movement. These core domains are present as

separate subunits in some ABC proteins (depicted here) but are fused

into a single polypeptide in other ABC proteins [See T. Nishi and M

Forgac,2Oo2, Nature Rev. Mol Cell Biol 3:94; C Toyoshima et al , 2000,

Nature 405.64-/, D Mclntosh, 2000, Nature Struc Biol 7:532; and T Elston,

H Wang, and G Oster,  1998, Nature 391:510l
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subunits is phosphorylated (hence the name "P" class), and
the transported ions move through the phosphorylated sub-
unit. The amino acid sequence around the phosphorylated
residue is homologous in different pumps. This class in-
cludes the Na+/K+ ATPase in the plasma membrane, which
generates the low cytosolic Na* and high cytosolic K* con-
centrations typical of animal cells (See Figure 11-2). Certain
Ca'- ATPases pump Ca'* ions out of the cytosol into the ex-
ternal medium; others pump Ca2* from the cytosol into the
endoplasmic reticulum or into the specialized ER called the
sarcoplasmic reticulum, which is found in muscle cells. An-
other member of the P class, found in acid-secreting cells of
the mammalian stomach, transports protons (H+ ions) out
of and K* ions into the cell.

The structures of V-class and F-class ion pumps are sim-
ilar to one another but unrelated to, and more complicated
than, P-class pumps. V- and F-class pumps contain several
different transmembrane and cytosolic subunits. All known
V and F pumps transport only protons and do so in a
process that does not involve a phosphoprotein intermedi-
ate. V-class pumps generally function to maintain the low
pH of plant vacuoles and of lysosomes and other acidic
vesicles in animal cells by pumping protons from the cy-
tosolic to the exoplasmic face of the membrane against a
proton electrochemical gradient. The H* pump that gener-
ates and maintains the plasma membrane electric potential
in plant, fungal, and bacterial cells also belongs to this class.
F-class pumps are found in bacterial plasma membranes
and in mitochondria and chloroplasts. In contrasr to V-class
pumps, they generally function as a kind of reverse proron
pump, in which the energy released by the movement of
protons from the exoplasmic to the cytosolic face of the
membrane down the proton electrochemical gradient is
used to power the synthesis of ATP from ADp and pi.
Because of their importance in ATP synthesis in chloro-
plasts and mitochondria, F-class proton pumps, commonly
called ATP synthases, are treated separately in Chapter 12.

The final class of ATP-powered pumps is a large family
of multiple members that are more diverse in function than
those of the other classes. Referred to as the ABC (ATp-
binding cassette) superfamily, this class includes several
hundred different transporr proteins found in organisms
ranging from bacteria to humans. As detailed below, some
of these transporr proteins were first identif ied as mul-
tidrug-resistance proteins that, when overexpressed in can-
cer  cel ls ,  export  ant icancer  drugs and rendei  rumors res is t -
ant to their action. Each ABC protein is specific for a single
substrate or group of related subsrrates, which may be ions,
sugars, amino acids, phospholipids, cholesterol, peptides,
polysaccharides, or even proteins. All ABC rransporr pro-
teins share a structural organization consisting of four
"core" domains: two transmembrane (T) domains, forming
the passageway through which transported molecules cross
the membrane, and two cyrosolic ATp-binding (A) do-
mains. In some ABC proteins, mostly those in bacteria, the
core domains are present in four separare polypeptides; in
others, the core domains are fused into one or two multido-
main polypeptides.

ATP-Powered lon Pumps Generate and Maintain
lon ic  Gradients  Across Cel lu lar  Membranes
The specific ionic composition of the cytosol usually differs
greatly from that of the surrounding extracellular fluid. In
virtually all cells-including microbial, plant, and animal
cells-the cytosolic pH is kept near 7.2 regardless of the ex-
tracellular pH. In the most extreme case there is a million-
fold difference in H+ concentration between the pH of the
cytosol of the epithelial cells lining the stomach and the pH
of the stomach lumen. Also, the cytosolic concentration of
K* is much higher than that of Na*. In both invertebrates
and vertebrates the concentration of K+ is 20-40 times
higher in cells than in the blood, while the concenrration of
Na* is 8-12 times lower in cells than in the blood (see
Figure 11-2 and Table 11-2). Some Caz* in the cytosol is
bound to the negatively charged groups in ATP and other

-The 
large nerve axon of the squid has been widely used in studies of the

mechanism of conduction of electric impulses.
rX represents proteins, which have a net negative charge at the neutral
pH of blood and cells.

lON CELL (mM) Bt00D (mM)

SQUID AXON
(INVERTEBRATE)-

K* 400 20

Na* 50 440

cl 40-150 560

caz* o.ooo3 10

a t 3oo-4oo 5-10

MAMMALIAN CELL
(VERTEBRATE)

K* r39 4

Na- 12 I45

cl  4 1.16

HCO3 1.2 29

x-  138 9

Mgt* o.g 1.5

ca2* < o.ooo2 1.g
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molecules, but it is the concentration of free, unbound Ca"*
that is critical to its functions in signaling pathways and
muscle contraction. The concentration of free Ca2* in the
cytosol is generally less than 0.2 micromolar (2 x 10-7 M),
a thousand or more times lower than that in the blood. Plant
cells and many microorganisms maintain similarly high cy-
tosolic concentrations of K* and low concentrations of
Caz* andNa* even if the cells are cultured in very dilute salt
solutions.

The ion pumps discussed in this section are largely re-
sponsible for establishing and maintaining the usual ionic
gradients across the plasma and intracellular membranes. In
carrying out this task, cells expend considerable energy. For
example, up to 25 percent of the ATP produced by nerve and
kidney cells is used for ion transport, and human erythro-
cytes consume up to 50 percent of their available ATP for
this purpose; in both cases, most of this ATP is used to
power the Na+/K+ pump. The resultant Na+ and K*
gradients in nerve cells are essential for their ability to con-
duct electric signals rapidly and efficiently, as we detail in
Chapter 23. Certain enzymes required for protein synthesis
in all cells require a high K+ concentration and are inhibited
by high concentrations of Na*; these would cease to func-
tion without the operation of the Na*/K* pump. In cells
treated with poisons that inhibit the production of ATP (e.g.,

2,4-dinitrophenol in aerobic cells), the pumping stops and
the ion concentrations inside the cell gradually approach
those of the exterior environment as ions spontaneously
move through channels in the plasma membrane down their
electrochemical gradients. Eventually treated cells die: partly
because protein synthesis requires a high concentration of
K* ions and partly because in the absence of a Na* gradient
across the cell membrane, a cell cannot import certain nutri-
ents such as amino acids. Studies on the effects of such poi-
sons provided early evidence for the existence and significance
of ion pumps.

Muscte Relaxation Depends on Ca2+ ATPases
That Pump Ca2* from the Cytosol into the
Sarcoplasmic Ret icu lum

In skeletal muscle cells, Ca2* ions are concentrated and
stored in the sarcoplasmic reticulum (SR); release of stored
Caz* ions from the SR lumen via ion channels into the cy-
tosol causes contraction, as discussed in Chapter 17. A P-
class Ca2* AIPase located in the SR membrane of skeletal
muscle pumps Ca2* from the cytosol back into the lumen of
the SR, thereby inducing muscle relaxation. Because this
muscle calcium pump constitutes more than 80 percent of the
integral protein in SR membranes, it is easily purified from
other membrane proteins and has been studied extensively.
Determination of the three-dimensional structure of this pro-

tein in several conformational states that represent different
steps in the pumping process has revealed much about its

mechanism of action.
In the cytosol of muscle cells, the free Ca2* concentra-

tion ranges from 10 7 M (resting cells) to more than 10 6 M

(contracting cells), where as the total Ca2* concentration in

the SR lumen can be as high as 10-2 M. TYo soluble pro-

teins in the lumen of the SR vesicles bind Ca"* and serve as

a reservoir for intracellular Caz*, thereby reducing the con-

centration of free Ca2* ions in the SR vesicles and conse-

quently the energy needed to pump Ca2* ions into the SR

fro- tit. cytosol.-The activity of the muscle Ca2+ AIPase in-

creases as the free Ca2* concentration in the cytosol rises. In

skeletal muscle cells the calcium pump in the SR membrane

works in concert with a similar Ca2* pump located in the

plasma membrane to ensure that the cytosolic concentration

of free Ca2* in resting muscle remains below 1 pM.

The current model for the mechanism of action of the

Ca2* AIPase in the SR membrane involves multiple confor-

mational states. For simplicity' we group these into E1

states, in which the two binding sites for Caz* ,located in the

center of the membrane-spanning domain, face the cytosol'

andE2 states, in which these binding sites face the exoplas-

mic face of the membrane, pointing into the lumen of the SR.

Coupling of ATP hydrolysis with ion pumping involves sev-

eral conformational changes in the protein that must occur

in a defined order, as shown in Figure 11-10.'When the pro-

tein is in the E1 conformation, two Ca2* ions bind to two

hieh-affinitv bindine sites accessible from the cytosolic side;

.r,".n thouei, the Ca)* concentration is very low (see Table

11-2). calc]um ions still fill these sites. Next, an ATP binds to

a site on the cytosolic surface (step 1). The bound ATP is hy-

drolyzed to ADP in a reaction that requires Mgz* , and the

liberated phosphate is transferred to a specific aspartate

residue in the protein, forming the high-energy acyl phos-

phate bond denoted by E1 - P (step 2).The protein then un-

dergoes a conformational change that generates E2' in which

the affinity of the two Ca2*-binding sites is reduced (Figure

11.-1.1a\ and in which these sites are now accessible to the SR

lumen (step 3). The free energy of hydrolysis of the aspartyl-

phosphate bond in E1 - P is greater than that in E2-P, and

this reduction in free energy of the aspartyl-phosphate bond

can be said to power the E1 -+ E2 conformational change.

The Ca2* ions spontaneously dissociate from the low-affinity

sites to enter thi SR lumen, because even though the Caz*

concentration there is higher than in the cytosol, it is lower

than the K6 for Ca2* binding in the low-affinity state (step

into the SR lumen.
Much structural and biophysical evidence supports the

model depicted in Figure 11-10' For instance, the muscle

calcium pump has been isolated with phosphate linked to

the key aspartate residue, and spectroscopic studies have

detected slight alterations in protein conformation during

the E1 -+ E2 conversion. The two phosphorylated states

can also be distinguished biochemically; addition of ADP to

phosphorylated E1 results in synthesis of AIP, the reverse of

it.p f i" Figure 11-10, whereas addition of ADP to phos-

phorylated E2 does not. Each principal conformational
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A FIGURE 11-10 Operational model of the Ca2+ ATpase in
the SR membrane of skeletal muscle cells. Only one of the two
catalytic o subunits of this P-class pump is depicted E1 and E2 are
alternative conformations of the protein in which the Ca2+-binding
sites are accessible to the cytosolic and exoplasmic faces, respecrrvery
An ordered sequence of steps lE), as diagrammed here, is essential
for coupling ATP hydrolysis and the transport of Ca2* ions across

state ofthe reaction cycle can also be characterized by a dif-
ferent susceptibility to various proteolytic enzymes such as
trypsln.

As seen in the three-dimensional structure of the Ca2*
pump in the E1 state, the 10 membrane-spanning ct helices in
the catalytic subunit form the passageway through which
Ca"- ions move, and amino acids in four of these helices form
the two high-affinity E1 Ca2+-binding sites (Figure 11-11a,
left). One site is formed out of negatively charged oxygen
atoms from the carboxyl groups (COO-) of glutamate and
aspartate side chains, as well as from water molecules. The
other site is formed from side- and main-chain oxygen
atoms. Thus most of the water molecules that normally sur-
round a Ca2* ion in aqueous solution are replaced by oxy-
gen atoms attached to the protein. In contrast, in the E2 state
(Figure '1.1-a, 

right), several of these bindine side chains have
moved fractions of a nanometer and are Jnable to interact
with Ca2* ions, accounting for the low affinity of the E2
state for Ca2* ions.

The cytoplasmic part of the Ca2* pump consists of
three domains that are well separated from each other in
the E1 state (F igure 11-11b).  Each of  these domains is
connected to the membrane-spanning helices by short seg-
ments of amino acids, and movements of these cytosolic
domains wil l cause corresponding movements of attached
membrane-spanning o' helices. The phosphorylated
residue, Asp 351, is located on the p domain, and the
adenosine moiety of ATp binds to the N domain. Follow-

Calc ium
rerease

<+-

the membrane. In the figure, -P indicates a high-energy aspartyl
phosphate bond; -P indicates a low-energy bond. Because the
affinity of Ca2* for the cytosolic-facing binding sites in E1 is a thou-
sandfold greater than the affinity of Ca2* for the exoplasmic-facing
sites in E2, this pump transports Ca2+ unidirectionally from the cytosol
to the 5R lumen See the text and Figure 11-11 for more details.
[See C Toyoshima and G Inesi,2004, Ann Rev. Biochem 73:269-92]

ing ATP and Ca2* binding, the N domain moves until rhe
1 phosphate of the bound ATP becomes adiacent ro the as-
partate on the P domain that is to receive the phosphate.
Although the details of these conformational changes are
not yet clear, this movement is thought to be transmitted
by scissorlike motions of the connecting segments to
movements of several membrane-spanning a helices.
These changes are especially apparent in the four helices
that contain the two Ca2*-binding sites: the changes pre-
vent the bound Ca2+ ions from dissociating back rntothe
cytosol but enable them to dissociate into the exoplasmic
medium. These changes also weaken the binding of the
two Ca'- ions, as can be seen by comparing the structures
in Figure 11-11a. This weakening enables the bound ions
to dissociate into the exoplasmic space, here, the SR
lumen. After the Caz* ions dissociate and the asoartvl
phosphate is hydrolyzed, the protein reverts back io the
E1 conformation.

All P-class ion pumps, regardless of which ion they trans-
port, are phosphorylated on a highly conserved aspartate
residue during the transport process. Thus the operational
model in Figure 11-11 is generally applicable to all of these
ATP-powered ion pumps. In addition, the catalytic a sub-
units of all the P pumps examined to date have a similar
molecular weight and, as deduced from their amino acid
sequences derived from cDNA clones. have a similar
arrangement of transmembrane o. helices and cytosol-
fac ing A,  P,  and N domains (see Figure 11-10) .  These

450 '  cHAPTER 1  1  |  TRANsMEMBRANE TRANspoRT oF roNs AND sMALL MoLEcuLEs



state Ca2*-free

\ , t

( a ) El state Ca2*-bound

' - {

(b )

SR lumen

Membrane
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A FIGURE 11-11 Structure of the catalytic ot subunit of the
muscle ca2* ATPase. (a) Ca2*-binding sites in the low-affinity E2 state
(flEtht), without bound ions, and in the E1 state (/eff), with two bound
calcium ions Side chains of key amrno acids are white, and the oxygen
atoms on the glutamate and aspartate side chains are red. In the high-
affinity E1 conformation, Ca2* ions bind at two sites between helices 4,
5, 6, and 8 inside the membrane. One site is formed out of negatively
charged oxygen atoms from glutamate and aspartate side chains and of
water molecules (not shown), and the other rs formed out of side- and
main-chain oxygen atoms Seven oxygen atoms surround the Ca2* ion
in both sites (b) Three-dimensional model of the protein in the E1
state based on the structure determined by x-ray crystallography
There are 10 transmembrane o helices, four of which (purple)
contain residues that participate in Ca2 binding The cytosolic

findings strongly suggest that all such proteins evolved
from a common precursor although they now transport
different ions.

Calmodul in  Regulates the Plasma Membrane
Ca2* Pumps That Control Cytosolic Ca2+
Concentrations
As we explain in Chapter 15, small increases in the concen-

tration of free Ca2* ions in the cytosol trigger a variety of

\ -  I

segment forms three domains: the nucleotide-binding domain

N (blue), the phosphorylation domain P (green), and the actuator

domain A (beige) that connects two of the membrane-spanning
helices (c) Models of the pump in the E1 state (left) and E2 state
(right). Note the differences between the E1 and E2 states in the

conformations of the nucleotide-binding and actuator domains; these

movements power the conformational changes of the membrane-

spanning cr helices (purple) that constitute the Ca'*-binding sites,

converting them from one in which the Ca2"-binding sites are

accessible to the cytosolic face (E1 state) to one in which the now

loosely bound calcium ions are accessible to the exoplasmic face (E2

state) [Adapted from C Toyoshima and H Nomura,2002, Nature,

418:605-1 1; C Toyoshima and G lnesi, 2004, Ann Rev. Biochem 73'269-92:

and E Gouaux and R MacKinnon, 2005, Science 310:1461 l

cellular responses. In order for Caz* to function in intracel-

lular signaling, the concentration of Ca2* ions free in the cy-

tosol usually must be kept below 0.1'-0.2 pM. Animal,

yeast, and probably plant cells ̂ express plasma membrane

bat* ATPares that transport Ca2* out of the cell against its

electrochemical gradient. The catalytic c subunit of these

P-class pumps is similar in structure and sequence to the c

subunit of the muscle SR Ca2* PumP.
The activity of plasma membrane Ca"- ATPases is reg-

ulated by calmodulin, a cytosolic Ca'*-binding protein
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(see Figure 3-31). A rise in cytosolic Ca2* induces the bind-
ing of Ca2* ions to calmodulin, which triggers allosteric
activation of the Ca2* ATPase. As a result, the export of
Ca2* ions from the cell accelerates, quickly restoring the
low concentration of free cytosolic Ca2* characteristic of
the resting cell.

Na*/K+ ATPase Mainta ins the In t racel lu tar  Na+
and K+ Concentrat ions in  Animal  Cel ls
A second important P-class ion pump present in the plasma
membrane of all animal cells is the Na+/K+ ATpase. This ion
pump is a tetramer of subunit composition c2B2. (Classic Ex-
periment 11.1 describes the discovery of this enzyme.) The
small, glycosylated B polypeptide helps newly synthesized ct
subunits to fold properly in the endoplasmic reticulum but
apparently is not involved directly in ion pumping. The amino
acid sequence and predicted tertiary structure of the catalytic
cr subunit are very similar to those of the muscle SR Ca2+
MPase (see Figure 11-11). In particular, the Na+/K+ ATpase
has segments on the cytosolic face that link the ATp-binding
N domain, the phosphorylated aspartate on the p domain,

and the A domain to the membrane-embedded segment. The
overall transport process moves three Na+ ions out of and
two K- ions into the cell per ATP molecule hydrolyzed.

The mechanism of action of the Na*/l(+ ATpase, out-
lined in Figure 

'1,1,-12, 
is similar to that of the muscle calcium

pump, except that ions are pumped in both directions across
the membrane, with each ion moving against its concentra-
tion gradient. In its E1 conformation, the Na*/K* ATpase
has three high-affinity Na*-binding sites and two low-
affinity K*-binding sites accessible ro the cytosolic surface of
the protein. The K- for binding of Na+ to these cytosolic
sites is 0.5 mM, a value considerably lower than the intracel-
lular Na* concentration of :12 mM; as a result. Na* ions
normally will fully occupy these sites. Conversely, the affinity
of the cytosolic K+-binding sites is low enough that K+ ions,
transported inward through the protein, dissociate from E1
into the cytosol despite the high intracellular K+ concentra-
tion. During the E1 -+ E2 transition, the three bound Na+
ions become accessible to the exoplasmic face, and simulta-
neously the affinity of the three Na*-binding sites drops. The
three Na+ ions, transported oufward through the protein
and now bound to the low-affinity Na+ sites exposed to the

Overview Animation: Biological Energy Interconversions ffi

2K*

Dephosphorylation
and conformational

change

+

hydrolysis of the E2-P intermediate powers the E2 -+ E1
conformational change and concomitant transport of two K*
ions inward. Na+ ions are indicated by red circles; K+ ions, by
purple squares; high-energy acyl phosphate bond, by -p; low-
energy phosphoester bond, by -P [See K Sweadner and C Donnet,
2001, Biochem I 356:6875, for details of the structure of the o subunit I

I
E 2 f

A FIGURE 11-12 Operational model of the Na+/K* ATpase
in the plasma membrane. Only one of the two catalytic o
subunits of this P-class pump is depicted lt is not known whether
just one or both subunits in a srngle ATpase molecule transport
ions. lon pumping by the Na+/K+ ATpase involves phosphorylation,
dephosphorylation, and conformational chanqes similar to those
in the muscle Ca2* ATPase (see Fiqure 11-10) .  In  th is  case.

E2

r j
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exoplasmic face, dissociate one at a time into the extracellu-
lar medium despite the high extracellular Na* concentration.
Transition to the E2 conformation also generates two high-
affinity Kt sites accessible to the exoplasmic face. Because
the K- for K* binding to these sites (0.2 mM) is lower than
the extracellular K* concentration (4 mM), these sites will fill
with K+ ions as the Na* ions dissociate. Similarly, during the
E2 -+ E1 transition, the two bound K* ions are transported
inward and then released into the cytosol.

Certain drugs (e.g., ouabain and digoxin) bind to the ex-
oplasmic domain of the plasma membrane Na-/l(- ATPase
and specifically inhibit its ATPase activity. The resulting dis-
ruption in the Na*/I(* balance of cells is strong evidence for
the critical role of this ion pump in maintaining the normal
K* and Na* ion concentration gradients.

V-Class H* ATPases Maintain the Acidity
of Lysosomes and Vacuoles

All V-class ATPases transport only H* ions. These proton
pumps, present in the membranes of lysosomes, endosomes,
and plant vacuoles, function to acidify the lumen of these
organelles. The pH of the lysosomal lumen can be measured
precisely in living cells by use of particles labeled with a pH-
sensitive fluorescent dye. ufhen these particles are added to
the extracellular fluid, the cells engulf and internalize them
(phagocytosis; see Chapter 17), ultimately transporting them
into lysosomes. The lysosomal pH can be calculated from
the spectrum of the fluorescence emitted. Maintenance of
the 10O-fold or more proton gradient between the lysosomal
lumen (pH :4.5-5.0) and the cytosol (pH :7.0) depends on
a V-class ATPase and thus ATP production by the cell. The
low lysosomal pH is necessary for optimal function of the
many proteases, nucleases, and other hydrolytic enzymes in
the lumen; on the other hand, a cytosolic pH of 5 would dis-
rupt the functions of many proteins optimized to act at pH7
and lead to death of the cell.

The ATP-powered proton pumps in lysosomal and vac-
uolar membranes have been isolated, purified, and incorpo-
rated into l iposomes. As shown in Figure 11-9 (center), these
V-class proton pumps contain two discrete domains: a cy-
tosolic hydrophilic domain (V1) and a transmembrane do-
main (Ve) with multiple subunits forming each domain.
Binding and hydrolysis of ATP by the B subunits in V1 pro-
vide the energy for pumping of H* ions through the proton-
conducting channel formed by the c and a subunits in Ve.
Unlike P-class ion pumps, V-class proton pumps are not
phosphorylated and dephosphorylated during proton trans-
port. The structurally similar F-class proton pumps, which
we describe in Chapter 12, normally operate in the "reverse"
direction to generate ATP rather than pump protons; their
mechanism of action is understood in great detail.

Pumping of relatively few protons is required to acidify an
intracellular vesicle. To understand why, recall that a solution of
pH 4 has an H* ion concentration of 10-a moles per liter, or
10 7 moles of H* ions per milliliter. Since there are 6.02 x 1023
atoms of H per mole (Avogadro's number), then a milliliter of a
pH 4 solution contains 6.02 x 1016 H* ions. Thus at pH 4, a

primary spherical lysosome with a volume of 4.18 x 10-15 ml

(diameter of 0.2 pm) will contain just 252 protons. At pH 7, the

same organelle would have only an average of only 0.2 protons

in its lumen, and thus pumping of only approximately 250 pro-

teins is necessary for lysosome acidification.
By themselves, ATP-powered proton pumps cannot

acidify the lumen of an organelle (or the extracellular space)

because these pumps are electrogenic; that is, a net move-

ment of electric charge occurs during transport. Pumping of
just a few protons causes a buildup of positively charged

H* ions on the exoplasmic (inside) face of the organelle

membrane. For each H+ pumped across' a negative ion

(e.g., OH- or Cl-) wil l be "left behind" on the cytosolic

face, causing a buildup of negatively charged ions there.

These oppositely charged ions attract each other on oppo-

site faces of the membrane, generating a charge separation,

or electric potential, across the membrane. As more and

more protons are pumped, the excess of positive charges on

the exoplasmic face repels other H* ions, soon preventing

pumping of additional protons long before a significant

iransmembrane H* concentration gradient is established
(Figure 11-13). In fact, this is the way that P-class H+

Cytosol

No electr ic
potential

  FIGURE 11-13 Effect of V-class H* pumps on H-

concentration gradients and electric potential gradients across

cellular membranes. (a) lf an intracellular organelle contains only

V-class pumps, proton pumping generates an electric potential across

the membrane, cytosol- facing side negative and lumenal-side positive

but no significant change in the intraluminal pH. (b) lf the organelle

membrane also contains Cl- channels, anions passively follow the

pumped protons, resulting in an accumulation of H+ and Cl- ions

rn the lumen (low luminal pH) but no electric potential across the

membrane.

( a )

(b )

ATP ADP + P1

Neutral pH 
@

ATP ADP + Pr

H+ H+ c l -  C l

Acidic pH H*

ATP-POWERED PUMPS AND THE INTRACELLULAR IONIC  ENVIRONMENT 453



pumps generate a cytosol-negative potential across plant
and yeast plasma membranes.

In order for an organelle lumen or an extracellular space
(e.g., the lumen of the stomach) to become acidic, movement
of protons must be accompanied either by (1) movement of
an equal number of anions (e.g., Cl-) in the same direction
or by (2) movement of equal numbers of a different carion in
the opposite direction. The first process occurs in lysosomes
and plant vacuoles, whose membranes contain V-class H+
ATPases and anion channels through which accompanying
Cl- ions move (Figure 11-13b). The second process occurs
in the lining of the stomach, which contains a P-class H*/K*
ATPase that is not electrogenic and pumps one H+ outward
and one K* inward. Operation of this pump is discussed
later in the chapter.

Bacterial Permeases Are ABC proteins That
lmport a Variety of Nutrients from the
Envi ronment

As noted earlier, all members of the very large and diverse
ABC superfamily of transport proteins contain two trans-
membrane (T) domains and two cytosolic ATP-binding (A)
domains (Figure 1.1-14). The T domains, each built of 10

membrane-spanning cr helices, form the pathway through
which the transported substance (substrate) crosses the
membrane and determine the substrate specificity of each
ABC protein. The sequences of the A domains are approxi-
mately 30-40 percent homologous in all members of this
superfamily, indicating a common evolutionary origin. Some
ABC proteins also contain an additional exoplasmic sub-
strate-binding subunit or regulatory subunit.

The plasma membrane of many bacteria contains nu-
merous permeases that belong to the ABC superfamily.
These proteins use the energy released by hydrolysis of ATP
to transport specific amino acids, sugars, vitamins, and even
peptides into the cell. Since bacteria frequently grow in soil
or pond water where the concentration of nutrients is low,
these ABC transport proteins enable the cells to import nu-
trients against substantial concentration gradients. Bacterial
permeases generally are inducible; that is, the quantity of a
transport protein in the cell membrane is regulated by both
the concentration of the nutrient in the medium and the
metabolic needs of the cell.

In the E. coli vitamin B12 permease, a typical bacterial
ABC protein whose structure is known in molecular detail
(see Figure 11-18), the two transmembrane domains and
two cytosolic ATP-binding domains are formed by four
separate subunits. Gram-negative bacteria, such as E. coli,
contain, besides the plasma membrane, an outer mem-
brane also built of a phospholipid bilayer (see Figure 1-2).
This outer membrane contains porin proteins (see Figure
10-18) that render it highly permeable to most small mol-
ecules, including amino acids and vitamins. Thus these
molecules can enter into the periplasmic space in between
the plasma and outer membranes (see Figure 1-2). A solu-
ble vitaminBl2-binding protein, located in the periplasmic
space, binds vitamin B12 tightly and directs it to the T
subunits of the permease, through which the vitamin
crosses the plasma membrane powered by ATP hydrolysis.
Precisely how transport occurs is not known, but it is
thought that B12 binding is signaled to the nucleotide hy-
drolysis sites where the affinity for ATP increases, a pre-
requisite for a productive transport cycle. The two ATP-
binding domains then carry out a highly cooperarive
ATP-binding and hydrolysis reaction that is concurrent
with a substantial conformational change in the mem-
brane-spanning segments; this change somehow allows
the bound substrate to pass between the two membrane-
spanning domains into the cell cytoplasm. Then the trans-
porter returns to the resting state through the dissociation
of ADP and inorganic phosphate.

Mutant E. coli cells that are defective in any of the 812
permease subunits or the soluble periplasmic-binding
protein are unable to transport B12 into the cell but are
able to transport other molecules such as amino acids
whose uptake is facil i tated by other transport proteins.
Such genetic analyses provide srrong evidence that these
permeases function to transport specific solutes into bac-
terial cells.

Endop lasm

Membrane

Cytoplasm

A Ff GURE 11-14 Structure of the Escherichia coli BtuCD
protein, an ABC transporter mediating vitamin B12 uptake. The
complete transporter is assembled from four subunits. two identical
membrane-spanning subunrts (green), and two ATp-binding subunits
(blue). Molecules of cyclotetravanadate, an analog of the phosphate
groups in ATP, are located in the ATp-binding sites and are depicted
in ball-and-stick Approxtmate boundaries of the membrane bilayer
are indicated by the gray shaded area, with the external surface at
the top and the cytoplasm at the bottom [After K Locher et al , 2002.
Sclence 295: 1 09 1 -98 l
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The Approx imate ly  50 Mammal ian ABC
Transporters Play Diverse and lmportant Roles
in Cel l  and Organ Physio logy

Discovery of the first eukaryotic ABC protein to be recog-
nized came from studies on tumor cells and cultured cells
that exhibited resistance to several drugs with unrelated
chemical structures. Such cells eventually were shown to
express elevated levels of a multidrwg-resistance (MDR)

transport protein known as MDR1. This protein uses the
energy derived from ATP hydrolysis to export a large vari-
ety of drugs from the cytosol to the extracellular medium.
The Mdrl gene is frequently amplif ied in multidrug-resist-
ant cells, resulting in a large overproduction of the MDRl
pfoteln.

Most drugs transported by MDRl are small hydropho-
bic molecules that diffuse from the medium across the
plasma membrane, unaided by transport proteins, into the
cell cytosol, where they block various cellular functions.
Two such drugs are colchicine and vinblastine, which block
assembly of microtubules (Chapter 18). ATP-powered ex-
port of such drugs by MDR1 reduces their concentration in

the cytosol. As a result, a much higher extracellular drug
concentration is required to kill cells that express MDR1
than those that do not. That MDR1 is an AlP-powered
small-molecule pump has been demonstrated with liposomes

containing the purified protein. The AIPase activity of these
liposomes is enhanced by different drugs in a dose-dependent
manner corresponding to their ability to be transported by
MDR1.

About 50 different mammalian ABC transport proteins

are now recognized (Table 11-3)' Several are expressed in

abundance in the liver, intestines, and kidney-sites where

natural toxic and waste products are removed from the

body. Substrates for these ABC proteins include sugars'

amino acids, cholesterol' bile acids, phospholipids, pep-

tides, proteins, toxins, and foreign substances. The normal

function of MDR1 most likely is to transport various natu-

ral and metabolic toxins into the bile or intestinal lumen or

to the urine being formed in the kidney. During the course

of its evolution, MDRl appears to have acquired the ability

to transport drugs whose structures are similar to those of

these endogenous toxins. Tumors derived from MDR-

expressing cell types, such as hepatomas (l iver cancers), fre-

quently are resistant to virtually all chemotherapeutic

agents and are thus difficult to treat' presumably because

the tumors exhibit increased expression of MDR1 or the re-

lated MDR2.

Several human genetic diseases are associated with de-

fective ABC proteins. The best studied is cystic fibrosis

(CF), caused by a mutation in the gene encodingthe cystic fi-
brosis transmembrane regulator (CFTR)' This CI- transport

protein is expressed in the apical plasma membranes of ep-

ithelial cells in the lung, sweat glands' pancreas' and other tis-

sues. For instance, CFTR protein is important for resorption

of Cl- into cells of sweat glands' and babies with cystic fi-

brosis, if licked, often taste "salty." An increase in cyclic

AMP (cAMP), a small intracellular signaling molecule, causes

PR()TEIN TISSUE EXPRESSION IUNCTION DISEASE CAUSEO BY DETECTIVE PROTTIN

ABCB1 (MDR1) Adrenal, kidney, brain Exports lipophilic drugs

ABCB4 (MDR2) Liver Exports phosphatidylcholine
into bile

ABCB11 Ltver Exports bile salts into bile

CFTR Exocrine tissue Transports Cl ions Cystic fibrosis

ABCDr 
H:ffi;'"'# 

in peroxisoma' 
::*ffn^1':':irr::ffitT;n.fl"- 

Adrenoreukodvstrophv (ADL)

fatty acids

ABCG5/8 Liver, instestine Exports cholesterol and other sterols p-Sitosterolemia

ABCA1 Ubiquitous Exporrs cholesterol and phospholipid Tangier's disease

for uptake into high-densitY
lipoprotein (HDL)
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phosphorylation of CFTR and stimulates Cl- transport by
such cells from normal individuals but not from CF individu-
als, who have a defective CFTR protein. (The role of cAMp
in numerous signaling pathways is covered in Chapter 15.)
The sequence and predicted structure of the CFTR protein,
based on analysis of the cloned gene, are very similar to those
of the MDR1 protein except for the presence of an additional
domain, the regulatory (R) domain, on rhe cytosolic face.
Moreover, the Cl--transporr acrivity of CFTR protein is en-
hanced by the binding of ATP, but it is uncertain whether or
not CFTR is actually an ATP-powered Cl- pump.l

Certa in ABC Prote ins "F l ip"  phosphol ip ids and
Other  L ip id-Soluble Substrates f rom One
Membrane Leaflet to the Opposite Leaflet
The substrates of mammalian MDR1 are primarily planar,
l ipid-soluble molecules with one or more positive charges;
they all compete with one another for transport by MDR1,
suggesting that they bind to the same site or sites on the Dro-
tein. In contrast to bacterial ABC proteins, all four domains
of mammalian MDRl are fused into a single 170,000-M\fl
protein. The recently determined three-dimensional struc-
ture of a homologous E. coli lipid-transport protein reveals
that the molecule is V shaped, with the apex in the mem-
brane and the arms containing the ATP-binding sites pro-
truding into the cytosol (Figure 11-15).

Although the mechanism of transporr by MDR1 and
similar ABC proteins has not been definit ively demon-
strated, a likely candidate is the flippase model depicted in
Figure 11-15. According to rhis model, MDR1 ,,f l ips,' an
amphiphilic subsrrare molecule from the cytosolic to the ex-
oplasmic leaflet, an energerically unfavorable reaction pow-
ered by the coupled ATPase activity of the protein.

Support for the fl ippase model of transport by MDRl
comes from ABCB4 (originally called MDR2), a homolo-
gous protein present in the region of the l iver-cell plasma
membrane that faces the bile duct. ABCB4 movei ohos-
phatidylcholine from the cytosolic to the exoplasmic leaflet
of the plasma membrane for subsequent release into the
bile in combination with cholesrerol and bile acids, which
themselves are transported by other ABC family members.
Several other ABC superfamily members participate in the
ce l l u l a r  expo r r  o f  va r i ous  l i p i ds  ( see  faU te  t  l - : t .

ABCB4 was first suspected of having phospholipid flippase
activity because mice with homozygous loss-of-function muta-
tions in the ABCB4 gene exhibited defects in rhe secretion of
phosphatidylcholine into bile. To determine directly if ABCB4
was in fact a flippase, researchers performed experiments on a
homogeneous population of purified vesicles with ABCB4 in
the membrane and with the cytosolic face directed outward.
These vesicles were obtained by introducing cDNA encoding
mammalian ABCB4 into a temperature-sensitive yeasr sec mv-
tant. At lower, permissive temperatures where the secprotein is
functional, the ABCB4 protein expressed by the transfected

ADP + P,

A FIGURE 11-15 Flippase model of transport by MDRl and
similar ABC proteins. Step l l: The hydrophobic portion (black) of a
substrate molecule moves spontaneously from the cytosol into the
cytosolic-facing leaflet of the l ipid bilayer, while the charged end (red)
remains in the cytosol Step E: The substrate diffuses laterally unti l i t
encounters and binds to a site on the MDRl protein within the bilayer.
Step S: The protein then "fl ips" the charged substrate molecule into
the exoplasmic leaflet, an energetically unfavorable reaction involving
conformational changes in the membrane-spanning domains that are
powered by the coupled hydrolysis of ATp by the cytosolic domains
Steps 4 and E: Once in the exoplasmic face, the substrate again can
diffuse laterally in the membrane and ultimately moves into the
aqueous phase on the outside of the cell [Adapted from p Borst, N
Zelcer, and A van Helvoort, 2000, Biochim Biophys Acta 14g5.12g,1

cells moves normally through the secretory pathway to the cell
surface (Chapter 1,4). At higher nonpermissive remperarures,
however, the sec protein is nonfunctional and secretory vesicles
cannot fuse with the plasma membrane, as they do in wild-type
cells; so vesicles containing ABCB4 and other yeasr prorerns
accumulate in the cells. After purifying these secretory vesicles,
investigators labeled them in vitro with a fluorescent phos-
phatidylcholine derivative. The fluorescence-quenching assay
outlined in Figure 11-16 was used to demonstrare that the vesi-
cles containing ABCB4 exhibited an AlP-dependent flippase
activity, whereas those without ABCB4 did not.

ATP-Powered Pumps and the Intracellular lonic
Environment

r classes of transmembrane proteins couple the energy-
ing hydrolysis of AIP with the energy-requiring trans-

port of substances against their concentration gradient: p-,
V-, and F-class pumps and ABC proteins (see Figure 11-9).

r The combined action of P-class Na*/K* ATpases in the
plasma membrane and homologous Ca2* Mpases in the
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External labeled l ipids:
u nprotected,

plasma membrane or sarcoplasmic reticulum creates the usual

ion milieu of animal cells: high K*, low Ca2*, and low

Na* in the cytosol; low K+, high Ca2*, and high Na* in

the extracellular fluid.

r In P-class pumps, phosphorylation of the a (catalytic)

subunit and a change in conformational states are essential

for coupling ATP hydrolysis to transport of H+, Na*, K*,

or Ca2* ions (see Figures 11-10, L1.-1.L, and 1'1-12).

ATPaSe
Tra ns-
membrane
domain

ABC84
(f l ippase)

Add
ATP

a EXPERIMENTAL FIGURE 11-16 ln vitro fluorescence-
quenching assay can detect phospholipid flippase activity of
ABCB . A homogeneous population of secretory vesicles containing
ABC84 protein was purif ied f rom a yeast sec mutant transfected with
Ihe ABCB4 gene Step [: Synthetic phospholipids containing a
fluorescently modified head group (blue) were incorporated primarily
into the outer, cytosolic leaflets of the purif ied vesicles Step Z: lf
ABC84 acted as a fl ippase, then on addition of ATP to the outside of
the vesrcles, a small fraction of the outward-facing labeled
phospholipids would be fl ipped to the inside leaflet. Step B: Flipping
was detected by adding a membrane-impermeable quenching
compound called dithionite to the medium surrounding the vesicles
Dithionite reacts with the fluorescent head group, destroying its

Time (min)

abil ity to fluoresce (gray). In the presence of the quencher, only

labeled phospholipid in the protected environment on the Inner

leaflet wil l f luoresce Subsequent to the addition of the quenching

agent, the total f luorescence decreases with time unti l i t plateaus at

the point at which all external f luorescence is quenched and only the

internal phospholipid fluorescence can be detected. The observatton

of greater f luorescence (less quenching) in the presence of ATP than

in its absence indicates that ABC84 has fl ipped some of the labeled

phospholipid to the inside Step 4: Addltion of detergent to the

vesicles generates micelles and makes all f luorescent l ipids accessible

to the quenching agent and lowers the fluorescence to baseline

values lAdapted from S Ruetz and P Gros,1994, Cell77 1071 ]

r V- and F-class ATPases, which transport protons exclu-

sively, are large, multisubunit complexes with a Proton-
coniucting channel in the transmembrane domain and

ATP-binding sites in the cytosolic domain.

ss H* pumps in animal lysosomal and endosomal

anes and plant vacuole membranes are responsible

intaining a lower pH inside the organelles than in

the surrounding cytosol (see Figure 11-13b).

u nprotected,
a l l  labe led  l ip ids
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o
q)
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o
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ATP-POWERED PUMPS AND THE INTRACELLULAR IONIC  ENVIRONMENT 457



r AII members of the large and diverse ABC superfamily
of transport proteins contain four core domains: two
transmembrane domains, which form a pathway for
solute movement and determine substrate specificity, and
two cytosolic ATP-binding domains (see Figures 11-14
and  11 -15 ) .

r The ABC superfamily includes bacterial amino acid and
sugar permeases and about 50 mammalian proteins (e.g.,
MDR1, ABCA1) that transport a wide array of substrates,
including toxins, drugs, phospholipids, peptides, and pro-
teins, into or out of the cell.

r According to the fl ippase model of MDR activity, a sub-
strate molecule diffuses into the cytosolic leaflet of the
plasma membrane, then is f l ipped to the exoplasmic
leaflet in an ATP-powered process, and finally diffuses
from the membrane into the extracellular space (see Fig-
u r e  1 1 - 1 5 ) .

r Biochemical experiments directly demonstrate that
ABCB4 (MDR2) possesses phospholipid flippase activity
(see Figure 11-16).

Nongated lon Channels and the
Resting Membrane Potential
In addition to ATP-powered ion pumps, which transport
ions againsl their concentration gradients, the plasma
membrane contains channel proteins that allow the princi-
pal  ce l lu lar  ions (Na+,  K+,  Ca2+,  and Cl- )  to  move
through them at different rates down their concenrrarron
gradients. Ion concentration gradients generated by pumps
and selective movements of ions through channels consti-
tute the principal mechanism by which a difference in volt-
age, or electric potential, is generated across the plasma
membrane. In other words, ATp-powered ion pumps gen-
erate differences in ion concentrations across the plasma
membrane, and ion channels uti l ize these concentration
gradients to generate an electric potential across the mem-
brane (see Figure I  1-2) .

In all cells the magnitude of this electric potential gener-
ally is -70 millivolts (mV) with the inside of the cell mem-
brane always negatiue with respect to the outside. This value
does not seem like much until we consider rhat the thickness

The ionic gradients and electric potential across the
plasma membrane play crucial roles in many biological
processes. As noted previously, a rise in the cytosolic Ca2+
concentration is an important regulatory signal, init iating
contraction in muscle cells and triggering protein secretion
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by many cells, such as that of digestive enzymes in ex-
ocrine pancreatic cells. In many animal cells, the com-
bined force of the Na* concentration gradient and mem-
brane electric potential drives the uptake of amino acids
and other molecules against their concentration gradient
by ion-linked symport and antiport proteins (see Section
11.5). Furthermore, the conduction of action potentials by
nerve cells depends on the opening and closing of ion
channels in response to changes in the membrane potential
(Chapter  23) .

Here, we discuss the origin of the membrane electric po-
tential in resting cells, often called the cell's "resting poten-
tial"; how ion channels mediate the selective movement of
ions across a membrane; and useful experimental techniques
for characterizing the functional properties of channel
protelns.

Selective Movement of lons Creates a
Transmembrane Electr ic Potential Difference
To help explain how an electric potential across the
plasma membrane can arise, we first consider a set of
simplif ied experimental systems in which a membrane
separates a 150 mM NaCl/15 mM KCI solution (similar
to the extracellular medium surrounding metazoan cells)
on the right from a 15 mM NaCl/150 mM KCI solution
(similar to that of the cytosol) on the left. A potentiome-
ter (voltmeter) is connected to both solutions to measure
any difference in electric potential across the membrane.
If the membrane is impermeable to all ions, no ions wil l
f low across it. There wil l be no difference in voltage, or
electric potential gradient across the membrane, as shown
in  F igu re  11 -17a .

Now suppose that the membrane contains Na*-channel
proteins that accommodate Na+ ions but exclude K+ and
Cl- ions (Figure 11-17b). Na* ions then tend to move
down their concentration gradient from the right side to the
left, leaving an excess of negative Cl- ions compared with
Na- ions on the right side and generating an excess of pos-
itive Na- ions compared with Cl- ions on the left side. The
excess Na* on the left and Cl on the right remain near the
respective surfaces of the membrane because the excess pos-
itive charges on one side of the membrane are attracted to
the excess negative charges on the other side. The resulting
separation of charge across the membrane constitutes an
electric potential, or voltage, with the left (cytosolic) side of
the membrane having excess positive charge with respect to
the right.

As more and more Na* ions move through channels
across the membrane, the magnitude of this charge differ-

point at which the two opposing factors that determine the
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(a )  Membrane impermeab le  to  Na+,  K+,  and C l -

0

Potentiometer -

< EXPERIMENTAL FIGURE 11-17 Generat ion of  a

transmembrane electric potential (voltage) depends on the

selective movement of ions across a semipermeable

membrane. In this experimental system, a membrane separates a

15 mM NaCl/150 mM KCI solution (/eft) from a '1 50 mM NaCl/1 5

mM KCI solution (flqhf); these ion concentrations are similar to those

in cytosol and blood, respectively lf the membrane separating the

two solutions is impermeable to all ions (a), no ions can move across

the membrane and no difference in electflc potential is registered on

the potentiometer connecting the two solutions lf the membrane is

selectively permeable only to Na+ (b) or to K+ (c), then diffusion of

ions through their respective channels leads to a separation of charge

across the membrane At equil ibrium, the membrane potential

caused by the charge separation becomes equal to the Nernst

potential Ex" or E6 regtstered on the potentiometer See the text for

further explanation

(1.1,-2)

( 1 1 - 3 )

Cell cytosol

1 5  m M
Na'C l -

1 5 0  m M
K+Cl -

Cytosol ic
face

(b)  Membrane permeab le  on lY to  Na*

0

+60

Na*  channe l

Charge separation across membrane

(c)  Membrane permeab le  on lY  to  K+

0

Exop lasmic
face

Membrane electric Potential =

+59 mV, cytosolic face of the
membrane positive with
respect to the exoplasmic face

Membrane electric Potential =
-59 mV, cytosolic face of the
membrane negative with
respect to the exoplasmic face.

K+  channe l

Extracel lular
medium

1 5 0  m M
Na*Cl -

1 5  m M
K*Cl -

movement of Na* ions-the membrane electric potential

and the ion concentration gradient-balance each other out'

At equilibrium, no net movement of Na- ions occurs across

the membrane. Thus this semipermeable membrane, like all

store positive charges on one side and negative charges on

the other.

chemistry:

RT. [Na,]
EN':  

zF 
l"  

tNurl

equation is written with the concentration of ion in the ex-

tracellular solution (here the right side of the membrane)

placed in the numerator and that of the cytosol in the de-

nomrnator.
At 20'C, Equation 11-2 reduces to

INu']
Er . r ,  :  0 .059 tos 'o ;5u, l

Charge separa t ion  across  membrane
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If [Na,]/[Na1] : 10, a tenfold ratio of concenrrarions as
in Figure 11-17b, rhen El.l. : +0.059 V (or +59 mV). with
the left, cytosolic side positive with respect to the exoplasmic
right side.

If the membrane is permeable only to K* ions and not to
Na* or Cl- ions, then a similar equation describes the potas-
sium equilibrium potential E11:

EN" :0.059loSroffi

Although resting K* channels play the dominant role in

ton pumps (see Figure 11-1,3a).In aerobic bacterial cells
the inside negarive potential is generated by outward
pumping of protons during electron transporr, a process
similar to proton pumping in mitochondrial inner mem-
branes that wil l be discussed in detail in Chapter 12 (see
Figure 12-16).

The potential across the plasma membrane of large cells
can be measured with a microelectrode inserted inside the
cell and a reference electrode placed in the extracellular
fluid. The two are connected to a potentiometer capable of
measuring small potential differences (Figure 11-1g). The
potential across the surface membrane of most animal cells
generally does not vary with time. In contrast, neurons and
muscle cells-the principal types of electrically active cells-
undergo controlled changes in their membrane potential that
we discuss in Chapter 23.

( 1 1 - 4 )

The magnitude of the membrane electric potential is the
same (59 mV for a tenfold difference in i,on concenrra-
tions), except that the left, cytosolic side is now negatrue
with respect to the right (Figure 11-17b), opposite io the
polarity obtained across a membrane selectiveiy permeable
to Na* ions.

The Membrane potent ia l  in  Animal  Cel ls
Depends Largely on potassium lon Movements
Through Open Rest ing K+ Channels
The plasma membranes of animal cells contain many open
K+ channels but few open Na*, Cl , or Ca2* channels. es

ions through these channels, called resting K+ channels, is
the major determinant of the inside-negative membrane
potent ia l .  L ike a l l  channels,  these a l rernate between an

Quantitatively, the usual resting membrane potential of-70 mY is close ro the potassium equil ibrium potential, cal_
culated from the Nernst equation and the K+ concentrations
in cells and surrounding media depicted in Table 11_2. Usu_
ally the potential is lower than ihat calculated from the

gradient that drives the flow of ions through resting K+
channels is generated by the Na+/K* ATpase describeJ ore_
viously (see Figures 11-2 and 11-12). In the absenc. of thi,
pump, or when it is inhibited, the K+ concenrration gradient
cannot be maintained, and eventually the magnitude of the
membrane potential falls to zero.

Potentiometer

Microelectrode
f i l led  w i th
conducti  ng
sa l t  so lu t ion

Reference electrode
in contact with
bath ing  med ium

Bathing medium

+ * * + + + + + + + + + + +
+

Cytosol
P lasma membrane

  EXPERIMENTAL FIGURE 11-18 The electric potential across
the plasma membrane of l iving cells can be measured. A
microelectrode, constructed by fi l l ing a glass tube of extremely small
d iameter  wi th a conduct ing f lu id such as a KCI solut ion,  is  inser ted
into a cell in such a way that the surface membrane seals itself
around the tip of the electrode. A reference electrode ls placed in
the bathing medium. A potentiometer connectinq the two
electrodes registers the potential, in this case -60 mV A potential
difference is registered only when the microelectrode is inserted into
the cell; no potential is registered if the microelectrode is in the
bath ing f lu id
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(a )  S ing le  subun i t (b )  Te t ramer ic  channe l

Exterior

Membrane

Cytosol

  FIGURE 11-19 Structure of resting K* channel from the
bacterium Streptomyces lividans. All K* channel proteins are
tetramers comprising four identrcal subunits, each containing two
conserved membrane-spanning ct helices, called by convention 55
and 56 (yellow), and a shorter B or pore segment (pink) (a) One of
the subunits, viewed from the side, with key structural features
indicated. (b) The complete tetrameric channel viewed from the side
(/eft) and the top, or extracellular, end (nqht) The P segments are
located near the exoplasmic surface and connect the 55 and 56

lon Channels  Conta in a Select iv i ty  F i l ter
Formed from Conserved Transmembrane
Segments
All ion channels exhibit specificity for particular ions: K-

channels allow K* but not closely related Na* ions to enter'

whereas Na* channels admit Na* but not K+. Determina-

tion of the three-dimensional structure of a bacterial K*

channel first revealed how this exquisite ion selectivity is

achieved. Comparisons of the sequences of other K+, Na+,

and Ca2* channels established that all such proteins share a

common structure and probably evolved from a single type

of channel protein.

Like alf other K+ channels, bacterial K+ channels are

built of four identical subunits symmetrically arranged

around a central pore (Figure 1'1'-1'9)' Each subunit contains

two membrane-spanning ct helices (55 and 56) and a short P

(pore domain) segment that partly penetrates the membrane

bilayer. In the tetrameric K* channel, the eight transmem-

brane a helices (two from each subunit) form an "inverted

tepee," generating a water-filled cavity called the uestibule

in the central portion of the channel that extends halfway

through the membrane. Four extended loops that are p^rt

of the four P segments form the actual ion-selectiuity filter
in the narrow part of the pore near the exoplasmic surface,

above the vestibule.

a helices; they consist of a nonhelical "turret," which l ines the upper

part of the pore; a short o helix; and an extended loop that protrudes

into the narrowest part of the pore and forms the ion-selectivity f i l ter.

This fi l ter allows K* (purple spheres) but not other ions to pass' Below

the f i l ter is the central cavity or vestibule l ined by the inner, or 56 ct,

helixes The subunits in gated K* channels, which open and close in

response to specific stimuli, contain additional transmembrane helices

not shown here; these are discussed in Chapter 23 [See Y Zhou et al ,

2001, Nature 414:43 l

Several related pieces of evidence support the role of P

segments in ion selection. First, the amino acid sequence of

thI P segment is highly homologous in all known K* chan-

.r.1, 
"nJ 

different from that in other ion channels' Second'

other ions.
Na* ions are smaller than K* ions. How, then' can a

channel protein exclude Na* ions, yet allow passage of

K*? The abil ity of the ion-selectivity f i l ter in K* channels

to select K* over Na* is due mainly to backbone carbonyl

oxygens on residues located in a Gly-Tyr-Gly sequence

thaiis found in an analogous position in the P segment in

f i l ter
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(a )  K*  and Na+ ions  in  the  pore  o f  a  K+ channe l  ( too  v iew)

Na i in  K  pore

(b)  K*  ions  in  the  pore  o f  a  K+ channe l  (s ide  v iew)

oo
Exop lasmic

E
Tace

, tot

| ..^'
-

Carbony l
oxygens

t
' 4 j

oooo
o

cooo

C O O

c

K+ in water

oooo

State 1 State 2

< FIGURE 11-20 Mechanism of ion selectivity and transport in
resting K+ channels. (a) Schematic diagrams of K+ and Na+ ions
hydrated in solution and in the pore of a K+ channel As K+ ions
pass through the selectivity f i l ter, they lose their bound water
molecules and become coordinated instead to eight backbone
carbonyl oxygens, four of which are shown, that are part of the
conserved amino acids in the channel-l ining loop of each p segment
The smaller Na* ions with their t ighter shell of water molecules
cannot perfectly coordinate with the channel oxygen atoms and
therefore pass through the channel only rarely (b) High-resolution
electron density map obtained from x-ray crystallography showing
K+ ions (purple spheres) passing through the selectivity f i l ter. Only
two of the diagonally opposed channel subunits are shown. Within
the selectivity f i l ter each unhydrated K+ ion rnteracts with eight
carbonyl oxygen atoms (red sticks) l ining the channel, two from
each of the four subunits, as if to mimic the eight waters of
hydration (c) Interpretation of the electron density map showing
the two alternating states by which K+ ions move through the
channel In state 1, moving from the exoplasmic side of the channel
Inward, one sees a hydrated K* ion with its eight bound water
molecules, K- ions at positions 1 and 3 within the selectivity f i l ter,
and a fully hydrated K+ ion within the vestibule During K+
movement each ion in state 1 moves one step inward, forming state
2 Thus in state 2 the K+ ion on the exoplasmic side of the channel
has lost four of its eight waters, the ion at position 1 in state t has
moved to posltion 2, and the ton at position 3 in state t has moved
to position 4 In going from state 2 to state 1, the K+ at position
4 moves into the vestibule and picks up eight water molecules, while
another hydrated K* ion moves into the channel opening and the
other K' ions move down one step. lpart (a) adapted from C. Armstrong,
1998, Science280:56 parts (b) and (c) adapted from y Zhou etal, 2001.
Nature 414.43 l

through the channel. A dehydrated Na* ion is too small to
bind to all eight carbonyl oxygens that l ine the selectivity
fi l ter with the same geometry as a Na+ ion surrounded by
its normal eight warer molecules. As a result, Na* ions
would "prefer" to remain in water rather than enter the

lnreracr properly with the O atoms in the selectivity f i l ter.
Also, more energy is required to strip the waters of hydra_
tion from Ca2* than from K+.

Recent x-ray crystallographic studies reveal that both
when open and closed, the channel contains K+ ions within
the selectivity filter; without these ions the channel probablv
would collapse. The K+ ions are thought to be present either
at positions 1 and 3 or at2 and 4, each surrounded by eight
carbonyl oxygen atoms (Figure 1I-20b and c). Several k*
ions move simultaneously through the channel such that
when the ion on the exoplasmic face that has been partiallv
stripped of its water of hydration moves into position 1, th!
ion at position 2 jumps to position 3 and the one at position
4 exits the channel (Figure l1-20c).

Although the amino acid sequences of the p segment in
Nat and K* channels differ somewhat, they are similar

I O N S  A N D  S M A L L  M O L E C U L E S

Na+ in water

K* in K pore

o
o
o
o
o

Vestibule -.- a-
K+

(c)  lon  movement  th rough se lec t iv i t y  f i l te r
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> EXPERIMENTAL FIGURE 11-21 Current f low through
individual ion channels can be measured by patch-clamping
technique. (a) Basic experimental arrangement for measuring
current f low through individual ion channels in the plasma
membrane of a l iving cell. The patch electrode, f i l led with a current-
conducting saline solution, is applied, with a slight suction, to the
plasma membrane. The 0 5pm-diameter tip covers a region that
contains only one or a few ion channels. The second electrode is
inserted through the membrane into the cytosol A recording device
measures current f low only through the channels in the patch of
plasma membrane (b) Photomicrograph of the cell body of a
cultured neuron and the tip of a patch pipette touching the cell
membrane, (c) Different patch-clamping configurations. lsolated,
detached patches are the best configurations for studying the effects
on channels of different ion concentrations and solutes such as
extracellular hormones and intracellular second messengers (e g ,
cAMP). IPart (b) from B Sakmann, 1992, Neuron 8:613 (Nobel lecture); also
published in E Neher and B Sakmann,1992, Sci Am 266(3):44 Parl(c\
adapted from B Hille, 1992, lon Channels of Excitable Membranes, 2d ed ,

Sinauer Associates,  p 89 l

enough to suggest that the general structure of the ion-

selectivity filters are comparable in both types of channels.

Presumably the diameter of the fi l ter in Na- channels is

small enough that it permits dehydrated Na* ions to bind to

the backbone carbonyl oxygens but excludes the larger K+

ions from entering, but as yet no three-dimensional structure

of a Na* channel is available.

Patch Clamps Permit Measurement of lon
Movements Through Single Channels

The technique of patch clamping enables workers to inves-

tigate the opening, closing, regulation, and ion conductance

of a single ion channel. In this technique, the inward or out-

ward movement of ions across a patch of membrane is

quantified from the amount of electric current needed to

maintain the membrane potential at a particular "clamped"

value (Figure 11'-21,a and b). To preserve electroneutrality

and to keep the membrane potential constant' the entry of

each positive ion (e.g., a Na* ion) into the cell through a

channel in the patch of membrane is balanced by the addi-

tion of an electron into the cytosol through a microelec-

trode inserted into the cytosol; an electronic device meas-

ures the numbers of electrons (current) required to

counterbalance the inflow of ions through the membrane

channels. Conversely, the exit of each positive ion from the

cell (e.g., a K+ ion) is balanced by the withdrawal of an

electron from the cytosol. The patch-clamping technique

can be employed on whole cells or isolated membrane

patches to measure the effects of different substances and

ion concentrations on ion flow (Figure 11-21c).
The patch-clamp tracings in Figure 1'1-22 rllustrate the use

of this technique to study the properties of voltage-gated Na-

channels in the plasma membrane of muscle cells. As we dis-

cuss in Chapter 23, these channels normally are closed in rest-

ing muscle cells and open following nervous stimulation.

Tip of micropiPette

---/  
lon channel

On-cel l  patch measures indirect effect of extracel lular solutes

on channels within membrane patch on intact cel l

(c )

Cytosol ic
face

Exop lasmic
face :.:

Inside-out detached patch Outside-out detached patch
measures effects of intra- measures effects of extra-
cel lu lar  so lutes on channels cel lu lar  so lutes on channels
within isolated patch within isolated patch

Patches of muscle membrane, each containing one Na* chan-

nel, were clamped at a voltage slightly less than the resting

membrane potential. Under these circumstances' translent

pulses of .ot..nt cross the membrane as individual Na- chan-

.r.ls op.tt and then close. Each channel is either fully open or

completely closed' From such tracings' it is possible to deter-

mine the iime that a channel is open and the ion flux through

it. For the channels measured in Figure 11-22,the flux is about

10 million Na* ions per channel per second' a typical value for

ion channels. Replacement of the NaCl within the patch

pipette (corresponding to the outside of the cell) with KCI or

.ttttin. chloride abolishes current through the channels, con-

firming that they conduct only Na+ ions, not K* or other ions'
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Open Closed 10  ms

T
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I

Two inside-out patches of muscle plasma membrane were clamped
at a potential of slightly less than that of the restinq membrane
potential. The patch electrode contained NaCl. The transient pulses
of electric current in picoamperes (pA), recorded as large downward
deviations (blue arrows), indicate the opening of a Na* channel and
movement of Na* ions inward across the membrane The smaller
deviations in current represent background noise The average
current through an open channel  is  1.6 pA,  or  1.6 x 10 12 amperes.
Since '1 ampere : 1 coulomb (C) of charge per second, this current is
equivalent to the movement of about 9900 Na+ ions per channel oer
mi l l isecond:  (1 .6 x  10 '2  C/s)(10-3 s/ms)(6 x 1023 molecules/mol)  +
96,500 C/mol [See F. J Sigworth and E Neher, 1980, Narure 287:44]l

Novel  lon Channels  Can Be Character ized
by a Combination of Oocyte Expression and
Patch Clamping

Na+ Entry  in to Mammal ian Cel ls  Has a Negat ive
Change in Free Energy (AG)
As mentioned earlier, two forces govern the movement of
rons across selectively permeable membranes: the voltage
and the ion concentration gradient across the membrane.
The sum of these forces, which may act in the same direction
or rn opposite directions, constitutes the electrochemical gra_
dient. To calculate the free-energy change AG corresponJng
to the transport of any ion across a membrane, we need to
consider the independent contributions from each of the
forces to the electrochemical gradient.

For example, when Na* moves from outside to inside
the cell, the free-energy change generated from the Na+ con-
centration gradient is given by

lncubate 24-48hfor
svnthesis and

p movement  o fchanne
protein to plasma
memorane

Micro in iec t  mRNA
I encoding channel

protein of interest

Measure  channe l -

E 3:?:f,',-:,:flJil""
tech  n ioue

Newly
synthesized
channe l
protei n

Patch electrode

(r1-6)

A EXPERIMENTAL FIGURE 11-23 Oocyte expression assay is
useful in comparing the function of normal and mutant forms
of a channel protein. A foll icular frog oocyte is f irst treated with
collagenase to remove the surrounding foll icle cells, leaving a
denuded oocyte, which is microinjected with mRNA encoding the
channel protein under study. lAdapted from T. p Smith, 1988, Irends
Neurosci 11:250 l

At the concentrations of Na6 and Nao,, shown in Figure 11-24,
which are typical for many mammalian cells, AG., the
change in free energy due to the concentration gradient, is
- 1.45 kcal for transporr of 1 mol of Na+ ions from outside
to inside the cell, assuming there is no membrane electric po-
tential. Note the free energy is negative, indicating ,porrt"-
neous movement of Na+ into the cell.

The free-energy change generated from the membrane
electric potenrial is given by

A G - :  P g

where F is the Faraday constant and E is the membrane electric
potential. lf E = -70 mV, then AG-, the free-energy change due
to the membrane potential, is - 1.61 kcal for transpoft of 1 mol
of Na* ions from outside to inside the cell, assuming there is no
Na+ concentration gradient. Since both forces do in fact act on
Na- ions, the total AG is the sum of the two partial values:

AG :  AG. + AG- :  ( -1.45)  + ( -1.61) :  -3.0d kcaVmole

In this example, the Na+ concentration gradient and the

A N D  S M A L L  M O L E C U L E S

AG.: RThm (1  1 -s )

Plasma
membrane
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@ Ou"ruiew Animation: Biological Energy Interconversions

> FIGURE 11-24 Transmembrane forces acting on Na* ions' As
with all ions, the movement of Na* ions across the plasma
membrane is governed by the sum of two separate forces-the ion
concentration gradient and the membrane electric potential At the
internal and external Na+ concentrations typical of mammalian cells,
these forces usually act in the same direction, making the inward
movement of Na* ions enerqeticallv favorable.

or out of animal cells. The rapid, energetically favorable
movement of Na+ ions through gated Na* channels also is

critical in generating action potentials in nerve and muscle
cells, as we discuss in Chapter 23.

Nongated lon Channels and the Resting Membrane
Potential

r An inside-negative electric potential (voltage) of 50-70
mV exists across the plasma membrane of all cells.

r In animal cells, the membrane potential is generated pri-

marily by movement of cytosolic K* ions through resting
K* channels to the external medium. Unlike the more com-
mon gated ion channels, which open only in response to

various signals, these nongated K+ channels are usually
open.

r In plants and fungi, the membrane potential is main-

tained by the ATP-driven pumping of protons from the cy-

tosol to the exterior of the cell.

r K* channels are assembled from four identical subunits,

each of which has at least tlvo conserved membrane-span-
ning cr helices and a nonhelical P segment that lines the

ion pore and forms the selectivity filter (see Figure 11-19).

r The ion specificity of K* channel proteins is due mainly

to coordination of the selected ion with the carbonyl oxy-
gen atoms of specific amino acids in the P segments, thus

lowering the activation energy for passage of the selected
K* compared with other ions (see Figure 1'1'-20).

r Patch-clamping techniques, which permit measurement
of ion movements through single channels, are used to de-

termine the ion conductivity of a channel and the effect of
various signals on its activity (see Figure 11-21,).

r Recombinant DNA techniques and patch clamping allow

the expression and functional characterization of channel
proteins in frog oocytes (see Figure 11-23).

r The electrochemical gradient across a semipermeable
membrane determines the direction of ion movement

through channel proteins. The two forces constituting the

electrochemical gradient, the membrane electric potential

and the ion concentration gradient, may act in the same or

opposite directions (see Figure 11-24).

LG" = -1.45 kcal/mol acm = kcal/mol

Free-energy change during transport
of Na* from outside to inside

lns ide

12 mM Na*

Outside

145 mM Na+

lon concentrat ion
grad ien t

Membrane e lec t r i c
potential

Ins ide  Outs ide
+
+

-70 mVNa+

Ins ide  Outs ide

Na+

-70 mV

AG = AGc + AG. = -3.66 kcal/mol

CotransPort bY SYmPorters and
Antiporters
In previous sections we saw how ATP-powered pumps gener-

ate ion concentration gradients across cell membranes and

how ion channel proteins use these gradients to establish an

electric potential across these membranes. In this section we

see how cotransporters use the energy stored in the electric po-

tential and conientration gradients of Na+ or H* ions to

power the uphill moYement of another substance, which may

te a small organic molecule such as glucose or an amino acid

or a different ion (see Figure 1'1,-2)- Fot instance' the ener-

Cotransporters share common features with uniporters

such as the GLUT proteins. The two types of transporters

exhibit certain structural similarit ies' operate at equiva-

tration gradient.
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I7hen the transported molecule and cotransported ion
move in the same direction, the process is called symport;
when they move in opposite directions, the process is called
antiport (see Figure 11-3). Some cotransporrers rransporr
only positive ions (cations), while others transport only
negative ions (anions). An important example of a cation

plasma membrane. Yet other cotransporters mediate move-
ment of both cations and anions together. Cotransporters
are present in all organisms, including bacteria, plants, and
animals, and in this section we describe the operation and
function of several physiologically importanr symporrers
and antiporters.

Na--Linked Symporters lmport Amino Acids
and Glucose in to Animal  Cel ls  Against  High
Concentration Gradients
Most body cells import glucose from the blood down the
concentration gradient of glucose, utilizing GLUT proteins
to facilitate this transport. However, certain cells, such as
those lining the small intestine and the kidney tubules, need
to import glucose from the intestinal lumen or forming urine
against a very large concentration gradient. Such cells utilize
a two-Na+ /one-glucose symporter,;protein that couples im-
port of one glucose molecule to the import of two Na* ions:

2 Na+o,. * glucose out s 2 Na+;, * glucose 1,

QuantitativelS the free-energy change for the symporr rrans-
port of two Na* ions and one glucose molecule can be written

ls lucose,. I  f  Na,I  lAG : RTln. f r  + 2RTlnf f i  + zFE (11_7)
lgtucoseo,,l [NaJ",]

Thus the AG for the overall reaction is the sum of the free-en-
ergy changes generated by the glucose concentration gradient
(1 molecule transported), the Na* concentration gradient (2
Na+ ions transported), and the membrane potential (2 Na+
ions transported). As illustrated in Figure '1.'J.-24, 

the free en-
ergy released by movement of Na+ into mammalian cells
down its electrochemical gradient has a free-energy change
AG of about -3 kcal per mole of Na* transported. Thus the
AG for transport of two moles of Na* inward is about -6
kcal. This negative free energy of sodium import is coupled to
the uphill transport of glucose, a process with a positive AG.'We 

can calculate the glucose concentration gradient, inside
greater than outside, against which glucose can be transported
by realizing that at equilibrium for sodium-coupled glucose
import, AG : 0. By substituting the values for sodium import
into Equation 11-7 and sening AG : 0, we see that

o : ^r,n_!4!!o'.,"L _ 6kcal
Lglucoseourl

and we can calculate that at equilibrium, the ratio of gluco-
se;,/ glucoseo,, : :30,000. Thus the inward flow of two
moles of Na* can generate an intracellular glucose concen-
tration that is -30,000 times greater than the exterior con-
centration. If only one Na* ion were imported (AG of -3
kcal/mol) per glucose molecule, then the available energy
could generate a glucose concentration gradient (inside >
outside) of only about 1,70-fold. Thus by coupling the trans-
port of two Na+ ions to the transport of one glucose, the
two-Na*/one-glucose symporter permits cells to accumulate
a very high concentration of glucose relative to the external

Oveview Animation:Biological Energy Interconversions

2 N a + o  O G l u c o s e
Exrenol a

Inward-facing
conformat ion

++

Outward-facing
conformation

  FIGURE 11-25 Operational model for the two-Na+/one_
glucose symporter. Simultaneous binding of Na+ and glucose
to the conformation with outward-facing binding sites (step Il)
causes a conformational change in the protein such that the
bound substrates are transiently occluded, unable to dissociate
into either medium (step Z) In step Et the protein assumes a

third conformation with inward-facing sites Dissociation of the
bound Na* and glucose into the cytosol (step B) allows the protern
to revert to its original outward-facing conformation (step [), ready
to transport additional substrate [See E Wright et. at,2OO4, physiology
19:370 for details on the structure and function of thrs and related
transporters l
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concentration. This means that glucose present even at very
low concentrations in the lumen of the intestine or in the
forming urine can be efficiently transported into the lining
cells and not lost from the body.

The two-Na+/one-glucose symporter is thought to con-
tain L4 transmembrane a helices with both its N- and C-
termini extending into the cytosol. A truncated recombi-
nant protein consisting of only the five C-terminal
transmembrane o helices can transport glucose independ-
ently of Na* across the plasma membrane, down its con-
centration gradient. This portion of the molecule thus func-
tions as a glucose uniporter. The N-terminal portion of the
protein, including helices 1-9, is required to couple Na+
binding and influx to the transport of glucose against a con-
centration gradient.

Figure 11-25 depicts the current model of transport by
Na*/glucose symporters. This model entails conformational
changes in the protein analogous to those that occur in uni-
port transporters, such as GLUT1, which do not require a

fT

! l  eod.ust: The Two-Na+/one-Leucine Symporter

cotransported ion (see Figure 11-5). Binding of all substrates

to their sites on the extracellular domain is required before

the protein undergoes the conformational change that tran-

sitions the substrate-binding sites from outward to inward

facing; this ensures that inward transport of glucose and

Na* ions are coupled.

Bacterial Symporter Structure Reveals the
Mechanism of Substrate Binding

No three-dimensional structure of a mammalian sodium

symporter has been determined' but the structures of several

homologous bacterial sodium-amino acid transporters

have provided considerable information about symport

function. The bacterial two-Na*/one-leucine symporter

shown in Figure 1'1'-26a consists of 12 membrane-spanning

a helices. Two of the helices (numbers 1, and 6l have non-

helical segments in the middle of the membrane that form

part of the leucine-binding site.

A FIGURE 11-26 Three-dimensional structure of the two-Na--
/one-feucine symporter from the bacterium Aquifex aeolicus'
(a) The bound L-leucine, two sodium ions, and a chloride ion are
shown as CPK models in yellow, purple and green, respectively The
three membrane-spanning ct helices that bind the Na* or leuctne are
colored brown, blue, and orange (b) Binding of the two sodium ions

to carbonyl main-chain oxygen atoms or carboxyl side-chain oxygens
(red) that are part of helices 1 (brown), 6 (blue), or 8 (orange) lt is

important that one of the sodium ions (top) is also bound to the

carboxyl group of the transported leucine (yellow). [From A Yamashita

et al, 2005, Nature 437 :215: see also D Yernool et al, 2004, Nature 431 :81 1

for details on the structure and function of this and related transporters l
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Amino acid residues involved in binding the leucine
and the two sodium ions are located in the middle of the
membrane-spanning segment (as depicted for the two-
Na*/one-glucose symporter in Figure 11-25) and are close
together in three-dimensional space. This demonstrates
that the coupling of substrate and ion transport in these
transporters is the consequence of direct or nearly direct
physical interactions of the substrates. Indeed, one of the
sodium ions (number 1 in Figure 11-26b) is bound to the
carboxyl group of the transported leucine, indicating how
binding of sodium and leucine are coupled. Each of the
two sodium ions is bound to six oxyge., ,to-r. Sodium 1,
for example, is also bound to carbonyl oxygens of several
transporter amino acids as well as to carbonyl oxygens
and the hydroxyl oxygen of one threonine. Equally impor-
tantly, there are no water molecules surrounding either of
the bound sodium atoms, as is the case for K+ ions in
potassium channels (see Figure 11-20). Thus as the
sodium ions lose their water of hydration in binding to the
transporter, they bind to six oxygen atoms with a similar
geometry. This reduces the activation energy for binding
of sodium ions and prevents other ions, such as porassium,
from binding in place of sodium.

One striking feature of the structure depicted in Fig-
ure 11-26 is  that  the bound sodium ions and leucine are
occluded-that is, they cannot diffuse out of the protein
to e i ther  the surrounding extracel lu lar  or  cytoplasmic
media. Apparently the process of crystall ization of this
protein with its bound substrates has "trapped" it into an
intermediate transport step (see Figure 11-25) in which
the protein appears to be changing from a conformation
with an exoplasmic- to one with a cytosolic-facing bind-
ing site.

Na+-Linked Ca2+ Antiporter Exports Ca2* from
Cardiac Muscle Cel ls
In cardiac muscle cells a tbree-Na+ /one-Ca2* anti\orter.
rather than the plasma membrane Ca2* Alpase dis.ussej
earlier, plays the principal role in maintaining a low
concentration of Ca2* in the cytosol. The transporr reacrron
mediated by this cation antiporter can be written

3 Na+or, * Ca2*;, ;  -  3 Na+1. * C"'*o,.

Note that the movement of three Na+ ions is required to
power the export of_one Ca2' ion from the .ytoto1, with a
lcal*J of :2 x 10-7 M, ro the extracellular medium, with a
[C"t*] of 2 x 10-3 M, a gradient of some 10,000-fold. In all
muscle cells, a rise in the cytosolic Ca2* concentration in
cardiac muscle triggers conrraction; by lowering cytosolic
Ca'-, operation of the Na+/Ca2+ 2ll iporter reduces the
strength of heart muscle contracrion.

by the Na*-linked Ca'* antiporter. As mentioned earlier,
inhibit ion of the Na*/K* AIPase by the drugs ouabain and
digoxin lowers the cytosolic K* concentration and, more
relevant here, simultaneously increases cytosolic Na*. The
resulting reduced Na* electrochemical gradient across the
membrane causes the Na+-linked Ca2* antiDorter to func-
tion less efficiently. As a result, fewer Ca21 ions are ex-
ported and the cytosolic Ca2* concentration increases,
causing the muscle to contract more strongly. Because of
their ability to increase the force of heart muscle contrac-
tions, drugs such as ouabain and digoxin that inhibit the
Na-/K- ATPase are widely used in the treatment of con-
gestive heart failure. I

Several Cotransporters Regulate Cytosolic pH
The anaerobic metabolism of glucose yields lactic acid, and
aerobic metabolism yields CO2, which adds water to form
carbonic acid (H2CO3). These weak acids dissociate, yield-
ing H- ions (protons); if these excess protons were not re-
moved from cells, the cytosolic pH would drop precipi-
tously, endangering cellular functions. Two types of
cotransport proteins help remove some of the "excess" pro-
tons generated during metabolism in animal cells. One is a
Na- HCO j- /Cl antiporter, which imports one Na+ ion to-
gether with one HCO3-, in exchange for export of one Cl
ion. The cytosolic enzyme carbonic anhydrase catalyzes dis-
sociation of the imported HCO3- ions into CO2 and an
OH- (hydroxyl)ion:

HCO.- ;- CO, + OH

The OH- ions combine with intracellular protons, forming
water, and the CO2 diffuses out of the cell. Thus the overall
action of this transporter is to consume cytosolic H+ ions,
thereby raising the cytosolic pH. Also importanr in raising
cytosolic pH is a Na* /H* antiporter, which couples entry of
one Na* ion into the cell down its concenrration gradient to
the export of one H+ ron.

Under certain circumstances, the cytosolic pH can rise
beyond the normal range of 7 .2-7.5. To cope with the excess
OH- ions associated with elevated pH, many animal cells
utilize an anion antiporter that catalyzes the one-for-one ex-
change of HCO3- and Cl across the plasma membrane. At
high pH, this C/ /HCO3- antiporter exports HCO3-
(which can be viewed as a "complex" of OH and CO2) in
exchange for import of Cl-, thus lowering the cytosolic pH.
The import of CI- down its concentration gradient
(Cl -.air- ) Cl .r,oror) powers the transport.

The activity of all three of these anriport proteins depends
on pH, providing cells with a finely tuned mechanism for con-
trolling the cytosolic pH. The two antiporters that operate to in-
crease cltosolic pH are activated when the pH of the cytosol
falls. Similarly, a rise in pH above 7.2 stimulates the
CI-iHCO3- antiporter, leading to a more rapid export of
HCO3- and decrease in the cytosolic pH. In this manner, the cy-
tosolic pH of growing cells is maintained very close to pH7.4.

A N D  S M A L L  M O L E C U L E S

The Na*/K+ ATPase in the plasma membrane of car-
diac muscle cells, as in other body cells, creates the
concentration gradient necessary for export of Caz*Na*
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A Putative Cation Exchange Protein Plays a Key
Role in  Evolut ion of  Human Skin Pigmentat ion

Sequencing of the human, mouse, and rat genomes indi-
cates the presence of hundreds of putative transport pro-
teins, but the functions of most of these are as yet un-
known. A particularly interesting human transporter
called SLC24A5 emerged from a study of zebrafish that
had abnormal skin color; in f ish homozygous for the
golden mutation, the eponymous black horizontal stripes
were very pale (Figure 11-27a and b). Microscopy showed
that the mutant f ish had a much lower amount of the
black pigment called melanin, and melanin vesicles, called
melanosomes, were much smaller and paler than normal
(Figure 11-27 c and d). Positional cloning of the golden
gene demonstrated that it encodes a putative cation ex-
change protein termed SLC24A5. Immunofluorescence
studies showed that the protein is found in intracellular

membranes, l ikely in the membrane of the melanosome or

its precursor, but the ions transported by SLC24A5 are not

yet known. However, the amino acid sequence of the

SLAC24A5 protein is closest to that of several sodium/cal-

cium antiporters, so the protein is l ikely a sodium/calcium

antlporter.
Most strikingly, investigators showed that the human

version of SLC24A5 is highly similar in sequence to the ze-

brafish protein; when the human protein is expressed in

mutant golden zebrafish, it complements the mutant pheno-

type and the fish have normal black stripes. The most evo-

lutionarily conserved form of the gene, or allele, most simi-

lar to the wild-type zebrafish gene predominates in

dark-skinned African and East Asian human populations.

In contrast. a version, or variant allele, of the SLC24A5

gene with a single amino acid change that is thought to

encode a less active protein is found in virtually all people

of European origin. Studies of the allele frequencies in ad-

mixed populations indicate that different forms, or poly-

morphisms, in iust this cation transporter play a key role in

determining the darkness of human skin color' Clearly

much needs to be learned about the role of this transporter

in cell physiology and how a single point mutation in this

gene accounts for the large differences in skin pigmentation

characteristic of individuals of European, African, and

Asian origin.

Numerous Transpor t  Prote ins Enable Plant
Vacuoles to Accumulate Metaboli tes and lons

The lumen of plant vacuoles is much more acidic (pH 3-6)

than is the cytosol (pH 7.5). The acidity of vacuoles is main-

tained by a V-class AlP-powered proton pump (see Figure

1,1,-9) and by a pyrophosphate-powered pump that is unique

to plants. Both of these pumps, located in the vacuolar mem-

brane, import H* ions into the vacuolar lumen against a

concentration gradient. The vacuolar membrane also con-

tains Cl- and NO: channels that transport these anions

from the cytosol into the vacuole. Entry of these anions

against their concentration gradients is driven by the inside-

positive potential generated by the H* pumps. The com-

tined operation of these proton pumps and anion channels

produces an inside-positive electric potential of about 20 mV

across the vacuolar membrane and also a substantial pH

gradient (Figure 11-28).
The proton electrochemical gradient across the plant

vacuole membrane is used in much the same way as the Na*

electrochemical gradient across the animal-cell plasma mem-

brane: to power the selective uptake or extrusion of ions and

small molecules by various antiporters. In the leaf, for ex-

ample, excess sucrose generated during photosynthesis in the

day is stored in the vacuole; during the night' the stored su-

crose moves into the cytoplasm and is metabolized to CO2

and H2O with concomitant generation of ATP from ADP

and P;. A proton/sucrose antiporter in the vacuolar mem-

brane operates to accumulate sucrose in plant vacuoles. The

inward movement of sucrose is powered by the outward

movement of H*, which is favored by its concentration

A FfGURE 11-27 Zebratish mutations in the gene encoding the
cation exchanger SLC24A5 cause the golden skin pigment
phenotype. Lateral views of adult wild-type (a) and golden (b)
zebrafish Insets show melanophores (arrowheads) Scale bars, 5 mm
(inset, 0 5 mm) Golden mutants have melanophores that are on
average smaller, paler, and more transparent than normal
Transmission electron micrographs of skin melanophores from wild-
type (c) and golden (d) larvae show that golden skin melanophores
(arrowheads show edges) are thinner and contarn fewer
melanosomesthan normal  Scale bars in  (c)and (d) ,  1000 nm lFrom
R L Lamason et al , 2005, Scrence 310:1 782,1
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lon-channel

H*-pumping proteins

ADP + P;

2 H - H '

P lan t  vacuo le  lumen
( p H  =  3 - 6 )

Nat  Ca2*

H*  H+

Proton antiport proteins

A FIGURE 1 1-28 Concentration of ions and sucrose by the
plant vacuole. The vacuolar membrane contains two types of
proton pumps (orange): a V-class H* ATpase (/eft) and a
pyrophosphate-hydrolyzing proton pump (flght) that differs from all
other ion transport proteins and probably is unique to plants These
pumps generate a low luminal pH as well as an inside-positive
electric potential across the vacuolar membrane owing to the inward
pumping of H* ions The inside-positive potential powers the
movement of Cl- and NOr- from the cytosol through separate
channel proteins (purple) Proton antiporters (green), powered by the
H+ gradient ,  accumulate Na+,  Ca2+,  and sucrose ins ide the vacuole.
[Af ter  P Rea and D Sanders,  1987, physiot  p lant71. t31;J M Maathuis and
D Sanders,  1992, Curr  Opin Cel l  Bio l .4.661;  and p A Rea et  a l  ,  1992.
Trends Biochem Sci. 17:348 l

gradient (lumen > cytosol) and by the cytosolic-negative
potendal acro-ss the vacuolar membrane (see Figure 11-28).
Uptake of Ca2* and Na+ into the vacuole from the cytosol
against their concentration gradients is similarly mediated
by proton antiporters.

Understanding of the transport proteins in plant vacuo-
lar membranes has the potential for increasing agricul-
production in high-salt (NaCl) soils, which are found

throughout the world. Because most agriculturally useful
crops cannot grow in such saline soils, agricultural scientists
have long sought to develop salt-tolerant plants by tradi-
tional breeding merhods. \With the availability of the cloned
gene encoding the vacuolar Na*/H* antiporter, researchers
can now produce transgenic plants that overexpress this
transport protein, leading to increased sequestration of Na*
in the vacuole. For insrance, rransgenlc tomato plants that
overexpress the vacuolar Na*/H* antiporter can groq
flower, and produce fruit in the presence of soil NaCl con-
centrations that kill wild-type plants. Interestingly although
the leaves of these transgenic tomato plants accumulate large
amounts of salt, the fruit has a very low salt content. I

Cotransport by Symporters and Antiporters

r Cotransporters use the energy released by movement of
an ion (usually Ht or Na*) down its electrochemical gra-
dient to power the import or export of a small molecule or
different ion against its concenrration gradient.

r The cells l ining the small intestine and kidney tubules
express symport proteins that couple the energetically
favorable entry of Na+ to the import of glucose and
amino acids against their concentration gradients (see
Figure 11-25).

r The molecular structure of a bacterial Na+-amino acid
symporter reveals how binding of Na* and leucine are cou-
pled and provides a snapshot of an occluded transport in-
termediate in which the bound substrates cannot diffuse
out of the protein.

r In cardiac muscle cells, the export of Ca2* is coupled to
and powered by the import of Na* by a cation antiporter,
which transports 3 Na* ions inward for each Ca2* ion
exported.

r As judged by mutations in zebrafish and polymor,
phisms in humans, the presumed sodium/calcium co-
transporter SLC24A5 plays a major role in forming
melanin granules and in regulating the darkness of
human sk in p igmentat ion.

r Two cotransporters that are activated at low pH help
maintain the cytosolic pH in animal cells very close to
7.4 despite metabolic production of carbonic and lactic
acids. One, a Na*/H* antiporter, exports excess protons.
The other, a Na*HCO3-lCl- cotransporrer, imports
HCO3 , which dissociates in the cytosol to yield pH-
raising OH- ions.

r A CI-/HCO3 antiporter that is activated at high pH
functions to export HCO3 when the cytosolic pH rises
above normal and causes a decrease in pH.

r Uptake of sucrose, Na*, Ca2*, and other substances into
plant vacuoles is carried out by proton antiporters in the
vacuolar membrane. Ion channels and proton pumps in the
membrane are critical in generating a large enough proton
concentration gradient to power accumulation of ions and
metabolites in vacuoles by these proton antiporters (see
Figure 11-28).

Tra nsepithel ia I Tra nsport
Previous sections i l lustrated how several types of trans-
porters function together to carry out important cell func-
tions (see Figure 11,-2).Here, we exrend this concept by fo-
cusing on the transport of several types of molecules and
ions across the sheetlike layers of epithelial cells that cover

PPi

Sucrose

+

+

Cytosol
(pH =  7 .5 )
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most external and internal surfaces of body organs. Like all
epithelial cells, an intestinal epithelial cell is said to be polar-
ized because its plasma membrane is organized into at least
two discrete regions. Typically, the surface that faces the out-
side of the organism, here the lumen of the intestine, is called
the apical, or top, surface, and the surface that faces the
inside of the organism is called the basolateral surface (see

Figure 19-9).
Specialized regions of the epithelial-cell plasma mem-

brane, called cell junctions, connect the cells and provide
strength and rigidity to the cell sheet (see Figure 1,9-9 for
details). One of these types of cell junctions-the tight
junction-is of particular interest here since tight junctions

prevent many water-soluble substances on one side of an
epithelium from moving across to the other side through
the extracellular space between cells. For this reason, ab-
sorption of nutrients from the intestinal lumen into the
blood occurs by the two-stage process called transcellwlar
transport: import of molecules through the plasma mem-
brane on the apical side of intestinal epithelial cells and
their export through the plasma membrane on the blood-
facing (basolateral, or serosal) side (Figure 11-29). The
apical portion of the plasma membrane, which faces the in-
testinal lumen, is specialized for absorption of sugars,
amino acids, and other molecules that are produced from
food by various digestive enzymes. Numerous fingerlike
projections (100 nm in diameter) called microvil l i  greatly
increase the area of the apical surface and so the number of

GLUTz
2 Na+/glucose
symporter

transport proteins it can contain, enhancing the cell 's ab-

sorptive capacitY.

Multiple Transport Proteins Are Needed to

Move Glucose and Amino Acids Across Epithelia

Figure 11-29 depicts the proteins that mediate absorption of

glucose from the intestinal lumen into the blood and illus-

trates the important concept that different types of proteins

are localized to the apical and basolateral membranes of ep-

ithelial cells. In the first stage of this process' a two-Na*/one-

glucose symporter located in microvillar membranes imports

glucose, against its concentration gradient' from the intes-

tinal lumen across the apical surface of the epithelial cells. As

noted above, this symporter couples the energetically unfa-

vorable inward movement of one glucose molecule to the en-

port, are pumped out across the basolateral membrane,

which faces the underlying tissue. Thus the low intracellular

Na* concentration is maintained. The Na*/K* ATPase that

accomplishes this is found exclusively in the basolateral

membrane of intestinal epithelial cells' The coordinated oper-

ation of these two transport proteins allows uphill movement

of glucose and amino acids from the intestine into the cell.

This first stage in transcellular transport ultimately is pow-

ered by ATP hydrolysis by the Na*/l(- ATPase.

In the second stage, glucose and amino acids concentrated

inside intestinal cells by symporters are exported down their

concentration gradients into the blood via uniport proteins in

the basolateral membrane. In the case of glucose, this move-

ment is mediated by GLUT2 (see Figure 11-29). As noted ear-

lier, this GLUT isoform has a relatively low affinity for glu-

cose but increases its rate of transport substantially when the

glucose gradient across the membrane rises (see Figure 11-4).

The net result of this two-stage process is movement of

Na* ions, glucose, and amino acids from the intestinal lumen

across the intestinal epithelium into the extracellular medium

that surrounds the basolateral surface of intestinal epithelial

cells. Tight junctions between the epithelial cells prevent these

molecules from diffusing back into the intestinal lumen, and

eventually they move into the blood. The increased osmotic

pressure created by transcellular transport of salt' glucose,

and amino acids across the intestinal epithelium draws water

from the intestinal lumen into the extracellular medium that

surrounds the basolateral surface. In a sense, salts, glucose,

and amino acids "carry" the water along with them.

Simple Rehydrat ion Therapy Depends on the

Osmotic Gradient Created by Absorption of

Glucose and Na-

An understanding of osmosis and the intestinal absorp-

tion of salt and glucose forms the basis for a simple

Glucose

FI
t

Na+76+
ATPase

Tigh t  junc t ion

Cytosol

Low Na-
High  K*

Glucose

2  N a '

Apical
membrane

A FIGURE 11-29 Transcellular transport of glucose from the
intestinal lumen into the blood. The Na*/K* ATPase in the
basolateral surface membrane generates Nat and K* concentration
gradients (step 1) The outward movement of K+ ions through
nongated K* channels (not shown) generates an inside-negative
membrane potential Both the Na* concentration gradient and
the membrane potential are used to drive the uptake of glucose from
the intestinal lumen by the two-Na'/one-glucose symporter located
in the apical surface membrane (step 2) Glucose leaves the cell via
facil i tated diffusion catalyzed by GLUT2, a glucose uniporter located
in the basolateral membrane (step 3)
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therapy that saves millions of lives each year, particularly in
Iess-developed countries. In these countries, cholera and
other intestinal pathogens are major causes of death of
young children. A toxin released by the bacteria acrivates
chloride secretion by the intestinal epithelial cells into the
lumen; water follows osmotically, and the resultant massive
loss of water causes diarrhea, dehydration, and ultimately
death. A cure demands not only killing the bacteria with
antibiotics but also rehydration-replacement of the water
that is lost from the blood and other tissues.

Simply drinking water does nor help, because it is ex-
creted from the gastrointestinal tract almost as soon as it en-
ters. Howeve! as we have just learned. the coordinated
transport of glucose and Na* across the inrestinal epithe-
lium creates a transepirhelial osmotic gradient, forcing
movement of water from the intestinal lumen across the cell
layer and ultimately into the blood. Thus giving affected
children a solution of sugar and salt to drink (but not sugar
or salt alone) causes the osmotic flow of water into the blood
from the intestinal lumen and leads to rehydration. Similar
sugar-salt solu ns are the basis of popular drinks used by
athletes to get gar as well as water into the body quickly
and efficiently.

Par ieta l  Cel ls  Ac id i fy  the Stomach Contents
Whi le  Mainta in ing a Neutra l  Cytosol ic  pH
The mammalian stomach conrains a 0.1 M solution of hy-
drochloric acid (HCl). This strongly acidic medium kil ls
many ingested pathogens and denatures many ingested
proteins before they are degraded by proteolytic enzymes
(e.g., pepsin) that function at acidic pH. Hydrochloric acid
is secreted into the stomach by specialized epithelial cells
calledparietal cells (also known as oxyntic cells) in the gas-
tric l ining. These cells contain a H* /K+ ATpase in their

chondria in parietal cells produce abundant ATp for use by
the H+/K* ATpase.

If parietal cells simply exported H+ ions in exchange
for K* ions, the loss of protons would lead to a rise in the
concentrat ion of  OH ions in  the cytosol  and thus a
marked increase in cytosol ic  pH.  (Recal l  that  [H+]  x
tOH-]  a lways is  a constant ,  1 ,0-74 M2.)  par ieta l  ce l ls
avoid this rise in cytosolic pH in conjunction with acidif i-
cat ion of  the stomach lumen by us ing CI- /HCO3- an-
tiporters in the basolateral membrane to export the
"excess"  OH ions f rom the cytosol  to  the b lood.  As
noted earlieq this anion antiporter is activated at high cy-
tosolic pH.

The overall process by which parietal cells acidify the
stomach lumen is illustrated in Figure 11-30. In a reacrron cat-
alyzed by carbonic anhydrase, the ,,excess', cytosolic OH

Tight junction

Cytosol
pH7 2

  FIGURE 11-30 Acidif ication of the stomach lumen by
parietal cells in the gastric l ining. The apical membrane of parietal
cells contains an H*/K* ATPase (a P-class pump) as well as Cl and
K* channel proteins Note the cyclic K+ transport across the apical
membrane: K+ ions are pumped inward by the H+/K+ ATpase and
exit via a K* channel. The basolateral membrane contains an anion
antiporter that exchanges HCO, and Cl ions The combined
operation of these four drfferent transport proteins and carbonic
anhydrase acidif ies the stomach lumen while maintaininq the neutral
pH and electroneutrality of the cytosol

combines with CO2 that diffuses in from the blood, forming
HCO3-. Catalyzed by the basolateral anion antiporter, this
bicarbonate ion is exported across the basolateral membrane
(and ultimately into the blood) in exchange for a Cl- ion. The
Cl- ions then exit through Cl- channels in the apical mem-
brane, entering the stomach lumen. To preserve electroneu-
trality, each Cl- ion that moves into the stomach lumen across
the apical membrane is accompanied by a K* ion that moves
ounvard through a separate K* channel. In this way, the ex-
cess K* ions pumped inward by the H*lK* AIPase are re-
turned to the stomach lumen, thus maintaining the normal in-
tracellular K+ concentration. The net result is secretion of
equal amounts of H+ and Cl- ions (i.e., HCI) into the stom-
ach lumen, while the pH of the cytosol remains neutral and
the excess OH ions, as HCO3 , are transported into the
blood.

Transepithelial Transport

r The apical and basolateral plasma membrane domains of
epithelial cells contain different transport proteins and
carry out quite different transport processes.

r In the intestinal epithelial cell, the coordinated opera-
tion of Na+-linked symporters in the apical membrane
with Nat/K* ATPases and uniporters in the basolateral
membrane mediates transcellular transport of amino
acids and glucose from the intestinal lumen to the blood
(see Figure 17-29).
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r The combined action of carbonic anhydrase and four dif-
ferent transport proteins permits parietal cells in the stom-
ach lining to secrete HCI into the lumen while maintaining
their cytosolic pH near neutrality (see Figure 11-30).

In this chapter, we have explained the action of specific
membrane transport proteins and their impact on certain as-
pects of human physiology; such a molecular physiology ap-
proach has many medical applications. Even todaS specific
inhibitors or activators of channels, pumps, and transporters
constitute the largest single class of drugs. For instance, an
inhibitor of the gastric H+/K+ ATPase that acidifies the
stomach is the most widely used drug for treating stomach
ulcers and gastric reflux syndrome. Inhibitors of channel
proteins in the kidney are widely used to control hyperten-
sion (high blood pressure); by blocking resorption of water
from forming urine into the blood, these drugs reduce blood
volume and thus blood pressure. Calcium-channel blockers
are widely employed to control the intensity of contraction
of the heart. Drugs that inhibit a particular potassium chan-
nel in B islet cells enhance secretion of insulin (see Figure 15-
32) and are widely used to treat adult-onset (type II) dia-
betes.

\7ith the completion of the human genome project, we
are positioned to learn the sequences of all human mem-
brane transport proteins. Already we know that mutations
in many of them cause disease-cystic fibrosis, due to mu-
tations in CFTR, is one example. This exploding basic
knowledge will enable researchers to identify new types of
compounds that inhibit or activate just one of these mem-
brane transport proteins and not its homologs. An important
challenge, however, is to understand the role of an individual
transport protein in each of the several tissues in which it is
expressed.

Another major challenge is to understand how each
channel, transporter, and pump is regulated to meet the
needs of the cell. Like other cellular proteins, many of these
proteins undergo reversible phosphorylation, ubiquitina-
tion, and other covalent modifications that affect their activ-
ity, but in the vast majority of cases, we do not understand
how this regulation affects cellular function. Many channels,
transporters, and pumps normally reside on intracellular
membranes, not on the plasma membrane, and move to the
plasma membrane only when a particular hormone is pres-
ent. The addition of insulin to muscle, for instance, causes
the GLUT4 glucose transporter to move from intracellular
membranes to the plasma membrane, increasing the rate of
glucose uptake. We noted earlier that the addition of vaso-
pressin to certain kidney cells similarly causes an aquaporin
to traffic to the plasma membrane, increasing the rate of wa-
ter transport. But despite much research, the underlying cel-
lular mechanisms by which hormones stimulate the move-
ment of transport proteins to and from the plasma
membrane remain obscure.
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1. The basic structural unit of a biomembrane is the phos-

pholipid bilayer. Acetic acid and ethanol are each composed

of two carbons, hydrogen and oxygen, and both enter cells

by passive diffusion. At pH 7' one is much more membrane

permeable than the other' I7hich is more permeable and

why? Predict how the permeability of each is altered when

the pH is reduced to 1.0, a value typical of the stomach.

2. Uniporters and ion channels support facilitated diffu-

sion across biomembranes. Although both are examples of

facilitated diffusion, the rates of ion movement via an ion

channel are roughly 10a- to 1Os-fold faster than that of mol-

ecules via a uniporter. \7hat key mechanistic difference re-

sults in this large difference in transport rate?

3. Name the three classes of transporters. Explain which of

these classes is able to move glucose or bicarbonate (HCO3 ),
for example, against an electrochemical gradient. In the case

of bicarbonate, but not glucose, the AG of the transport

process has two terms. What are these two terms' and why

does the second not apply to glucose?'Why are cotransporters

often referred to as examples of secondary active transport?

4. GLUT1, found in the plasma membrane of erythrocytes,

is a classic example of a uniporter. Design a set of experi-

ments to prove that GLUT1 is indeed a glucose-specific uni-

porter rather than a galactose- or mannose-specific uni-

port.r. Glucose is a 6-carbon sugar while ribose is a

s-carbon sugar. Despite this smaller size, ribose is not effi-

ciently transported by GLUT1. How can this be explained?

5. Name the four classes of ATP-powered pumps that pro-

duce active transport of ions and molecules. Indicate which

of these classes transport ions only and which transport pri-

marily small molecules. The initial discovery of one class of

these ATP-powered pumps came from studying not the

transport of a natural substrate but rather artificial substrates

used as cancer chemotherapy drugs. \fhat do investigators

now think are common examples of the natural substrates of

this particular class of ATP-powered pumps?
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6. Genome sequencing projects continue, and the complete
genome sequences for an increasing number of organisms
are known. How does this information allow us to state the
total number of transporters or pumps of a given type in ei-
ther mice or humans? Many of the sequence-identified trans-
porters or pumps are "orphan" proteins, in the sense that
their natural substrate or physiological role is not known.
How can this be, and how might one establish the physio-
logical role of an orphan protein?

7. As we saw in the section Perspectives for the Future, spe-
cific inhibitors or activators of channels, pumps, and trans-
porters constitute the largest single class of drugs produced by
the pharmaceutical industry. Skeletal muscle contraction is
caused by elevation ofCa2* concentrarion in the cytosol. \fhat
is the expected effect on muscle contraction of selective drug in-
hibition of sarcoplasmic reticulum (SR) P-class Ca2* Alpase?
8. The membrane porential in animal cells, but not in
plants, depends largely on resring K* channels. How do
these channels contribute to the resting potential? Why are
these channels considered to be nongated channels? How
do these channels achieve selectivity for K+ versus Na*?
9. Patch clamping can be used to measure the conductance
properties of individual ion channels. Describe how patch
clamping can be used to determine whether or not the gene
coding for a putative K* channel actually codes for a K+ or
Na- channel.

10. Plants use the proton electrochemical gradient across
the vacuole membrane to power the accumulation of salts
and sugars in the organelle. This creates a hypertonic situ-
ation. Why does thii not resuk in the planr iell bursting?
How does the plasma membrane Na*/K* ATpase allow
animal cells to avoid osmotic lysis even under isotonic
conditions?

11. In the case of the bacterial sodiumJeucine transporter, what
is the key distinguishing feature about the bound sodium ions
that ensures that other ions, particularly K+, do not bind? De-
scribe the symporr process by which cells lining the small intes-
tine import glucose. !7hat ion is responsible for the transport,
and what two particular features facilitate the energetically
favored movement of this ion across the plasma membrane?
12. Sequencing several genomes, including that of the ze-
brafish, has revealed a number of receptors and transporters.
In one case, positional cloning of the zebrafish golden gene
identified a putative cation exchange protein called SLC24A5.
When the golden gene is mutated, the normally black hori-
zontal stripes are pale or golden in appearance because the
amount of black pigment or melanin is greatly reduced. What
is the name of the melanin-containing vesicles present in fish
and humans? Design an experiment to identify where the pro-
tein encoded by the golden gene is expressed and localized in
the zebrafish. What is the term used when a mutant gene and
its phenotype, for insrance golden in zebrafish, is rescued by
expressing an orthologous gene from another animal?
13. Movement of glucose from one side to the other side of
the intestinal epithelium is a major example of transcellular
transport. How does the Na*/I(* Alpase power the process?

Why are tight junctions essential for the process? Rehydra-
tion supplements such as sport drinks include a sugar and a
salt. Why are both important to rehydration?

Analyze the Data

Imagine that you are investigating the transepithelial trans-
port of radioactive glucose. Intestinal epithelial cells are
grown in culture to form a complete sheet so that the fluid
bathing the apical domain of the cells (the apical medium) is
completely separated from the fluid bathing the basolateral
domain of the cells (the basolateral medium). Radioactive
114c-labeled; glucose is added to the apical medium, and the
appearance of radioactivity in the basolateral medium is
monitored in terms of counts per milliliter (cpm/ml), a meas-
ure of radioactivity per unit volume.

Treatment 1: The apical and basolateral media each
contain 150 mM Na+ (curve 1).

Treatment 2: The apical medium contains 1. mM Na+,
and the basolateral medium contains 150 mM Na+ (curve 2).

Treatment 3: The apical medium contains 150 mM Na+,
and the basolateral medium contains L mM Na+ (curve 3).

Radioactivity in Basolateral Medium

Time (min)  in  1aC-glucose

a. What is a likely explanation for the different results ob-
tained in treatments 1 and 3 versus treatment 2?
In additional studies, the drug ouabain, which inhibits
Na*/K* ATPases, is included as noted.

Treatment 4: The apical and basolateral media con-
tain 150 mM Na+ and the apical media contains ouabain
(curve 4)

Treatment 5: The apical and basolateral media contain
150 mM Na- and the basolateral media contains ouabain
(curve 5)

Radioactivity in Basolateral Medium

2 4 6 8
Time (min)  in  1aC-g lucose

E 200
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E ,oo
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b. Vhat is a likely explanation for the different resulrs ob,
tained in treatment 4 versus treatment 5?

c. A population of epithelial cells used in the above studies has
been engineered to express GLUT1 rather than GLUT2 in their
basolateral membrane. These engineered cells appear to be
much less robust than the parental cells and do not survive long
in culture. \fhat is a reasonable explanation for this findine?
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cLASSIC E X P E R I M E N T  1 1

STUMBLING UPON ACTIVE TRANSPORT
J. 5kou, 1957, Biochem. Biophys. Acta 23:394

In the mid-1950s Jens Skou was a
young physician researching the effects
of local anesthetics on isolated lipid bi-
layers. He needed an easily assayed
membrane-associated enzyme to use as
a marker in his studies. lfhat he dis-
covered was an enzyme critical to the
maintenance of membrane potential,
the Na+/K+ ATPase, a molecular
pump that catalyzes active transport.

Background
During the 1950s many researchers
around the world were actively investi-
gating the physiology of the cell mem-
brane, which plays a role in a number
of biological processes. It was well
known that the concentration of many
ions differs inside and outside the cell.
For example, the cell maintains a
lower intracellular sodium (Na*) con-
centration and higher intracellular
potassium (K*) concentration than is
found outside the cell. Somehow the
membrane can regulate intracellular
salt concentrations. Additionally,
movement of ions across cell mem-
branes had been observed, suggesting
that some sort of transport is system is
present. To maintain normal intracel-
lular Na* and K* concentrations, the
transport system could not rely on pas-
sive diffusion because both ions must
move across the membrane against
their concentration gradients. This
energy-requiring process was termed
actrve transport.

At the time of Skou's experiments,
the mechanism of active transport was
still unclear. Surprisingly Skou had no
intention of helping to clarify the field.
He found the Na*/K* ATPase com-
pletely by accident in his search for an
abundant, easily measured enzyme ac-
tivity associated with lipid membranes.
A recent study had shown that mem-

branes derived from squid axons con-
tained a membrane-associated enzyme
that could hydrolyze ATP. Thinking that
this would be an ideal enzyme for his
purposes, Skou set out to isolate such an
ATPase from a more readily available
source, crab leg neurons. It was during
his characterization of this enzyme that
he discovered the protein's function.

The Experiment
Since the original goal of his study was
to characterize the ATPase for use in
subsequent studies, Skou wanted to
know under what experimental condi-
tion its activity was both robust and
reproducible. As often is the case with
the characterization of a new eflzyme,
this requires careful t itration of the
various components of the reaction.
Before this can be done, one must be
sure the system is free from outside
sources of contamination.

In order to study the influence of
various cations, including three that
are critical for the reaction-No-, K-,
and Mg2*-Skou had to make sure
that no contaminating ions were
brought into the reaction from another
source. Therefore all buffers used in
the purification of the enzyme were
prepared from salts that did not con-
tain these cations. An additional
source of  contaminat ing cat ions was
the ATP substrate, which contains
three phosphate groups, giving it an
overall negative charge. Because stock
solutions of ATP often included a
cation to balance the charge, Skou
converted the ATP used in his reac-
tions to the acid form so that balancing
cations would not affect the experi-
ments. Once he had a well-controlled
environment, he could characterize the
enzyme activity. These precautions
were fundamental to his discovery.

Skou first showed that his enzyme
could indeed catalyze the cleavage of
ATP into ADP and inorganic phos-
phate. He then moved on to look for
the optimal conditions for this activity
by varying the pH of the reaction, and
the concentrations of salts and other
cofactors, which bring cations into the
reaction. He could easily determine a
pH optimum as well as an optimal
concentration of Mg'-, but optimizing
Na* and K* proved to be more diffi-
cult. Regardless of the amount of K-
added to the reaction, the enzyme was
inactive without Na-. Similarly, with-
out K+, Skou observed only a low-
level ATPase activity that did not
increase with increasing amounts of
Na - .

These results suggested that the en-
zyme required both Na* and K* for
optimal activity. To demonstrate that
this was the case, Skou performed a se-
ries of experiments in which he meas-
ured the enzyme activity as he varied
both the Na+ and K* concentratrons
in the reaction (Figure 1). Although
both cations clearly were required for
significant activity, something interest-
ing occurred at high concentrations of
each cation. At the optimal concentra-
tion of Na* and K-, the ATPase activ-
ity reached a peak. Once at that peak,
further increasing the concentration
did not affect the ATPase activity. Na'
thus behaved like a classic enzyme sub-
strate, with increasing input leading to
increased activity until a saturating
concentration was achieved, at which
the act iv i ty  p lateaued.  K*,  on the
other hand, behaved differently.'Sfhen
the K+ concentration was increased
beyond the optimum, ATPase activity
declined. Thus while K* was required
for optimal activity, at high concentra-
tions it inhibited the enzyme. Skou
reasoned that the enzyme must have
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A FIGURE 1 Demonstration of the dependence of the Na*/K*
ATPase activity on the concentration of each ion. The graph on
the left shows that increasing K- leads to an inhibit ion of the ATPase
activity The graph on the right shows that with increasing Na-, the
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enzyme activity increases up to a peak and then levels out. This graph
also demonstrates the dependence of the activity on low levels of
K+ [ndaptedfromJ Skou, 1957,Biochem Biophys Acta23:3941

separate binding sites for Na* and
K*. For optimal ATPase activity, both
must be filled. However, at high con-
centrations K- could comDete for the
Na '  -b inding s i te .  leading ro enzyme
inhibition. He hypothesized that this
enzyme was involved in active trans-
port, that is, the pumping of Na+ out
of the cell, coupled ro the import of K*
into the cell. Later studies would prove
that this enzyme was indeed the pump
that catalyzed active transport. This
finding was so exciting that Skou de-
voted his subsequent research to study-
ing the enzyme. never  us ing i t  as a
marker. as he initiallv intended.

Discussion
Skou's finding that a membrane AT-
Pase used both Na* and K* as sub-
strates was the first step in understand-
ing active transport on a molecular
level. How did Skou know to test both
Nao and K*? In his Nobel lecture in
1.997, he explained that in his first at-
tempts at characterizing the ATPase,
he took no precautions to avoid the
use of buffers and ATP stock solutions
that contained Na* and K*. Pondering
the puzzling and unreproducible re-
sults that he obtained led to the real-
ization that contaminating salts might
be influencing the reaction. When he

repeated the experiments, this time
avoiding contamination by Na and K
at all stages, he obtained clear-cut, re-
producible results.

The discovery of the Na*/K*
ATPase had an enormous impacr on
membrane biology, leading to a better
understanding of the membrane poten-
tial. The generation and disruption of
membrane potential forms the basis of
many biological processes, including
neurotransmission and the coupling of
chemical and electrical energy. For this
fundamental discovery, Skou was
awarded the Nobel Prize for Chem-
istry rn 1997.

K120 mM/l

K 3 m M / l

478 C H A P T E R  1 1  |  T R A N S M E M B R A N E  T R A N S P O R T  O F  | O N S  A N D  S M A L L  M O L E C U L E S



lmmunofluorescence micrograph showing the intertwined network o{
mitochondria (red) in a cel l  from the ovary of the Himalayan Tahr
mountain goat The unusual twin nuclei in this cel l  are stained blue

lcourtesy of M Davidson]

rom the growth and division of a cell to the beating of a
heart to the electrical activity of a neuron that underlies
thinking, life requires energy. Cells are complex systems

in which a multitude of chemical reactions and transport
processes are coordinately regulated in time and space. Cells
cannot generate and maintain their highly organized struc-
tures and conduct extensive metabolism (e.g., carbohydrate
synthesis) without material and energy from their environ-
ments. This chapter describes the molecular mechanisms by
which cells use sunlight or chemical nutrients as sources of
energy, with a special focus on how cells convert these exter-
nal sources of energy into a biologically universal, intracel-
lular, chemical energy carrier, adenosine triphosphate, or
ATP (Figure 1.2-1.). ATP, found in all types of organisms and
presumably present in the earliest life-forms, is generated
from ADP and inorganic phosphate (HPO42-, often abbre-
viated as P1). Cells use the energy released during hydrolysis
of the terminal high-energy phosphoanhydride bond in ATP
(see Figure 2-31.) to power many otherwise energetically un-
favorable processes. Examples include the synthesis of pro-
teins from amino acids and of nucleic acids from nucleotides
(Chapter 4), transport of molecules against a concentration
gradient by ATP-powered pumps (Chapter 11), contraction
of muscle (Chapter 1.7), and beating of cilia (Chapter 18).

The energy to drive ATP synthesis from ADP (AG :

7.3 kcallmol) is produced primarily by two processes: aero-
bic oxidation, which occurs in mitochondria in nearly all eu-
karyotic cells (Figure 1.2-1., top), and photosynthesis, which
occurs in chloroplasts only in leaf cells of plants (Figure 12-1,
bottoml and certain single-celled organisms, such as
cyanobacteria. Two additional processes, glycolysis and the
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citric acid cycle, are also important direct or indirect sources

of ATP in both animal and plant cells.
In aerobic oxidation, breakdown products of sugars

(carbohydrates) and fatty acids (hydrocarbons)-both de-
rived in animals from the digestion of food-are converted

by oxidation with 02 to carbon dioxide and water. The en-

ergy released from this overall reaction is transformed into

the chemical energy of phosphoanhydride bonds in ATP.

This is analogous to burning wood (carbohydrates) or oil
(hydrocarbons) to generate heat in furnaces or motion in au-

tomobile engines: both consume 02 and generate carbon

dioxide and water. The key difference is that cells break the

overall reaction down into many intermediate steps. This
permits the amount of energy released in any given step to
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  FIGURE 12-1 Overview of aerobic oxidation and
photosynthesis. Eukaryotic cells use two fundamental mechanisms
to convert external sources of energy into ATP (Top) ln aerobic
oxidat ion,  " fuel"  molecules (pr imar i ly  sugars and fat ty  ac ids)
undergo pre l iminary processing in  the cytosol ,  e  g ,  breakdown of
glucose to pyruvate (stage l), and are then transferred into
mitochondr ia,  where they are converted by ox idat ion wi th 02 to
carbon d iox ide and water  (s tages l l  and l l l )  and ATP is  generated
(stage lV). (Bottom) In photosynthesis, which occurs in
chloroplasts,  the radiant  energy of  l ight  is  absorbed by specia l ized

match closely the amount of energy required for the next in-
termediate stage of the process. If there were not a close
match, excess released energy would be lost as heat (which
would be very inefficient) or not enough energy would be
released to drive the next step in the process (which would
be ineffective).

In photosynthesis, the radiant energy of l ight is absorbed
by pigments such as chlorophyll and used to make ATP and
carbohydrates (primarily sucrose and starch). Unlike aerobic
oxidation, which uses carbohydrates and 02 to generate
CO2, photosynthesis uses CO2 as a substrate and generates
O2 and carbohydrates as products.

This reciprocal relationship between aerobic oxidation
in mitochondria and photosynthesis in chloroplasts under-
l ies a profound symbiotic relationship between photosyn-
thetic and nonphotosynthetic organisms and is responsible
for much of the life on earth. The oxygen generated during
photosynthesis is the source of virtually all the oxygen in
the air, and the carbohydrates produced are the ultimate
source of energy for virtually all nonphotosynthetic organ-
isms. (An exception is bacteria l iving in deep ocean vents-
and the organisms that feed on them-that obtain energy
for converting COz into carbohydrates by oxidation of geo-
Iogically generated reduced inorganic compounds released
by the vents.)

pigments (stage 1); the absorbed energy is used to both oxidize
water to 02 and establish conditions (stage 2) necessary for the
generation of ATP (stage 3) and carbohydrates from C02 (carbon
fixation, stage 4) Both mechanisms involve the production of
reduced high-energy electron carriers (NADH, NADPH, FADHr) and
movement of electrons down an electrical potential in an electron
transport  chain through specia l ized membranes Energy f  rom these
electrons is released and captured as a proton-motive force (proton
electrochemical gradient) that is then used to drive ATP synthesis
Bacteria uti l ize comparable processes

At first glance, it would seem that the molecular mecha-
nisms underlying the reciprocal processes of photosynthesis
and aerobic oxidation have little in common. However. a rev-
olutionary discovery in cell biology established that bacteria,
mitochondria, and chloroplasts all use the same mechanism,
known as chemiosmosis, to generate AIP from ADP and P1. In
chemiosmosis (also known as chemiosmotic coupling), a pro-
ton electrochemical gradient is generated across a membrane,
driven by energy released as electrons travel through an elec-
tron transport chain. The energy stored in this gradient, called
the proton-motive force, is used directly to power the synthe-
sis of AIP and other energy-requiring processes (Figure 12-2).
In this chapter, we explore the molecular mechanisms of the
tv'/o processes that share this central mechanism, focusing first
on aerobic oxidation and then on photosynthesis.

First Steps of Glucose
and Fatty Acid Catabolism: Glycolysis
and the Citric Acid Cycle
In an automobile engine, hydrocarbon fuel is oxidatively
and explosively converted in an essentially one step process
to mechanical work (i.e., driving a piston). The process is
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A FIGURE 12-2 Proton-motive force. Transmembrane proton
concentrat ion and e lect r ica l  (vo l tage)  gradients,  co l lect ive ly  cal led
the proton-motive force, are generated during aerobic oxidation
and photosynthesis in eukaryotes and prokaryotes (bacteria)
High-energy e lect rons generated by l ight  absorpt ion by p igments
(e g ,  ch lorophyl l )  or  held in  the reduced form of  e lect ron carr iers
(e g ,  NADH, FADH2) made dur ing the catabol ism of  sugars and
l ip ids pass down an e lect ron t ransport  chain (b lue arrows),  re leasing
energy throughout the process The energy is recovered by
coupl ing i ts  re lease to pumping protons across the membrane ( red
arrows), generating the proton-motive force In chemiosmotic
coupling, the energy released when protons flow down the
gradient through ATP synthase drives the synthesis of ATP The
proton-motive force can also power transport of metabolites across
the membrane against  thei r  concentrat ion gradient  and rotat ion of
bacter ia l  f lagel la .

relatively inefficient in that both substantial amounts of the
chemical energy stored in the fuel are wasted as they are
converted to unused heat and substantial amounts of fuel are
only partially oxidized and released as carbonaceous, some-
times toxic, exhaust. In the competition to survive, organisms
cannot afford to squander their sometimes limited energy
sources on an equivalently inefficient process. Cells have
evolved incredibly efficient mechanisms for hydrocarbon
(fatty acid) and carbohydrate (sugar) combustion coupled to
ATP synthesis. That mechanism is aerobic oxidation. Each
stage of fuel conversion to energy comprises multiple steps
that are catalyzed or mediated by specific proteins. This strat-
egy provides the following advantages:

r By dividing the process into multiple steps that generate
several energy-carrying intermediates, bond energy is effi-
ciently channeled into the synthesis of ATP and energy lost
as heat is reduced.

r Different fuels are reduced to common intermediates that
can then share subsequent pathways for combustion and
AIP synthesis.

r Since total energy stored in the bonds of the initial fuel
molecules is substantially greater than that required to drive
the synthesis of a single ATP molecule (-7.3 kcal/mole),
many ATP molecules are produced.

In our discussion of aerobic oxidation, we will be tracing
the fate of the two main energy-producing digestive products
of food: sugars (principally glucose) and fatty acids. Under
certain conditions amino acids also feed into these metabolic
pathways.

The complete aerobic oxidation of each molecule of glu-

cose yields 6 molecules of CO2 and the energy released is

coupled to the synthesis of as many as 30 molecules of ATP.
The overall reaction is

c6Hpo5 + 6 02 + 30 Pi2- + 30 ADP3- + 30 H+ --+

6 CO2 + 30 ATP4- + 36 H2O, AG : 586 kcal/mol

Glucose oxidation in eukaryotes takes place in four

stages (see Figure 12-1):

I. Conversion in the cytosol of one 6-carbon glucose mol-

ecule to two 3-carbon pyruvate molecules (glycolysis)

II. Pyruvate oxidation to CO2 in the mitochondrion via a

2-carbon acetyl CoA intermediate (citric acid cycle)

III. Electron transport to generate a proton-motive force

IV. ATP synthesis in the mitochondrion (oxidative phos-

phorylation)

In this section, we discuss stages I and II: the biochemical
pathways that break down glucose and fatty acids to CO2,
generating some ATP and high-energy electrons in the

process; the fate of the released electrons (stage III) is de-

scribed in the next section.

During Glycolysis (Stage l),  Cytosolic Enzymes
Convert Glucose to Pyruvate

Glycolysis occurs in the cytosol in both eukaryotes and

prokaryotes and does not require molecular oxygen; thus

it is called anaerobic glucose catabolism (biological break-

down of complex to simpler substances). A set of 10 water-

soluble cytosolic enzymes catalyze the reactions constituting

the glycolytic pathway (glyco, "sweet"; /ysis, "split"), in

which one molecule of glucose is converted to two

molecules of pyruvate (Figure 12-3). All the reaction inter-

mediates produced by these enzymes are water soluble'

phosphorylated compounds called metabolic intermedi-

ates.ln addition to chemically converting one glucose mol-

ecule into these intermediates and the two pyruvates, these

enzymatic reactions generate four ATP molecules by phos-

phorylation of four ADPs (reactions 7 and 10), a process

called substrate-level phosphorylation (to distinguish it

from the oxidative phosphorylation that generates ATP in

the third stage of aerobic oxidation). Unlike later stages of
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> FIGURE 12-3 The glycolytic pathway. Glucose is degraded to
pyruvate, Two reactions consume ATf forming ADP and
phosphorylated sugars (red), two generate ATP from ADP by
substrate-level phosphorylation (9reen), and one yields NADH by
reduction of NAD* (yellow) Note that all the intermediates between
glucose and pyruvate are phosphorylated compounds Reactions 1,
3, and 10, with single arrows, are essentially irreversible (large
negat ive AG values)  under ord inary condi t ions in  cel ls
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ATP formation in mitochondria and chloroplasrs, a proron-
motive force is not involved in substrate-level phosphory-
lation. However, substrate-level phosphorylation requires
the addition (in reactions 1 and 3) of two phosphates from
two ATPs. These can be rhought of as "pump priming" re-
actions, which introduce a l itt le energy up front in order to
effectively recover more energy downstream. Thus glycol-
ysis yields a net of only two ATP molecules per glucose
molecule.

The balanced chemical equation for the conversion of
glucose to pyruvate shows that four hydrogen atoms (four
protons and four electrons) are also released:

oo
C 6 H 1 2 O 6 - z C H . - J  J  O r *  4 H + + 4 e -

Glucose Pvruvate

(For convenience, we show pyruvate here in its un-ionized
form, pyruvic acid, although at physiological pH it would be
largely dissociated.) All four electrons and two of the four
protons are transferred (Figure 12-3, reaction 6) to two
molecules of the oxidized form of nicotinamide adenine din-
ucleotide (NAD*) to produce the reduced form, NADH (see
Figure 2-33) :

2H* + 4 e- -r 2 NAD+ --+2 NADH

Later we wil l see that the energy carried by the electrons in
NADH and an analogous carrier FADH2, the reduced
form of f lavin adenine dinucleotide (FAD), can be used to
make additional ATPs via the electron transDort chain.

The overall chemical ecuation
cose metabolism is
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After glycolysis, only a fraction of the energy available in
glucose has been extracted and converted to ATP and
NADH. The rest remains in the covalent bonds of the two
pyruvate molecules. The ability to efficiently convert the en-
ergy in pyruvate to ATP depends on molecular oxygen. As

I
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we will see, in the presence of oxygen (aerobic conditions),
energy conversion is highly efficient. In its absence (anaerobic
conditions), the process is much less efficient.

The Rate of Glycolysis ls Adjusted to Meet
the Cell 's Need for ATP
Enzyme-catalyzed reactions and metabolic pathways are
regulated by cells so as to produce the needed amounts of
metabolites but not an excess. The primary function of the
oxidation of glucose to CO2 via the glycolytic pathway is to
produce NADH and FADH2, whose oxidation in mitochon-
dria generates ATP. Operation of the glycolytic pathway
(stage I), as well as the citric acid cycle (stage II), is continu-
ously regulated, primarily by allosteric mechanisms, to meet
the cell's need for AIP (see Chapter 3 for general principles
of allosteric control).

Three allosterically controlled glycolytic enzymes play a
key role in regulating the entire glycolytic pathway (Figure
12-3). Hexokinase (step 0 ) is inhibited by its reaction prod-
uct, glucose 6-phosphate. Pyruuate kinase (step IO) is inhib-
ited by ATP, so glycolysis slows down if too much ATP is
present. The third enzyme, phosphofructokinase-l (step B),
is the principal rate-limiting enzyme of the glycolytic path-
way. Emblematic of its critical role in regulating the rate of
glycolysis, this enzyme is allosterically controlled by several
molecules (Figure 12-4).

For example, phosphofructokinase-1 is allosterically
inhibited by ATP and allosterically actiuated by AMP. As a
result, the rate of glycolysis is very sensitive to the cell's en-
ergy charge, reflected in the ATP:AMP ratio. The allosteric
inhibit ion of phosphofructokinase-1 by ATP may seem
unusual, since ATP is also a substrate of this enzyme. But the
affinity of the substrate-binding site for ATP is much higher
(has a lower K-) than that of the allosteric site. Thus at low

concentrations, ATP binds to the catalytic but not to the in-

hibitory allosteric site, and enzymatic catalysis proceeds at

near maximal rates. At high concentrations, ATP also binds

to the allosteric site, inducing a conformational change that

reduces the affinity of the enzyme for the other substrate,

fructose 6-phosphate, and thus reduces the rate of this reac-

tion and the overall rate of glycolysis.
Another important allosteric activator of phosphofruc-

tokinase-1 is frwctose 2,5-bisphospbate. This metabolite is

formed from fructose 6-phosphate by an enzyme called
pbosphofructokinase-2. Fructose 6-phosphate accelerates

the formation of fructose 2,6-bisphosphate, which in turn

activates phosphofructokinase-1. This type of control is

known as feed-forward actiuation, in which the abun-

dance of a metabolite (here, fructose 5-phosphate) induces

an acceleration in its subsequent metabolism. Fructose

2,6-bisphosphate allosterically activates phosphofructoki-

nase-1 in liver cells by decreasing the inhibitory effect of high

ATP and by increasing the affinity of phosphofructokinase-1
for one of its substrates, fructose 6-phosphate.

The three glycolytic enzymes that are regulated by allostery

catalyze reactions with large negative AGo' values-reactions

that are essentially irreversible under ordinary conditions.

These enzymes thus are particularly suitable for regulating the

entire glycolytic pathway. Additional control is exerted by

glyceraldehyde 3-phosphate dehydrogenase, which catalyzes

the reduction of NAD+ to NADH (see Figure 12-3, step 6).
If cytosolic NADH builds up owing to a slowdown in mito-

chondrial oxidation, this reaction becomes thermodynami-

cally less favorable.
Glucose metabolism is controlled differently in various

mammalian tissues to meet the metabolic needs of the

organism as a whole. During periods of carbohydrate star-

vation, for instance, it is necessary for the l iver to release

glucose into the bloodstream. To do this, the l iver converts

High [ATP]

High [AMP] gh [ci trate]

FruCtOSe Phospho{ructo- FTUCtOSe

Fructose
2,6-bisphosphate

A FIGURE 12-4 Allosteric regulation of glucose metabolism. kinase activity forms fructose 2,6-bisphosphate from fructose

The key regulatory enzyme in glycolysis, phosphofructokinase-1, is 6-phosphate, and its phosphatase activity catalyzes the reverse

allosterically activated by AMp and fructose 2,6-bisphosphate, which reaction. Insulin, which rs released by the pancreas when blood

are elevated when the cell 's energy stores are low. The enzyme is glucose levels are high, promotes PFK2 kinase activity and thus

inhibited by ATp (when energy stores are high) and citrate, both of stimulates glycolysis At low blood glucose, glucagon is released by

which are elevated when the cell is activelv oxidizinq qlucose to COr the pancreas and promotes PFK2 phosphatase activity in the l iver,

Later we wil l  see that ci trate is generated during stage l l  of glucose

oxidation. Phosphofructokinase-2 (PFK2) is a bifunctional enzyme: i ts

indirect ly slowing down glycolysis
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A FIGURE 12-5 Anaerobic versus aerobic metabolism of glucose. The
ultimate fate of pyruvate formed during glycolysis depends on the presence or
absence of oxygen. In the formation of pyruvate from glucose, one molecule
of NAD+ is reduced (by addition of two electrons) to NADH for each molecule
of pyruvate formed (see Figure 1 2-3, reaction 6) (a) In the absence of oxygen,
two electrons are transferred from each NADH molecule to an acceptor
molecule to regenerate NAD+, which is required for continued glycolysis. In
yeasts (/eft), acetaldehyde is the electron acceptor and ethanol is the product.
This process is called alcoholic fermentation when oxygen is limiting in muscle
cells (nght), NADH reduces pyruvate to form lactic acid, regenerating NAD+.
(b) In the presence of oxygen, pyruvate is transported into mitochondria First it
is converted by pyruvate dehydrogenase into one molecule of CO2 and one
of acetic acid, the latter linked to coenzyme A (CoA-SH) to form acetyl CoA,
concomitant with reduction of one molecule of NAD+ to NADH. Further
metabolism of acetyl coA and NADH generates approximately an additional
28 molecules of ATP per glucose molecule oxidized.

Overal l  reaction of aerobic metabolism:

Glucose + 6 02 + -30 ADP + -30 Pi ---->

6 CO2 + 36 H2O + -30 ATP

MITOCHONDRION

2CO2
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the polymer glycogen, a storage form of glucose (Chapter 2),
directly to glucose 6-phosphate (without involvement of
hexokinase, step [). Under these conditions, there is a re-
duction in fructose 2,6-bisphosphate levels and decreased
phosphofructokinase-1 activity (Figure 12-4). As a result,
glucose 6-phosphate derived from glycogen is not metabo-
lized to pyruvate; rather, it is converted to glucose by a
phosphatase and released into the blood to nourish the
brain and red blood cells, which depend primarily on glu-
cose as an energy fuel. In all cases, the activity of these reg-
ulated enzymes is controlled by the level of small-molecule
metabolites, generally by allosteric interactions, or by
hormone-mediated phosphorylation and dephosphoryla-
tion reactions (Chapter 15 gives a more detailed discus-
sion of hormonal control of glucose metabolism in l iver
and muscle) .

Glucose ls  Fermented Under
Anaerobic  Condi t ions

Many eukaryotes are obligate aerobes: they grow only in the
presence of molecular oxygen and metabolize glucose (or re-
lated sugars) completely to CO2, with the concomitant pro-
duction of a large amount of ATP. Most eukaryotes, how-
ever, can generate some ATP by anaerobic metabolism. A
few eukaryotes are facubatiue anaerobes: they grow in either
the presence or the absence of oxygen. For example, an-
nelids, mollusks, and some yeasts can live and grow for days
without oxygen.

In the absence of oxygen, yeasts convert the pyruvate
produced by glycolysis to one molecule each of ethanol and
CO2; in these reactions two NADH molecules are oxidized
to NAD* for each two pyruvates converted to ethanol,
thereby regenerating the supply of NAD- (Figure 12-5a,
left). This anaerobic degradation of glucose, called fermen-
tation, is the basis of beer and wine production.

Oxygen deprivation can also affect glucose metabolism
in animals. During prolonged contraction of mammalian
skeletal muscle cells-for example, during exercise-oxy-
gen within the muscle tissue can become limited and glu-
cose catabolism is l imited to glycolysis (stage I). As a con-
sequence, muscle cells convert the pyruvate from
glycolysis to two molecules of lactic acid by a reduction
reaction that also oxidizes two NADHs to NAD*s (Figure
L2-5a, right). Although the lactic acid is released from the
muscle into the blood, if the contractions are sufficiently
rapid and strong, the lactic acid can transiently accumu-
late in that t issue and contribute to muscle and joint pain
during exercise. Once it is secreted into the blood, some of
the lactic acid passes into the l iver, where it is reoxidized
to pyruvate and either further metabolized to C02 aerobi-
cally or converted back to glucose. Much lactate is metab-
olized to CO2 by the heart, which is highly perfused by
blood and can continue aerobic metabolism at t imes when
exercising, oxygen-poor skeletal muscles secrete lactate.
Lactic acid bacteria (the organisms that spoil milk) and
other prokaryotes also generate ATP by the fermentation
of glucose to lactate.

Under Aerobic  Condi t ions,  Mi tochondr ia
Eff iciently Oxidize Pyruvate and Generate
ATP (Stages l l- lv)

In the presence of oxygen, pyruvate formed by glycolysis

is transported into mitochondria, where it is oxidized by

02 to CO2 and H2O via a series of oxidation reactions. The

overall process by which cells use 02 and produce COz is

collectively termed cellular respiration (Figure 12-5b). Re-

actions in the mitochondria (stages II-IV) generate an esti-

mated 28 additional ATP molecules per original glucose

molecule, far outstripping the ATP yield from anaerobic

glucose metabolism.
Oxygen-producing photosynthetic cyanobacteria ap-

peared about 2.7 billion years ago' The subsequent buildup

in the earth's atmosphere of sufficient oxygen during the

next approximately billion years opened the way for organ-

isms to evolve the very efficient aerobic oxidation pathway,

which in turn permitted the evolution, especially during

what is called the Cambrian explosion' of large and complex

body forms and associated metabolic activities. In effect,

mitochondria are ATP-generating factories, taking full

advantage of this plentiful oxygen. We first describe their

structure and then the reactions they employ to degrade

pyruvate.

Mitochondr ia  Are Dynamic Organel les
with Two Structural ly and Functionally
Dis t inct  Membranes

Mitochondria (Figure 12-6) are among the larger organelles

in the cell. A mitochondrion is about the size of an E. coli

bacterium, which is not surprising, because bacteria are

thought to be the evolutionary precursors of mitochondria (see

Chapter 6 and the discussion of endosymbiont hypothesis,

below). Most eukaryotic cells contain many mitochondria,

collectively occupying as much as 25 percent of the volume

of the cytoplasm. The numbers of mitochondria in a cell,

hundreds to thousands in mammalian cells, are regulated to

match the cell's requirements for ATP (e.g., stomach cells'

which use a lot of ATP for acid secretion, have many mito-

chondria). Analysis of fluorescently labeled mitochondria in

living cells has shown that mitochondria are highly dynamic.

They undergo frequent fusions and fissions that generate

tubular, sometimes branched networks (Figure 1'2-7), which

may account for the wide variety of mitochondrial mor-

phologies seen in different types ofcells. Fusions and fissions

apparently play a functional role as well because genetic dis-

ruptions in GTPase superfamily genes required for these dy-

namic processes can disrupt function, such as maintenance

of proper inner membrane electrical potential, and cause

human disease, such as the neuromuscular disease Charcot-

Marie-Tooth subtype 2A.
The details of mitochondrial structure can be observed

with electron microscopy (see Figure 9-8). Mitochondria

have two distinct kinds of concentrically related membranes.

The outer membrane defines the smooth outer perimeter of

the mitochondrion. The inner membrane has numerous
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Video: Mitochondrion Reconstructed by Electron Tomography

( b )

F6F1 complexes

In te rmembrane
space

Cr is tae  junc t ions

  FIGURE 12-6 Internal structure of a mitochondrion.
(a)  Schemat ic  d iagram showing the pr inc ipal  membranes and
compartments The cristae form sheets and tubes by invagination
of  the inner  membrane and connect  to  the inner  membrane
through relatively small uniform tubular structures called cnsta
junctions The intermembrane space appears continuous with the
lumen of each crista The FeF, complexes (small red spheres),
which synthesize ATP, are intramembrane particles that protrude
from the cristae and inner membrane into the matrix The matrix
contains the mitochondrial DNA (blue strand), ribosomes (small

Video: Mitochondrial Fusion and Fission (d

  EXPERIMENTAL FIGURE t2-7 Mi tochondr ia undergo
rapid fusion and fission in l iving cells. Mitochondria labeled
with a fluorescent protein in a l iving normal murine emoryontc
fibroblast were observed using time-lapse fluorescence
microscopy Several mitochondria undergoing fusion (top) or
fission (bottom) are artif icially highllghted jn blue and with
arrows lModified from D C Chan, 2006, Cell 125(]) j241-12521

blue spheres), and granules (large yellow spheres) (b) Computer-
generated model of a section of a mitochondrion from chicken brain.
This model is based on a three-dimensional electron microscopic image
calculated from a series of two-dimensional electron micrographs
recorded at regular intervals This technique is analogous to a three-
dimensional x-ray tomogram or CAT scan used in medical imaging
Note the tightly packed cristae (yellow-green), the inner membrane
(light blue), and the outer membrane (dark blue) [part (a) courtesy of
T. Frey; part (b) from T. Frey and C Mannella, 2000, Trends Biochem Sci
25:319l

invaginations called cristae (see Figure 12-6). These mem-
branes topologically define two submitochondrial compart-
ments: the intermembrane space, between the outer and
inner membranes, and the matrix, or central compartment,
which forms the lumen within the inner membrane.'When
individual mitochondria fuse, each of their distinct comparr-
ments intermixes (e.g., matrix with matrix, inner membrane
with inner membrane). Fractionation and purif ication of
these membranes and compartments have made it possible
to determine their protein, DNA, and phospholipid compo-
sitions and to localize each enzyme-catalyzed reaction to a
specific membrane or comparrment. About 1000 polypep-
tides are required to make and maintain mitochondria and
permit them to function. Only a small number of these-13
in humans-are encoded by mitochondrial DNA genes,
while the remaining proteins are encoded by nuclear genes
(Chapter  6) .

The most abundant protein in the outer membrane is
mitochondrial porin, a transmembrane channel protein
similar in structure to bacterial porins (see Figure 10-1S).
Ions and most small molecules (up to about 5000 Da) can
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readily pass through these channel proteins when they are
open. Although there may be metabolic regulation of the
opening of mitochondrial porins and thus the flow of
metabolites across the outer membrane, the inner mem-
brane with its cristae are the major permeabil ity barriers
between the cytosol and the mitochondrial matrix, limiting
the rate of mitochondrial oxidation.

Protein constitutes 76 percent of the total weight of the
inner membrane-a higher fraction than in any other cel-
lular membrane. Many of these proteins are key partici-
pants in cellular respiration. They include ATP synthase,
proteins responsible for electron transport, and a wide va-
riety of transport proteins that permit the movement of
metabolites between the cytosol and the mitochondrial
matrix. The human genome encodes 48 members of a fam-
ily of mitochondrial transport proteins. One of these is
called the ADP/ATP carrier, an antiporter that moves
newly synthesized ATP out of the matrix and into the in-
ner membrane space (and subsequently the cytosol) in ex-
change for ADP originating from the cytosol. 

' !f l i thout 
this

essential antiporter, the energy trapped in the chemical
bonds in mitochondrial ATP would not be available to the
rest of the cell.

The invaginating cristae greatly expand the surface area
of the inner mitochondrial membrane (see Figure 12-6),
enhancing its capacity to generate ATP. In typical liver mi-
tochondria, for example, the area of the inner membrane,
including cristae, is about five times that of the outer mem-
brane. In fact, the total area of all inner mitochondrial mem-
branes in liver cells is about 1,7 times that of the plasma
membrane. The mitochondria in heart and skeletal muscles
contain three times as many cristae as are found in typical
liver mitochondria-presumably reflecting the greater de-
mand for AIP by muscle cells.

Note that plants have mitochondria and perform cellular
respiration as well. In plants, stored carbohydrates, mostly
in the form of starch, are hydrolyzed to glucose. Glycolysis
then produces pyruvate, which is transported into mito-
chondria, as in animal cells. Mitochondrial oxidation of
pyruvate and concomitant formation of ATP occur in pho-

tosynthetic cells during dark periods when photosynthesis is
not possible and in roots and other nonphotosynthetic tis-
sues at all t imes.

The mitochondrial inner membrane, cristae, and matrix
are the sites of most reactions involving the oxidation of
pyruvate and fatty acids to CO2 and H2O and the coupled
synthesis of ATP from ADP and P1, with each reaction
occurring in a discrete membrane or space in the mitochon-
drion (Figure 12-8).

The last three of the four stages of glucose oxidation are

r Stage II. Conversion of pyruvate to acetyl CoA, followed
by oxidation to CO2 in the citric acid cycle. These oxidations
are coupled to reduction of NAD* to NADH and of FAD

to FADH2. (Fatty acid oxidation follows a similar route,
with conversion of fatty acyl CoA to acetyl CoA.) Most
of the reactions occur in or on the membrane facing the
matrIX.

r Stage III. Electron transfer from NADH and FADH2 to 02

via an electron transport chain within the inner membrane,

which generates a proton-motive force across that membrane.

r Stage IV. Harnessing the energy of the proton-motive

force for ATP synthesis in the mitochondrial inner mem-

brane. Stages III and IV are together called oxidative

phosphorylation.

In Stage l l ,  Pyruvate ls Oxidized to CO2
and High-Energy Electrons Stored
in Reduced Coenzymes

Pyruvate formed during glycolysis in stage I in the cytosol

is transported into the mitochondrial matrix (Figure 12-8).

Stage II metabolism accomplishes three things: (1) it con-

verts the 3-carbon pyruvate to three molecules of CO1' Q)
it generates high-energy electron carriers (NADH and

FADH2) that wil l be used for electron transport (stage III);

and (3) it generates a GTP molecule, which is then con-

verted to ATP:

GTP + ADP i- GDP + AIP

Stage II can be subdivided into two distinct parts: (1) the

generation of acetyl CoA plus one molecule of COz and one

NADH and (2\ the conversion of acetyl CoA to two mole-

cules of CO2 and the high-energy intermediates NADH (3

molecules), FADH2, and GTP.

Generation of Acetyl CoA \il/ithin the mitochondrial matrix,

pyruvate reacts with coenzyme A, forming CO2 and acetyl CoA

and NADH (Figure 12-8). This reaction, catalyzedby pyruuate

dehydrogena.sa is highly exergonic (AG"' : - 8.0 kcaUmol) and

essentially irreversible.
Acetyl CoA (Figure 1'2-9) plays a central role in the oxi-

dation of fatty acids and amino acids. In addition, it is an in-

termediate in numerous biosynthetic reactions' including

transfer of an acetyl group to histone proteins and many

mammalian proteins, and synthesis of lipids such as choles-

terol. In respiring mitochondria, however' the acetyl group

of acetyl CoA is almost always oxidized to CO2 via the cit-

ric acid cycle.

Citric Acid Cycle Nine sequential reactions operate in a cy-

cle to oxidize acetyl CoA to CO2. The cycle is referred to by

several names: the citric acid cycle, the tricarboxylic acid (or

TCA) cycle, and the Krebs cycle. The net result is that for

each acetyl group entering the cycle as acetyl CoA, two mol-

ecules of CO2, three of NADH' and one each of FADH2 and

GTP are produced.
As shown in Figure 12-1'0, the cycle begins with con-

densation of the two-carbon acetyl group from acetyl CoA

with the four-carbon molecule oxaloacetate to yield the

six-carbon citric acid (hence the name citric acid cycle). In

both reactions 4 and 5, a CO2 molecule is released and

NAD+ is reduced to NADH. Reduction of NAD- to

NADH also occurs during reaction 9; thus three NADHs
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A FIGURE 12-8 Summary of aerobic oxidation of glucose and
fatty acids. Stage l: In the cytosol, glucose is converted to pyruvate
(glycolysis) and fatty acid to fatty aryl CoA hTruvate and fatty acyl CoA
then move into the mitochondrion Mitochondrial porins make the outer
membrane permeable to these metabolites, but specific rranspon
proteins (colored ovals) in the inner membrane are required to import
pyruvate (yellow) and fatty acids (blue) into the matrix Fatty acyl
groups are transferred from fatty aryl CoA to an intermediate carriel
transported across the inner membrane (blue oval), and then reattached
to CoA on the matrix side Stage ll: In the mitochondrial matrix,
pyruvate and fatty acyl CoA are converted to acetyl CoA and then
oxidized, releasing CO2 Pyruvate is converted to acetyl CoAwith the
formation of NADH and COr; two carbons from fatty acyl CoA are
convefted to acetyl CoA with the formation of FADH, and NADH
Oxidation of acetyl CoA in the citric acid cycle qenerates NADH and

are generated per turn of the cycle. In reaction 7, two elec-
trons and two protons are transferred to FAD, yielding the
reduced form of this coenzyme, FADH2. Reaction 7 is dis-
tinctive because it not only is an intrinsic part of the citric
acid cycle (stage II), but also it is caralyzedty a membrane-

Outer mitochondrial membrane {permeable to metabolites)

Intermembrane space

-----?2COt

Mitochondrlal matrix

2 e- + 2H* + !Or---+ Hrg

Fumarate
Qz

FoF, complex

FADH2, GTB and CO2. Stage lll: Electron transport reduces oxygen to
water and generates a proton-motive force. Electrons (blue) from
reduced coenzymes are transferred via electron-transport complexes
(blue boxes) to 02 concomitant with transport of H* ions (red) from the
matrix to the intermembrane space, generating the proton-motive force
Electrons from NADH flow directly from complex I to complex lll,
bypassing complex ll Electrons from FADH, flow directly from complex ll
to complex lll, bypassing complex I Stage lV: ATP synthase, the FoFl
complex (orange), harnesses the proton-motive force to synthesize ATp
rn the matrix, Antiporter proteins (purple and green ovals) transport ADp
and P; into the matrix and exporl hydroxyl groups and ATp NADH
generated in the cytosol is not transported directly to the matnx oecause
the inner membrane rs impermeable to NAD+ and NADH; instead, a
shuttle system (red) transports electrons from cytosolic NADH to NAD+ in
the matrix 02 diffuses into the matrix, and COr diffuses our

attached enzyme that is an intrinsic part of the electron
transport chain (stage III). In reaction 6, hydrolysis of the
high-energy thioester bond in succinyl CoA is coupled to
synthesis of one GTP by subsrrate-level phosphorylation.
(Because GTP and ATP are interconvertible, this can be

coz

Stage I

Glucose

2 NAD* -J
I

2 NADH .f" z efP
J

2 Pyruvate - Pyruvate Acetyl CoA

Succinate

Hzo

Coenzyme A (CoA)

a  F I G U R E l 2 ' 9  T h e s t r u c t u r e o f  a c e t y l  C o A . T h j s c o m p o u n d i s  a c i d s , a n d m a n y a m i n o a c i d s .  l t a l s o c o n t r i b u t e s a c e t y l  g r o u p s i n
an important intermediate in the aerobic oxidation of pyruvate, fatty many biosynthetic pathways

Citr ic  acid
cycre
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NADH + H-
HrO coo

I
nu
t -

FADH, Succinate GDP +  P i
+ H2O

GTP + HSCoA

a FIGURE 12-10 The citric acid cycle. Acetyl CoA is metabolized
to C02 and the high-energy electron carriers NADH and FADH2. In
reaction 1, a two-carbon acetyl residue from acetyl CoA condenses
with the four-carbon molecule oxaloacetate to form the six-carbon
citrate. In the remaining reactions (2-9) each molecule of citrate
is eventually converted back to oxaloacetate, losing two C02
molecules in the process. In each turn of the cycle, four pairs of
electrons are removed from carbon atoms, forminq three molecules

considered an ATP-generating step.) Reaction 9 regener-
ates oxaloacetate, so the cycle can begin again. Note that
molecular 02 does not participate in the citric acid cycle.

Most enzymes and small molecules involved in the cit-
ric acid cycle are soluble in the aqueous mitochondrial ma-
trix. These include CoA, acetyl CoA, succinyl CoA, NAD*,
and NADH, as well as most of the eight cycle enzymes.
Succinate dehydrogenase (reaction 7), however, is a com-
ponent of an integral membrane protein in the inner mem-

brane, with its active site facing the matrix. When mitochondria
are disrupted by gentle ultrasonic vibration or osmotic ly-
sis, non-membrane-bound enzymes in the citric acid cycle
are released as very large multiprotein complexes. Within
such complexes the reaction product of one enzyme is

thought to pass directly to the next enzyme without diffus-
ing through the solution. However, much work is needed to

determine the structures of these large enzyme complexes
as they exist in the cell.

Since glycolysis of one glucose molecule generates two
acetyl CoA molecules, the reactions in the glycolytic path-

way and citric acid cycle produce six CO2 molecules, 10

NADH molecules, and two FADH2 molecules per glucose
molecule (Table 12-1). Although these reactions also gener-

ate four high-energy phosphoanhydride bonds in the form of

c-coo
t l

HC
I
coo-

crs-Aconitate

coo-
I

nu
t -
CH,
I '
c:o
Icoo-

4-Keto-
glutarate C O r +  N A D H  +  H '

of NADH, one molecule of FADH2, and one molecule of GTP

The two carbon atoms that enter the cycle with acetyl CoA are

highl ighted in  b lue through succiny l  CoA In succtnate and

fumarate, which are symmetric molecules, they can no longer

be specifically denoted. lsotope-labeling studies have shown that

these carbon atoms are not lost in the turn of the cycle in which

they enter; on average, one wil l be lost as C02 during the next

turn of the cycle and the other in subsequent turns.

two ATP and two GTP molecules' this represents only a

small fraction of the available energy released in the com-

plete aerobic oxidation of glucose. The remaining energy is

itored as high-energy electrons in the reduced coenzymes

NADH and FADH2. The goal of stages III and IV is to re-

cover this energy in the form of ATP.

Transpor ters  in  the Inner  Mi tochondr ia l
Membrane Help Maintain Appropriate Cytosolic

and Matrix Concentrations of NAD* and NADH

In the cytosol NAD+ is required for step 6 of glycolysis (see

Figure 12-3), and in the mitochondrial matrix NAD+ is re-

qrri..d for conversion of pyruvate to acetyl CoA and for

th... tt.pt in the citric acid cycle (4, 5, and 9 in Figure 12-

FADH2 to FAD as it reduces 02 to water and converts the

energy stored in the high-energy electrons in the reduced

HO-C-H
I
QH,t -

V iaa
/  

v v v

Malate

I
Hro-  coo-

.1.,,
U N

\ t l
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I
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Y
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QH,
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forms of these molecules into a proton-motive force. Even
though 02 is not involved in any reaction of the citric acid
cycle, in the absence of 02, this cycle soon stops operating as
the intramitochondrial supplies of NAD* and FAD dwindle
due to the inability of the electron transport chain to oxidize
NADH and FADH2. These observations raise the question
of how a supply of NAD+ in the cytosol is regenerated.

If the NADH from the cytosol could move into the mito-
chondrial matrix and be oxidized by the electron transport
chain and if the NAD+ product could be transported back
into the cytosol, regeneration of cytosolic NAD+ would be

simple. However, the inner mitochondrial membrane is im-
permeable to NADH. To bypass this problem and permit the
electrons from cytosolic NADH to be transfer red indirectly to
02 via the electron transport chain, cells use several electron
shuttles to transfer electrons from cytosolic NADH to NAD+
in the matrix. Operation of the most widespread shuttle-the
malate-aspartate shwttle-is depicted in Figure 12-11. For
every complete "turn" of the cycle, there is no overall change
in the numbers of NADH and NAD* molecules or the inter-
mediates aspartate or malate used by the shuttle. However, in
the cytosol, NADH is oxidized to NAD+, which can be used

NADHcytosot NAD*cytosolCytosol

G lu ta

oxaroacetate \E/  ,  t " , . , "

o -Ke tog  I  u t a  r a te
_ - > - _ )

I \q/ ,,"nuY,1ll';,"." ',
Aspartate Oxaloacetate €----------- Malare

/E\

( \ -Ketog  lu ta ra te  G lu tamate

Mitochondrial
inner membrane

Glu tamate

r r -Ketogluta rate Glutamate

Matrix

  FIGURE 12-11 The malate shuttle. This cyclical series of reactions
transfers electrons from NADH in the cytosol (intermembrane space)
across the inner  mi tochondr ia l  membrane,  which is  impermeable
to NADH itself, to NAD* in the matrix The net result is the
replacement of cytosolic NADH with NAD+ and matrix NAD+
with NADH Step ll: Cytosolic malate dehydrogenase transfers
electrons from cytosolic NADH to oxaloacetate, forming malate.
Step f , l :  An ant ipor ter  (b lue oval )  in  the inner  mi tochondr ia l
membrane t ransports  malate in to the matr ix  in  exchange for
cr-ketogIutarate. Step S: MitochondriaI malate dehydrogenase
converts malate back to oxaloacetate, reducing NAD+ in the matrix
to NADH in the process Step E: Oxaloacetate. which cannot

NADHmatrix NAD*m"tri"

directly cross the inner membrane, is converted to aspartate
by addition of an amino group from glutamate In this transaminase-
catalyzed reaction in the matrix, glutamate is converted to
cr-ketoglutarate Step [: A second antrporter (red oval) exports
aspartate to the cytosol in exchange for glutamate Step @: A
cytosoltc transamrnase converts aspartate to oxaloacetate and
ct-ketoglutarate to glutamate, completing the cycle The blue
arrows reflect the movement of the cr-ketoglutarate, the red
arrows the movement of glutamate, and the black arrows that
of aspartate/malate lt is noteworthy that, as aspartate and
malate cycle clockwise, glutamate and cr-ketoglutarate cycle in
the opposite direction

Aspartate
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for glycolysis, and in the matrix, NAD* is reduced to NADH,

which can be used to generate ATP via stages III and IV

NADH.yrorot + NAD;".. * --+ NAD.*y,oro1 * NADH-.1'1"

Mitochondrial Oxidation of Fatty Acids
Generates ATP

Up to now, we have focused mainly on the oxidation of car-

bohydrates, namely glucose, for ATP generation. Fatty acids

are another important source of cellular energy. Cells can

take up either glucose or fatty acids from the extracellular

space with the help of specific transporter proteins (Chapter

11). Should a cell not need to immediately burn these mole-

cules, it can store them as a polymer of glucose called glyco-

gen (especially in muscle or liver) or as a trimer of fatty acids

covalently linked to glycerol, called a triacylglycerol or

triglyceride. In some cells, excess glucose is converted into

fatty acids and then triacylglycerols for storage. However,

unlike microorganisms, animals are unable to convert fatty

acids to glucose. lWhen the cells need to burn these energy

stores to make ATP (e.g., when a resting muscle begins to do

work), enzymes break down glycogen to glucose or hy-

drolyze triacylglycerols to fatty acids, which are then oxi-

dized to generate ATP:

o
c H 3 - ( C H 2 ) " - C -  O - C H 2

^ l

YI
cH3-(cH2), -c-o-cH *  3 Hro +

?l
cH3- (cH2)"-c-o-cH2

Triacylglycerol 

O

HO-CH2

H O - C H
l

3  C H 3 - ( C H 2 ) " - C - O H  +  H O - C H 2
Fatty acid GlYcerol

Fatty acids are the major energy source for many tissues,

particularly adult heart muscle. In humans, in fact, the oxi-

dation of fats is quantitatively more important than the ox-

idation of glucose as a source of ATP. The oxidation of 1 g

of triacylglyceride to CO2 generates about six t imes as

much AIP as does the oxidation of 1 g of hydrated glyco-

gen. Thus triglycerides are more efficient than carbohy-

drates for storage of energy, in part because they are stored

in anhydrous form and can yield more energy when oxi-

dized and also because they are intrinsically more reduced
(have more hydrogens) than carbohydrates. In mammals,

the primary site of storage of triacylglycerides is fat (adi-

pose) tissue, whereas the primary sites for glycogen storage

are muscle and the liver.

Just as there are four stages in the oxidation of glucose,

there are four stages in the oxidation of fatty acids. To opti-

mize the efficiency of ATP generation, part of stage II (citric

acid cycle oxidation of acetyl CoA) and all of stages III and

IV of fatty acid oxidation are identical to those of glucose

oxidation. The differences lie in the cytosolic stage I and the

first part of the mitochondrial stage II. In stage I, fatty acids

are converted to a fatty acyl CoA in the cytosol in a reaction

coupled to the hydrolysis of ATP to AMP and PPl (inorganic

pyrophosphate) (see Figure 12-8):

o
R-C O- + HSCoA + ATP ------->

Fatty acid

o
R - C - S C O A + A M P + P P I

Fatty acyl CoA

Subsequent hydrolysis of PP1 to two molecules of P;

drives this reaction to completion. To transfer the fatty

acyl group into the mitochondrial matrix, it is covalently

transferred to a molecule called carnitine, moved across

the inner mitochondrial membrane by an acylcarnitine

transporter protein (see Figure 12-8' blue oval), and then

on th; matrix side, the fatty acyl group is released from

carnitine and reattached to another CoA molecule' The

activity of the acyl carnitine transporter is regulated to

prevent oxidation of fatty acids when cells have adequate

energy (ATP) supPlies.
In the first part of stage II' each molecule of a fatty acyl

CoA in the mitochondrion is oxidized in a cyclical sequence

of four reactions in which all the carbon atoms are converted

two at a time to acetyl CoA with generation of FADH2 and

NADH (Figure 1,2-1'2a). For example, mitochondrial oxida-

tion of each molecule of the 18-carbon stearic acid'

section, the reduced NADH and FADH2 with their high-

energy electrons from stage II will be used in stage III to gen-

erct; a proton-motive force that in turn is used in stage IV to

power ATP synthesis.

Peroxisomal Oxidation of Fatty Acids

Generates No ATP

Mitochondrial oxidation of fatty acids is the major source of

ATP in mammalian liver cells, and biochemists at one time

believed this was true in all cell types. However, rats treated

with clofibrate, a drug that affects many features of lipid me-

tabolism, were found to exhibit an increased rate of fatty acid

oxidation and a large increase in the number of peroxisomes

in their liver cells. This finding suggested that peroxisomes' as

well as mitochondri a, can oxidize fatty acids' These small or-

carbons in the fatty acyl chain, or (Cs)' medium-(C3-Crz),
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> FIGURE 12-12 Oxidation of fatty acids in
mitochondria and peroxisomes. In both
mitochondrial oxidation (a) and peroxisomal
oxidation (b), fatty acids are converted to
acetyl CoA by a series of four enzyme-catalyzed
reactions (shown down the center of the f ioure)
A fatty acyl CoA molecule is converted to u..tyl
CoA and a fatty acyl CoA shortened by two
carbon atoms Concomitantly, one FAD molecule
is reduced to FADH2 and one NAD* molecule
is reduced to NADH The cycle is repeated on
the shortened acyl CoA unti l  fatty acids with
an even number of carbon atoms are completelv
converted to acetyl CoA In mitochondrra, electrons
from FADH2 and NADH enter the electron transport
chain and ult imately are used to generate ATp; the
acetyl CoA generated is oxidized rn the citr ic acid
cycle, result ing in release of CO2 and ult imately the
synthesis of additional ATP Because peroxisomes
lack the electron transport complexes composlng
the electron transport chain and the enzymes of
the citric acid cycle, oxidation of fatty acids in these
organelles yields no ATP lAdapted from D L Netson
and l\,4 M Cox, Lehninger principlesof Biochemistry,3d
ed , 2000, Worth Publishers l

(a )  MITOCHONDRIAL OXtDAT|ON (b) PEROXTSOMAL OXtDATION

o
R -  C H 2 - C H 2 - C H r - C - S C o A

Fatty acyl CoA

o
il

R -  C H 2 - C H :  C H - C - S C o A

HrO

R - C H r - C - S C o A
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by two carbon atoms

+
o
l

+-  H3C-C-SCoA
Acetyl CoA

stead it is transported into
sis of cholesterol (Chapter

HrO + ' t / zO,

NADH
exported for
reoxidation

Acetyl CoA
exported

the cytosol for use in the synthe-
10) and other metabolites.

Citr ic acid
cycre

oxidation of fatty acids, which is coupled to generation of
ATP, peroxisomal oxidation of fatty acids is not linked to
ATP formation, and energy is released as heat.

The reaction pathway by which fatty acids are degraded
to acetyl CoA in peroxisomes is similar to that used in mito_

dases, peroxisomes contain abundant catalase, which
quickly decomposes the H2O2, a highly cytotoxic metabo_
lite. NADH produced during oxidation of fatty acids is ex-
ported and reoxidized in the cytosol; there is no need for a
malate/aspartate shuttle here. peroxisomes also lack the cit_
ric acid cycle, so acetyl CoA generated during peroxisomal
degradation of fatty acids cannot be oxidized further: in-

First Steps of Glucose and Fatty Acid Catabolism:
Glycolysis and the Citric Acid Cycle

r In a process known as aerobic oxidation, cells convert the
energy released by the oxidation ("burning") of glucose or
fatty acids into the terminal phosphoanhydride bond of ATp.

r The complete aerobic oxidation of each molecule of glu-
cose produces six molecules of CO2 and approximately 30
ATP molecules. The entire process, which starts in the
cytosol and moves into the mitochondrion, can be divided
into four stages: (I) glycolysis to pyruvate in the cytosol,
(II) pyruvate oxidation to C02 in the mitochondrion.
(III) electron transport to generate a proton-motive force
together with conversion of molecular oxygen to wate!
and (IV) ATP synthesis.

r The mitochondrion has two distinct membranes (outer and
inner) and two distinct subcompartments (intermembrane
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space between the two membranes and the matrix sur-
rounded by the inner membrane). Aerobic oxidation occurs
in the mitochondrial matrix and on the inner mitochondrial
membrane.

r Each turn of the citric acid cycle releases two molecules

of CO2 and generates three NADH molecules, one FADH2

molecule. and one GTP.

r In glycolysis (stage I), cytosolic enzymes convert glucose

to two molecules of pyruvate and generate two molecules

each of NADH and ATP.

r The rate of glucose oxidation via glycolysis and the citric

acid cycle is regulated by the inhibition or stimulation of

several enzymes, depending on the cell's need for ATP. Glu-
cose is stored (as glycogen or fat) when ATP is abundant.

r Some of the energy released in the early stages of oxida-
tion is temporarily stored in the reduced coenzymes NADH
or FADH2, which carry high-energy electrons that subse-
quently drive the electron transport chain (stage III).

r In the absence of oxygen (anaerobic conditions), cells can
metabolize pyruvate to lactate or (in the case of yeast) to

ethanol and CO2, in the process converting NADH back to
NAD*, which is necessary for continued glycolysis. In aero-
bic conditions (presence of oxygen), pyruvate is transported
into the mitochondrion, where stages II through IV occur.

r In stage II, the three-carbon pyruvate molecule is first

oxidized to generate one molecule each of CO2, NADH'
and acetyl CoA. The acetyl CoA is then oxidized to CO2 by

the citric acid cycle.

r Neither glycolysis (stage I) nor the citric acid cycle (stage

II) directly use molecular oxygen (02).

r The malate/aspartate shuttle regenerates the supply of

cytosolic NAD* necessary for continued glycolysis.

r Like glucose oxidation, the oxidation of fatty acids takes
place in four stages. In stage I, fatty acids are converted to

fatty acyl CoA in the cytosol. In stage II, the fatty acyl CoA
is first converted into multiple acetyl CoA molecules with
generation of NADH and FADH2. Then, as in glucose oxi-

dation, the acetyl CoA enters the citric acid cycle. Stages III

and IV are identical for fatty acid and glucose oxidation.

r In most eukaryotic cells, oxidation of short- to long-

chain fatty acids occurs in mitochondria with production

of ATR whereas oxidation of very long chain fatty acids

occurs primarily in peroxisomes and is not linked to ATP

production; the released energy is converted to heat.

Slfl The Electron Transport chain and
Generation of the Proton-Motive Force
Most of the energy released during the oxidation of glucose

and fatty acids to CO2 (stages I and II) is converted into high-

energy electrons in the reduced coenzymes NADH and FADH2.

\7e now turn to stage III, in which the energy transiently stored

in the coenzymes is converted by an electron transport

chain, also known as the respiratory chain into the proton-

motive force.'We first describe the logic and components of the

electron transport chain and the pumping of protons across the

mitochondrial inner membrane.'We conclude the section with a

discussion of the magnitude of the proton-motive force pro-

duced by electron transport and proton pumping. In the fol-

lowing section, we describe stage IV, focusing on the structure

of the AIP synthase and how it uses the proton-motive force to

synthesize ATP.

Stepwise Electron Transport Eff iciently Releases

the Energy Stored in  NADH and FADH2

During electron transport' electrons are released from

NADH and FADH2 and eventually transferred to 02, form-

ing H2O according to the following overall reactions:

NADH + H+ + 1/z 02 --+ NAD* + H2O,

LG: -52 '6 kcal /mol

FADH2 -r 1/z 02 --+ FAD + H2O,
L'G : -43.4 kcal/mol

Recall that the conversion of 1 glucose molecule to CO2 via

the glycolytic pathway and citric acid cycle yields 10 NADH

and-2 FADH2 molecules (see Table 12-1). Oxidation of

these reduced coenzymes has a total AGo'of -613 kcal/mol

duction of FAD, which requires less energy.

The energy carried in the reduced coenzymes can be re-

leased by oxidizing them. The biochemical challenge faced

by the mitochondrion is to transfer, as efficiently as possible'

the energy released by this oxidation into the energy in the

terminal phosphoanhydride bond in ATP.

P,t- * H* + ADP3- -+ATPa- + H2o,

L,G : +7.3 kcal/mol

A relatively simple one-to-one reaction in which reduction of

one coenzyme molecule and synthesis of one ATP occurs

would be terribly inefficient, because the AG'' for ATP gen-

eration from ADP and P1 is substantially less than for the

coenzyme oxidation and much energy would be lost as heat'

To efficiently recover the energ5 the mitochondrion first

converts the energy of coenzyme oxidation into a proton-

motive force using a series of electron carriers' all but one of

which are integral components of the inner membrane'

Electron Transport in Mitochondria ls Coupled

to Proton PumPing

At several sites during electron transport from NADH and

FADH2 to C,2, protons from the mitochondrial matrix are
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  EXPERIMENTAL FIGURE 12-13 Electron transfer from NADH
to 02 is coupled to proton transport across the mitochondrial
membrane. lf NADH is added to a suspension of mitochondria
depleted of 02, no NADH is oxidized When a small amount of O, is
added to the system (arrow), there is a sharp rise in the concentration
of protons in the surrounding medium outside the mitochondria

pumped across the inner membrane; this generares proton con-
centration and electrical gradients across the inner membrane
(see Figure 12-2). This pumping causes the pH of the mito-
chondrial matrix to become higher (i.e., the H+ concentration
is lower) than that of the intermembrane space and cytosol. An
electric potential across the inner membrane also results from
the pumping of H* outward from the matrix, which becomes
negative with respect to the intermembrane space. Thus free
energy released during the oxidation of NADH or FADH2 is
stored both as an electric potential and a proton concentrarion
gradient-collectivelS the proton-motive force-across the

major source of ATP in aerobic nonphotosynthetic cells.
Much evidence shows that in mitochondria and bacteria this
process of oxidative phosphorylation depends on generarion
of a proton-motive force across the inner membrane (mito-
chondria) or bacterial plasma membrane, with electron
transport, proton pumping, and ATp formation occurring
simultaneously. In the laboratory, for instance, addition o]
02 and an oxidizable substrate such as pyruvate or succinare
to isolated intact mitochondria results in a net synthesis of
ATP if the inner mitochondrial membrane is intact. In the
presence of minute amounts of detergents that make the
membrane leaky, electron transport and the oxidation of
these metabolites by 02 still occurs. However, under these
conditions no ATP is made, because the proton leak prevents
the maintenance of the transmembrane proton concentra-
tion gradient and the membrane electric porential.

The coupling between elecrron transporr from NADH
(or FADH2) to 02 and proron rransporr aiross the inner mi-
tochondrial membrane can be demonstruted experimentally
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(decrease in pH) Thus the oxidation of NADH by 02 is coupled to the
movement of protons out of the matrix Once the 02 is depleted, the
excess protons slowly move back into the mitochondria (powering
the synthesis of ATP) and the pH of the extracellular medium returns
to i ts  in i t ia l  va lue.

with isolated, intact mitochondria (Figure 12-13). As soon
as 02 is added to a suspension of mitochondria in an other-
wise O2-free solution that contains NADH, the medium
outside the mitochondria transiently becomes more acidic
(increased proton concentration), because the mitochondrial
outer membrane is freely permeable to protons. (Remember
that malate/aspartate and other shuttles can convert the
NADH in the solution into NADH in the matrix.) Once the
02 is depleted by its reduction, the excess protons in the
medium slowly leak back into the matrix. From analysis of
the measured pH change in such experiments, one can calcu-
late that about 10 protons are transported out of the matrix
for every electron pair transferred from NADH to 02.

To obtain numbers for FADH2, the above experiment can
be repeated, but with succinate instead of NADH as the sub-
strate. (Recall that oxidation of succinate to fumarate in the
citric acid cycle generates FADH2; see Figure 12-10). The
amount of succinate added can be adiusted so that the amount
of FADH2 generated is equivalent to the amount of NADH in
the first experiment. As in the first experiment, addition of
oxygen causes the medium outside the mitochondria to
become acidic, but less so rhan with NADH. This is not sur-
prising because electrons in FADH2 have less potential energy
(43.4 kcal/mol) than electrons in NADH (52.6 kcal/mole).
and thus it drives the translocation of fewer protons from
the matrix and a smaller change in pH.

Electrons Flow from FADH2 and NADH to 02
Through Four  Mul t iprote in Complexes
I7e now examine more closely the energetically favored
movement of electrons from NADH and FADH2 to the final
electron acceptor, 02. For simplicity, we will focus our dis-
cussion on NADH. In respiring mitochondria, each NADH
molecule releases two electrons to the electron transDort



chain; these electrons ultimately reduce one oxygen atom
(half of an 02 molecule), forming one molecule of water:

NADH- -+NAD*  +  H*  +  2e

2 e -  +  2 H '  +  t / r O r - - H r O

As electrons move from NADH to 02, their potential de-

clines by 1.14 V, which corresponds to 26.2 kcal/mol of
electrons transferred, or :53 kcal/mol for a pair of elec-
trons. As noted earlier, much of this energy is conserved in

the proton-motive force generated across the inner mito-
chondrial membrane.

There are four large multiprotein complexes in the elec-
tron transport chain that span the inner mitochondrial
membrane: NADH-CoQ reductase (complex I, >40 sub-

units), swccinate-CoQ reductase (complex II, 4 subunits),
CoQH2-cytochrome c reductdse (complex III, 11 subunits),
and cytochrome c oxidase (complex IV, 13 subunits). Elec-

trons from NADH flow from complex I to III to IV, bypass-
ing complex II; electrons from FADH2 flow from complex II

to III to IV, bypassing complex I (see Figure 12-8).
Each complex contains several prosthetic groups that

participate in moving electrons. These small nonpeptide or-
ganic molecules or metal ions are tightly and specifically as-

sociated with the multiprotein complexes (Table 12-2).

Heme and the Cytochromes Several types of heme, an iron-

containing prosthetic group similar to that in hemoglobin
and myoglobin (Figure 12-14a\, are tightly bound (cova-

lently or noncovalently) to a set of mitochondrial proteins

called cytochromes. Each cytochrome is designated by a letter,

such as A, b, c, or c1 . Electron flow through the cytochromes oc-

curs by oxidation and reduction of the Fe atom in the center of

the heme molecule:

Fe3* + e- .  .  --> Fe2*

t a )
HrC:CH 9H.

I I

t l
CH,  H,C
l - - l

o2c-cH2 H2c-co2

A FIGURE 12-14 Heme and iron-sulfur prosthetic groups in
the electron transport chain. (a) Heme portion of cytochromes bg
and bs, which are components of CoQHz-cytochrome c reductase
(complex l l l) The same porphyrin ring (yellow) is present in all hemes
The chemical substituents attached to the porphyrin ring differ in the

*-Not included is coenzyme Q, an electron carrier that is not

permanently bound to a protein complex.

iou*.,.' J. \Xl. De Pierre and L. Ernster, L977, Ann. Reu. Biochem'

46:201..

Because the heme ring in cytochromes consists of alternating

double- and single-bonded atoms, a large number of reso-

nance hybrid forms exist. These allow the extra electron de-

livered to the cytochrome to be delocalized throughout the

heme carbon and nitrogen atoms as well as the Fe ion.

The various cytochromes have slightly different heme

groups and surrounding atoms (called axial ligands), which

Protein

( b )

other cytochromes in the electron transport chain. All hemes accept

and release one electron at a time. (b) Dimeric iron-sulfur cluster (Fe-S)

Each Fe atom is bonded to four S atoms: two are inorganic sulfur and

two are in cysteine side chains of the associated protein All Fe-S

clusters accept and release one electron at a time.

PROTEIN COMP()NENT PR{]STHETIC GROUPS-

NADH-CoQ reductase
(complex I)

Succinate-CoQ reductase
(complex II)

CoQH2-cytochrome c reductase
(complex III)

FMN
Fe-S

FAD
Fe-S

Heme by
Heme bp1
Fe-S
Heme c1

Heme c

Crru2*
Heme a
Lut-
Herne a3

Cytochrome c

Cytochrome c oxidase (comPlex IV)
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generate different environments for the Fe ion. Therefore,
each cytochrome has a different reduction potential, or ten-
dency to accept an electron-an important property dictat-
ing the unidirectional "downhill" electron flow along the
chain. Just as water spontaneously flows downhill from a
higher to lower potential energy state-but not uphill-so
too do electrons flow in only one direction from one heme
(or other prosthetic group) to another due to their differing
reduction potentials. All the cytochromes, excepr cy-
tochrome c, are components of integral membrane multipro-
tein complexes in the inner mitochondrial membrane.

fron-Sulfur Clusters lron-sulfur clusters are nonheme, iron-
containing prosrhetic groups consisting of Fe atoms bonded
both to inorganic S atoms and to S atoms on cysteine residues in
a protein (Figure I2-l4b). Some Fe aroms in the cluster bear a
*2 charge;others have a *3 charge. However, the net charge of
each Fe atom is actually between +2 and *3, because electrons
in their outermost orbitals together with the extra electron de-
livered via the transport chain are dispersed among the Fe
atoms and move rapidly from one atom to another. Iron-sulfur
clusters accept and release elecffons one at a time.

Coenzyme Q (CoQ) Coenzyme e (Coe), also called
ubiquinone, is the only small-molecule electron carrier in the
chain that is not a protein-bound prosthetic group (Figure
12-15). It is a carrier of both protons and electrons. The oxi-
dized quinone form of CoQ can accepr a single electron to

o

ubiquinone (coo) H3co cH, 
i t t

(ox id ized  fo rm)  H3CO (CHr-CH:C-CH2)10-H

o
I

e  r l

J
o-

semiquinone (coe;)  
H3cO CH. 9H'

{ f r ee  rad i ca l )  H3CO (CHr -CH:J -CH2)10 -H

U .

zut + 
"- 

t.l

J
OH

Dihydroquinone H3co cH, 
?*'

1999H, )  H3CO (CHr-CH:C-CH2)10-H
(ful ly reduced form) 

OH

A FIGURE 12-15 Oxidized and reduced forms of coenzyme e
(CoQ), which can carry two protons and two electrons. Because
of i ts long hydrocarbon "tai l"  of isoprene units, Coe, also cal led
ubrquinone, is soluble in the hydrophobic core of phospholipid bi layers
and is very mobile. Reduction of Coe to the ful ly reduced form, eH2
(dihydroquinone), occurs in two steps with a half-reduced free-radical
in te rmed ia te ,  ca l led  semiqu inone

form a semiquinone, a charged free radical denoted by
CoQ .. Addition of a second electron and two protons (thus
a total of two hydrogen atoms) to CoQ-. forms dihy-
droubiquinone (CoQH2), the fully reduced form. Both Coe
and CoQH2 are soluble in phospholipids and diffuse freely in
the hydrophobic center of the inner mitochondrial membrane.
This is how it participates in the electron transport chain-
carrying electrons and protons between the complexes.

As shown in Figure 12-16, CoQ accepts electrons released
from NADH-CoQ reductase (complex I) or succinate-Coe
reductase (complex I I )  and donates them to CoeH2-
cytochrome c reductase (complex III). Importantly, reduction
and oxidation of CoQ are coupled to pumping of protons.
Ifhenever CoQ accepts electrons, it does so at a binding site
on the matrix (also called the cytosolic) face of the protein
complex, always picking up protons from the medium there.
\Thenever CoQH2 releases its electrons, it does so at a srte on
the intermembrane space (also called the exoplasmic) side of
the protein complex, releasing protons into the intermem-
brane (or exoplasmic) fluid. Thus transport of each pair of
electrons by CoQ is obligatorily coupled to movement of two
protons from the matrix to the intermembrane space fluid.

NADH-CoQ Reductase (Complex l) Electrons are trans-
ferred from NADH to CoQ by NADH-CoQ reducrase (Figure
12-16).In bacteria the mass of this complex is about 500 kDa
(-14 subunits), whereas for the L-shaped eukaryotic complex
it is 1 MDa (14 central and as many as 32 accessory subunits).
NAD- is exclusively a two-electron carrier: it accepts or re-
leases a pair of electrons simultaneously. In NADH-Coe reduc-
tase (complex I), electrons first flow from NADH to FMN
(flavin mononucleotide), a cofactor related to FAD, then to an
iron-sulfur clusteq and finally to CoQ. FMN, like FAD, can ac-
cept two electrons but does so one electron at a trme.

Each transported electron undergoes a drop in potential
of =360 mV, equivalenr to a AG'' of -16.6kcallmol for the
two electrons transported. Much of this released energy is
used to transport four protons across the inner membrane
per molecule of NADH oxidized by the complex I. Those
four protons are distinct from the two protons transferred to
the CoQ in the chemical reaction shown above.

The overall reaction catalyzed by this complex is

NADH + CoQ * 6H*1. --+

(Reduced) (Oxidized)

NAD- *  Ht i .  + CoeH2 + 4H+o, t
(Oxidized) (Reduced)

Succinate-CoQ Reductase (Complex l l) Succinate dehy-
drogenase, the enzyme that oxidizes a molecule of succinate
to fumarate in the citric acid cycle (and in the process generares
the reduced coenzyme FADH2), is one of the four subunits of
complex II. In this way the citric acid cycle is physically as well
as functionally linked to the electron transport chain. The two
electrons released in conversion of succinate to fumarate are
transferred first to FAD in succinate dehydrogenase, then to
iron-sulfur clusters-regenerating FAD-and finally to Coe,
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l l l l+ Animation: Electron Transport
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CoOH2-cytochrome c
reductase (complex l l l)
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  FIGURE 12-16 Multiprotein complexes and mobile electron
carriers of the electron transport chain. Electrons (blue arrows)
flow through four major multiprotein complexes (l-lV) Electron
movement between complexes rs mediated either by the l ipid-soluble
molecule coenzyme Q (CoQ, oxidized form; CoQHz, reduced form) or
the watersoluble protein cytochrome c (cyt c), The multiple protein
complexes use the energy released from passing electrons to pump
protons from the matrix to the intramembrane space (red arrows)
(a) Pathway from NADH From NADH electrons flow to complex l,
then l l l  and then lV A total of 10 protons are translocated per pair of
electrons that f low from NADH to O, The protons released into the

which binds to a cleft on the matrix side of the transmem-
brane portions of complex II (Figure 72-16).

The overall reaction catalyzed by this complex is

Succinate + CoQ --+ fumarate + CoQH2

(Reduced) (Oxidized) (Oxidized) (Reduced)

Although the AGo' for this reaction is negative, the released
energy is insufficient for proton pumping in addition to re-
duction of CoQ to form CoQH2, which then dissociates
from complex II. Thus no protons are translocated directly
across the membrane by the succinate-CoQ reductase com-
plex, and no proton-motive force is generated in this part of
the respiratory chain. Shortly we wil l see how the protons
and electrons in the CoQH2 molecules generated by com-
plex I and complex II contribute to the generation of the
proton-motive force.

Complex II generates CoQH2 from succinate via FAD/
FADH2-mediated redox reactions. Another set of proteins in the
matrix and inner mitochondrial membrane performs a compa-
rable set of FAD/FADH2-mediated redox reactions to generate
CoQH2 from fatty acyl CoA. Fatty acyl-CoA dehydrogenase,
which is a water-soluble enzyme, catalyzes the first step of the
oxidation of fatty acyl CoA in the mitochondrial matrix (see

Complex l l l

Succ ina te  Fumara te+2  H*

Succinate-CoO reductase
(comPlex ll)

matrix space during oxidation of NADH by complex I are
consumed in the formation of water from 02 by complex lV,

resulting in no net proton translocation from these reactions
(b) Pathway from succinate Electrons flow from succinate (via

FADHz) in complex l l to complex l l l  and then lV Electrons released

during oxidation of succinate to fumarate in complex l l are used

to reduce CoQ to CoQHz without translocating additional
protons, The remainder of electron transport from CoQHz
proceeds by the same pathway as for the NADH pathway in (a).

Thus for every pair of electrons transported from succinate to 02,

six protons are translocated by complexes l l l  and lV

Figure 12-12). There are several fatty acyl-CoA dehydrogenase

enzymes with specificities for fatty acyl chains of different

lengths. These enzymes mediate the initial step in a four-step

process that removes two carbons from the fatty acyl group by

oxidizing the carbon in the B position of the fatty acyl chain

(thus the entire process is often referred to as B-oxidation).
These reactions generate acetyl CoA, which in turn enters the

citric acid cycle. They also generate an FADH2 intermediate

and NADH. The FADH2 generated remains bound to the

enzyme during the redox reaction, as is the case for complex II.

A water-soluble protein called electron transfer flauoprotein
(ETF) transfers the high-energy electrons from the FADH2 in

the acyl-CoA dehydrogenase to electron transfer flauopro-
tein:ubiquinone oxidor e ductase (ETF : QO), a membrane pro-

tein that reduces CoQ to CoQH2 in the inner membrane. This

CoQH2 intermixes in the membrane with the other CoQH2

molecules generated by complexes I and II.

CoQH2-Cytochrome c Reductase (Complex l l l) A CoQHz

generated either by complex I or complex II (or ETF:QO) do-

nates two electrons to CoQH2-cytochrome c reductase (com-

plex III), regenerating oxidized CoQ. Concomitantly it releases

into the intermembrane space rwo protons previously picked up

on the matrix face, generating part of the proton-motive force

z n

11202 +  2  H*  HzO 2
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(Figure 12-16). Vithin complex III, the released electrons first
are transferred to an iron-sulfur cluster within complex III and
then to cltochrome c1 or to two &-type cytochromes (by and
bs, see Q cycle below). Finally, the two electrons are transferred
sequentially to two molecules of the oxidized form of cy-
tochrome 6, a water-soluble peripheral protein that diffuses in
the intermembrane space. For each pair of electrons transferred,
the overall reaction catalyzed by the CoQH2-cytochrome c
reductase complex is

CoQH2 + 2 Cytc3* *2 H+i. -+ Coe + 4 H+o,t+ 2 Cytc}+
(Reduced) (Oxidized) (Oxidized) (Reduced)

The AG'' for this reaction is sufficiently negative that two
protons in addition to those from CoQH2 are translocated
from the mitochondrial matrix across the inner membrane
for each pair of electrons transferred; this involves the pro-
ton-motive Q cycle, discussed later. The heme protein cy-
tochrome c and the small lipid-soluble molecule Coe play
similar roles in the electron transport chain in that they both
serve as mobile electron shuttles, transferring electrons (and
thus energy) between the complexes of the elecrron rransporr
chain.

Cytochrome c Oxidase (Complex lV) Cytochrome c, after
being reduced by CoQH2-cytochrome c reductase (complex
III), is reoxidized as it transports electrons, one at a time, to
cytochrome c oxidase (complex IV) (Figure 12-16). Mito-
chondrial cytochrome c oxidases contain 13 different sub-
units, but the catalytic core of the enzyme consists of only

three subunits. The function of the remaining subunits is less
well understood. Bacterial cytochrome c oxidases contain
only the three catalyric subunits. Four molecules of reduced
cytochrome c bind, one at a time, to the oxidase. An electron
is transferred from the heme of each cytochrome c, first to
the pair of copper ions called Crr^2*, then to the heme in cy-
tochrome a, and next to the Cub2+ and the heme in cy-
tochrome a3 that together make up the oxygen reduction
center. The electrons are finally passed to 02, the ultimate
electron acceptor, yielding 4 H2O, which together with CO2
is one of the end products of the oxidation pathway. Pro-
posed intermediates in oxygen reduction include the perox-
ide anion (Ort-) and probably the hydroxyl radical iOH.),
as well as unusual complexes of iron and oxygen atoms.
These intermediates would be harmful to the cell if they es-
caped from the reaction center, but they do so only rarely
(see the discussion of reactive oxygen species below). During
transport of four electrons through the cytochrome c oxi-
dase complex, four protons from the matrix space are
translocated across the membrane. However, the mechanism
by which these protons are translocated is not known.

For each four electrons transferred, the overall reaction
catalyzed by cytochrome c oxidase is

4 C y t c 2 * * 8 H + 1 , + 0 2  - +  4 C y t c 3 +  + 2 H z O +  4 H + o , t
(Reduced) (Oxidized)

The poison cyanide, used as a chemical warfare agent,
by spies to commit suicide when captured, in gas

chambers to execute prisoners, and by the Nazis (Zyklon B

( a )

,- 
Supercomplex l / l l l2l lV

#- gupspsomplex l / l l l ,
-  Complex I

**- ATP synthase
-  Complex  l l l  d imer  ( l l l 2 )

- Complex lV

-  Complex  l l

  EXPERIMENTAL FIGURE l2-17 Electrophoresis and electron
microscopic imaging identifies an electron transport chain
supercomplex containing complexes l, l l l ,  and lV. (a) Membrane
proteins in isolated bovine heart mitochondria were solubil ized wlth a
detergent, and the complexes and supercomplexes were separated
by gel electrophoresis using the blue native (BN)-PAGE method. Each
blue-stained band within the gel represents the indicated protein
complex or supercomplex, with l l12 representing a dimer of complex l l l
Intensity of the blue stain is approximately proportional to the amount
of complex or supercomplex present (b) Supercomplex l/ l l lr l lV was

extracted from the gel, and the particles were negatively stained
with 1% uranyl acetate and visualized by transmission electron
microscopy. lmages of 228 particles were combined at a resolution
o'f -3 4 nm to generate an averaged image of the complex viewed
from the side in the plane of the membrane Approximate locations
of the complex l l l  dimer and complex lV are indicated by dashed
ovals; the outl ine of complex I is also indicated by a dashed line
(white). Scale bar is 10 nm. fAdapted from E Schafer et al, 2006, ]. Biol.
Chem 2A1Q2): 1 537 O-1 537 5 l

Complex  l l l  d imer  Complex  lV
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gas) for the mass murder of Jews and others, is toxic be-
cause it binds to the heme a3 in mitochondrial cytochrome
c oxidase (complex IV), inhibit ing cellular respiration and
therefore production of ATP. Cyanide is one of many toxic
small molecules that interfere with energy production in
mitochondria. I

Electron Transport Supercomplexes Over 50 years ago
Britton Chance proposed that electron transport com-
plexes might assemble into large supercomplexes. Doing
so would bring the complexes into close and highly organ-
ized proximity, which might improve the speed and effi-
ciency of the overall process. However, an alternative view
holding that the complexes behaved as independent enti-
t ies diffusing freely in the inner membrane became the
dominant paradigm. During the past several years,
genetic, biochemical, and biophysical studies have pro-
vided very strong evidence for the existence of electron
transport chain supercomplexes. These studies involved
relatively new gel electrophoretic methods called blue na-
tive (BN)-PAGE and colorless native (CN)-PAGE, which
permit separation of very large macromolecular protein
complexes, and electron microscopic analysis of their three-
dimensional structures. One such supercomplex contains
one copy of complex I, a dimer of complex III (III2), and
one or more copies of complex IV (Figure 1,2-1,7). The
unique phospholipid cardiolipin (diphosphatidyl glycerol)

Card io l ip in

o  g 6
+lta-o-[-o.-X-.o

do

appears to play an important role in the assembly and
function of these supercomplexes. Generally not observed
in other membranes of eukaryotic cells, cardiolipin has
been observed to bind to integral membrane proteins of
the inner membrane (e.g., complex II). Genetic and bio-
chemical studies in yeast mutants in which cardiolipin
synthesis is blocked have established that cardiolipin con-
tributes to the formation and activity of mitochondrial su-
percomplexes, and thus it has been called the glue that
holds together the electron transport chain, though the
precise mechanism remains to be defined. In addition,
there is evidence that cardiolipin may influence the inner
membrane's binding and permeabil ity to protons and con-
sequently the proton-motive force.

)
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Reduction Potentials of Electron Carriers Favor
Electron Flow from NADH to 02

As we saw in Chapter 2, the reduction potential E fot a par-

tial reduction reaction

Oxidized molecule * e- - = reduced molecule

is a measure of the equilibrium constant of that partial reac-

tion. lfith the exception of the b cytochromes in the

CoQH2-cytochrome c reductase complex, the standard re-

duction potential Eo' of the electron carriers in the mito-

chondrial respiratory chain increases steadily from NADH

to 02. For instance, for the partial reaction

N A D *  + H *  + 2 C _  -  ' N A D H

the value of the standard reduction potential is -320 mV,

which is equivalent to a AGo' of + 14.8 kcal/mol for transfer

of two electrons. Thus this partial reaction tends to proceed

toward the left, that is, toward the oxidation of NADH to

NAD+.
By contrast, the standard reduction potential for the partial

reactron

Cytochrome co*(Fe3*) + e - - cytochrome cred(F.t*)

is +220 mV (AG"' : -5.1 kcal/mol) for transfer of one elec-

tron. Thus this partial reaction tends to proceed toward the

right, that is, toward the reduction of cytochrome c (Fe3 * 
) to

cytochrome c (Fe'-).
The final reaction in the respiratory chain, the reduction

of 02 to H2O

2 H -  +  ' l r o r +  2 e -  - + H 2 O

has a standard reduction potential of +816 mV (AG'' :
-37.8 kcal/mol for transfer of two electrons), the most pos-

itive in the whole series; thus this reaction also tends to pro-

ceed toward the right.
As illustrated in Figure 12-1'8, the steady increase in Eo'

values, and the corresponding decrease in AGo' values' ofthe

carriers in the electron transport chain favors the flow of

electrons from NADH and FADH2 (generated from succi-

nate) to oxygen.

Exper iments Using Pur i f ied Complexes
Established the Stoichiometry of Proton
Pump ing
The multiprotein complexes responsible for proton pump-

ing coupled to electron transport have been identif ied by

selectively extracting mitochondrial membranes with de-

tergents, isolating each of the complexes in nearly pure

form, and then preparing artif icial phospholipid vesicles

(liposomes) containing each complex. $7hen an appropri-

ati electron donor and electron acceptor are added to such
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  FIGURE 12-18 Changes in redox potential and free energy
during stepwise flow of electrons through the respiratory
chain. Blue arrows indicate electron flow; red arrows, translocation
of protons across the inner mitochondrial membrane Electrons pass
through the multiprotein complexes from those at a lower reduction

liposomes, a change in pH of the medium will occur if rhe
embedded complex transporrs protons (Figure 12-19).
Studies of this type indicate that NADH-Coe reductase
(complex I) translocates four protons per pair of electrons
transported, whereas cytochrome c oxidase (complex IV)
t ranslocates two protons per  e lect ron pai r  t ransported
(or, equivalently, for every two molecules of cytochrome c
oxid ized) .

Current evidence suggests that a total of 10 protons are
transported from the matrix space across the inner mitochon-
drial membrane for every electron pair that is transferred from
NADH to 02 (see Figure 12-1,6). Because succinate-Coe
reductase (complex II) does not transport protons and com-
plex I is bypassed when the electrons come from succinate-
derived FADH2, only six prorons are rransported across the

NADH-CoO reductase
- (complex l )

NADH NAD++  H+

\ .v
2 e- Fumarate + 2 H+

Succinate-CoO
reductase (complex ll)

60

5U

40

30

20

1 0

" )
H +

H*

Fe-S

CoQHr-cytochrome c
Cyt c. ,  reductase (complex l l l )

Cyt c

cuu
I
t-
*

(complex lV) 2 e-

t  lz  Oz + 2H* HzO

potential to those with a higher (more positive) potential (left scale),
with a corresponding reduction in free energy (right scale) The
energy released as electrons flow through three of the complexes is
sufficient to power the pumping of H* ions across the membrane,
establishing a proton-motive force

membrane for every electron pair that is transferred from
this FADH2 to 02.

The Q Cycle Increases the Number of Protons
Translocated as Electrons Flow Through
Complex l l l
Experiments such as the one depicted in Figure 12-1,9 have
shown that four protons are translocated across the mem-
brane per electron pair transported from CoQH2 through
CoQH2-cytochrome c reductase (complex III). Thus this
complex transports two protons per electron transferred,
whereas cytochrome c oxidase (complex IV) transports
only one proton per electron transferred. An evolutionarily
conserved mechanism, called the Q cycle, accounts for the
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A EXPERIMENTAL FIGURE 12-19 Electron transfer from
reduced cytochrome c to 02 via cytochrome c oxidase (complex

lV) is coupled to proton transport.  The oxidase complex is
incorporated into l iposomes with the binding site for cytochrome c
posit ioned on the outer surface (a) When 02 and reduced cytochrome
c are added, electrons are transferred to 02 to form H2O and protons

are transported from the inside to the medium outside of the
ves ic les  A  drug  ca l led  va l inomyc in  was added to  the  med ium to
dissipate the voltage gradient generated by the translocation of H*,
which would otherwise reduce the number of protons moved across
the membrane (b) Monitoring of the medium's pH reveals a sharp
drop in pH fol lowing addit ion of 02 As the reduced cytochrome c
becomes ful ly oxidized, protons leak back into the vesicles, and the
pH o f  the  med ium re tu rns  to  i t s  in i t ia l  va lue  Measurements  show
that two protons are transported per O atom reduced Two electrons
are needed to reduce one O atom, but cytochrome c transfers only
one electron; thus two molecules of Cyt c'* are oxidized for each O
reduced lAdaptedfrom B Reynafarleetal,  1986, J Biol Chem 26128254]

two-for-one transport of protons and electrons by complex
I I I  (F igure 12-20) .

The substrate for complex III, CoQH2, is generated by
several enzymes, including NADH-CoQ reductase (complex
I) and succinate-CoQ reductase (complex II), electron trans-

fer flauoprotein:ubiquinone oxidoreductase (ETF :QO, dur-
ing B-oxidation), and, as we shall see, by complex III itself.

In one turn of the Q cycle, two molecules of CoQH2 are ox-
idized to CoQ at the Q. site and release a total of four protons

into the intermembrane space, but one molecule of CoQH2 is

regenerated from CoQ at the Q1 site (see Figure 12-20, bot-

tom).Thus the net result of the Q cycle is that four protons are

translocated to the intermembrane space for every two elec-

trons transported through the CoQH2-cytochrome c reduc-

tase complex and accepted by two molecules of cytochrome c.

The translocated protons are all derived from CoQH2, which

lntermembrane
space

CoOH2
l 2 e  I

Matrix

GoOH2-cytochrome c
reductase (complex lll)

At Oo site: 2 CoOH2 + 2 Cyt C+ ---')

( 4 H + , z l e  ) 2 CoO+ 2 Cyt  C+ +2 e +4 H+{outs ide)
( 2 e  I

At O; site: CoO + 2 e + 2 H+lmatrix 
";6sy 

-----+ CoOH2
( 2 H ' ' 2  e  \

Net O cycle (sum of reactions at Oo and O;):

CoOH2 + 2 Cyr C'+ 2 H+1661rix side) +

12 H*, ' l  t :  I  CoO + 2 Cyt C+ + 4 H+loutside)
( 2 e  )

Per  2  e  t rans fer red  th rough complex  l l l  to  cy tochrome c ,4H"
re leased to  the  in te rmembrane space

A FIGURE 12-20 The Q cycle. The Q cycle begins when a molecule

from the combined pool of reduced CoQH, in the membrane binds

to the Qo site on the intermembrane space (outel side of the

transmembrane port ion of complex l l l  (step tr) There, CoQHz

releases two protons into the intermembrane space (step EEI) and

two electrons and the result ing CoQ dissociate (step B) One of the

electrons is transported, via an iron-sulfur protein and cytochrome c1,

direct ly to cytochrome c (step EE) (Recall  that each cytochrome c

shutt les one electron from complex l l l  to complex lV) The other

electron moves through cytochromes b1 and bs and part ial ly reduces

an oxidized CoQ molecule bound to the second, Qi, si te on the

matrix ( inner) side of the complex, forming a CoQ semiqutnone

anion, Q '  (step 4). The process is repeated with the binding of a

second CoQH2 at the Qo site (step Et), proton release (step EE),

reduction of another cytochrome c (step EEI), and addit ion of the

other electron to the Q-'bound at the Qi si te (step Z) There, the

addit ion of two protons from the matrix yields a ful ly reduced CoQHz

molecule at the Qr site, which then dissociates (steps E and 9),

freeing the Q to bind a new molecule of CoQ (step I0) and begin

the Q cycle over again lAdapted from B Trumpower l99O, J Biol Chem

265:11409, and E Darrouzet et al, 2001, Trends Biochem Sci 26:4451
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obtained its protons from the matrix, as a consequence of
the reduction of CoQ catalyzed by either NADH-CoQ re,
ductase (complex I) or by CoQH2-cytochrome c reductase
(complex III) (see Figure 12-16). Although seemingly cum-
bersome, the Q cycle optimizes the numbers of protons
pumped per pair of elecrrons moving through complex III.
The Q cycle is found in all plants and animals as well as in
bacteria. Its formation at a very early stage of cellular evolu-
tion was likely essential for the success of all life-forms as a
way of converting the potential energy in reduced coenzyme Q
into the maximum proton-motive force across a membrane.

How are the two electrons released from CoQH 2 at the
Qo site directed to different acceptors, either to Fe-S, cy-
tochrome c1 and then cytochrome c (upward in Figure 12-
20) or to cytochrome bL, cytochrome bs, and then CoQ at
the Q1 site (downward in Figure 12-20)? The answer is sim-
ple and depends on a flexible hinge in the Fe-S-containing
protein subunit of complex III. Initially the Fe-S cluster is
close enough to the Qo site to pick up an electron from
CoQH2 bound there. Once this happens, a segment of the
protein containing this Fe-S cluster swings the cluster away
from the Qo site to a position near enough to the heme on
cytochrome c1 for electron transfer to occur. With the Fe-S
subunit in this alternate conformation, the second electron
released from CoQH2 bound to the Qo site cannot move to
the Fe-S cluster-it is too far away, so it takes an alternative
path open to it via a somewhat less thermodynamically
favored route to cytochrome 61.

The Proton-Motive Force in Mitochondria
ls Due Largely to a Voltage Gradient Across
the Inner  Membrane
One result of the electron transport chain is the generation
of the proton-motive force (pmf), which is the sum of a
transmembrane proton concentration (pH) gradient and
electric potential, or voltage, gradient. It has been possible to
determine experimentally the relative contribution of the
two components to the total pmf. The relative contributions
depend on the permeability of the membrane to ions other
than H+. A significant voltage gradient can develop only if
the membrane is poorly permeable to other cations and to
anions. Otherwise, anions would leak across from the ma-
trix to the intermembrane space along with the protons and
prevent a voltage gradient from forming. Similarly cations
leaking across from the intermembrane space to the matrix
(exchange of like charge) would also short-circuit voltage
gradient formation. Indeed, the inner mitochondrial mem-
brane is poorly permeable ro other ions. Thus proron pump-
ing generates a voltage gradient that makes it energetically
difficult for additional prorons ro move across because of
charge repulsion. As a consequence, proton pumping by the
electron transport chain establishes a robust voltage gradient
in the context of a rather small pH gradient.

Because mitochondria are much too small to be impaled
with electrodes, the electric potential and pH gradient across
the inner mitochondrial membrane cannot be determined by
direct measurement. Nevertheless, it has been possible to

develop methods to measure indirectly these critical values.
The electric potential can be measured by adding radioactive
42K* ions and a trace amount of valinomycin to a suspen-
sion of respiring mitochondria. Although the inner mem-
brane is normally impermeable to K*, valinomycin is an
ionophore, a small l ipid-soluble molecule that selectively
binds a specific ion (in this case, K*) and carries it across
otherwise impermeable membranes. In the presence of vali-
nomycin, a2K* equilibrates across the innir membrane of
isolated mitochondria in accordance with the electric poten-
tial: the more negative the matrix side of the membrane, the
more 42K* will be attracted to and accumulate in the matrix.

At equilibrium, the measured concentration of radioac-
tive K+ ions in the matrix, [K6], is about 500 times greater
than that in the surrounding medium, [Ko"J. Substitution of
this value into the Nernst equation (Chapter 11) shows that
the electric potential E (in mV) across the inner membrane in
respiring mitochondria is - 160 mV, with the matrix (inside)
negatlve:

fK ' - l
E:  -59 loe# i  :  - 5e  l og500  :  -160mV

LNou r  l

Researchers can measure the matrix (inside) pH by trap-
ping pH-sensitive fluorescent dyes inside vesicles formed
from the inner mitochondrial membrane, with the matrix
side of the membrane facing inward. They also can measure
the pH outside of the vesicles (equivalent to the intermem-
brane space) and thus determine the pH gradient (ApH),
which turns out to be -1 pH unit. Since a difference of one
pH unit represents a tenfold difference in H+ concentrarion,
according to the Nernst equation a pH gradient of one unit
across a membrane is equivalent to an electric potential of
59 mV at 20 'C. Thus, knowing the voltage and pH gradi-
ents, we can calculate the proton-motive force, pmf, as

^  lRT  \
pmf :  v  -  (= x  ApH I  :  q /  -  59 ApH-  

\ t  ' /

where R is the gas constant of 1.987 call(degree.mol), 7 is the
temperature (in degrees Kelvin), F is the Faraday constant
123,062 call(V.mol)1, and V is the transmembrane electric
potential; V and pmf are measured in millivolts. The electric
potential V across the inner membrane is - 160 mV (negative
inside matrix) and ApH is equivalent to :60 mV. Thus the
total pmf is -220 mV, with the transmembrane electric po-
tential responsible for about 73 percent of the total.

Toxic By-products of Electron Transport
Can Damage Cel ls

About 1-2 percent of the oxygen metabolized by
aerobic organisms, rather than being converted to

water, is partially reduced to the superoxide anion radical
(02 ). Superoxide is unstable in aqueous biological liquids,
breaking down into especially toxic hydrogen peroxide
(HzOz) and then hydroxyl radicals. These and other reactiue
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oxygen species (ROS), which contribute to what is often
called cellular oxidatiue stress, can be highly toxic, because
they chemically modify proteins, DNA, and unsaturated
fatty acyl groups in membrane lipids, thus interfering with
normal function. Indeed, ROS are purposefully generated
by body defense cells (e.g., macrophages) to kil l  pathogens.
In humans, excessive or inappropriate generation of ROS
has been implicated in many diverse diseases, including
heart failure, neurodegenerative diseases, alcohol-induced
liver disease, diabetes, and aging.

Although ROS can be generated by a number of meta-
bolic pathways, the major source of ROS appears to be the
electron transport chain, in particular mechanisms coupled
to complexes I and III. The semiquinone form of
ubiquinone, CoQ-. (see Figure 72-15), an intermediate form
of CoQ generated in the Q cycle, may play a particularly im-
portant role in superoxide generation.

To help protect against ROS toxicity, mitochondria
have evolved several defense mechanisms, including the
use of enzymes that inactivate superoxide first by con-
verting it to H2O2 (Mn-containing superoxide dismutase)
and then to H2O (g lutath ione peroxidase,  which a lso
detoxifies the l ipid hydroperoxide products formed when
ROS react with unsaturated fatty acyl groups). Cardiac
mitochondria also have catalase (normally only found in
peroxisomes) to help breakdown HzOz.This is  not  sur-
pr is ing,  because the most  oxygen-consuming organ in
mammals is the heart. In addition, the small molecule an-
tioxidants c-l ipoic acid and vitamin E help protect the
mitochondrion from ROS. f

Electron Transport and Generation of the
Proton-Motive Force

r By the end of the citric acid cycle (stage II), much of the
energy originally present in the covalent bonds of glucose
and fatty acids is converted into high-energy electrons in
the reduced coenzymes NADH and FADH2. The energy
from these electrons is used to generate the proton-motive
force.

r In the mitochondrion, the proton-motive force is gener-
ated by coupling electron flow (from NADH and FADH2
to 02 ) to the uphill transport of protons from the matrix
across the inner membrane to the intermembrane space.
This process together with the synthesis of ATP from ADP
and P1 driven by the proton-motive force is called oxidative
phosphorylation.

r The flow of electrons from FADH2 and NADH to 02 is di-
rected through multiprotein complexes. The four major com-
plexes are NADH-CoQ reductase (complex I), succinate-CoQ
reductase (complex II), CoQH2-cytochrome c reductase
(complex III), and cytochrome c oxidase (complex IV).

r Each complex contains one or more electron-carrying
prosthetic groups: iron-sulfur clusters, flavins, heme groups,
and copper ions (see Table 12-2). Cytochrome c, which con-
tains heme, and coenzyme Q (CoQ), a lipid-soluble small

molecule, are mobile carriers that shuttle electrons between

the complexes.

r Complexes I, III, and IV pump protons from the matrix

into the intermembrane space. Complexes I and II reduce

CoQ to CoQH2, which carries protons and high-energy

electrons to complex III. The heme protein cytochrome c

carries electrons from complex III to complex IV, which

uses them to pump protons and reduce molecular oxygen

to water.

r The high-energy electrons from NADH enter the electron

transport chain through complex I, whereas the high-energy

electrons from FADH2 (derived from succinate in the citric

acid cycle) enter the electron transport chain through com-

plex II. Additional electrons derived from FADH2 by the

initial step of fatty acyl-CoA B-oxidation increase the sup-

ply of CoQH 2 avallable for electron transport.

r \(ithin the inner membrane, electron transport com-

plexes assemble into supercomplexes held together by

cardiolipin, a specialized phospholipid. Supercomplex

formation may enhance the speed and efficiency of gener-

ation of the proton-motive force.

r Each electron carrier accepts an electron or electron pair

from a carrier with a less positive reduction potential and

transfers the electron to a carrier with a more positive re-

duction potential. Thus the reduction potentials of electron

carriers favor unidirectional electron flow from NADH

and FADH2 to 02 (see Figure 12-1'8).

r The Q cycle allows four protons (rather than two) to be

translocated per pair of electrons moving through complex

III (see Figure 12-20).

r A total of 10 H+ ions are translocated from the matrix

across the inner membrane per electron pair flowing from

NADH to 02 (see Figure 12-1,6), whereas 6 H* ions are

translocated per electron pair flowing from FADH2 to 02.

r The proton-motive force is due largely to a voltage gra-

dient across the inner membrane produced by proton

pumping; the pH gradient plays a quantitatively less im-

portant role.

r Reactive oxygen species (ROS) are toxic by-products of

the electron transport chain that can modify and damage

proteins, DNA, and lipids. Specific enzymes (e.g., glutathi-

none peroxidase, catalase) and small molecule antioxi-

dants (e.g., vitamin E) help protect against ROS-induced

damaqe.

Harnessing the Proton-Motive
Force for Energy-Requiring Processes
The hypothesis that a proton-motive force across the inner

mitochondrial membrane is the immediate source of energy

for ATP synthesis was proposed in 1'961by Peter Mitchell.

Virtually all researchers studying oxidative phosphoryla-

tion and photosynthesis initially reiected his chemiosmotic

hypothesis. They favored a mechanism similar to the then
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well-elucidated substrate-level phosphorylation in glycoly-
sis, in which chemical transformation of a substrate mole-
cule (i.e., phosphoenolpyruvate) is directly coupled to ATP
synthesis. Despite intense efforts by a large number of inves-
tigators, however, compelling evidence for such a direct
mechanism was never observed.

Definitive evidence supporting Mitchell's hypothesis de-
pended on development of techniques to purify and recon-
stitute organelle membranes and membrane proteins. The
experiment with vesicles made from chloroplast thylakoid
membranes (described in detail below) that contain ATP
synthase, outl ined in Figure 12-21, was one of several
demonstrating that this protein is an ATP-generating enzyme
and that ATP generation is dependent on proton movement
down an electrochemical gradient. It turns out that the pro-
tons actually move tbrougD the ATP synthase as they rra-
verse the membrane!
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  EXPERIMENTAL FTGURE 12-21 Synthesis of ATp by FeFl
depends on a pH gradient across the membrane. lsolated
chloroplast thylakoid vesicles containing FoF, particles were equll ibrated
in the dark with a buffered solution at pH 4.0 When the pH in the
thylakoid lumen became 4 0, the vesicles were rapidly mixed with a
solution at pH 8 0 containing ADP and P, A burst of ATp synthesis
accompanied the transmembrane movement of protons driven by the
10,000-fo ld H* concentrat ion gradient  ( lO 4 M versus 1O-8 M) In
similar experiments using "inside-out" preparations of mitochondrial
membrane vesicles, an artif icially generated membrane electric
potential also resulted in ATP synthesis

In te rmembrane
space

Stroma

I n n e r
memDrane

Thv lako id  membrane

A FIGURE 12-22 Chemiosmosis in bacteria, mitochondria, and
chloroplasts. The membrane surface facing a shaded area is a
cytosolic face; the surface facing an unshaded, white area is an
exoplasmic face, Note that the cytosolic face of the bacterial plasma
membrane, the matrix face of the inner mitochondrial membrane,
and the stromal face of the thylakoid membrane are all equivalent
During electron transport, protons are always pumped from the
cytosolic face to the exoplasmic face, creating a proton concentration
gradient (exoplasmic face > cytosolic face) and an electric potential
(negative cytosolic face and positive exoplasmic face) across the
membrane During the synthesis of ATP, protons flow in the reverse
direction (down their electrochemical gradient) through ATP synthase
(FoFr complex), which protrudes in a knob at the cytosolic face in all
CASCS

As we shall see, the ATP synthase is a multiprotein com-
plex that can be subdivided into two subcomplexes called
Fe (containing the transmembrane portions of the com-
plex) and F1 (containing the globular portions of the com-
plex that sit above the membrane and point toward the
matrix space in mitochondria). Thus the ATP synthase is
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often also called the FeFl complex; we wil l use the terms
interchangea bly.

The Mechanism of  ATP Synthesis  ls  Shared
Among Bacter ia ,  Mi tochondr ia ,
and Chloroplasts

Although bacteria lack any internal membranes, aerobic
bacteria nonetheless carry out oxidative phosphorylation by
the same processes that occur in eukaryotic mitochondria.
Enzymes that catalyze the reactions of both the glycolytic
pathway and the citric acid cycle are present in the cytosol of
bacteria; enzymes that oxidize NADH to NAD* and trans-
fer the electrons to the ultimate acceptor 02 reside in the
bacterial plasma membrane.

The movement of electrons through these membrane car-
riers is coupled to the pumping of protons out of the cell. The
movement of protons back into the cell, down their concen-
tration gradient, is coupled to the synthesis of ATP. This gen-
eral process is similar for bacteria and eukaryotes (in both
mitochondria and chloroplasts) (Figure t2-22). The bacterial
ATP synthases (F6F1 complex) are essentially identical in
structure and function to the mitochondrial and chloroplast
ATP synthases but are simpler to purify and study.

A primitive aerobic bacterium was probably the progeni-
tor of mitochondria in eukaryotic cells (Figure 12-23). hc-
cording to this endosymbiont hypothesis, the inner mitochon-
drial membrane would be derived from the bacterial plasma
membrane with its cytosolic face pointing toward what be-
came the matrix space of the mitochondrion. Similarly in
plants the progenitor's plasma membrane became the chloro-
plast's thylakoid membrane and its cytosolic face pointed to-

Endocytosis of bacterium
caoable of oxidative
phosphory la t ion

Bacterial
p lasma membrane

Bacter ia l  p lasma
membrane becomes
inner  membrane
of  mi tochondr ion

a FIGURE 12-23 Endosymbiont hypothesis for the evolutionary
origin of mitochondria and chloroplasts. Endocytosis of a
bacterium by an ancestral eukaryotic cell (step II) would generate
an organelle with two membranes, the outer membrane derived
from the eukaryotic plasma membrane and the inner one from
the bactenal membrane (step E) The F1 subunit of ATP synthase,
localized to the cytosolic face of the bacterial membrane, would then

ward what became the stromal space of the chloroplast (de-

scribed in detail below).
In all cases, ATP synthase is positioned with the globular

F1 domain, which catalyzes ATP synthesis, on the cytosolic

face of the membrane, so ATP is always formed on the

cytosolic face of the membrane (see Figure 1'2-22). Protons

always flow through ATP synthase from the exoplasmic to

the cytosolic face of the membrane, which in the mitochon-

drion is from the intermembrane to the matrix space. This

flow is driven by the proton motive force. InvariablS the

cytosolic face has a negative electric potential relative to the

exoplasmic face.
In addition to ATP synthesis, the proton-motive force

across the bacterial plasma membrane is used to power other

processes, including the uptake of nutrients such as sugars
(using proton/sugar symporters) and the rotation of bacter-

ial flagella. Chemiosmotic coupling thus illustrates an im-

portant principle introduced in our discussion of active

transport in Chapter 1.1.: the membrane potential, the con-

centrdtion gradients of protons (and other ions) across a

membrane, and the phosphoanhydride bonds in ATP are

equiualent and interconuertible forms of chemical potential

energy. Indeed, AIP synthesis through ATP synthase can be

thought of as active transport ln reverse.

ATP Synthase Comprises Two Mult iprotein
Complexes Termed Fs and F1

With general acceptance of Mitchell's chemiosmotic mechanism,

researchers turned their attention to the structure and operation

of the F6F1 complex. The FsFl complex, or AIP synthase, has

two principal components, Fe and F1, both of which are

E u ka rvotic
o lasma membrane

I
Endocytosis of bacterium
capable of photosynthesis

Bacter ia l  p lasma
membrane becomes
inner  membrane
of  ch lo rop las t

lnner  membrane buds
off thylakoid vesicles

Thylakoid
memorane

face the matrix of the evolving mitochondrion (/eft) or chloroplast
(ngrht) Budding of vesicles from the inner chloroplast membrane,

such as occurs during development of chloroplasts in contemporary
plants, would generate the thylakoid membranes with the F1 subunit
remaining on the cytosolic face, facing the chloroplast stroma (step

B) Membrane surfaces facing a shaded area are cytosolic faces;
surfaces facinq an unshaded area are exoplasmic faces

a(-- .{
,-#r..\

Mitochondr ia l  mat r i x
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Animation: Proton Translocating, Rotary F-ATPase{lttt

Exoplasmic
medium Rotat ion of  c r ing

Proton hal f -channel Proton bound
to aspartate

multimeric proteins (Figure 12-24). The Fe componenr contains
three rypes of integral membrane proteins, designated a, b, and
c. In bacteria and in yeast mitochondria the most common sub-
unit composition is a1b2c1e, but Fe complexes in animal mito-
chondria have 1,2 c subunits and those in chloroplasts have 14.
In all cases the c subunits form a doughnut-shaped ring in the
plane of the membrane. The a and two b subunits are rigidly
linked to one another but not to the ring of c subunits, a critical
feature of the protein to which we will return shortly.

The F1 portion is a water-soluble complex of five distinct
polypeptides with the composition ct3B3^yEe that is normally
firmly bound to the F0 subcomplex at the surface of the mem-
brane. The lower end of the rodlike ̂ y subunit of the F1 sub-
complex is a coiled coil that fits into the center of the c-subunit
ring of Fe and appears rigidly attached to it. Thus when the
c-subunit ring rotates, the rodlike "y subunit moves with it.
The F1 e subunit is rigidly attached to ^y and also forms tight
contacts with several of the c subunits of F6. The o. and p sub-
units are responsible for the overall globular shape of the F1
subcomplex and associate in alternating order to form a hexa-
mer, ctBctBctB, or (ctB)3, which rests atop the single long n7 sub-
unit. The F1 6 subunit is permanently linked to one of the F1 cr
subunits and also binds to the b subunit of F6. Thus the F6 a
and b subunits and the E subunit and (oB)3 hexamer of the F1
complex form a rigid structure anchored in the membrane.
The rodlike b subunits form a "srator" that prevents the (ctB)3
hexamer from moving while it resrs on the 1 subunit, whose
rotation together with the c subunits of F6 plays an essential
role in the ATP synthesis mechanism described below.'Sfhen 

ATP synthase is embedded in a membrane, the F1
component forms a knob that protrudes from the cytosolic

< FIGURE 12-24 Structure and function of ATP synthase (the
FeFl complex) in the bacterial plasma membrane. The Fe
membrane-embedded portion of ATP synthase is built of three
integral membrane proteins: one copy of a, two copres of b, and on
average '1 0 copies of c arranged in a ring in the plane of the
membrane Two proton half-channels l ie at the interface between
the a subunit and the c ring Half-channel I allows protons to move
one at a time from the exoplasmic medium and bind to aspartate-61
in the center of a c subunit near the middle of the membrane Half-
channel l l  (after rotation of the c ring) permits protons to dissociate
from the aspartate and move into the cytosolic medium The F,
portion contains three copies each of subunits ct and B that form a
hexamer resting atop the single rod-shaped 1 subunit, which is
inserted into the c ring of F6. The e subunit is rigidly attached to the 1
subunit and also to several of the c subunits The 6 subunit
permanently l inks one of the o subunits in the F1 complex to the b
subuni t  o f  F6 Thus the Fe a and b subuni ts  and the F1 6 subuni t  and
(oB)3 hexamer form a rigid structure anchored in the membrane
(orange) During proton flow, the c ring and the attached F1 e and 1
subunits rotate as a unit (green), causing conformation changes in
the F1 B subunits, leading to ATP synthesis [Adapred from M J
Schnitzer, 2001, Nature 410:878, and P D Boyel 1999, Nature 402:247 I

(in the mitochondrion this is the matrix) face. Because F1
separated from membranes is capable of catalyzingATP hy-
drolysis (ATP conversion to ADP plus Pi) in the absence of
the Fe component, it has been called the F1 ATPase; however,
its function in the cells is the reverse, ro synthesize ATP. ATP
hydrolysis is a spontaneous process (AG < 0); thus energy is
required to drive the AIPase in "reverse" and generate ATP.

Rotation of the F1 ̂y Subunit, Driven by Proton
Movement Through Fs, Powers ATP Synthesis
Each of the three B subunits in the globular F1 portion of the
complete FsFl complex can bind ADP and P; and catalyze
the endergonic synthesis of ATP when coupled to the flow of
protons from the exoplasmic (intermembrane space in the
mitochondrion) medium to the cytosolic (matrix) medium.
However, the coupling between proron flow and AIP syn-
thesis must be indirect, since the nucleotide-binding sites on
the B subunits of F1, where ATP synthesis occurs, are 9-10 nm
from the surface of the mitochondrial membrane. The
most widely accepted model for ATP synthesis by the F6F1
complex-th e binding- ch ange me ch anism-posits just such
an indirect coupling (Figure 12-25).

According to this mechanism, energy released by the
"downhill" movement of protons through Fe directly pow-
ers rotation of the c-subunit ring together with its attached
1 and e subunits (see Figure 12-24). The 1 subunit acs as a
cam, or nonsymmetrical rotating shaft, whose rotation
within center of the static (crB)3 hexamer of F1 causes it to
push sequentially against each of the B subunits and thus
cause cyclical changes in their conformations between three

l<-- 100 nm ------------>l

ATP

ADP + P;

Cytosolic
medium

fi static

Rotates
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  FIGURE 12-25 The binding-change mechanism of ATP
synthesis from ADP and P;. This view is looking up at F1 from
the membrane surface (see Figure 12-24) As the 1 subunit rotates by
120'in the center, each of the otherwise identical F1 B subunits
alternates between three conformational states (O, open with oval
representation of the binding site; L, loose with a rectangular binding
site; T, t ight with a triangular site) that differ in their binding affinit ies
for ATP, ADP, and P,. The cycle begins (upper left) when ADP
and P, bind loosely to one of the three B subunits (here, arbitrari ly
designated Br) whose nucleotide-binding site is in the O (open)
conformation Proton flux through the Fo portion of the protein
powers a 120" rotation of the "y subunit (relative to the fixed B
subunits) (step tr) This causes the rotating "y subunit, which is
asymmetric, to push differentially against the B subunits, resulting
in a conformational change and an increase in the binding affinity
of the Br subunit for ADP and P1 (from O -+ L), an increase in the
binding affinity of the B3 subunit for ADP and P1 that were previously

different states. As schematically depicted in a view of the
bottom of the (ctB)3 hexamer's globular structure in Figure
1.2-25, rotation of the 1 subunit relative to the fixed (aB)3
hexamer causes the nucleotide-binding site of each B sub-
unit to cycle through three conformational states in the fol-
lowing order:

L An O (open) state that binds ATP very poorly and ADP
and P; weakly

2. An L (loose) state that binds ADP and Pi more strongly
but cannot bind ATP

3. A T (tight) state that binds ADP and Pl so tightly that
they spontaneously react and form ATP

In the T state the ATP produced is bound so tightly that
it cannot readily dissociate from the site-it is trapped until
another rotation of the ̂ y subunit returns that B subunit to the

Reaction
(no rotat ion)

a

bound (from L -+ T ), and a decrease in the binding affinity of
the B2 subunit for a previously bound ATP (from T --+ O), causing
release of the bound ATP Step Z: Without additional rotation the
ADP and Pl in the T site (here the B3 subunit) form ATB a reaction
that does not require an input of additional energy due to the
special environment in the active site of the T state At the same
time a new ADP and P1 bind loosely to the unoccupied O site on B2
Step E: Proton f lux powers another 1 20' rotation of the 1 subunit,
consequent conformational changes in the binding sites (L -+T, O->
L, T+ O), and release of ATP from P3 Step 4: Without additional
rotation the ADP and P, in the T site of B1 form ATB and additional
ADP and P, bind to the unoccupied O site on B3 The process
continues with rotation (step E) and ATP formation (step 6) until
the cycle is complete, with three ATPs having been produced for
every 360" rotation of ry lAdapted from P Boyer, 1989, FASEB ].3:2164;
Y Zhou et al , 1997, Proc Nat'l. Acad Sci USA 94:10583; and M Yoshida,
E Muneyuki, and T, Hisabori, 2001, Nat Rev. Mol Cell Biol 2:669-677 l

O state, thereby releasing ATP and beginning the cycle again.
ATP or ADP also binds to regulatory or allosteric sites on the
three ct subunits; this binding modifies the rate of ATP synthe-
sis according to the level of AIP and ADP in the matrix, but is
not directly involved in synthesis of ATP from ADP and P;.

Several types of evidence support the binding-change
mechanism. First, biochemical studies showed that one of
the three B subunits on isolated F1 particles can tightly bind
ADP and P; and then form ATP, which remains tightly
bound. The measured AG for this reaction is near zero, indi-
cating that once ADP and Pi are bound to the T state of a B
subunit, they spontaneously form AIP. Importantly dissoci-
ation of the bound ATP from the B subunit on isolated F1
particles occurs extremely slowly. This finding suggested

that dissociation of ATP would have to be powered by a con-
formational change in the B subunit, which in turn would be

caused bv proton movement.

.v

I
A?P

Pi
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Video: Rotation of Actin Filament Bound to ATP 5

X-ray crystallographic analysis of the (oB)3 hexamer
yielded a striking conclusion: although the three B subunits
are identical in sequence and overall structure, the
ADP/ATP-binding sites have different conformations in each
subuni t .  The most  reasonable conclus ion was that  the
three B subunits cycle in an energy-dependent reaction be-
tween three conformational states (O, L, T), in which the
nucleotide-binding site has substantially different srrucrures.

In other studies, intact F6F1 complexes were treated with
chemical cross-linking agents that covalently linked the "y
and e subunits and the c-subunit ring. The observation that
such treated complexes could synthesize ATP or use ATP to
power proton pumping indicates that the cross-linked pro-
teins normally rotate together.

Finally, rotation of the ^y subunit relative to the fixed
(aB)3 hexamer, as proposed in the binding-change mecha-
nism, was observed directly in the clever experiment depicted
in Figure 12-26.In one modification of this experiment in
which tiny gold particles, rather than an actin filament, were
attached to the 1 subunit, rotation rates of 134 revolutions
per second were observed. Hydrolysis of 3 ATPs, which you
recall is the reverse reaction catalyzed by the same enzyme, is
thought to power one revolution; this result is close to the
experimentally determined rate of ATP hydrolysis by F6F1
complexes: about 400 ATPs per second. In a related experi-
ment, a ̂ y subunit linked to an e subunit and a ring of c sub-
units was seen to rotate relative to the fixed (cp)j hexamer.
Rotation of the 1 subunit in these experiments was pow-
ered by ATP hydrolysis, the reverse of the normal process
in which proton movement through the Fs complex drives
rotation of the ry subunit. These observations established
that the 1 subunit, along with the attached c ring and e sub-
unit, does indeed rotate, thereby driving the conformational
changes in the B subunits thar are required for binding of
ADP and Pi, followed by synthesis and subsequent release
of ATP.

< EXPERf MENTAL FIGURE 12-26 lhe ry subunit of the F1
complex rotates relative to the (crg)g hexamer. F' complexes
were engineered that contained B subunits with an additional His6
sequence, which causes them to adhere to a glass plate coated
with a metal reagent that binds polyhistidine The 1 subunit in the
engineered F1 complexes was linked covalently to a fluorescently
labeled actin fi lament. When viewed in a fluorescence microscope,
the actin fi laments were seen to rotate counterclockwise in discrete
120" steps in the presence of ATP, powered by ATP hydrolysis by
the B subunits fAdapted from H Noli et al , 199-/ , Nature 386:299, and
R Yasuda et al . 1 998. Cell 93 1 1 17 I

Number of Translocated Protons Required for ATP
Synthesis A simple calculation indicates that the passage of
more than one proton is required to synthesize one molecule
of ATP from ADP and P1. Although the AG for this reaction
under standard conditions is * 7.3 kcaVmol, at the concentra-
tions of reactants in the mitochondrion, AG is probably
higher (+10 to *12 kcaVmol). We can calculate the amount
of free energy released by the passage of 1 mol of protons
down an electrochemical gradient of 220 mY (0.22 V) from
the Nernst equation, setting n : 1 and measuring AE in volts:

AG(cal lmol)  :  -nFL,E :  - (23,O62cal .V-1.mol  1)AE

: (23,052ca1.V- r .  mol  
-  1 ;1o.zz V;

: -5074 callmol, or -5.1 kcal/mol

Since the downhill movement of 1 mol of protons releases just

over 5 kcal of free energy, the passage of at least rwo protons is
required for synthesis of each molecule of AT? from ADP and P1.

Proton Movement Through F6 and Rotation of the c
Ring Each copy of subunit c contains two membrane-spanning
cr helices that form a hairpin-like structure. An aspartate
residue, Asp61, in the center of one of these helices is thought to
participate in proton movement. Chemical modification of this
aspartate by the poison dicyclohexylcarbodiimide or its muta-
tion to alanine specifically blocks proton movement through F6.
According to one current model, two proton half-channels, I
and II, lie at the interface between the a subunit and c ring (see
Figure 12-24). Protons are thought to move one at a time
through half-channel I from the exoplasmic medium and bind
to the carboxylate side chain on Asp61 of one c subunit. Bind-
ing of a proton to this aspartate would result in a conforma-
tional change in the c subunit, causing it to move relative to the
fixed a subunit or equivalently to rotate in the membrane plane.
This rotation would bring the adjacent c subunit, with its ion-
ized asparryl side chain, into channel I, thereby allowing it to re-
ceive the next proton and subsequently move relative to the a
subunit. Continued rotation of the c ring, due to binding of pro-
tons to additional c subunits, eventually would align the first
c subunit containing a protonated Asp61 with the second half-
channel (II), which is connected to the cytosol. A positively
charged side chain of Arg210 in the a subunit has been pro-
posed to interact with the negatively charged Asp61 and facili-
tate movement of the c subunits and proton translocation. Once
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this occurs, the proton on the aspartyl residue could dissociate
(forming ionized aspartate) and move into the cytosolic
medium.

Since the 1 subunit of F1 is tighdy attached to the c ring of
Fe, rotation of the c ring associated with proton movemenr
causes rotation of the 1 subunit. According to the binding-
change mechanism, a 720" rotation of 1 powers synthesis of
one ATP (see Figure 12-25). Thus complete rotation of the c
ring by 360" would generate three ATPs. In E. col1, where
the Fo composition is a1b2c1s, movement of 10 protons
drives one complete rotation and thus synthesis of three
ATPs. This value is consistent with experimental data on
proton flux during ATP synthesis, providing indirect support
for the model coupling proton movement to c-rlng rotatron
depicted in Figure 12-24. The F6 from chloroplasts contains
14 c subunits per ring, and movement of 14 protons would
be needed for synthesis of three ATPs. Why these otherwise
similar FsFl complexes have evolved to have different
H*:ATP ratios is not clear.

ATP-ADP Exchange Across the Inner
Mi tochondr ia l  Membrane ls  Powered
by the Proton-Motive Force
In addition to powering ATP synthesis, the proton-motive
force across the inner mitochondrial membrane powers the
exchange of ATP formed by oxidative phosphorylation in-
side the mitochondrion for ADP and P1 in the cytosol. This
exchange, which is required to supply ADP and Pi substrare
for oxidative phosphorylation to continue, is mediated by
two proteins ̂ in the inner membrane: a phosphate trans-
porter (HPO4' /OH- antiporter) that mediates the import
of one HPO42 coupled to the export of one OH- and an
ATP /AD P antiporter (Figure 12-27 \.

The ATP/ADP antiporter allows one molecule of ADP to
enter only if one molecule of ATP exits simultaneously. The
MP/ADP antiporter, a dimer of two 30,000-Da subunits,
makes up 10-15 percent of the protein in the inner membrane,
so it is one of the more abundant mitochondrial proteins.
Functioning of the two antiporters together produces an influx
of one ADP3- and one P,2- and efflux of one ATPa- together
with one OH . Each OH transported outr,vard combines with
a proton, translocated during electron transport to the inter-
membrane space, to form H2O. This drives the overall reaction
in the direction of AIP export and ADP and P1 import.

Because some of the protons translocated out of the mi-
tochondrion during electron transport provide the power
(by combining with the exported OH-) for the MP-ADP
exchange, fewer protons are available for ATP synthesis. It is
estimated that for every four protons translocated out, three
are used to synthesize one ATP molecule and one is used to
power the export of ATP from the mitochondrion in ex-
change for ADP and P1. This expenditure of energy from the
proton concentration gradient to export ATP from the mito-
chondrion in exchange for ADP and Pi ensures a high ratio
of ATP to ADP in the cytosol, where hydrolysis of the high-
energy phosphoanhydride bond of ATP is utilized to power
many energy-requlrlng reactlons.

l nner  mi tochondr ia l

Matrix

H * concentrat ion
g rad ien t

Membrane
e lec t r i c
po ten t ia l

+
T

T

Translocation of H-
"  dur ing  e lec t ron  t ranspor t

.t
- | Phosphate transporter'  ^ ' )

noet fr' aPPt ATp/ADp antiportel
ATP4-(  \  /  ATP4

ADP3- + HPOo2

lntermembrane
space

ATP4 + OH

  Ff GURE '12-27 The phosphate and ATP/ADP transport
system in the inner mitochondrial membrane. The coordinated
action of two antiporters (purple and green) results in the uptake of
one ADP3- and one HPOa2 in exchange for one ATPa- and one
hydroxyl, powered by the outward translocation of one proton
(mediated by the proteins of the electron transport chain, blue)
during electron transport The outer membrane is not shown here
because it is permeable to molecules smaller than 5000 Da

Studies of what turned out to be ATP/ADP antiporter
activity were first recorded about 2000 years ago,

when Dioscorides described a poisonous herb from the this-

tle Atractylis gummifera, found commonly in the Mediter-

ranean region. The same agent is found in the traditional

Zulu multipurpose herbal remedy impila (Callilepis laureola).

In Zulu impila means "health," although it has been associ-

ated with numerous poisonings. In 1.962 the active agent in

the herb, atractyloside, which inhibits the ATPiADP an-

tiporter, was shown to inhibit oxidative phosphorylation of

extramitochondrial ADP but not intramitochondrial ADP.

This demonstrated the importance of the ATP/ADP an-

tiporter and has provided a powerful tool to study the

mechanism by which this transporter functions.
Dioscorides (-AD 40-90) lived near Tarsus' at the time a

province of Rome in southeastern Asia Minor in what is now

Turkey. His five-volume De Materia Medica (The Materials of

Medicine) "on the preparation, properties' and testing of

drugs" described the medicinal properties of about 1000 nat-

ural products and 4740 medicinal usages of them. For ap-

proximately 1600 years it was the basic reference in medicine

from northern Europe to the Indian Ocean, comparable to to-

day's Physicians' Desk Reference as a guide for using drugs' I
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Rate of  Mi tochondr ia l  Oxidat ion Normal ly
Depends on ADP Levels
If intact isolated mitochondria are provided with NADH (or a
source of FADH2 such as succinate) plus 02 and P1, but not
ADP, the oxidation of NADH and the reduction of 02 rapidly
cease, because the amount of endogenous ADP is depleted by
AIP formation. If ADP is then added, the oxidation of NADH
is rapidly restored. Thus mitochondria can oxidize FADH2
and NADH only as long as there is a source of ADP and P; to
generate AIP. This phenomenon, termed respiratory control,
occurs because oxidation of NADH and succinate (FADH2) is
obligatorily coupled to proton transport across the inner mi-
tochondrial membrane. If the resulting proton-motive force is
not dissipated during the synthesis of AIP from ADP and P1
(or for some other purpose), both the transmembrane proton
concentration gradient and the membrane electric potential
will increase to very high levels. At this point, pumping of ad-
ditional protons across the inner membrane requires so much
energy that it eventually ceases, blocking the coupled oxida-
tion of NADH and other substrates.

Brown-Fat Mitochondria Use the Proton-Motive
Force to Generate Heat
Broun-fat tissue, whose color is due to the presence of abun,
dant mitochondria, is specialized for the gineration of heat.
In contrast, tuhite-fat tissue is specialized for the storage of
fat and contains relatively few mitochondria.

The inner membrane of brown-fat mitochondria con-
tains thermogenin, a protein that functions as a natural
uncoupler of oxidative phosphorylation and generation of
a proton-motive force. Thermogenin, or UCP1., is one of sev-
eral uncoupling proteins (UCPs) found in most eukaryotes
(but not in fermentative yeasts). Thermogenin dissipates the
proton-motive force by rendering the inner mitochondrial
membrane permeable to protons. As a consequence the en-
ergy released by NADH oxidation in the electron transport
chain is converted to heat. Thermogenin is a proton rrans-
porter, not a proton channel, and shuttles protons across the
membrane at a rate that is a millionfold slower than that of
typical ion channels (see Figure 11-3). Thermogenin is simi-
lar in sequence to the mitochondrial ATP/ADP transporte!
as are many other mitochondrial transporter proteins that
compose the ATP/ADP transporter family. Certain small-
molecule poisons also function as uncouplers by rendering
the inner mitochondrial membrane permeable to protons.
One example is the lipid-soluble chemical 2,4-dinitrophenol
(DNP), which can reversibly bind to and release protons and
shuttle them across the inner membrane from the intermem-
brane space into the matrix.

Environmental conditions regulate the amount of ther-
mogenin in brown-fat mitochondria. For instance, during
the adaptation of rats to cold, the ability of their tissues to
generate heat is increased by the induction of thermogenin
synthesis. In cold-adapted animals, thermogenin may consti-
tute up to 15 percent of the total protein in the inner mito-
chondrial membrane.

Adult humans have little brown fat, but human infants
have a great deal. In the newborn, thermogenesis by brown-
fat mitochondria is vital to survival, as it also is in hibernating
mammals. In fur seals and other animals naturally acclimated
to the cold, muscle-cell mitochondria contain thermogenin; as
a result, much of the proton-motive force is used for generat-
ing heat, thereby maintaining body temperature.

Harnessing the Proton-Motive Force
for Energy-Requiring Processes

r Peter Mitchell proposed the chemiosmotic hypothesis
that a proton-motive force across the inner mitochondrial
membrane is the direct source of energy for ATP synthesis.

r Bacteria, mitochondria, and chloroplasts all use the
same chemiosmotic mechanism and a similar ATP synthase
to generate ATP.

r ATP synthase (the FeFl complex) catalyzes ATP synthesis
as protons flow through the inner mitochondrial membrane
(plasma membrane in bacteria) down their electrochemical
proton gradient.

r Fs contains a ring of 10-14 c subunits that is rigidly
linked to the rod-shaped 1 subunit and e subunit of F1. To-
gether they rotate during ATP synthesis. Resting atop the T
subunit is the hexameric knob of F1 [(ctB)3], which pro-
trudes into the mitochondrial matrix (cytosol in bacteria).
The three B subunits are the sites of ATP synthesis (see
Figure 12-24).

r Movement of protons across the membrane via two half-
channels at the interface of the F6 a subunit and the c ring
powers rotation of the c ring with its attached F1 e and 1
subunits.

r Rotation of the F1 ̂ y subunit, which is inserted in the
center of the nonrotating (cB)3 hexamer and operates l ike
a camshaft, leads to changes in the conformation of the
nucleotide-binding sites in the three F1 B subunits (see
Figure 12-25). By means of this binding-change mecha-
nism, the B subunits bind ADP and P1, condense them to
form ATP, and then release the ATP. Three ATPs are made
for each revolution made by the assembly of c, 1, and e
subunits.

r The proton-motive force also powers the uptake of P1
and ADP from the cytosol in exchange for mitochondrial
ATP and OH , thus reducing some of the energy available
for ATP synthesis. The ATP/ADP antiporter that partici-
pates in this exchange is one of the most abundant proteins
in the inner mitochondrial membrane.

r Continued mitochondrial oxidation of NADH and the
reduction of 02 are dependent on sufficient ADP being
present in the matrix. This phenomenon, termed respira-
tory control, is an important mechanism for coordinating
oxidation and ATP synthesis in mitochondria.

r In brown fat, the inner mitochondrial membrane con-
tains the uncoupler protein thermogenin, a proton trans-
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porter that dissipates the proton-motive force into heat.
Certain chemicals also function as uncouplers (e.g., DNP)
and have the same effect, uncoupling oxidative phosphory-
lation from electron transDort.

and introduce the main components, including the chloro-
phylls, the principal light-absorbing pigments. I

Thylakoid Membranes in  Chloroplasts
Are the Sites of Photosynthesis in Plants

Chloroplasts are lens shaped with an approximate diameter of
5 pm and a width of -25 pm, bounded by two membranes,
which do not contain chlorophyll and do not participate di-
rectly in photosynthesis (Figure 12-29). As in mitochondria,

the outer membrane of chloroplasts contains porins and thus
is permeable to metabolites of small molecular weight. The
inner membrane forms a permeability barrier that contains
transport proteins for regulating the movement of metabo-
lites into and out of the organelle.

Unlike mitochondria, chloroplasts contain a third mem-

brane-the thylakoid membrane-on which photosynthesis

occurs. The chloroplast thylakoid membrane is believed t<r
constitute a single sheet that forms numerous small, inter-

connected flattened structures, the thylakoids, which com-
monly are arranged in stacks termed grana (Figure 1'2-29).
The spaces within all the thylakoids constitute a single con-

tinuous compartment, the thylakoid lumen. The thylakoid
membrane contains a number of integral membrane proteins

to which are bound several important prosthetic groups and
light-absorbing pigments, most notably chlorophyll. Carbo-

hydrate synthesis occurs in the stroma, the soluble phase be-

tween the thylakoid membrane and the inner membrane. In

photosynthetic bacteria extensive invaginations of the plasma

membrane form a set of internal membranes, also termed

thylakoid membranes, where photosynthesis occurs.

Three of the Four Stages in Photosynthesis
Occur  Only  Dur ing l l luminat ion

The photosynthetic process in plants can be divided into four

stages (Figure 1.2-30), each localized to a defined area of the

chloroplast: (1) absorption of l ight, generation of a high

energy electron and formation of 02 from H2O; (2) electron

transport leading to reduction of NADP- to NADPH, and
generation of a proton-motive force; (3) synthesis of ATP;

and (4) conversion of CO2 into carbohydrates, commonly

referred to as carbon fixation. All four stages of photosyn-

thesis are tightly coupled and controlled so as to produce the

amount of carbohydrate required by the plant. All the reac-

tions in stages 1-3 are catalyzed by multiprotein complexes

in the thylakoid membrane. The generation of a pmf and the

use of the pmf to synthesize AIP resemble stages III and IV of

mitochondrial oxidative phosphorylation. The enzymes that

incorporate CO2 into chemical intermediates and then con-

vert them to starch are soluble constituents of the chloroplast

stroma; the enzymes that form sucrose from three-carbon in-

termediates are in the cytosol.

Stage 1: Absorption of Light The init ial step in photo-

synthesis is the absorption of l ight by chlorophylls attached

to proteins in the thylakoid membranes. Like the heme

component of cytochromes, chlorophylls consist of a por-

phyrin ring attached to a long hydrocarbon side chain

Photosynthesis and
Light-Absorbing Pigments

We now shift our attention to photosynthesis, the second
main process for synthesizing AIP. Photosynthesis in

plants occurs in chloroplasts, Iarge organelles found mainly in
leaf cells. The principal end products generated from carbon
dioxide and water are two carbohydrates that are polymers of
hexose (six-carbon) sugars: sucrose, a glucose-fructose disac-
charide (see Figure 2-19), and leaf starch, alarge insoluble glu-
cose polymer that is the primary storage carbohydrate in
higher plants (Figure 1.2-28). Leaf starch is synthesized and
stored in the chloroplast. Sucrose is synthesized in the leaf cy-
tosol from three-carbon precursors generated in the chloro-
plast; it is transported to nonphotosynthetic (nongreen) plant
tissues (e.g., roots and seeds), which metabolize sucrose for
energy by the pathways described in the previous sections.
Photosynthesis in plants, as well as in eukaryotic single-celled
algae and in several photosynthetic bacteria (e.g., the
cyanobacteria and prochlorophytes), also generates oxygen.
The overall reaction of oxygen-generating photosynthesis,

6 CO2 + 6 H2O --> 6 02 + C6H12O5

is the reverse of the overall reaction by which carbohydrates
are oxidized to CO2 and H2O. In effect, photosynthesis in
chloroplasts produces energy-rich sugars that are broken
down and harvested for energy by mitochondria during the
process of cellular respiration.

Although green and purple bacteria also carry out pho-
tosynthesis, they use a process that does not generate oxy-
gen. As discussed in Section 12.5, detailed analysis of the
photosynthetic system in these bacteria has provided insights
about the first stages in the more common process of oxy-
gen-generating photosynthesis. In this section, we provide an
overview of the stages in oxygen-generating photosynthesis

o-

H O H H O H
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  FIGURE 12-28 Structure of starch. This large glucose polymer
and the disaccharide sucrose (see Figure 2-19) are the principal end
products of photosynthesis Both are built of six-carbon sugars
(hexoses)
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  FIGURE 12-29 Cellular structure of a leaf and chloroplast.
L ike mi tochondr ia,  p lant  ch loroplasts are bounded by a double
membrane separated by an in termembrane space photosynthesis
occurs on a th i rd membrane,  the thy lakoid membrane,  which is
surrounded by the rnner  membrane and forms a ser ies of  f la t tened
vesic les ( thy lakoids)  that  enclose a s ingle in terconnected luminal
space The green color  of  p lants is  due to the green color  of
chlorophyl l ,  a l l  o f  which is  local ized to the thy lakoid membrane
A granum is  a s tack of  adjacent  thy lakoids The st roma is  the
space enclosed by the inner  membrane and surrounding the
thylakoids IPhotomicrograph courtesy of Katherine Esau, University
o f  Ca l i f o rn i a ,  Dav i s  l

(Figure 12-37).In contrast to the hemes (see Figure 12-14),
chlorophylls contain a central Mg2* ion (rather than Fe)
and have an additional f ive-membered ring. The energy of
the absorbed light ult imately is used to remove electrons
from a donor (water in green plants), forming oxygen:

2 H 2 o ! 5 o r + 4 H + + 4 e

The electrons are transferred to a primary electron dcceptor,
a quinone designated Q, which is similar to CoQ in mito-
chondria. ln plants the oxidation of water takes place in a
multiprotein complex calIed photosystem II (PSII).

Stage 2: Electron Transport and Generation of a Pro-
ton-Motive Force Electrons move from the quinone pri-
mary electron acceptor through a series of electron carriers
until they reach the ultimate electron acceptor, usually the
oxidized form of nicotinamide adenine dinucleotide phos-
phate (NADP+), reducing it to NADPH. NADP* is identi-
cal in structure with NAD* except for the presence of an
additional phosphate group. Both molecules gain and lose
electrons in the same way (see Figure 2-33).lnplants the re-
duction of NADP- takes place in a complex called photo-
system I (PSI). The transport of electrons in the thylakoid
membrane is coupled to the movement of protons from the
stroma to the thylakoid lumen, forming a pH gradient
across the membrane (pHr,-.. ( pHr,ro-"). This process is
analogous to generation of a proton-motive force across the
inner mitochondrial membrane and in bacterial membranes
during electron transport (see Figure 12-22).

Thus the overall reaction of stages 1, and 2 can be sum-
marized as

2 H 2 O  + 2 N A D P +  r i e h t r t H *  
+ 2 N A D P H + 0 2

Stage 3: Synthesis of ATP Protons move down their con-
centration gradient from the thylakoid lumen to rhe stroma
through the FeFl complex (ATP synthase), which couples pro-
ton movement to the synthesis of ATP from ADP and P;. The
chloroplast AIP synthase works similarly to the synthases of
mitochondria and bacteria (see Figure 12-25).

Stage 4: Carbon Fixation The ATP and NADPH generated
by the second and third stages of photosynthesis provide the
energy and the electrons to drive the synthesis of polymers of
six-carbon sugars from CO2 and H2O. The overall chemical
equailon ls wrltten as

6 CO2 + 18 ATP4 + 12 NADPH + 12 H2O -->

c6Hr2o6 + 1g ADp3 + 1g p i 'z-  + 12 NADP* + 6 H+

The reactions that generate the ATP and NADPH used in
carbon fixation are directly dependent on light energy; thus
stages 1-3 are called the light reactions of photosynrhesis.
The reactions in stage 4 are indirectly dependent on light en-
ergy; they are sometimes called the dark reactions of photo-
synthesis because they can occur in the dark, utilizing the
supplies of ATP and NADPH generated by l ight energy.
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A FIGURE 12-30 Overview of the four stages of photosynthesis.
In stage 1, l ight is absorbed by l ight-harvesting complexes (LHC)
and reaction center of photosystem ll (PSll) The LHCs transfer the
absorbed energy to the reaction centers, which use it, or the energy
absorbed by directly from a photon, to oxidize water to molecular
oxygen and generate high-energy electrons In stage 2, these
electrons move down an electron transport chain, which uses either
lipid-soluble (Q/QHr) or water-soluble (plastocyanin, PC) electron
carriers to shuttle electrons between multiple protein complexes
As electrons move down the chain, they release energy that the
complexes use to generate a proton-motive force and, after
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additional energy is introduced by absorption of l ight in photosystem
| (PSl), to synthesize the high-energy electron carrier NADPH In
stage 3, movement of proteins powered by the proton-motive force
drives the synthesis of ATP by an FoFr ATP synthase Stages 1-3 in
plants take place in the thylakoid membrane of the chloroplast ln
stage 4, in the chloroplast stroma, the energy stored in NADPH and
ATP is used to convert C02 init ially into three-carbon molecules
(glyceraldehyde 3-phosphate), a process known as carbon fixation
These molecules are then transported to the cytosol of the cell for
conversion to hexose sugars in the form of sucrose Glyceraldehyde
3-phosphate is also used to make starch within the chloroplast

However, the reactions in stage 4 are not confined to the

dark; in fact, they occur primarily during illumination.

Each Photon of  L ight  Has a Def ined Amount
of  Energy

Quantum mechanics established that light, a form of elec-

tromagnetic radiation, has properties of both waves and par-

ticles. \7hen light interacts with matter, it behaves as discrete

< FIGURE 12-31 Structure of chlorophyll a, the principal
pigment that traps l ight energy. Electrons are delocalized among
three of chlorophylls a's four central rings (yellow) and the atoms
that interconnect them. In chlorophyll, a Mg'* ion, rather than the
Fe3* ion found in heme, sits at the center of the porphyrin ring and
an additional i ive-membered ring (blue) ts present; otherwise, the
structure of chlorophyll is similar to that of heme, found in molecules

such as hemoglobin and cytochromes (see Figure 12-14a) The hydro-

carbon phytol "tail" facil i tates binding of chlorophyll to hydrophobic
regions of chlorophyll-binding proteins The CH3 group (9reen) is
replaced by a formaldehyde (CHO) group in chlorophyll b.
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packets of energy (quanta) called photozs. The energy of a
photon, e, is proportional to the frequency of the light wave:
, :  h^1,  where b is  Planck 's  constant  (1.58 x 10-34 cal .s ,  or
6.63 x t0 34;.s1 and 1 is the frequency of the l ight wave. It
is customary in biology to refer to the wavelength of the light
wave, tr, rather than to its frequency 1. The two are related by
the simple equation 'l : c + \, where c is the velocity of light
(3 x 1010 cm/s in a vacuum). Note that photons of shorter
wavelength have bigher energies. Also, the energy in 1 mol of
photons can be denoted by E : Ne, where N is Avogadro's
number (6.02 x 1023 molecules or photons/mol). Thus

E :  ND^v  _  Nhc
' i

The energy of light is considerable, as we can calculate for
l ight with a wavelength of 550 nm (550 x 10 7 cm), typical

1023photons/mol) (1.58 x 10 3acal .s) (3 x 1010cm/s)

550  x  10  7cm
callmol

Action spectrum
of photosynthesis

600
Wavelength (nm)

A EXPERIMENTAL FIGURE 12-32 The rate of photosynthesis is
greatest at wavelengths of light absorbed by three pigments.
The action spectrum of photosynthesis in plants (the abil ity of l ight
of different wavelengths to support photosynthesis) is shown in
black The energy from light can be converted into ATP only if i t
can be absorbed by pigments in the chloroplast. Absorption spectra
(showing how well l ight of different wavelengths is absorbed) for
three photosynthetic pigments present in the antennas of plant
photosystems are shown in color Comparison of the action spectrum
with the individual absorption spectra suggests that photosynthesis
at 680 nm is primarily due to l ight absorbed by chlorophyll a, at
650 nm, to l iqht absorbed by chlorophyll b, and at shorter wave-
lengths, to l ight absorbed by chlorophylls a and b and by carotenoid
pigments, including B-carotene

When chlorophyll a (or any other molecule) absorbs visible
light, the absorbed light energy raises electrons in the chloro-
phylla to a higher-energy (excited) state. This state differs from
the ground (unexcited) state largely in the distribution of the
electrons around the C and N atoms of the porphyrin ring. Ex-
cited states are unstable, and the electrons return to the ground
state by one of several competing processes. For chlorophyll a
molecules dissolved in organic solvents such as ethanol, the
principal reactions that dissipate the excited-state energy are
the emission of light (fluorescence and phosphorescence) and
thermal emission (heat). Ifhen the same chlorophyll a is bound
in the unique protein environment of the reaction center, dissi-
pation of excited-state energy occurs by a quite different
process that is the key to photosynthesis.

Photoelectron Transport f  rom Energized
Reaction-Center Chlorophyll  a Produces
a Charge Separat ion
The absorption of a photon of light of wavelength =680 nm
by one of the two "special-pair" chlorophyll a molecules in
the reaction center increases its energy by 42 kcal/mol (the
first excited state). Such an energized chlorophyll a molecule
in a plant reaction center rapidly donates an electron to an
intermediate acceptor, and the electron is rapidly passed on

o
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or about 52 kcal/mol. This is enough energy to synthesize
several moles of ATP from ADP and Pi if all the energy were
used for this purpose.

Photosystems Comprise a Reaction Center
and Associated Light-Harvesting Complexes
The absorption of light energy and its conversion into chem-
ical energy occurs in multiprotein complexes called photo-
systems. Found in all photosynthetic organisms, both eu-
karyotic and prokaryotic, photosystems consist of two
closely linked components: a reaction center, where the pri-
mary events of photosynthesis occur, and an antenna com-
plex consisting of numerous protein complexes, including
internal antenna within the photosystem proper and exter-
nal antenna made up of specialized proteins termed light-
haruesting complexes (LHCs), which capture light energy
and transmit it to the reaction center (see Figure 12-30).

Both reaction centers and antennas contain tightly bound
light-absorbing pigment molecules. Chlorophyll a is the princi-
pal pigment involved in photosynthesis, being present in both
reaction centers and antennas. In addition to chlorophyll a, an-
tennas contain other light-absorbing pigments: chlorophyll b in
vascular plants and carotenoids in both plants and photosyn-
thetic bacteria. Carotenoids consist oflong branched hydrocar-
bon chains with alternating single and double bonds; they are
similar in structure to the visual pigment retinal, which absorbs
light in the eye. The presence of various antenna pigments,
which absorb light at different wavelengths, greatly extends the
range of light that can be absorbed and used for photosynthesis.

One of the strongest pieces of evidence for the involve-
ment of chlorophylls and carotenoids in photosynthesis is
that the absorption spectrum of these pigments is similar to
the action spectrum of photosynthesis (Figure 72-32). The
latter is a measure of the relative ability of light of different
wavelengths to support photosynthesis.

Chlorophy l l  a
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to the primary electron acceptor, quinone Q, near the stro-
mal surface of the thylakoid membrane (Figure i2-33). This
light-driven electron transfer, called photoelectron transport,
depends on the unique environment of both the chlorophylls
and the acceptor within the reaction center. Photoelectron
transport, which occurs nearly every time a photon is ab-
sorbed, leaves a positive charge on the chlorophyll a close to
the luminal surface of the thylakoid membrane (opposite
side from the stroma) and generates a reduced, negatively
charged acceptor (Q-) near the stromal surface.

The Q- produced by photoelectron transport is a powerful
reducing agent with a strong tendency to transfer an electron to
another molecule, ult imately to NADP+. The positively
charged chlorophyll a*, a strong oxidizing agent, attracts
an electron from an electron donor on the luminal surface
to regenerate the original chlorophyll a. In plants, the oxidiz-
ing power of four chlorophyll a* molecules is used, by way of
intermediates, to remove four electrons from 2 H2O mole-
cules bound to a site on the luminal surface to form 02:

2HzO * 4 chlorophyll a* --+ 4 H* + C2+ 4 chlorophyll a

These potent biological reductants and oxidants provide all
the energy needed to drive all subsequent reactions of pho-
tosynthesis: electron transport (stage 2), ATP synthesis
(stage 3), and CO2 fixation (stage 4).

Chlorophyll a also absorbs light at discrete wavelengths
shorter than 680 nm (see Figure 12-32). Such absorption
raises the molecule into one of several excited states, whose
energies are higher than that of the first excited state de-
scribed above, which decay by releasing energy within 10-12
seconds (1 picosecond, ps) to the lower-energy first excited
state with loss of the extra energy as heat. Because photo-
electron transport and the resulting charge separation occur
only from the first excited state of the reactron-center
chlorophyll a, the quantum yield-the amount of photosyn-
thesis per absorbed photon-is the same for all wavelengths
of visible light shorter (and therefore of higher energy) than
680 nm. How closely the wavelength of light matches the
absorption spectra of the pigments will determine how likely
it is that the photon will be absorbed. Once absorbed, the

< FIGURE 12-33 Photoelectron transPort, the primary event in
photosynthesis. After absorption of a photon of l ight, one of the
excited special pair of chlorophyll a molecules in the reaction center
(/eft) donates via several intermediates an electron to a loosely bound
acceptor molecule, the quinone Q, on the stromal surface of the
thylakoid membrane, creating an essentially irreversible charge
separation across the membrane (righi fhe electron cannot easily
return through the reaction center to neutralize the positively
charged chlorophyll a. In plants the oxidation of water to molecular
oxygen takes place in a multiprotein complex called photosystem ll.
The complex photosystem I uses a similar photoelectron transport
pathway, but instead of oxidizing water, it reduces the electron
carr ier  NADP-.

photon's exact wavelength is not critical, provided it is ener-
getic enough to push the chlorophyll into the first excited

state.

In ternal  Antenna and L ight -Harvest ing
Complexes Increase the Eff iciency
of Photosynthesis
Although chlorophyll a molecules within a reaction center

that are involved directly with charge separation and electron

transfer are capable of directly absorbing light and initiating

photosynthesis, they most commonly are energized indirectly

by energy transferred to them from other light-absorbing and

energy-transferring pigments. These other pigments, which

include many other chlorophyll molecules, are involved with

absorption of photons and passing the energy to the chlorophyll

a molecules in the reaction center. Some are bound to protein

subunits that are considered to be intrinsic components of the

photosystem and thus are called internal antennas; others are

bound to proteins complexes that bind to but are distinct from

the photosystem core proteins and are called light-harvesting

complexes (LHCs). Even at the maximum light intensity en-

countered by photosynthetic organisms (tropical noontime

sunlight), each reaction-center chlorophyll a molecule absorbs

only about one photon per second' which is not enough to

support photosynthesis sufficient for the needs of the plant.

The involvement of internal antenna and LHCs greatly in-

creases the efficiency of photosynthesis, especially at more

typical light intensities, by increasing absorption of 680-nm

light and by extending the range of wavelengths of light that

can be absorbed by other antenna pigments.
Photons can be absorbed by any of the pigment molecules

in internal antennas or an LHC. The absorbed energy is then

rapidly transferred (in <10-e seconds) to one of the two

"special-pair" chlorophyll a molecules in the associated reac-

tion center, where it promotes the primary photosynthetic

charge separation (Figure 12-33). Photosystem core protetns

and LHC proteins maintain the pigment molecules in the pre-

cise orientation and position optimal for light absorption and

energy transfer, thereby maximizing the very rapid and effi-

cient resonance transfer of energy from antenna pigments to
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A FIGURE 12-34 Light-harvesting complexes and
photosystems in cyanobacteria and plants. (a) Diagram of the
membrane of a cyanobacterium, in which the multiprotein l ight-
harvesting complex (LHC) contains 90 chlorophyll molecules (green)
and 31 other small molecules, all held in a specific Aeometric
arrangement for optimal l ight absorption and energy transfer Of the
six chlorophyll molecules in the reaction center, two constitute the
special-pair chlorophylls (ovals, dark green) that can init iate
photoelectron transport when excited (blue arrow) Resonance
transfer of energy (red arrows) rapidly funnels energy f rom absorbed

reaction-center chlorophylls. Resonance energy transfer does
not involve the transfer of an electron. Studies on one of the
two photosystems in cyanobacteria, which are similar to
those in higher planrs, suggest that energy from absorbed
light is funneled first to a "bridging" chlorophyll in each
LHC and then to the special pair of reaction-center chloro-
phylls (Figure l2-34a). Surprisingly, however, the molecular
structures of LHCs from plants and cyanobacteria are com-
pletely different from those in green and purple bacteria,
even though both types contain carotenoids and chloro-
phylls in a clustered arrangement within the membrane.
Figure 12-346 shows the distribution of the chlorophyll
pigments in the plant photosystem I from Pisum satiuum
(garden pea) together with its peripheral LHCI antenna. The
large number of internal and LHC antenna chlorophylls
surround the core reaction center to permit efficient transfer
of absorbed light energy to the special chlorophylls in the re-
actlon center.

Although LHC antenna chlorophylls can transfer light
energy absorbed from a photon, they cannot release an elec-
tron. As we've seen already, this function resides in the two
reaction-center chlorophylls. To understand their electron-
releasing ability, we examine the structure and function of

Spec ia l -pa i r
ch lo rophy l l s

l ight to one of two "bridging" chlorophylls (squares, dark green) and
thence to chlorophylls in the reaction center. (b) Three-dimensional
organization of the photosystem I (PSl) with its LHCs of Pisum sativum
(garden pea) as determined by x-ray crystallography and as seen from
the plane of the membrane Only the chlorophylls together with the
reaction center electron carriers are shown (c) Expanded view of the
reaction center from (b) rotated 90' about a vertical axis lpart (a) adapted
from W KUhlbrandt, 2001, Nature 411:896, and P Jordan et al . 2001, Narure
411:909 Parts (b and c) based on the structural determination bv A Ben-Sham
et al , 2003, Nature426:6301

the reaction center in bacterial and plant photosystems in the
next sectlon.

Photosynthetic Stages and Light-Absorbing Pigments

r The principal end products of photosynthesis in plants
are molecular oxygen and polymers of six-carbon sugars
(starch and sucrose).

r The light-capturing and ATP-generating reactions of
photosynthesis occur in the thylakoid membrane located
within chloroplasts. The permeable outer membrane and
inner membrane surrounding chloroplasts do not partici-
pate directly in photosynthesis (see Figure 12-29).

r There are four stages in photosynthesis: (1) absorption
of light, generation of a high energy electron and formation
of 02 from H2O; (2) electron transport leading to reduc-
tion of NADP* to NADPH, and to generation of a proton-
motive force; (3) synthesis of ATP; and (4) conversion of
CO2 into carbohydrates (carbon fixation).

r In stage 1 of photosynthesis, light energy is absorbed by
one of two "special-pair" chlorophyll a molecules bound
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to reaction-center proteins in the thylakoid membrane. The
energized chlorophylls donate via intermediates an electron
to a quinone on the opposite side of the membrane, creat-
ing a charge separation (see Figure 12-33). In green plants,
the positively charged chlorophylls then remove electrons
from water, forming molecular oxygen (02).

r In stage 2, electrons are transported from the reduced
quinone via carriers in the thylakoid membrane until they
reach the ultimate electron acceptor, usually NADP*, re-
ducing it to NADPH. Electron transport is coupled to
movement of protons across the membrane from the
stroma to the thylakoid lumen, forming a pH gradient
(proton-motive force) across the thylakoid membrane.

r In stage 3, movement of protons down their electro-
chemical gradient through FeFl complexes (ATP synthase)
powers the synthesis of ATP from ADP and P,.

r In stage 4, the NADPH and ATP generated in stages 2 and
3 provide the energy and the electrons to drive the fixation of
CO2, which results in the synthesis of carbohydrates. These
reactions occur in the thylakoid stroma and cytosol.

r Associated with each reaction center are multiple internal
antenna and light-harvesting complexes (LHCs), which
contain chlorophylls a and b, carotenoids, and other pig-
ments that absorb light at multiple wavelengths. Energy, but
not an electron, is transferred from the internal antenna and
LHC chlorophyll molecules to reaction-center chlorophylls
by resonance energy transfer (see Figure 12-34).

Molecular Analysis
of Photosystems
As noted in the previous section, photosynthesis in the green
and purple bacteria does not generate oxygen, whereas pho-
tosynthesis in cyanobacteria, algae, and higher plants does."
This difference is attributable to the presence of two types of
photosystem (PS) in the latter organisms: PSI reduces
NADP* to NADPH, and PSII forms 02 from H2O. In con-
trast, the green and purple bacteria have only one type of
photosystem, which cannot form 02. !7e first discuss the sim-
pler photosystem of purple bacteria and then consider the
more complicated photosynthetic machinery in chloroplasts.

The Single Photosystem of Purple Bacteria
Generates a Proton-Motive Force but No 02

The three-dimensional structures of the photosynthetic reac-
tion centers have been determined, permitting scientists to
trace in detail the paths of electrons during and after the ab-
sorption of l ight. Similar proteins and pigments compose
photosystems I and II of plants and photosynthetic bacteria.

*A very different type of bacterial photosynthesis, which occurs only in

certain archaebacteria, is not discussed here because it is very different

from photosynthesis in higher plants. In this type of photosynthesis, the

plasma-membrane protein bacteriorhodopsin pumps one proton from the

cytosol to the extracellular space for every quantum of light absorbed.

The reaction center of purple bacteria contains three pro-

tein subunits (L, M, and H) located in the plasma membrane
(Figure 12-35). Bound to these proteins are the prosthetic

groups that absorb l ight and transport electrons during
photosynthesis. The prosthetic groups include a "special

pair" of bacteriochlorophyll a molecules equivalent to the

reaction-center chlorophyll a molecules in plants, as well as

several other pigments and two quinones, termed Qa and Qs'
that are structurally similar to mitochondrial ubiquinone.

Init ial Charge Separation The mechanism of charge sepa-

ration in the photosystem of purple bacteria is identical with

that in plants outlined earlier; that is, energy from absorbed

light is used to strip an electron from a reaction-center bac-

teriochlorophyll a molecule and transfer it, via several dif-

ferent pigments, to the primary electron acceptor Qs, which

is loosely bound to a site on the cytosolic membrane face'

Pheophyt in

Accessory
chlorophyl l

Specia l -pair
chlorophyl l

  FIGURE 12-35 Three-dimensional structure of the
photosynthetic reaction center from the purple bacterium
Rhodobacter spheroides. (Top)Ihe L subunit (yellow) and M subunit
(gray) each form five transmembrane cr helices and have a very similar

structure overall; the H subunit (light blue) is anchored to the membrane

by a single transmembrane a helix. A fourth subunit (not shown) is a
peripheral protein that binds to the exoplasmic segments of the other

subunits (Bottom) Within each reaction center, but not easily distin-
guished in the top image, is a special pair of bacteriochlorophyll a

molecules (green), capable of initiatinq photoelectron transport; two
accessory chlorophylls (purple); turo pheophytins (dark blue), and two
quinones, Qa and Qe (orange). Qe is the primary electron acceptor
during photosynthesis. lAfter M H Stowell et al , 1997, Science2T6:8121

MOLECULAR ANALYSIS  OF  PHOTOSYSTEMS '  517



The chlorophyll thereby acquires a positive charge, and Qg
acquires a negative charge. To determine the pathway tra-
versed by electrons through the bacterial reacrion center,
researchers exploited the fact rhat each pigment absorbs light
of only certain wavelengths, and its absorptron specrrum
changes when it possesses an extra electron. Because these
electron movements are completed in less than 1 mill isecond
(ms), a special technique called picosecond absorption spec-
troscopy is required to monitor the changes in the absorp-
tion spectra of the various pigments as a function of t ime
shortly after the absorption of a l ight photon.

\7hen a preparation of bacterial membrane vesicles is
exposed to an intense pulse of laser l ight lasting less than
1 ps, each reaction center absorbs one photon (Figure 12-36).
l- ight absorbed by the chlorophyll a molecules in each reac-
tion center converts them to the excited state, and the subse-
quent electron transfer processes are synchronized in all
reaction centers in the experimental sample. \Tithin 4 x 10 12

seconds (4 ps), an electron moves, possibly via the accessory
bacterial chlorophyll as an intermediare, to the pheophytin
molecules (Ph), leaving a positive charge on the chlorophyll a.
It takes 200 ps for the electron to move ro Qe, and then, in the
slowest step, 200 ps for it to move to Qn. This pathway of
electron flow is traced in the left part of Figore 12-36.

Subsequent Electron Flow and Coupled Proton Move-
ment After the primary electron acceptor, Qe, in the bac-
terial reaction center accepts one electron, forming Qs-., it

accepts a second electron from the same reaction-center
chlorophyll following its re-excitation (e.g., by absorption of
a second photon or transfer of energy from antenna mole-
cules). The quinone then binds two protons from the cy-
tosol, forming the reduced quinone (QHz), which is released
from the reaction center (Figure 12-36). QH2 diffuses within
the bacterial membrane to the Qo site on the exoplasmic face
of a cytochrome bc1 electron transport complex similar in
structure to complex III in mitochondria. There it releases its
tvvo protons into the periplasmic space (the space between the
plasma membrane and the bacterial cell wall). This process
moves protons from the cytosol to the outside of the cell, gen-
erating a proton-motive force across the plasma membrane.
Simultaneously, QHr releases its two electrons, which move
through the cytochrome bcl complex exacrly as depicted for
the mitochondrial complex III (CoQH2-cytochrome c reduc-
tase) in Figure 12-20. The Q cycle in the bacterial reaction
center, like the Q cycle in mitochondria, pumps additional
protons from the cytosol to the intermembrane space,
thereby increasing the proton-motive force.

The acceptor for electrons transferred through the cy-
tochrome bc1 complex is a soluble cytochrome, a one-electron
carrier, in the periplasmic space, which is reduced from the
Fe3* to the Fe2* state. The reduced cytochrome (analogous to
cytochrome c in mitochondria) then diffuses to a reactlon cen-
ter, where it releases its electron to a positively charged chloro-
phyll a-, returning that chlorophyll to the uncharged ground
state and the cytochrome ro the Fe3* state. This cyclicelectron

Pi +
ADP ATPO cyc le :  add i t i ona l

proton t ransport  H_

Cytosol

Plasma
membrane

2  pho tons

+ + + +

Per ip lasmic
space

Bacterial reaction

  FIGURE 12-36 Cyclic electron flow in the single
photosystem of purple bacteria. Cyclic electron flow generates
a proton-motive force but no O, Blue arrows indicate flow of
electrons; red arrows indicate proton movement (left) Energy
absorbed directly from light or funneled from an associated LHC
(not i l lustrated here) energizes one of the special-pair chlorophylls
in the reaction center Photoelectron transport from the energized
chlorophyll, via accessory chlorophyll, pheophytin (ph), and quinone
A (Qi ,  to  quinone B (Qs) forms the semiquinone e-  and leaves a
positive charge on the chlorophyll Following absorption of a second
photon and transfer of a second electron to the semiquinone, the
quinone rapidly picks up two protons from the cytosol to form eH2,

FoFt complex

(Cente) After diff using through the membrane and binding to the
Qo site on the exoplasmic face of the cytochrome bc1 complex, eH,
donates two electrons and simultaneously gives up two protons to
the external medium in the periplasmic space, generating a proton
electrochemical gradient (proton-motive force) Electrons are
transported back to the reaction-center chlorophyll via a soluble
cytochrome, which diffuses in the periplasmic space Note the cyclic
path (blue) of electrons Operation of a Q cycle in the cytochrome
bcl complex pumps additional protons across the membrane to the
external medium, as in mitochondria. fAdapted from.] Deisenhofer and
H Michael ,  1991 ,Ann Rev.Cel l  Bio l .7:1 I

Cytochrome bct
complex
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flow generates no oxygen and no reduced coenzymes, but it
has generated a proton-motive force.

Electrons also can flow through the single photosystem
of purple bacteria via a linear (noncyclic) pathway. In this
case, instead of the electron removed from reactron-center
chlorophylls by light moving to the cytochrome bcl complex
and then cycling back again via the water-soluble cy-
tochrome to the reaction center. the electron removed from
reaction-center chlorophyll is eventually transferred to
NAD* (rather than NADP+ as in plants), forming NADH.
As a consequence, an electron from a different source must
be returned to the special-pair chlorophylls if additional
light energy is to be harvested by photoelectron transport. In
bacteria using a linear pathway, the electrons to do this come
from the oxidation of either hydrogen sulfide (H2S)

H 2 S - - + S + 2 H +  * 2 e -

to form elemental sulfur (S) or hydrogen gas (H2):

H 2 - - + 2 H -  * 2 e -

These electrons are used to reduce a cytochrome, which in
turn passes an electron to the special-pair chlorophylls in the
reaction center to bring the oxidized reaction-center chloro-
phyll a back to its ground state. Overall, the linear pathway
results in the l ight-mediated oxidation of H2S (or H2) and
the reduction of NAD- to NADH. Since H2O is not the elec-
tron donor, no 02 is formed.

Both the cyclic and linear pathways of electron flow in
the bacterial photosystem generate a proton-motive force.
As in other systems, this proton-motive force is used by the
FeFl complex located in the bacterial plasma membrane to
synthesize AIP and also to transport molecules across the
membrane against a concentration gradient.

Chloroplasts  Conta in Two Funct ional ly  and
Spatial ly Dist inct Photosystems

In the 1940s, biophysicist R. Emerson discovered that the
rate of plant photosynthesis generated by l ight of wave-
length 700 nm can be greatly enhanced by adding light of
shorter wavelength (higher energy). He found that a combi-
nation of light at, say, 600 and 700 nm supports a greater
rate of photosynthesis than the sum of the rates for the two
separate wavelengths. This so-called Emerson effect led re'
searchers to conclude that photosynthesis in plants involves
the interaction of two separate photosystems, referred to as
PSI and PSII. PSI is driven by light of wavelength 700 nm
or less; PSII, only by shorter-wavelength l ight (<680 nm).

In chloroplasts, the special-pair reaction-center chloro-
phylls that initiate photoelectron transport in PSI and PSII
differ in their l ight-absorption maxima because of differ-
ences in their protein environments. For this reason, these
chlorophylls are often denoted P680 (PSII) and PTes (PSI).

Like a bacterial reaction center, each chloroplast reaction
center is associated with multiple internal antenna and light-
harvesting complexes (LHCs); the LHCs associated with
PSII and PSI contain different proteins.

The two photosystems also are distributed differently in

thylakoid membranes: PSII primarily in stacked regions (grana,

see Figure 12-29) and PSI primarily in unstacked regions. The

stacking of the thylakoid membranes may be due to the bind-

ing properties of the proteins in PSII. Evidence for this distri-

bution came from studies in which thylakoid membranes were

gently fragmented into vesicles by ultrasound' Stacked and

unstacked thylakoid vesicles were then fractionated by

density-gradient centrifugation. The stacked fractions con-

tained primarily PSII protein and the unstacked fraction PSI.

Finally, and most importantly, the two chloroplast photo-

systems differ significantly in their functions (Figure 12-37):

only PSII splits water to form oxygen' whereas only PSI trans-

fers electrons to the final electron acceptor, NADP*. Photo-

synthesis in chloroplasts can follow a linear or cyclic pathway,

again like green and purple bacteria. The linear pathwaS

which we discuss first, can support carbon fixation as well as

ATP synthesis. In contrast, the cyclic pathway supports only

ATP synthesis and generates no reduced NADPH for use in

carbon fixation. Photosynthetic algae and cyanobacteria con-

tain two photosystems analogous to those in chloroplasts.

Linear Electron Flow Through Both Plant
Photosystems, PSll and PSl, Generates
a Proton-Motive Force, 02, and NADPH

Linear electron flow in chloroplasts involves PSII and PSI in

an obligate series in which electrons are transferred from

H2O to NADP+. The process begins with absorption of a

photon by PSII, causing an electron to move from a P53s

chlorophyll a to an acceptor plastoquinone (Qs) on the stro-

mal surface (Figure 12-37). The resulting oxidized P5ss-

strips one electron from the relatively unwilling donor H2O,

forming an intermediate in 02 formation and a proton'

which remains in the thylakoid lumen and contributes to the

proton-motive force. After P5s6 absorbs a second photon, the

semiquinone Q-' accepts a second electron and picks up tvvo

protons from the stromal space, generating QH2. After dif-

fusing in the membrane, QHz binds to the Q" site on a cy-

tochrome b/complex (analogous to bacterial cytochrome bc1

complex and mitochondrial complex III). As in these systems'

a Q cycle operates, thereby increasing the proton-motive

force generated by electron transport. After the cytochrome

bf complex accepts electrons from QH2' it transfers them'

one at a time, to the Cu2+ form of the soluble electron carrier

plastocyanin (analogous to bacterial cytochrome c), reducing

it to the Cu* form. Reduced plastocyanin then diffuses in the

thylakoid lumen, carrying the electron to PSI.

Absorption of a photon by PSI leads to removal of an

electron from the reaction-center chlorophyll a,P7ss (Figure

1,2-37). The resulting oxidized P706* is reduced by an elec-

tron passed from the PSII reaction center via the cytochrome

bf complex and plastocyanin' Again, this is analogous to sit-

uation in mitochondria, where cytochrome c acts as a single

electron shuttle from complex III to complex IV (see Figure

12-1.6). The electron taken up at the luminal surface by Pzoo

energized by photon absorption moves within PSI via several

carriers to the stromal surface of the thylakoid membrane,
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A FIGURE 12-37 Linear electron flow in plants, which requires
both chloroplast photosystems PSI and PSll. Blue arrows indicate
flow of electrons; red arrows indicate proton movement LHCs are
not shown (Left) ln the PSll reaction center, two sequential l ight-
induced excitations of the same P6s6 chlorophylls result in reduction
of the primary electron acceptor Qa to eHz On the luminal side
of PSll, electrons removed from H2O in the thylakoid lumen are
transferred to P6se+, restoring the reactron-center chlorophylls to
the ground state and generating Oz Genter) The cytochrome bf
complex then accepts electrons from QH2, coupled to the release
of two protons into the lumen Operation of a e cycle in the

where it is accepted by ferredoxin, an iron-sulfur (Fe-S) pro-
tein. Electrons excited in PSI can be transferred from ferre-
doxin via the enzyme ferredoxin-NADP+ reductase (FNR).
This enzyme uses the prosrhetic group FAD as an electron
carrier to reduce NADP*, forming, together with one proton
picked up from the stroma, the reduced molecule NADPH.

FeFl complexes in the thylakoid membrane use the pro-
ton-motive force generated during l inear electron flow to
synthesize ATP on the stromal side of membrane. Thus this
pathway exploits the energy from multiple photons ab-
sorbed by both PSII and PSI and their anrennas ro generare
both NADPH and ATP in the stroma of the chloroDlast.
where they are utilized for CO2 fixation.

An Oxygen-Evolv ing Complex ls  Located on the
Luminal  Sur face of  the pSl l  React ion Center
Somewhat surprisingly, the structure of the pSII reaction
center, which removes electrons from H2O to form 02, r€-
sembles that of the reaction cenrer of photosynthetic purple
bacteria, which does not form ()2. Like the bacterial reac-
tion center, the PSII reaction center contains two molecules
of chlorophyll a (P5s6), as well as two other accessory
chlorophylls, two pheophytins, rwo quinones (e6 and es),
and one nonheme iron atom. These small molecules are
bound to two proteins in PSII, called D1 andD2, whose se-
quences are remarkably similar to the sequences of the L
and M subunits of the bacterial reaction cenrer, attesting to
their common evolutionary origins (see Figure I2-35).

orophyl l

PSI reaction
center

FsFt complex

cytochrome bf complex translocates additional protons across the
membrane to the thylakoid lumen, increasing the proton-motive
f orce (Right) In the PSI reaction center, each electron released f rom
light-excited P76s chlorophylls moves via a series of carriers in the
reaction center to the stromal surface, where soluble ferredoxin (an
Fe-S protein) transfers the electron to ferredoxin-NADP+ reductase
(FNR) This enzyme uses the prosthetic group flavin adenine dinu-
cleotide (FAD) and a proton to reduce NADP+, forming NADPH pToo+
is restored to its ground state by addition of an electron carried from
PSll via the cytochrome bf complex and plastocyanin, a soluble
electron carrier.

'S7hen 
PSII absorbs a photon with a wavelength of <680

nm, it tr iggers the loss of an electron from a P5se molecule,
€lenerating P.so*. As in photosynthetic purple bacteria, the
electron is transported rapidly, possibly via an accessory
chlorophyll, to a pheophytin, then to a quinone (Qa), and
then to the primary electron acceptor, Q", or the outer
(stromal) surface of the thylakoid membrane (Figures 12-37
and  12 -38 ) .

The photochemically oxidized reaction-center chloro-
phyll of PSII, P5s0*, is the strongesl biological oxidant
known. The reduction potential of P6s6* is more positive
than that of water, and thus it can oxidize water to generate
02 and H* ions. Photosynthetic bacteria cannot oxidize
water because the excited chlorophyll a* in the bacterial
reaction center is not a sufficiently strong oxidant. (As noted
earlier, purple bacteria use H2S and H2 as electron donors to
reduce chlorophyll a* in Iinear electron flow.)

The splitting of H2O, which provides the electrons for
reduction of P5se* in PSII, is catalyzed by a three-protein
complex, the oxygen-euoluing complex,located on the lumi-
nal surface of the thylakoid membrane. The oxygen-evolving
complex contains four manganese (Mn) ions as well as
bound Cl and Ca2* ions (Figure 12-38); this is one of the
very few cases in which Mn plays a role in a biological sys-
tem. These Mn ions together with the three extrinsic pro-
teins can be removed from the reaction center by treatment
with solutions of concentrated salts; this abolishes ()2 for-
mation but does not affect light absorption or the initial
stages of electron transport.
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  FIGURE 12-38 Electron f low and 02 evolut ion in chloroplast
P5ll .  The PSll  reaction center, comprising two integral proteins, D1

and D2, special-pair chlorophyl ls (Poeo), and other electron carr iers, is

associated wrth an oxygen-evolving complex on the luminal surface

Bound to the three extr insic proteins (33,23, and 17 kDa) of the

oxygen-evolving complex are four manganese ions (Mn, red), a Ca2*

ion (blue), and a Cl ion (yel low) These bound ions function in the

spl i t t ing of H2O and maintain the environment essential for high

ra tes  o f  02  evo lu t ion  Tyros ine-161 (Y161)o f  the  D1 po lypept ide

conducts electrons from the Mn ions to the oxidized reaction-center

chlorophyl l  (Poeo-), reducing i t  to the ground state P6s6 [Adapted from

C Hoganson and G Babcock, 199-l , Science 277:1953 I

The oxidation of two molecules of H2O to form 02 re-

quires the removal of four electrons, but absorption of each

photon by PSII results in the transfer of iust one electron. A

simple experiment, described in Figure 12-39, resolved

1 2 3 4 5 6 7 8 9 1 0 1 1 1 2
Flash number

A EXPERIMENTAL FIGURE 12-39 A s ing le  PSl l  absorbs  a
photon and transfers an electron four t imes to generate

one 02 .  Dark-adapted  ch lo rop las ts  were  exposed to  a  ser ies  o f

c lose ly  spaced,  shor t  (5  ps)  pu lses  o f  l igh t  tha t  ac t i va ted  v i r tua l l y

a l l  the  P5 l ls  in  the  prepara t ion  The peaks  in  O2 evo lu t ion  occur red

af te r  every  four th  pu lse ,  ind ica t ing  tha t  absorp t ion  o f  four
photons  by  one PSl l  i s  requ i red  to  genera te  each 02  molecu le

Because the  dark -adapted  ch lo rop las ts  were  in i t ia l l y  in  a  par t ia l l y

reduced s ta te ,  the  peaks  in  02  evo lu t ion  occur red  a f te r  f lashes  3 ,

7 ,  and 11  lF rom J  Berg  e t  a l  ,2002,  Erochemis t ry ,5 th  ed ,  W H

Freeman and Company l

whether the formation of 02 depends on a single PSII or

multiple ones acting in concert. The results indicated that a

single PSII must lose an electron and then oxidize the oxy-

gen-evolving complex four times in a row for an 02 mole-

cule to be formed.
Manganese is known to exist in multiple oxidation states

with from two to five positive charges. Indeed, spectroscopic

studies showed that the bound Mn ions in the oxygen-evolv-

ing complex cycle through five different oxidation states'

Se-Sa. In this S cycle, a total of two H2O molecules are split

into four protons, four electrons' and one 02 molecule. The

electrons released from H2O are transferred, one at a time,

via the Mn ions and a nearby tyrosine side chain on the D1

subunit to rthe reaction-center Pnro*, where they regenerate

the reducedl chlorophyll, P536 ground state. The protons re-

leased from H2O remain in the thylakoid lumen.

Herb:icides that inhibit photosynthesis not only are

very l important in agriculture but also have proved

useful in dissecting the pathway of photoelectron trans-

port in plants. One such class of herbicides, the s-triazines

(e.g., atrazine), binds specifically to the D1 subunit in the

PSII reaction center, thus inhibit ing binding of oxidized

Qs to its site on the stromal surface of the thylakoid mem-

brane. \7hr:n added to i l luminated chloroplasts, s-triazines

cause all downstream electron carriers to accumulate in the

oxidized form, since no electrons can be released from PSII.

In atrazine-resistant mutants, a single amino acid change in

D1 renders it unable to bind the herbicide, so photosynthe-

sis proceeds at normal rates. Such resistant weeds are

prevalent and present a major agricultural problem. I

Cel ls  Use Mul t ip le  Mechanisms to Protect

Against Damage from Reactive Oxygen Species

During Photoelectron Transport

As we saw earlier in the case of ROS generation by the mito-

chondrion, ATP generation via the electron transport chain

brings with it potential deleterious side effects. The same is

true for the chloroplast. Even though the PSI and PSII photo-

systems with their associated light-harvesting complexes are

remarkably efficient at converting radiant energy to useful

chemical energy in the form of ATP and NADPH, they are

not perfect. Depending on the intensity of the light and the

physiologic conditions of the cells, a relatively small-but sig-

.tifi."ttt-u-ount of energy absorbed by chlorophylls in the

light-harvesting antennas and reactions centers results in the

chlorophyll being converted to an activated state called
"triplet" chlorophyll. In this state' the chlorophyll can trans-

fer some of its energy to molecular oxygen (02), converting it

from its normal, relatiuely unreactive ground state, called

triplet oxygen (3Oz) to a very highly reactive (ROS) singlet

state form, 1Or. If the 1O2 is not quickly quenched by react-

ing with specialized tOr "scau.nger molecules," it will react

with and usually damage nearby molecules' This damage can

suppress the efficiency of thylakoid activity and is called pDo-

toiihibitior. Carotenoids (polymers of unsaturated isoprene

groups, including beta-carotene, which gives carrots their
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centef
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orange color) and o-tocopherol (a form of vitamin E) are hy-
drophobic small molecules that play important roles as 1O2

quenchers to protect plants. For example, inhibition of toco-
pherol synthesis in the unicellular green alga Chlamy-
domonas reinhardtii by the herbicide pyrazolynate can result
in greater light-induced photoinhibition. To help further limit
the potential damage in light-harvesting antennas, carotenoid
molecules siphon off energy from the dangerous triplet
chlorophyll, thus preventing 102 formation.

Under intense illumination, photosystem pSII is especially
prone to generating tO2, whereas PSI will produce other
ROS, including superoxide, hydrogen peroxide, and hy-
droxyl radicals. The D1 subunit in the pSII reacion cenrer
(see Figure 12-38) is, even under low light conditions, sub-
jected to almost constant 1O2-mediated damage. The dam-
aged reaction center moves from the grana to the unstacked
regions of the thylakoid, where the D1 subunit is degraded by
a protease and replaced by newly synthesized D1 proteins in
what is called the D1 protein damage-repair cycle. The rapid
replacement of damaged D 1 , which requires a high rate of b 1
synthesis, helps the PSII recover from photoinactivation and
maintain sufficient activity. The experiment in Figure 12-40
shows that an important component in the damage-repair cy-
cle is the chaperone protein HSP7OB (see Chapter 3), which

Photo inh ib i t ion
(2400 pE m-1 s 1) < EXPERIMENTAT FIGURE 12-40 The chaperone HSP7OB helps

PSll recover from photoinhibition after exposure to intense
f ight. The unicellular green alga Chlamydomonas reinhardtii was
genetically manipulated so that it had abnormally high or low levels
of the chaperone protein HSP7OB. The high, low, and normal strains
were then exposed to high-intensity l ight (2400 pE m 2 s-1) for
60 minutes to induce photoinhibit ion followed by exposure to
low light (20 pE m-2 s-1)for up to 150 minutes. The effects of
photoinhibit ion by the high-intensity l ight and the abil ity of pSil to
recover from the photoinhibit ion were measured using fluorescence
spectroscopy to determine PSll activity The ability of the cells to
recover PSll activity depends on the levels of HSP7OB-the more
HSP7OB available, the more rapid the recovery-due to HSp7OB
protection of the PSll reaction centers that had withstood 1Or-induced

D1 subunit damage. [From Schroda et al, 1999, Plant Cetl 1l:t 165 ]

binds to the damaged PSII and helps prevent loss of the other
components of the complex as the D1 subunit is replaced.
The extent of photoinhibition can depend on the amounr of
HSP7OB available to the chloroplasts.

Cyclic Electron Flow Through PSI Generates
a Proton-Motive Force but No NADPH or 02
As we've seen, electrons from reduced ferredoxin in PSI are
transferred to NADP* during linear electron flow, resulting
in production of NADPH (see Figure 12-37).In some cir-
cumstances cells must generate relative amounts of ATP and
NADPH that differ from those produced by linear electron
flow (e.g., greater ATP-Io-NADPH ratio). To do this, they
photosynthetically produce ATP from PSI without concomi-
tant NADPH production. This is accomplished using a PSII-
independent process called cy clic ph otop h osp h orylation. In
this process electrons cycle between PSI, ferredoxin, plasto-
quinone (Q), and the cytochrome b/complex (Figure 1.2-41);
thus no net NADPH is generated, and there is no need to
oxidize water and produce 02. There are two distinct cyclic
electron flow pathways: the NAD(P)H dehydrogenase (Ndh)-
dependent (shown in Figure 1,2-41) and Ndh-independent
pathways. Ndh is an enzyme complex very similar to the
mitochondrial complex I (see Figure 12-16) that oxidizes
NADPH or NADH while reducing Q to QH2 and contribut-
ing to the proton motive force by transporting protons. Dur-
ing cyclic electron flow, the substrate for the Ndh is the
NADPH generated by light absorption by PSI, ferredoxin,
and ferredoxin-NADP reductase (FNR). The QH2 formed
by Ndh then diffuses through the thylakoid membrane to the
Q" binding site on the luminal surface of the cytoch rome bf
complex. There it releases two electrons to the cytochrome
b/ complex and two protons to the thylakoid lumen, gener-
atrng a proton-motive force. As in linear electron flow, these
electrons return to PSI via plastocyanin. This cyclic electron
flow is similar to the cyclic process that occurs in the single
photosystem ofpurple bacteria (see Figure 12-36). A e cycle
operates in the cytochrome bf complex during cyclic electron
flow, leading to transport of two additional protons into the
lumen for each pair of electrons transported and a greater
proton-motive force.

o

a

522 C H A P T E R  1 2  I  C E L L U L A R  E N E R G E T I C S



NADPH NADP*+Ht
O cycle:  addi t ional
proton t ransport  Hi

NADP +

NADPH

Plastocyanin

H' /Ferredoxin\
+

s9,/

Ferre oxtn
="-S_,,

photon

P i  +
ADP

Stroma

Thylakoid
membrane

+ + +  +
Lumen D| 700

ch lo rophy l l

NAD(P)H dehydrogenase
(Ndh)

Cytochrome bf
complex

PSI reaction
center

F6F1 complex

A FIGURE 12-41 Cyclic electron flow in plants, which generates

a proton-motive force and ATP but no oxygen or net NADPH.
ln the NAD(P)H-dehydrogenase (Ndh)-dependent pathway for cyclic
electron flow, l ight energy is used by PSI to transport electrons In a
cycle to generate a proton-motive force and ATP without oxidizing
water The NADPH formed via the PS|/ferredoxin/FNR-instead of

In Ndh-independent cyclic electron floq the mechanism

of which has not yet been completely defined, electrons from

the ferredoxin are used to reduce Q, either via a hypothetical

membrane-associated ferredoxin:plastoquinone oxidoreduc-

tase (FQR) or via the Q1 site, which is part of the Q cycle in

the cytochrome b/complex.

Relative Activit ies of Photosystems I
and l l  Are Regulated

In order for PSII, which is preferentially located in the

stacked grana) and PSI, which is preferentially located in the

unstacked thylakoid membranes, to act in sequence during

linear electron flow, the amount of light energy delivered to

the two reaction centers must be controlled so that each cen-

ter activates the same number of electrons. This balanced

condition is called state 1 (Figure 12-42).If the two photo-

systems are not equally excited, then cyclic electron flow

occurs in PSI and PSII becomes less active (state 2). Varia-

tions in the wavelengths and intensities of ambient light (as

a consequent of the time of day, clouds, etc.) can change the

relative activation of the two photosystems' potentially up-

setting the appropriate relative amounts of linear and cyclic

electron flow necessary for production of optimal ratios of

ATP and NADPH.
One mechanism for regulating the relative contributions

of PSI and PSII, in response to varying lighting conditions and

thus the relative amounts of linear and cyclic electron flow,

entails redistributing the l ight-harvesting complex LHCII

between the two photosystems. The more LHCII associated

with a particular photosystem, the more efficiently that sys-

tem will be activated by light and the greater its contribution

being used to f ix carbon-is oxidized by Ndh The released electrons

are transferred to plastoquinone (Q) within the membrane to generate

QH2, which then transfers the electrons to the cytochrome bf complex,

then to plastocyanin, and finally back to PSl, as is the case for the

linear electron f low pathway (see Figure 12-37)

Molecular Analysis of Photosystems

In the single photosystem of purple bacteria, cyclic elec-

on flow fiom light-excited, special-pair chlorophyll a

molecules in the reaction center generates a proton-motive

to electron flow. The distribution of LHCII between PSI and

flow in state 2 (Figure 1'2-42).

Regulating the supramolecular organization of the

photoryst.-s in plants thus has the effect of directing

th.- to*atd ATP production (state 2) or toward genera-

chapter.
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State 1, linear electron flow
PSI  membrane  doma ins

(u nstacked )

PS l l  membrane  doma ins
(stacked )

NADPH
ADP + P;

e

P las tocyan in

State 2, cyclic electron flow

Thylakoid membrane

Stroma

Lumen 0

ATP
svnthase

is unbalanced (e g , too much via psll), LHCII becomes phosphorylated,
drssociates from PSll, and diffuses into the unstacked membranes,
where it associates with PSI and its permanently associated LHCI. In
this alternative supramolecular organtzation (state 2), most of the
absorbed light energy is transferred to psl, supporting cyclic electron
flow and ATP production but no formation of NADPH and thus no CO2
fixatron. [Adapted from F A. Wollman, 2OOj, EMBO J.20:3623.]

A FIGURE 12-42 Phosphorylation of LHCII and the regulation of
finear versus cyclic electron flow. (Top)ln normal sunlight, pSI and
PSll are equally activated, and the photosystems are organized in state
1 ln this arrangement, l ight-harvesting complex l l (LHCll) is not
pirosphorylated and is t ightly associated with the psrr reaction center in
the grana As a result, pSll and pSl can function in parallel in l inear
eleclron flow (Bottom) when light excitation of the two photosvstems

force, which is used mainly to power ATp synthesis by the
FeF, complex in the plasma membrane (see Figure 12-36).
r Plants contain two photosystems, pSI and pSII, which
have diff'erent functions and are physically separated in the
thylakoid membrane. PSII splits H2O into 02, and pSI
reduces NADP+ to NADPH. Cyanobacteria have two
ana logous photosystems.

In chloroplasts, light energy absorbed by light-harvesting
rnplexes (t.HCs) is transferred to chlorophyll a moleculei
the reaction centers (Pos6 in pSII and pr,16 in pSI).

r Electrons flow through PSII via the same carriers that are
present in the bacterial photosystem. In contrast to the bac_
rerial system, photochemically oxidized p680+ in pSII is
re€enerated ro P6ss by electrons derived from the splitting
rrf FI2O with evolution of 02 (see Figure 72-37, left).
r [n linear electron flow, photochemically oxidized proo* in
I)Sl is reduced, regenerating pzoo, by electrons transferred
frorn PSll via the cytochrome b/ complex and soluble plas_
tocyanin. Electrons released from pTee following excitation
of PSI are transported via several carriers u[imately to
NADP' , generaring NADPH (see Figure 72-37 , rigbt).
r 

-f 
he absorption of light by pigments in the chloroplast can

generirte toxic reacive oxygen species (ROS), including sin_
glet crxygen, rOr, and hydrogen peroxide, HzOz.Small mol_

ecule scavengers and antioxidant enzymes help to protect
against ROS-induced damage; however, singlet oxygen dam-
age to the D1 subunit of PSII still occurs, causing photoinhi-
bition. An HSP70 chaperone helps PSII recover from the
damage.

r In contrast to linear electron flow, which requires both
PSII and PSI, cyclic electron flow in plants involves only
PSI. In this pathwaS neither ner NADPH nor 02 is formed
although a proton-motive force is generated.

r Reversible phosphorylation and dephosphorylation of
the light-harvesting complex II control the functional or-
ganization of the photosynthetic apparatus in thylakoid
membranes. State 1 favors linear electron flow, whereas
state 2 favors cyclic elecron flow (see Figure 12-42).

CO2 Metabolism During
Photosynthesis

Chloroplasts perform many metabolic reactions in
green leaves. In addition to CO2 fixation-incorpora-

tion of gaseous CO2 into small organic molecules and then
sugars-the synrhesis of almost all amino acids. all fattv
acids and carotenes, all pyrimidines, and probably ail

Thy lako id  membrane

ATP
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a FIGUREl2-43 Thein i t ia l  react ionof  rubiscothat f ixesco2 f ive-carbonsugarr ibulosel ,5-b isphosphate Theproductsaretwo

into organic compounds. In this reaction, catalyzed by ribulose 1,5- molecules of 3-phosphoglycerate

bisphosphate carboxylase (rubisco), CO2 condenses with the

purines occurs in chloroplasts. However, the synthesis of 10 molecules (30 C atoms) are converted to 6 molecules of

,,rg"r, from CO2 is the most extensively studied biosynthetic ribulose 1,5-bisphosphate (Figure 12-44, top) ' The fixation

p"Ih*"y in plani cells. !7e first consider the unique pathway, of six CO2 molecules and the net formation of two glycer-

known as the Calvin cycle (after discoverer Meivin Calvini, aldehyde 3-phosphate molecules require the consumption of

that fixes CO2 into thr..-."rbon compounds, powered by 18 ATPs and1,2 NADPHs, generated by the light-requiring

energy ,el."rJ during ATP hydrolysis and oxidation of processes of photosynthesis.

NADPH.
Synthesis of Sucrose Using Fixed CO2

Rubisco Fixes CO2 in the Chloroplast Stroma ls Completed in the Cytosol

The enzyme ribulose 1,5-bisphosphate carboxylase, or ru- After its formation in the chloroplast stroma, glyceraldehyde

bisco, fixes CO2 into precursor molecules that are subse-

quently converted into carbohydrates. Rubisco is located in

the stromal space of the chloroplast. This enzyme adds CO2

to the five-carbon sugar ribulose 1,5-bisphosphate to form

two molecules of the three-carbon-containing 3-phospho-

glycerate (Figure 72-43). Rubisco is a large enzyme (:500

kDa) composed of eight identical large and eight identical

small subunits. One subunit is encoded in chloroplast DNA;

the other, in nuclear DNA. Because the catalytic rate of ru-

bisco is quite low, many copies of the enzyme are needed tcl

fix sufficient CO2. Indeed, this enzyme makes up almost 50

percent of the chloroplast protein and is believed to be the

most abundant protein on earth.
When photosynthetic algae are exposed to a brief pulse

of 1ac-labeled CO2 and the cells are then quickly disrupted,

3-phosphoglycerate is radiolabeled most rapidly, and all the Liqht and Rubisco Activase Stimulate
radioactivity is found in the carboxyl group. Because (iO:, rs 

C5, f ixation
init ially incorporated into a three-carbon compound, the Lv

Calvin cycle is also called the C3 pathway of carbe'n fixatron
(Figure 12-44).

The fate of 3-phosphoglycerate formcd by rubisco is

complex: some is converted to hexoses incorporated into

starch or sucrose, but some is used to regenerate ribulose

1,5-bisphosphate. At least nine enzymes are required to Calvin cycle enzymes..Because protons are transported from

regenerare ribulose 1,5-bisphosphate from 3-ph<-rspLoglycer- the stroma into the thvlakoid lumen during photoelectrotl

atl euantitatively fo, .u.ry 12 moleculer-o6 3-phospho- transport (see Figure 1)'37),the pL1 of the stroma increascs

gly...it. g..r.r",.b by rubisco (a total of 36 C atorns), 2 of fr.r,,, =7 in the ri"rrii t<i =8 in the ligirt' 
-fhe 

increased activity

them (6 C atoms) are converred to 2 molecules of giy.*r- of several Calvin cvcle enzymes at the higher pI{ promotes

aldehyde 3-phosphate (and later to t hexose), whereas (,O2 fixation inthe l ight'
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< FIGURE 12-tt4 The pathway of carbon during
photosynthesis. (Top) Six molecules of C02 are converted into two
molecules of glyceraldehyde 3-phosphate. These reactions, which
constitute the Calvin cycle, occur in the stroma of the chloroplast Via
the phosphate/triosephosphate antiporter, some glyceraldehyde 3-
phosphate is transported to the cytosol in exchange for phosphate
(Bottom) In the cytosol, an exergonic series of reactions converts
glyceraldehyde 3-phosphate to fructose 1,6-bisphosphate. Two
molecules of f ructose 1,6-bisphosphate are used to synthesize one of
the disaccharide sucrose Some glyceraldehyde 3-phosphate (not

shown here) is also converted to amino acids and fats, compounds
essential for plant growth

A stromal protein called thioredoxin (Tx) also plays a

role in controlling some Calvin cycle enzymes. In the dark,

thioredoxin contains a disulfide bond; in the light, electrons

are transferred from PSI, via ferredoxin, to thioredoxin, re-

ducing its disulfide bond:

z--\s sH
( T x ) l
\__As SH

Reduced thioredoxin then activates several Calvin cycle en-

zymes by reducing disulfide bonds in them. In the dark, when

thioredoxin becomes reoxidized, these enzymes are reoxidized

and so inactivated. Thus these enzymes are sensitive to the

redox state of the stroma, which in turn is light sensitive-an

elegant mechanism for regulating enzymatic activity by light.

Rubisco is one such light/redox-sensitive enzyme, although

its regulation is very complex and not yet fully understood. Ru-

bisco is spontaneously activated in the presence of high CO2

PSI

and Mg2* concentrations' The activating reaction entails co-

valent addition of CO2 to the side-chain amino group of lysine

in the active site, forming a carbamate group that then binds a

Mg2* ion required for activity. Under normal conditions' how-

ever, with ambient levels of CO2, the reaction is slow and

usually requires catalysis by rubisco actiuase, an enzyme that

simultaneously hydrolyzes ATP and uses the energy to attach a

CO2 to the lysine. Rubisco activase also accelerates an activat-

ing conformational change in rubisco (inactive-closed to

u.iiu.-op.n.d state). The regulation of rubisco activase by

thioredoxin is, at least in part in some species, responsible for

rubisco's light/redox sensitivity' Furthermore, rubisco activase's

activity is sensitive to the ratio of ATP:ADP. If that ratio is low

(relatively high ADP), then the activase will not activate ru-

bisco (and so the cell will expend less of its scarce ATP to fix

carbon). Given the key role of rubisco in controlling energy uti-

lization and carbon flux-both in an individual chloroplast

and, in a sense, throughout the entire biosphere-it is not sur-

prising that its activity is tightly regulated.

Photorespiration, Which Competes with

Photosynthesis, ls Reduced in Plants That

Fix CO2 by the C4 PathwaY

As noted above, rubisco catalyzes the incorporation of CO2

of the two-carbon compound phosphoglycolate' The first

(carbon-fixing) reaction is favored when the ambient CO2 con-

centration is relatively high' whereas the second is favored when

o

| 
--> ---> ---> Sugars

H - C - O H

nu -npn 2
v r  , 2  v ,  v 3

3-Phosphoglycerate

3-Phosphoglycerate Phosphoglycolate

o

CH,OH
Glycolate

  FfGURE 12-45 C}2fixation and photorespiration. These Phosphoglycolate is recycled via a complex set of reactions that take

competing pathways are both init iated by ribulose 1,5-bisphosphate place in feroxisomes and mitochondria, as well as chloroplasts The

carboxylase (rubisco), and both uti l ize ribulose 1,5-bisphosphate. C02 net result: for every two molecules of phosphoglycolate formed by

fixation, pathway Il, is favored by high c02 and low 02 pressures; photorespiration (four c atoms), one molecule of 3-phosphoglycerate

photorespiration, pathway [, occurs at low c02 ano rrgn o, is ult imatelyformed and recycled and one molecule of c02 is lost'

pressures (that is, under normal atmospheric conditions)
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CO2 is low and 02 relatively high. The pathway initiated by
the second reaction with 02 is called photorespiration-a
process that takes place in light, consumes 02, and converts

react and form distincr products with the same init ial
enzyme/ribulose 1,5-bisphosphate intermediate.

Excessive phororespiration could become a problem for
plants in a hot, dry environment, because they must keep the
gas-exchange pores (stomata) in their leaves closed much of
the time to prevent excessive loss of moisture. As a conse-
quence, the CO2 level inside the leaf can fall below the K- of

rubisco for CO2. Under these conditions, the rate of photo-
synthesis is slowed, photorespiration is greatly favored, and
the plant might be in danger of fixing inadequate amounts of
CO2. Corn, sugarcane, crabgrass, and other plants that can
grow in hot, dry environments have evolved a way to avoid
this problem by utilizing a two-step pathway of CO2 fixa-
tion in which a CO2-hoarding step precedes the Calvin cycle.
The pathway has been named the Ca pathway because
[14C]CO2 labeling showed that the first iadioactive mole-
cules formed during photosynthesis in this pathway are four-
carbon compounds, such as oxaloacetate and malate, rather
than the three-carbon molecules that initiate the Calvin cvcle
(C3 pathway).

The Ca pathway involves two types of cells: mesophyll
cells, which are adjacent to the air spaces in the leaf interior,
and bundle sheath cells, which surround the vascular tissue
and are sequestered away from the high oxygen levels to which
mesophyll cells are exposed (Figure 12-46a).In the mesophyll
cells of Ca plants, phosphoenolpyruvate, a three-carbon mole-
cule derived from pyruvate, reacts with CO2 to generate

< Ff GURE '12-46 Leat anatomy of Co plants and the Co
pathway. (a) In C+ plants, bundle sheath cells l ine the vascular bundles
containing the xylem and phloem Mesophyll cells, which are adjacent
to the substomal air spaces, can assimilate CO, into four-carbon
molecules at low ambient C02 and deliver it to the interior bundle
sheath cells. Bundle sheath cells contain abundant chloroplasts and
are the sites of photosynthesis and sucrose synthesis Sucrose is
carried to the rest of the plant via the phloem In C3 plants, which
lack bundle sheath cells, the Calvin cycle operates in the mesophyll
cells to fix COz (b) The key enzyme in the Ca pathway is phospho-
enolpyruvate carboxylase, which assimilates CO, to form oxaloac-
etate in mesophyll cells Decarboxylation of malate or other Co
intermediates in bundle sheath cells releases COr, which enters
the standard Calvin cycle (see Figure 12-44, top)
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oxaloacetate, a four-carbon compound (Figure 12-46b). The
enzyme that catalyzes this reactio n, p h o sp h o enolpyruu ate
carboxylase, is found almost exclusively in Ca plants and un-
Iike rubisco is insensitive to 02. The overall reaction from
pyruvate to oxaloacetate involves the hydrolysis of one ATP

and has a negative AG. Therefore, CO2 fixation wil l proceed

even when the CO2 concentration is low. The oxaloacetate
formed in mesophyll cells is reduced to malate, which is

transferred by a special transporter to the bundle sheath

cells, where the CO2 released by decarboxylation enters the
Calvin cycle (Figure 12-46b).

Because of the transport of CO2 from mesophyll cells,

the CO2 concentration in the bundle sheath cells of Ca plants

is much higher than it is in the normal atmosphere. Bundle

sheath cells are also unusual in that they lack PSII and carry

out only cyclic electron flow catalyzed by PSI, so no ()2 is

evolved. The high CO2 and reduced 02 concentrations in the
bundle sheath cells favor the fixation of CO2 by rubisco to

form 3-phosphoglycerate and inhibit the utilization of ribu-

lose 1,5-bisphosphate in photorespiration.
In contrast, the high 02 concentration in the atmosphere

favors photorespiration in the mesophyll cells of C3 plants
(pathway 2 in Figure 1,2-45\; as a result, as much as 50 percent

of the carbon fixed by rubisco may be reoxidized to CO2 in C-3
plants. Ca plants are superior to C3 plants in utilizing the

available CO2, since the Ca enzyme phosphoenolpyruvate car-

boxylase has a higher affinity for CO2 than does rubisco in the

Calvin cycle. However, one ATP is consumed in the cyclic Ca
process (to generate phosphoenolpyruvate from pyruvate);

thus the overall efficiency of the photosynthetic production of

sugars from NADPH and ATP is lower than it is in C3 plants'

which use only the Calvin cycle for CO2 fixation. Nonethe-

less, the net rates of photosynthesis for Ca $rasses, such as

corn or sugarcane, can be two to three times the rates for oth-

erwise similar C3 grasses, such as wheat, rice, or oats, owing

to the elimination of losses from photorespiration.
Of the two carbohydrate products of photosynthesis,

starch remains in the mesophyll cells of C3 plants and the

bundle sheaf cells in Ca plants. In these cells, starch is sub-
jected to glycolysis, mainly in the dark, forming ATR

NADH, and small molecules that are used as building blocks
for the synthesis of amino acids, l ipids, and other cellular

constituents. Sucrose, in contrast, is exported from the pho-

tosynthetic cells and transported throughout the plant.

CO2 Metabolism During Photosynthesis

r In the Calvin cycle, CO2 is fixed into organic molecules in

a series of reactions that occur in the chloroplast stroma. The

initial reaction, catalyzed by rubisco, forms a three-carbon

intermediate. Some of the glyceraldehyde 3-phosphate
generated in the cycle is transported to the cytosol and con-

verted to sucrose (see Figure 72-44).

r The light-dependent activation of several Calvin cycle

enzymes and other mechanisms increases fixation of COz

in the light. The redox state of the stroma plays a key role

in this regulation as does the regulation of the activity of

rubisco by rubisco activase.

r ln C3 plants, a substantial fraction of the COz fixed by

the Calvin cycle can be lost as the result of photorespira-

tion, a wasteful reaction catalyzed by rubisco that is fa-

vored at low CO2 and high 02levels (see Figure 1'2-45).

r In Ca plants, CO2 is fixed initially in the outer mesophyll

cells by reaction with phosphoenolpyruvate. The four-

carbon molecules so generated are shuttled to the interior

bundle sheath cells, where the CO2 is released and then

used in the Calvin cycle. The rate of photorespiration in Ca
plants is much lower than in C3 plants'

Although the overall processes of photosynthesis and mito-

chondrial oxidation are well understood, many important

details remain to be uncovered by a new generation of scien-

tists. For example, little is known about how complexes I and

IV in mitochondria couple proton and electron movements to

create a proton-mottve force. SimilarlS although the binding-

change mechanism for ATP synthesis by the F6F1 complex is

now generally accepted, we do not understand how confor-

mational changes in each B subunit are coupled to the cycli-

cal binding of ADP and P;, formation of ATP, and then release

of ATP. In addition, many questions remain about the precise

mechanism of action of transport proteins in the inner mito-

chondrial and chloroplast membranes that play key roles in

oxidative phosphorylation and photosynthesis.

\fe now know that release of cytochrome c and other

connections between energy metabolism and mechanisms

and inexpensive food to all who need it.
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occur in these organisms? Where is the pmf generated in aer-
obic bacteria? rVhat other cellular processes depend on the
pmf in these organisms?

9. An important function of the mitochondrial inner mem-
brane is to provide a selectively permeable barrier to the
movement of water-soluble molecules and thus generate dif-
ferent chemical environments on either side of the mem-
brane. However, many of the substrates and products of ox-
idative phosphorylarion are water soluble unJ rnurt cross the
inner membrane. How does this transport occur?
10. The Q cycle plays a major role in the elecrron ffansport
chain of mitochondria, chloroplasts, and bacteria. What is the
function of the Q cycle, and how does it carry out this func-
tion? Sfhat electron transport components participate in the e
cycle in mitochondria, in purple bacteria, and in chloroplasts?
11. \frite the overall reaction of oxygen-generating photo-
synthesis. Explain the following statement: the 02 generated
by photosynthesis is simply a by-product of the pathway's
generation of carbohydrates and ATP.
12. Photosynthesis can be divided into multiple stages.'What 

are the stages of photosynthesis, and where does each
occur within the chloroplast? Vhere is the sucrose produced
by photosynthesis generated?

13. The photosystems responsible for absorption of light en-
ergy are composed of two linked components, the reaction
center and an antenna complex. What is the pigment com-
position and role of each in the process of light absorption?
IThat evidence exists that the pigments found in these com-
ponents are involved in photosynthesis?

14. Photosynthesis in green and purple bacteria does not
produce 02. 'Why? How can these organisms still use photo-
synthesis to produce ATP? 

'S7hat 
molecules serve as electron

donors in these organisms?

15. Chloroplasts conrain two photosystems. Sfhat is the func-
tion of each? For linear electron flow, diagram the flow of elec-
trons from photon absorption to NADPH formation. Ifhat
does the energy stored in the form of NADPH synthesize?
16. The Calvin cycle reactions thar fix CO2 do not function
in the dark. What are the likely reasons for this? How are
these reactions regulated by light?
17. Rubisco, which may be the most abundant protein on
earth, plays a key role in the synthesis of carbohydrates in
organisms that use photosynthesis. What is rubisco. where is
it located, and what function does it serve?

Analyze the Data

A proton gradient can be analyzed with fluorescent dyes
whose emission-intensity profiles depend on pH. One of the
most useful dyes for measuring the pH gradient across ml-
tochondrial membranes is the membrane-impermeant,
water-soluble fluoropho re 2',7' -bis-(2-carboxyethyl)-5(6)-
carboxyfluorescein (BCECF). The effect of pH on the emis-
sion intensity of BCECE, excited at 505 nm. is shown in the
accompanying figure. In one studg sealed vesicles containing
this compound were prepared by mixing unsealed, isolated

1. The proton-motive force (pmf) is essential for both mi-
tochondrial and chloroplast function. \fhat produces the
pmf, and what is its relationship to ATp?
2. The mitochondrial inner membrane exhibits all of the
fundamental characteristics of a typical cell membrane, but
it also has several unique characteristics that are closely as-
sociated with its role in oxidative phosphorylation. What are
these unique characteristics? How does each contribute to
the function of the inner membrane?
3. Maximal production of ATP from glucose involves the
reactions of glycolysis, the citric acid cycle, and the electron
transport chain. \fhich of these reactions requires 02, and
why? \Which, in certain organisms or physiological condi-
tions, can proceed in the absence of 02?
4. Describe how the elecrrons produced by glycolysis are
delivered to the electron transport chain. What would be the
consequence for overall ATp yield per glucose molecule if a
mutation inactivated this delivery system? rVhat would be
the,longer-term consequence for the activity of the glycolytic
pathway?

5. Mitochondrial oxidation of fatty acids is a ma jor source
of ATP, yet fatty acids can be oxidized elsewhere. Sfhat or-
ganelle, besides the mitochondrion, can oxidize fatty acids?
\What is the fundamental difference between oxidaiion oc-
curring in this organelle and mitochondrial oxidation?
6. Each of the cytochromes in the mitochondria contains
prosthetic groups. \fhat is a prosthetic group? Vhich type
of prosthetic group is associated with the cytochromes?'What 

property of the various cytochromes ensures unidirec-
tional electron flow along the electron transport chain?
7. It is estimated that each elecron pair donated bv NADH
leads to the synthesis of approximateiy three AIp molecules,
whereas each electron pair donated by FADH2 leads to the
synthesis of approximately two ATp molecules. \7hat is the
underlying reason for the difference in yield for electrons
donated by FADH2 versus NADH?
8. Much of our understanding of ATp synthase is derived
from research on aerobic bacteria. \fhat makes these organ_
isms useful for this research? Where do the reactions of gly_
colysis, the citric acid cycle, and the electron t.urrrpo.t .li"i.,

530 .  cHAprER 12 |  CELLULAR ENERGETtcs



inner mitochondrial membranes with BCECF; after resealing
of the membranes, the vesicles were collected by centrifuga-
tion and then resuspended in nonfluorescent medium.

a. When these vesicles were incubated in a physiological
buffer containing NADH, ADR Pi, and 02, the fluorescence of
BCECF trapped inside gradually decreased in intensity. What
does this decrease in fluorescent intensity suggest about this
vesicular preparation ?

b. How would you expect the concentrations of ADP,
P1, and 02 to change during the course of the experiment de-
scribed in oart a? Whv?

450 500 550 600 650
Wavelength (nm)

c. After the vesicles were incubated in buffer contain-
ing ADP, P;, and 02 for a period of time, addition of dinitro-
phenol caused an increase in BCECF fluorescence. In con-
trast, addition of valinomycin produced only a small
transient effect. Explain these findings.

d. Predict the outcome of an experiment performed as
described in part a if brown-fat tissue was used as a source
of unsealed, isolated inner mitochondrial membranes. Ex-
plain your answer.
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SECRETORY PATHWAY

  FIGURE 13-1 Overview of major protein-sorting
pathways in eukaryotes. All nuclear-encoded mRNAs are
translated on cytosolic ribosomes Right (nonsecretory pathways).
Synthesis of proteins lacking an ER signal sequence is completed
on free ribosomes (step [) Those proteins that contain no
targeting sequence are released into the cytosol and rematn tnere
(step E). Proteins with an organelle-specific targeting sequence
(pink) f irst are released into the cytosol (step Z) but then are
imported into mitochondria, chloroplasts, peroxisomes, or the
nucleus (steps B-E) Mitochondrial and chloroplast proteins
typically pass through the outer and inner membranes to enter

/ \
tr /  \@

Plasma /a \
membrane

C6osol

i

well as in the plasma membrane. Targeting to the ER gener-
ally involves nascent proteins still in the process of being
synthesized. Once translocated across the ER membrane,
proteins are assembled into their native conformation by
protein-folding catalysts presenr in the lumen of the ER. This
process is monitored carefullS and only after their folding

overview Animation: Protein Sorting flttt

Outer nuclear
membrane

Inner  nuc lear
Nucleusmembrane

"\

Membrane

Matrix

Mitochondrion

the matrix or stromal space, respectively Other proteins are sorted to
other subcompartments of these organelles by additional sorting
steps Nuclear proteins enter and exit through visible pores in the
nuclear envelope Left (secretory pathway): Ribosomes synthesizing
nascent proteins in the secretory pathway are directed to the rough
endoplasmic reticulum (ER) by an ER signal sequence (pink; steps [,
Z) After translation is completed on the ER, these proteins can
move via transport vesicles to the Golgi complex (step B) Further
sorting delivers proteins either to the plasma membrane or to
lysosomes (steps EE, @ ) The processes underlying the secretory
pathway (steps B, El, shaded box) are discussed in Chapter ' l  4

and assembly is complete are proteins permitted to be trans-
ported out of the ER to other organelles. Proteins are also
modified in various ways after translocation into the ER.
These modifications can include addition of carbohydrate
groups, stabilization of protein structure through disulfide
bond formation, and specific proteolytic cleavages. Proteins

Peroxisome

6 d\tu
t

: l \

Chloroplast
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ll[] Focus Animation: Synthesis of Seceted and Membrane-Bound Proteins

  FIGURE 13-6 Cotranslational translocation. Steps [, [:
Once the ER signal sequence emerges from the ribosome, it is bound
by a signal-recognition particle (SRP). Step S: The SRp delivers the
ribosome/nascent polypeptide complex to the SRp receptor in the ER
membrane. This interaction is strengthened by binding of GTp to
both the SRP and its receptor. Step 4: Transfer of the ribosome/nascent
polypeptide to the translocon leads to opening of this translocation
channel and insertion of the signal sequence and adjacent segment
of the growing polypeptide into the central pore Both the SRp and
SRP receptor, once dissociated from the translocon, hydrolyze their
bound GTP and then are readv to init iate the insertion of another

SRP release the nascent chain, allowing elongation to con-
tinue at the normal rate. Thus the SRP and SRP receptor not
only help mediate interaction of a nascent secretory protein
with the ER membrane but also act together to permit elon-
gation and synthesis of complete proteins only when ER
membranes are present,

Passage of Growing Polypeptides Through
the Translocon ls Driven by Energy Released
Dur ing Translat ion
Once the SRP and its receptor have targeted a ribosome
synthesizing a secretory protein to the ER membrane, the
ribosome and nascent chain are rapidly transferred to the
translocon, a protein-l ined channel within the membrane.
As translation continues, the elongating chain passes di-

GDP + Pi

polypeptide chain Step E: As the polypeptide chain elongates, it
passes through the translocon channel into the ER lumen, where
the signal sequence is cleaved by signal peptidase and is rapidly
degraded Step 6: The peptide chain continues to elongate as
the mRNA is translated toward the 3' end Because the ribosome
is attached to the translocon, the growing chain is extruded
through the translocon into the ER lumen Steps fl, S: Once
translation is complete, the ribosome is released, the remainder
of the protein is drawn into the ER lumen, the translocon closes,
and the orotein assumes its native folded conformation.

rectly from the large ribosomal subunit into the central
pore of the translocon. The 50S ribosomal subunit is
aligned with the pore of the translocon in such a way that
the growing chain is never exposed to the cytoplasm and is
prevented from folding unti l i t reaches the ER lumen
(Figure 13-5) .

The translocon was first identif ied by mutations in the
yeast gene encoding Sec61o, which caused a block in the
translocation of secretory proteins into the lumen of the
ER. SubsequentlS three proteins called the Sec61 complex
were found to form the mammalian translocon: Sec51cr,
an integral membrane protein with 10 membrane-span-
ning ct helices, and two smaller proteins, termed Sec61B
and Sec51"y. Chemical cross-linking experiments demon-
strated that the translocating polypeptide chain comes
into contact with the Sec61a protein in both yeast and
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  EXPERIMENTAL FIGURE 13-7 Sec61c is a translocon
component. Cross-linking experiments show that Sec6l cr is a
translocon component that contacts nascent secretory proteins as
they pass into the ER lumen. An mRNA encoding the N-terminal
70 amino acids of the secreted orotein orolactin was translated in
a cell-free system containing microsomes (see Figure 13-4b). The
mRNA lacked a chain-termination codon and contained one lysine
codon, near the middle of the sequence. The reactions contained a
chemically modified lysyl-tRNA in which a l ight-activated cross-
linking reagent was attached to the lysine side chain Although the
entire mRNA was translated, the completed polypeptide could not
be released from the ribosome without a chain-termination codon
and thus became "stuck" crossing the ER membrane. The reaction
mixtures then were exposed to an intense light, causing the nascent
chain to become covalently bound to whatever proteins were near
it in the translocon. When the experiment was performed using
microsomes from mammalian cells, the nascent chain became
covalently l inked to Sec61o Different versions of the prolactin mRNA
were created so that the modified lysine residue would be placed at
different distances from the ribosome; cross-linking to Sec61c was
observed only when the modified lysine was positioned within the
translocation channel [Adapted from T. A Rapoport, 1992, Science
258:931, and D Gorlich and T. A Rapoport, 1993, Cell75:615]1

mammalian cells, confirming its identity as a translocon
component (Figure 1 3-7).

lfhen microsomes in the cell-free translocation system
were replaced with reconstituted phospholipid vesicles con-
taining only the SRP receptor and Sec61 complex, nascent
secretory protein was translocated from its SRP/ribosome
complex into the vesicles. This finding indicates that the
SRP receptor and the Sec61 complex are the only ER-
membrane proteins absolutely required for translocation.
Because neither of these can hydrolyze ATP or otherwise
provide energy to drive the translocation, the energy derived
from chain elongation at the ribosome appears to be suffi-
cient to push the polypeptide chain across the membrane in
one direction.

The translocon must be able to allow passage of a wide
variety of polypeptide sequences while remaining sealed to
small molecules such as ATP and amino acids. Furthermore,
to maintain the permeability barrier of the ER membrane in

the absence of a translocating polypeptide, there must be
some way to regulate the translocon so that it is closed in its
default state, opening only when a ribosome-nascent chain
complex is bound. A high-resolution structure of the Sec61
complex from the archaebacterium Methanococcus ian-
naschii was recently determined by x-ray crystallograph5
which suggests how the translocon preserves the integrity of
the membrane (Figure 13-8). The 10 transmembrane helices
of Sec6lcr form a central channel through which the
translocating peptide chain passes. A constriction in the
middle of the central pore is l ined with hydrophobic
isoleucine residues that may form a gasket around the
translocating peptide. In addition, the structural model of
the Sec61 complex (which was isolated without a translo-
cating peptide and therefore is presumed to be in a closed
conformation) reveals a short helical peptide plugging the
central channel. Biochemical studies of the Sec51 complex
have shown that the peptide that forms the plug undergoes
a significant conformational change during active translo-
cation, and researchers think that once a translocating
peptide enters the channel, the plug peptide swings away to
allow translocation to proceed.

As the growing polypeptide chain enters the lumen of the
ER, the signal sequence is cleaved by signal peptidase, which
is a transmembrane ER protein associated with the translo-
con (see Figure 13-6). Signal peptidase recognizes a sequence
on the C-terminal side of the hydrophobic core of the signal
peptide and cleaves the chain specifically at this sequence
once it has emerged into the luminal space of the ER. After
the signal sequence has been cleaved, the growing polypep-
tide moves through the translocon into the ER lumen. The
translocon remains open until translation is completed and
the entire polypeptide chain has moved into the ER lumen.

Electron microscopy of the Sec61 complex isolated from
the ER of eukaryotic cells reveals that three or four copies
of Sec51a coassemble in the plane of the membrane. The
functional significance of this association between translo-
con channels is not understood at this time. but the
oligomerization of translocon channels may facilitate the
association between the translocon, signal peptidase, and
other luminal protein complexes that participate in the
translocation process.

ATP Hydrolysis Powers Post-translational
Translocation of Some Secretory Proteins
in Yeast

In most eukaryotes, secretory proteins enter the ER by co-
translational translocation. In yeast, however, some secretory
proteins enter the ER lumen after translation has been com-
pleted. In such post-translational translocation, the translo-
cating protein passes through the same Sec61 translocon that
is used in cotranslational translocation. However, the SRP
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  EXPERIMENTAL FIGURE 13-8 Structure of a bacterial Sec61
complex. The structure of the detergent-solubil ized Sec61 complex
from the archaebacterium M jannaschl (also known as the Secy
complex) was determined by x-ray crystallography (a) A side view
shows the hourglass-shaped channel through the center of the pore
A ring of isoleucine residues at the constricted waist of the pore may
form a gasket that keeps the channel sealed to small molecules even
as a translocating polypeptide passes through the channel When no
translocating peptide is present, the channel is closed by a short
helical plug, This plug is thought to move out of the channel during
translocation In this view the front half of protein has been removed
to better show the pore. (b) A view looking through the center of the
channel shows a region (on the left side) where helices may separate
allowing lateral passage of a hydrophobic transmembrane domain
into the l ipid bilayer. [Adapted from A R Osborne et al , 2005. Ann Rev.
Cell Dev. Biology 21:529l

and SRP receptor are not involved in post-translational
translocation, and in such cases a direct interaction between
the translocon and the signal sequence of the completed pro-
tein appears to be sufficient for targeting to the ER mem-
brane. In addition, the driving force for unidirectional
translocation across the ER membrane is provided by an ad-
ditional protein complex known as rhe Se;63 complex and a
member of the Hsc70 family of molecular chaperones known
as BiP. The tetrameric Sec63 complex is embedded in the ER
membrane in the vicinity of the translocon. whereas BiP is

within the ER lumen. Like other members of the Hsc70
famlIy, BiP has a peptide-binding domain and an ATPase do-
main. These chaperones bind and stabilize unfolded or par-
tially folded proteins (see Figure 3-15).

The current model for post-translational translocation of
a protein into the ER is outlined in Figure 13-9. Once the N-
terminal segment of the protein enters the ER lumen, signal
peptidase cleaves the signal sequence just as in cotransla-
tional translocation (step [). Interaction of BiP.ATP with
the luminal portion of the Sec53 complex causes hydrolysis
of the bound ATR producing a conformational change in
BiP that promotes its binding to an exposed polypeptide
chain (step [). Since the Sec63 complex is located near the
translocon, BiP is thus activated at sites where nascent
polypeptides can enter the ER. Certain experiments suggest
that in the absence of binding to BiP, an unfolded polypep-
tide slides back and forth within the translocon channel.
Such random sliding motions rarely result in the entire
polypeptide's crossing the ER membrane. Binding of a mole-
cule of BiP.ADP to the luminal portion of the polypeptide
prevents backsliding of the polypeptide out of the ER. As
further inward random sliding exposes more of the polypep-
tide on the luminal side of the ER membrane. successive
binding of BiP.ADP molecules to the polypeptide chain acts
as a ratchet, ultimately drawing the entire polypeptide into
the ER within a few seconds (steps B and 4). O" a slower
time scale, the BiP molecules spontaneously exchange their
bound ADP for ATP, leading to release of the polypeptide,
which can then fold into its native conformation (steps E
and 6). The recycled BiP.ATP then is ready for another in-
teraction with Sec53. BiP and the Sec53 complex are also re-
quired for cotranslational translocation. The details of their
role in this process are not well understood, but they are
thought to act at an early stage of the process such as thread-
ing the signal peptide into the pore of the translocon.

The overall reaction carried out by BiP is an important
example of how the chemical energy released by the hydrol-
ysis of ATP can power the mechanical movement of a pro-
tein across a membrane. Bacterial cells also use an ATP-
driven process for translocating completed proteins across
the plasma membrane. In bacteria the driving force for
translocation comes from a cytosolic ATPase known as the
SecA protein. SecA binds to the cytoplasmic side of the
translocon and hydrolyzes cytosolic AIP. By a mechanism
that is not well understood, the SecA protein pushes seg-
ments of the polypeptide through the membrane in a me-
chanical cvcle coupled to the hvdrolvsis of ATP.

Translocation of Secretory Proteins Across
the ER Membrane

r Synthesis of secreted proteins, integral plasma-membrane
proteins, and proteins destined for the ER, Golgi complex,
or lysosome begins on cytosolic ribosomes, which become
attached to the membrane of the ER, forming the rough ER
(see Figure 13-1, left).
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  FIGURE 13-9 Post-translational translocation. This mechanism
is fairly common in yeast and probably occurs occasionally in higher
eukaryotes Small arrows inside the translocon represent random
sliding of the translocating polypeptide inward and outward Successive
binding of BiP.ADP to entering segments of the polypeptide prevents
the chain from sliding out toward the cytosol [See K E Matlack et al ,
1997 . Science 277:938 I

r The ER signal sequence on a nascent secretory protein
consists of a segment of hydrophobic amino acids, gener-
ally located at the N-terminus.

r In cotranslational translocation, the signal-recognition
particle (SRP) first recognizes and binds the ER signal
sequence on a nascent secretory protein and in turn is
bound by an SRP receptor on the ER membrane, thereby
targeting the ribosome/nascent chain complex to the ER.

r The SRP and SRP receptor then mediate insertion of the
nascent secretory protein into the translocon (Sec61 com-
plex). Hydrolysis of two molecules of GTP by the SRP and
its receptor drive this docking process and cause the disso-
ciation of SRP (see Figures 13-5 and 13-6). As the ribosome
attached to the translocon continues translation, the un-
folded protein chain is extruded into the ER lumen. No ad-
ditional energy is required for translocation.

r The translocon contains a central channel lined with
hydrophobic residues that allows transit of an unfolded
protein chain while remaining sealed to ions and small
hydrophilic molecules. In addition, the channel is gated so
that it only is open when a polypeptide is being trans-
located.

r In post-translational translocation, a completed secre-
tory protein is targeted to the ER membrane by interaction
of the signal sequence with the translocon. The polypeptide
chain is then pulled into the ER by a ratcheting mechanism
that requires ATP hydrolysis by the chaperone BiP, which
stabilizes the entering polypeptide (see Figure 13-9). In bac-
teria, the driving force for post-translational translocation
comes from SecA, a cytosolic ATPase that pushes polypep-
tides through the translocon channel.

r In both cotranslational and post-translational transloca-
tion, a signal peptidase in the ER membrane cleaves the ER
signal sequence from a secretory protein soon after the N-
terminus enters the lumen.

lnsertion of Proteins into
the ER Membrane
In previous chapters we have encountered many of the vast
array of integral (transmembrane) proteins that are present
throughout the cell. Each such protein has a unique orien-
tation with respect to the membrane's phospholipid bilayer.

B i P
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542 C H A P T E R  1 3  I  M O V I N G  P R O T E I N S  I N T O  M E M B R A N E S  A N D  O R G A N E L L E S



Integral membrane proteins located in the ER, Golgi, and
lysosomes and also proteins in the plasma membrane,
which are all synthesized on the rough ER, remain embed-
ded in the membrane in their unique orientation as they
move to their f inal destinations along the same pathway
followed by soluble secretory proteins (see Figure 13-1,
left).During this transport, the orientation of a membrane
protein is preserved; that is, the same segments of the pro-
tein always face the cytosol, whereas other segments
always face in the opposite direction. Thus the final orien-
tation of these membrane proteins is established during
their biosynthesis on the ER membrane. In this secrion, we
first see how integral proteins can interact with membranes
and then examine how several types of sequences, collec-
tively known as topogenic sequences, direct the membrane
insertion and orientation of various classes of integral pro-
teins. These processes occur via modifications of the basic
mechanism used to translocate soluble secretory proteins
across the ER membrane.

Several Topological Classes of Integral
Membrane Proteins Are Synthesized
on the ER
The topology of a membrane protein refers to the number of
times that its polypeptide chain spans the membrane and the
orientation of these membrane-spanning segments within
the membrane. The key elements of a protein that determine

its topology are membrane-spanning segments themselves,
which usually are ct-helices containing 20-25 hydrophobic
amino acids that contribute to energetically favorable inter-
actions within the hydrophobic interior of the phospholipid
bilayer.

Most integral membrane proteins fall into one of the
four topological classes illustrated in Figure 13-10. Topo-
logical classes I, II, and III comprise single-pass proteins,
which have only one membrane-spanning a-helical seg-
ment. Type I proteins have a cleaved N-terminal ER signal
sequence and are anchored in the membrane with their
hydrophil ic N-terminal region on the luminal face (also
known as the exoplasmic face) and their hydrophilic C-
terminal region on the cytosolic face. Type II proteins do
not contain a cleavable ER signal sequence and are oriented
with their hydrophilic N-terminal region on the cytosolic
face and their hydrophilic C-terminal region on the exo-
plasmic face (i.e., opposite to type I proteins). Type III pro-
teins have the same orientation as type I proteins but do not
contain a cleavable signal sequence. These different topolo-
gies reflect distinct mechanisms used by the cell to establish
the membrane orientation of transmembrane segments, as
discussed in the next section.

The proteins forming topological class IV contain two or
more membrane-spanning segments and are sometimes
called multipass proteins. For example, many of the mem-
brane transport proteins discussed in Chapter 11 and the
numerous G protein-coupled receptors covered in Chapter
15 belong to this class. A final type of membrane protein
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type lV proteins have multiple transmembrane a helices The type lV
topology depicted here corresponds to that of G protein-coupled
receptors: seven o helices, the N-terminus on the exoplasmic side of
the membrane, and the C-terminus on the cytosolic side. Other type
lV proteins may have a different number of helices and various
orientations of the N-terminus and C-terminus. [See E Hartmann et al ,
1989, Proc Nat'l Acad. Sci USA 86:5786, and C. A Brown and S, D, Black,
1989,J Biol Chem 254:44421

N H s '

GPI-linked protein

P lasminogen
activator receptor

Fascicl in l l

A FIGURE 13-10 ER membrane proteins. Four topological classes
of integral membrane proteins are synthesized on the rough ER as
well as a fifth type tethered to the membrane by a phospholipid
anchor. Membrane proteins are classified by their orientation in the
membrane and the types of signals they contain to direct them there
In classes l-lv the hydrophobic segments of the protein chain form o
helices embedded in the membrane bilayer; the regions outside the
membrane are hvdrophil ic and fold into various conformations. All
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lacks a hydrophobic membrane-spanning segment alto-
gether; instead, these proteins are linked to an amphipathic
phospholipid anchor that is embedded in the membrane
(Figure 13-10, right).

Internal Stop-Transfer and Signal-Anchor
Sequences Determine Topology
of  S ingle-Pass Prote ins

\Ve begin our discussion of how membrane protein topology
is determined with the membrane insertion of integral pro-
teins that contain a single, hydrophobic membrane-spanning
segment. Two sequences are involved in targeting and orient-
ing type I proteins in the ER membrane, whereas type II and
type III proteins contain a single, internal topogenic sequence.
As we will see, there are three main types of topogenic se-
quences that are used to direct proteins to the ER membrane
and to orient them within it. We have already been introduced
to one, the N-terminal ER signal sequence. The other two, in-
troduced here, are internal sequences known as stop-transfer
anchor sequences and signal-anchor sequences.

Type I Proteins All type I transmembrane proteins possess
an N-terminal signal sequence that targets them to the ER as
well as an internal hydrophobic sequence that becomes the
membrane-spanning a helix. The N-terminal signal sequence

on a nascent type I protein, like that of a secretory protein, ini-
tiates cotranslational translocation of the protein through the
combined action of the SRP and SRP receptor. Once the N-
terminus of the growing polypeptide enters the lumen of the
ER, the signal sequence is cleaved, and the growing chain con-
tinues to be extruded across the ER membrane. However,
unlike the case with secretory proteins, when the sequence of
approximately 22 hydrophobic amino acids that will become
a transmembrane domain of the nascent chain enters the
translocon, it stops transfer ofthe protein through the channel
(Figure 13-11). The structure of the Sec61 complex suggests
that the channel may be able to open like a clamshell, allow-
ing the hydrophobic transmembrane segment of the translo-
cating peptide to move laterally between the protein domains
constituting the translocon wall (see Figure 13-8). \When the
peptide exits the translocon in this manner, it becomes an-
chored in the phospholipid bilayer of the membrane. Because
of the dual function of such a sequence to both stop passage of
the polypeptide chain through the translocon and to become a
hydrophobic transmembrane segment in the membrane bi-
layer, it is called a stop-transfer anchor sequence.

Once translocation is interrupted, translation continues
at the ribosome, which is still anchored to the now unoccu-
pied and closed translocon. As the C-terminus of the protein
chain is synthesized, it loops out on the cytosolic side of the
membrane. When translation is completed, the ribosome is
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  FIGURE 13-11 Positioning type lsingle-pass proteins.
Step [: After the ribosome/nascent chain complex becomes
associated with a translocon in the ER membrane, the N-terminal
signal sequence is cleaved This process occurs by the same mechanism
as the one for soluble secretory proteins (see Figure 13-6) Steps 2,
B: The chain is elongated unti l the hydrophobic stop-transfer anchor
sequence is synthesized and enters the translocon, where it
prevents the nascent chain from extruding farther into the ER lumen
Step @: The stop-transfer anchor sequence moves laterally between

N H s
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N H :

the translocon subunits and becomes anchored in the phospholipid
bilayer. At this time, the translocon probably closes Step S: As
synthesis continues, the elongating chain may loop out into the
cytosol through the small space between the ribosome and translocon
Step 6: When synthesis rs complete, the ribosomal subunits are
released into the cytosol, leaving the protein free to diffuse in the
membrane [SeeH Doeta l  ,1996,  Cel l  85:369,  andW Motheseta l  ,1997,
Cell 89:523 l
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released from the translocon and the C-terminus of the
newly synthesized type I protein remains in the cytosol.

Support for this mechanism has come from studies in
which cDNAs encoding various mutant receptors for human
growth hormone (HGH) are expressed in cultured mam-
malian cells. The wild-type HGH receptor, a typical type I
protein, is transported normally to the plasma membrane.
However, a mutant receptor that has charged residues in-
serted into the single a-helical membrane-spanning segment
or that is missing most of this segment is translocated entirely
into the ER lumen and is eventually secreted from the cell as
a soluble protein. These kinds of experiments establish that
the hydrophobic membrane-spanning o helix of the HGH re-
ceptor and of other type I proteins functions both as a stop-
transfer sequence and a membrane anchor that prevents the
C-terminus of the protein from crossing the ER membrane.

Type ll and Type lll Proteins Unlike type I proteins, type II
and type III proteins lack a cleavable N-rerminal ER signal se-
quence. Instead, both possess a single internal hydrophobic
signal-anchor sequence that functions as both an ER signal
sequence and membrane-anchor sequence. Recall that type II

and type III proteins have opposite orientations in the mem-
brane (see Figure 13-10); this difference depends on the ori-
entation that their respective signal-anchor sequences assume
within the translocon. The internal signal-anchor sequence in
type II proteins directs insertion of the nascent chain into the
ER membrane so that the N-terminus of the chain faces the
cytosol, using the same SRP-dependent mechanism described
for signal sequences (Figure 13-l2a). However, the internal
signal-anchor sequence is not cleayed and moves laterally be-
tween the protein domains of the translocon wall into the
phospholipid bilayer, where it functions as a membrane
anchor. As elongation continues, the C-terminal region of the
growing chain is extruded through the translocon into the ER
lumen by cotranslational translocation.

In the case of type III proteins, the signal-anchor se-
quence, which is located near the N-terminus, inserts the
nascent chain into the ER membrane with its N-terminus
facing the lumen, in the opposite orientation of the signal
anchor in type II proteins. The signal-anchor sequence of
type III proteins also functions like a stop-transfer sequence
and prevents further extrusion of the nascent chain into the
ER lumen (Figure 13-12b). Continued elongation of the

( a )

E

coo
  FIGURE 13-12 Positioning type l l and type i lt single-pass
proteins. (a) Type ll proteins Step [: After the internal signal-
anchor sequence is synthesized on a cytosolic ribosome, it is bound
by an SRP (not shown), which directs the ribosome/nascent chain
complex to the ER membrane This is similar to targeting of soluble
secretory proteins except that the hydrophobic signal sequence is
not located at the N-terminus and is not subsequently cleaved The
nascent chain becomes oriented in the translocon with its N-terminal
portion toward the cytosol This orientation is believed to be mediated
by the positively charged residues shown N-terminal to the signal-
anchor sequence Step E:As the chain ts elongated and extruded
into the lumen,  the in ternal  s ignal -anchor moves latera l ly  out  of  the
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translocon and anchors the chain in the phospholipid bilayer.
Step B: Once protein synthesis is completed, the C-terminus of the
polypeptide is released into the lumen, and the ribosomal subunits
are released into the cytosol (b) Type ll l  proteins. Step [: Assembly
is by a similar pathway to that of type l l proteins except that positively
charged residues on the C-terminal side of the signal-anchor sequence
cause the transmembrane segment to be oriented within the translocon
with its C-terminal portion oriented to the cytosol and the N-terminal
s ide of  the prote in in  the ER lumen Steps [ ,  B:  Chain e longat ion
of the C-terminal portion of the protein is completed in the cytosol,
and ribosomal subunits are released. [See M Spiess and H F Lodish,
1986, Cell 44:17 7, and H Do et al , 1 996, Ce// 85:369 l
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chain C-terminal to the signal-anchor/stop-transfer
sequence proceeds as it does for type I proteins, with the
hydrophobic sequence moving laterally between the
translocon subunits to anchor the polypeptide in the ER
membrane (see Figure 13-11).

One of the features of signal-anchor sequences that ap-
pears to determine their insertion orientation is a high den-
sity of positively charged amino acids adjacent to one end of
the hydrophobic segment. For reasons that are not well un-
derstood, these positively charged residues tend to remain on
the cytosolic side of the membrane, not traversing the mem-
brane into the ER lumen. Thus the position of the charged
residues dictates the orientation of the signal-anchor se-
quence within the translocon as well as whether or not the
rest of the polypeptide chain continues to pass into the ER
lumen: type II proteins tend to have positively charged
residues on the N-terminal side of their signal-anchor se-
quence, orienting the N-terminus in the cytosol and allowing
passage of the C-terminal side into the ER (Figure 1.3-L2a),
whereas type III proteins tend to have positively charged
residues on the C-terminal side of their signal-anchor se-
quence, inserting the N-terminus into the translocon and re-
stricting the C-terminus to the cytosol (Figure 13-1,2b).

A striking experimental demonstration of the impor-
tance of the flanking charge in determining membrane ori-

entation is provided by neuraminidase, a type II protein in

the surface coat of influenza virus. Three arginine residues
are located just N-terminal to the internal signal-anchor se-
quence in neuraminidase. Mutation of these three positively
charged residues to negatively charged glutamate residues
causes neuraminidase to acquire the reverse orientation.
Similar experiments have shown that other proteins, with ei-
ther type II or type III orientation, can be made to "flip"
their orientation in the ER membrane by mutating charged
residues that flank the internal signal-anchor segment.

Mult ipass Prote ins Have Mul t ip le  In ternal
Topogenic Sequences

Figure 13-13 summarizes the arrangements of topogenic
sequences in single-pass and multipass transmembrane
proteins. In multipass (type IV) proteins, each of the
membrane-spanning a helices acts as a topogenic sequence
in the ways that we have already discussed: they can act to
direct the protein to the ER, to anchor the protein in the
ER membrane, or to stop transfer of the protein through
the membrane. Multipass proteins fall into one of two
types depending on whether the N-terminus extends into
the cytosol or the exoplasmic space (e.g., the ER lumen, cell
exterior). This N-terminal topology usually is determined

(a) Type I

(b )Type l l

(c) Type lll

STA = Internal stop-transfer anchor sequence
SA = Internal signal-anchor sequence

< FIGURE 13-13 Topogenic sequences determine
orientation of ER membrane proteins. Topogenic
sequences are shown in red; soluble, hydrophil ic
portions in blue The internal topogenic sequences form
transmembrane ct helices that anchor the proteins or
segments of proteins in the membrane (a) Type I proteins
contain a cleaved signal sequence and a single internal
stop-transfer anchor (STA). (b, c) Type ll and type lll
proteins contain a single internal signal-anchor (SA)
sequence. The difference in the orientation of these
proteins depends largely on whether there is a high
density of positively charged amino acids (+ + +) on
the N-termrnal side of the SA sequence (type l l) or on
the C-terminal side of the SA sequence (type l l l). (d, e)
Nearly all multipass proteins lack a cleavable signal
sequence, as depicted in the examples shown here.
Type lV-A proteins, whose N-terminus faces the cytosol,
contain alternating type l l S sequences and STA
sequences Type lV-B proteins, whose N-terminus faces
the lumen, begin with a type lll SA sequence followed by
alternating type ll SA and STA sequences Proteins of
each type with different numbers of ct helices (odd or
even) are known
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by the hydrophobic segment closest to the N-terminus
and the charge of the sequences flanking it. l f a type IV
protein has an euen number of transmembrane cr helices,
both its N-terminus and C-terminus wil l be oriented to-
ward the same s ide of  the membrane (Figure 13-13d).
Conversely, if a type IV protein has an odd number of a
helices, its two ends wil l have opposite orientations
(F igu re  13 -13e ) .

Type lV Proteins with N-Terminus in Cytosol Among
the multipass proteins whose N-terminus extends into the
cytosol are the various glucose transporters (GLUTs) and
most ion-channel proteins, discussed in Chapter 11. In these
proteins, the hydrophobic segment closest to the N-terminus
initiates insertion of the nascent chain into the ER mem-
brane with the N-terminus oriented toward the cytosol; thus
this a-helical segment functions l ike the internal signal-
anchor sequence of atype II protein (see Figure 13-12a). As
the nascent chain following the first a helix elongates, it
moves through the translocon until the second hydrophobic
a helix is formed. This helix prevents further extrusion of
the nascent chain through the translocon; thus its function is
similar to that of the stop-transfer anchor sequence in a type I
prote in (see Figure 13-11) .

After synthesis of the first two transmembrane cl helices,
both ends of the nascent chain face the cytosol and the loop
between them extends into the ER lumen. The C-terminus
of the nascent chain then continues ro grow into the cytosol,
as it does in synthesis of type I and type III proteins. Ac-
cording to this mechanism, the third a helix acts as another
type II signal-anchor sequence and the fourth as another
stop-transfer anchor sequence (Figure 13-13d). Apparently,
once the first topogenic sequence of a multipass polypeptide
init iates association with the translocon, the ribosome re-
mains attached to the translocon, and topogenic sequences
that subsequently emerge from the ribosome are threaded
into the translocon without the need for the SRP and the
SRP receptor.

Experiments that use recombinant DNA techniques to
exchange hydrophobic cr helices have provided insight into
the functioning of the topogenic sequences in type IV-A mul-
tipass proteins. These experiments indicate that the order of
the hydrophobic a helices relative to each other in the grow-
ing chain largely determines whether a given helix functions
as a signal-anchor sequence or stop-transfer anchor se-
quence. Other than its hydrophobicitS the specific amino
acid sequence of a particular helix has little bearing on its
function. Thus the first N-terminal a helix and the subse-
quent odd-numbered ones function as signal-anchor se-
quences, whereas the intervening even-numbered helices
function as stop-transfer anchor sequences.

Type lV Proteins with N-Terminus in the Exoplasmic
Space The large family of G protein-coupled receptors, all
of which contain seven transmembrane ct helices, constitute
the most numerous type IV-B proteins, whose N-terminus
extends into the exoplasmic space. In these proteins, the hy-

drophobic ct helix closest to the N-terminus often is followed
by a cluster of positively charged amino acids, similar to a
type III signal-anchor sequence (see Figure 1,3-1,2b)'. As a re-
sult, the first a helix inserts the nascent chain into the
translocon with the N-terminus extending into the lumen
(see Figure 13-13e). As the chain is elongated, it is inserted
into the ER membrane by alternating type II signal-anchor
sequences and stop-transfer sequences, as just described for
type IV-A proteins.

A Phospholipid Anchor Tethers Some Cell-
Surface Proteins to the Membrane

Some cell-surface proteins are anchored to the phospholipid
bilayer not by a sequence of hydrophobic amino acids but by
a covalently attached amphipathic molecule, glycosylphos-
phatidylinositol (GPI) (Figure 1.3-1.4a and Chapter 10).
These proteins are synthesized and initially anchored to the
ER membrane exactly like type I transmembrane proteins,
with a cleaved N-terminal signal sequence and internal stop-
transfer anchor sequence directing the process (see Figure
13-11). However, a short sequence of amino acids in the lu-
minal domain, adjacent to the membrane-spanning domain,
is recognized by a transamidase located within the ER mem-
brane. This enzyme simultaneously cleaves off the original
stop-transfer anchor sequence and transfers the luminal por-
tion of the protein to a preformed GPI anchor in the mem-
brane (Figure 1.3-'1.4b).

\X/hy change one type of membrane anchor for an-
other? Attachment of the GPI anchor, which results in re-
moval of the cytosol-facing hydrophilic domain from the
protein, can have several consequences. Proteins with GPI
anchors, for example, can diffuse relatively rapidly in the
plane of the phospholipid bilayer membrane. In contrast,
many proteins anchored by membrane-spanning ct helices
are impeded from moving laterally in the membrane
because their cytosol-facing segments interact with the
cytoskeleton. In addition, the GPI anchor targets the
attached protein to the apical domain of the plasma mem-
brane in certain polarized epithelial cells, as we discuss in

Chapter  14.

The Topology of a Membrane Protein Often
Can Be Deduced from lts Sequence

As we have seen, various topogenic sequences in integral
membrane proteins synthesized on the ER govern interac-
tion of the nascent chain with the translocon. 

'When 
scien-

tists begin to study a protein of unknown function, the
identification of potential topogenic sequences within the

corresponding gene sequence can provide important clues
about the protein's topological class and function. Suppose,
for example, that the gene for a protein known to be required
for a cell-to-cell signaling pathway contains nucleotide
sequences that encode an apparent N-terminal signal sequence
and an internal hydrophobic sequence. These findings sug-
gest that the protein is a type I integral membrane protein
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  FIGURE 13-14 GP|-anchored proteins. (a) Structure of a gly-
cosylphosphatidylinositol (GPl) from yeast. The hydrophobic portion
of the molecule is composed of fatty acyl chains, whereas the polar
(hydrophil ic) portion of the molecule is composed of carbohydrate
residues and phosphate groups In other organisms, both the length
of the acyl chains and the carbohydrate moieties may vary somewhat
from the structure shown (b) Formation of GPI-anchored proteins in
the ER membrane The protein is synthesized and init ially inserted
into the ER membrane as shown in F igure 13-1 1.  A speci f ic  t ransami-
dase simultaneously cleaves the precursor protein within the
exoplasmic-facing domain, near the stop-transfer anchor sequence
(red), and transfers the carboxyl group of the new C-terminus to the
terminal amrno group of a preformed GPI anchor [See C Abeijon and
C B  H i r schbe rg ,1992 ,T rendsB iochem Sc i  17 :32 ,andK  Koduku la  e ta l ,
1992, Proc Nat'|. Acad Sci USA89:49821

and therefore may be a cell-surface receptor for an extracel-
lular l igand.

Identif ication of topogenic sequences requires a way to
scan sequence databases for segments that are sufficiently
hydrophobic to be either a signal sequence or a transmem-
brane anchor sequence. Topogenic sequences can often be
identif ied with the aid of computer programs that generare
a hydropathy profile for the protein of inrerest. The first
step is to assign a value known as the bydropathic index to
each amino acid in the protein. By convention, hydropho-
bic amino acids are assigned positive values and hy-

drophilic amino acids negative values. Although different
scales for the hydropathic index exist, all assign the most
positive values to amino acids with side chains made up of
mostly hydrocarbon residues (e.g., phenylalanine and me-
thionine) and the most negative values to charged amino
acids (e.g., arginine and aspartate). The second step is to
identify longer segments of sufficient overall hydrophobic-
ity to be N-terminal signal sequences or internal stop-
transfer sequences and signal-anchor sequences. To accom-
plish this, the total hydropathic index for each successive
segment of 20 consecutive amino acids is calculated along
the entire length of the protein. Plots of these calculated
values against position in the amino acid sequence yield a
hydropathy profi le.

Figure 13-15 shows the hydropathy profi les for three
different membrane proteins. The prominent peaks in such
plots identify probable topogenic sequences as well as their
position and approximate length. For example, the hy-
dropathy profile of the human growth hormone receptor
reveals the presence of both a hydrophobic signal sequence
at the extreme N-terminus of the protein and an internal hy-
drophobic stop-transfer sequence (Figure 13-15a). On the
basis of this profile, we can deduce, correctly, that the hu-
man growth hormone receptor is a type I integral mem-
brane protein. The hydropathy profile of the asialoglyco-
protein receptor, a cell-surface protein that mediates
removal of abnormal extracellular glycoproteins, reveals a
prominent internal hydrophobic signal-anchor sequence
but gives no indication of a hydrophobic N-terminal signal
sequence (Figure 13-15b). Thus we can predict that the
asialoglycoprotein receptor is a type II or type III membrane
protein. The distribution of charged residues on either side
of the signal-anchor sequence often can differentiate be-
tween these possibil i t ies since positively charged amino
acids flanking a membrane-spanning segment usually are
oriented toward the cytosolic face of the membrane. For
instance, in the case of the asialoglycoprotein receptor, ex-
amination of the residues flanking the signal-anchor se-
quence reveals that the residues on the N-terminal side
carry a net positive charge, thus correctly predicting that
this is a type II protein.

The hydropathy profi le of the GLUT1 glucose trans-
porter, a multipass membrane protein, shows the presence
of many segments that are sufficiently hydrophobic to be
membrane-spanning helices (Figure 13-15c). The complex-
ity of this profile illustrates the difficulty both in unambigu-
ously identifying all the membrane-spanning segments in a
multipass protein and in predicting the topology of individ-
ual signal-anchor and stop-transfer sequences. More so-
phisticated computer algorithms have been developed that
take into account the presence of positively charged amino
acids adjacent to hydrophobic segments as well as the
length of and spacing between segments. Using all this in-
formation, the best algorithms can predict the complex
topology of multipass proteins with an accuracy of greater
than 7 5 percent.

Cytosol
coo

548 C H A P T E R  1 3  I  M O V I N G  P R O T E I N S  I N T O  M E M B R A N E S  A N D  O R G A N E L L E S



A

3
z

1
0

- 1
-2
-3

4

z

1
0

- 1
- z

4

2
1
0

- 1
- z

(a )  Human growth  hormone receptor  ( type  l )

N- te rminus 1 0 0 200 400 C-terminus300

(c)GLUTt ( type lV)(b )  As ia log lycopro te in  receptor  ( type  l l )

S igna l -anchor  sequence

r'i;.:'1+i i ...,,

A EXPERIMENTAL FIGURE 13-15 Hydropathy prof i les.
Hydropathy prof i les can identify l ikely topogenic sequences in
integral membrane proteins They are generated by plotting the total
hydrophobicity of each segment of 20 contiguous amino acids along
the length of a protein Positive values indicate relatively hydrophobic

Finally, sequence homology to a known protein may
permit accurate prediction of the topology ol a newly dis-
covered multipass protein. For example, the genomes of
multicellular organisms encode a very large number of mul-
tipass proteins with seven transmembrane cr helices. The
similarit ies between the sequences of these proteins strongly
suggest that all have the same topology as the well-studied
G protein-coupled receptors, which have the N-terminus
oriented to the exoplasmic side and the C-terminus oriented
to the cytosolic side of the membrane.

Insertion of Proteins into the ER Membrane

r Integral membrane proteins synthesized on the rough ER
fall into four topological classes as well as a l ipid-l inked
type (see Figure 13-10) .

r Topogenic sequences-N-terminal signal sequences, in-
ternal stop-transfer anchor sequences, and internal signal-
anchor sequences-direct the insertion and orientation of
nascent proteins within the ER membrane. This orientarion
is retained during transport of the completed membrane
prore in to i rs  f ina l  dest inat ion.

r Single-pass membrane protelns contarn one or two
topogenic sequences. In multipass membrane proteins, each
ct-helical segment can function as an internal topogenic
sequence, depending on its location in the polypeptide

200

portions; negative values, relatively polar portions of the protein
Probable topogenic sequences are marked. The complex profi les for
multipass (type lV) proteins, such as GLUT1 in part (c), often must be
supplemented with other analyses to determrne the topology of
these oroteins

chain and the presence of adjacent positively charged
residues (see Figure 13-13) .

r Some cell-surface proteins are initially synthesized as type
I proteins on the ER and then are cleaved with their luminal
domain transferred to a GPI anchor (see Figure t3-14).

r The topology of membrane proteins can often be correctly
predicted by computer programs that identify hydrophobic
topogenic segments within the amino acid sequence and gen-

erate hydropathy profi les (see Figure 13-15).

Protein Modifications, Folding,
and Quality Control in the ER
Membrane and soluble secretory proteins synthesized on the
rough ER undergo four principal modifications before they
reach their f inal destinations: (1) covalent addition and pro-

cessing of carbohydtates (glycosylation) in the ER and
Golgi, (2) formation of disulfide bonds in the ER, (3) proper
folding of polypeptide chains and assembly of multisubunit
proteins in the ER, and (4) specific proteolytic cleavages in
the ER, Golgi, and secretory vesicles. Generally speaking,
these modifications promote folding of secretory proteins

into their native structures and add structural stability to
proteins exposed to the extracellular environment. Modifi-

cations such as glycosylation also allow the cell to produce a
vast array of chemically distinct molecules at the cell surface

400100200100
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that are the basis of specific molecular interactions used in
cell-to-cell adhesion and communication.

One or more carbohydrate chains are added to the vast ma-
jority of proteins that are synthesized on the rough ER; indeed,
glycosylation is the principal chemical modification to most of
these proteins. Proteins with attached carbohydrates are
known as glycoproteins. Carbohydrate chains in glycoproteins
may be attached to the hydroxyl group in serine and threonine
residues or to the amide nitrogen of asparagine. These are re-
ferred to as Olinked oligosaccharides and Nlinked oligosac-
charides, respectively. The various types of O-linked oligosac-
charides include the mucin-type O-linked chains (named after
abundant glycoproteins found in mucus) and the carbohydrate
modifications on proteoglycans described in Chapter 19. O-
Iinked chains typically contain only one to four sugar
residues, which are added to proteins by enzymes known as
glycosyltransferases, located in the lumen of the Golgi com-
plex. The more common Nlinked oligosaccharides are larger
and more complex, containing several branches in mammalian
cells. In this section we focus on N-linked oligosaccharides,
whose initial synthesis occurs in the ER. After the initial N-gly-
cosylation of a protein in the ER, the oligosaccharide chain is
modified in the ER and commonly in the Golgi as well.

Disulfide bond formation, protein folding, and assembly
of multimeric proteins, which take place exclusively in the
rough ER, also are discussed in this section. Only properly
folded and assembled proteins are transported from the
rough ER to the Golgi complex and ultimately to the cell
surface or other final destination. Unfolded, misfolded, or
partly folded and assembled proteins are selectively retained
in the rough ER. Sile consider several features of such
"quality control" in the latter part of this section.

As discussed previously, N-terminal ER signal sequences
are cleaved from secretory proteins and type I membrane
proteins in the ER. Some proteins also undergo other specific
proteolytic cleavages in the Golgi complex or secretory vesi-
cles. We cover these cleavages, as well as carbohydrate mod-
ifications that occur primarily or exclusively in the Golgi
complex, in the next chapter.

A Preformed A/-Linked Oligosaccharide ls Added
to Many Prote ins in  the Rough ER
Biosynthesis of all N-linked oligosaccharides begins in the
rough ER with addition of a preformed oligosaccharide
precursor containing 14 residues (Figure 13-t6). The struc-
ture of this precursor is the same in plants, animals, and
single-celled eukaryotes-a branched oligosaccharide, con-
taining three glucose (Glc), nine mannose (Man), and two
N-acetylglucosamine (GlcNAc) molecules, which can be
written as GIcaMane(GlcNAc)2. Once added to a protein,
this branched carbohydrate srructure is modified by addition
or removal of monosaccharides in the ER and Golgi com-
partments. The modifications to N-linked chains differ from
one glycoprotein to another and differ among different or-
ganisms, but a core of 5 of the 14 residues is conserved in the
structures of all N-linked oligosaccharides on secretory and
membrane proteins.
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Man = Mannose
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GlcNAc
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I

NHs*.  .  .  -  X-Asn-X - (Ser /Thr)- '  .  .  COO-

A FIGURE 13-16 Common precursor of N-linked oligosac-
charides. This 14-residue precursor of tV-linked oligosaccharides is
added to nascent proteins in the rough ER Subsequent removal and
in some cases addition of specific sugar residues occur in the ER and
Golgi complex The core region, composed of f ive residues high-
lighted in purple, is retained in all N-linked oligosaccharides The
precursor can be l inked only to asparagine (Asn) residues that are
separated by one amino acid (X) from a serine (Ser) or threonine (Thr)
on the carboxyl side.

Prior to transfer to a nascent chain in the lumen of the
ER, the precursor oligosaccharide is assembled on a mem-
brane-attached anchor called dolichol phosphate, a Iong-
chain polyisoprenoid lipid (Chapter 10). After the first sugar,
GlcNAc, is attached to the dolichol phosphate by u py-
rophosphate bond, the other sugars are added by glycosidic
bonds in a complex set of reactions catalyzed by enzymes
attached to the cytosolic or luminal faces of the rough ER
membrane (Figure L3-1.7). The final dolichol pyrophospho-
ryl oligosaccharide is oriented so that the oligosaccharide
portion faces the ER lumen.

The entire 14-residue precursor is transferred from the
dolichol carrier to an asparagine residue on a nascent
polypeptide as it emerges into the ER lumen (Figure 13-18,
step E). Only asparagine residues in the tripeptide se-
quences Asn-X-Ser and Asn-X-Thr (where X is any amino
acid except proline) are substrates for oligosaccharyl trans-

ferase, the enzyme that catalyzes this reaction. Two of the
three subunits of this enzyme are ER membrane proteins
whose cytosol-facing domains bind to the ribosome,localiz-
ing a third subunit of the transferase, the catalytic subunit,
near the growing polypeptide chain in the ER lumen. Not all
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  FIGURE 13-17 Biosynthesis of the oligosaccharide precursor.
Dolichol phosphate is a strongly hydrophobic l ipid, containing 75-95
carbon atoms,  that  is  embedded in the ER membrane.  Two
tV-acetylglucosamine (GlcNAc) and five mannose residues are added
one at a time to a dolichol phosphate on the cytosolic face of the ER
membrane (steps Il-B) The nucleotide-sugar donors in these and
later reactions are synthesized in the cytosol Note that the first sugar
residue is attached to dolichol by a high-energy pyrophosphate
linkage Tunicamycin, which blocks the first enzyme in this pathway,
inhibits the synthesis of all N-linked oligosaccharides in cells After

Asn-X-Ser/Thr sequences become glycosylated, and it is not
possible to predict from the amino acid sequence alone
which potential N-linked glycosylation sites will be modi-
fied; for instance, rapid folding of a segment of a protein
containing an Asn-X-Ser/Thr sequence may prevent transfer
of the oligosaccharide precursor to it.

Completed
precu rsor

the seven-resrdue dolichol pyrophosphoryl intermedrate is f l ipped
to the luminal face (step Zl), the remaining four mannose and all
three glucose residues are added one at a time (steps 5, 6). In the
later reactions, the sugar to be added is f irst transferred from a
nucleotide-sugar to a carrier dolichol phosphate on the cytosolic face
of the ER; the carrier is then fl ipped to the luminal face, where the
sugar is transferred to the growrng o|gosaccharide, after which the
"empty" carrier is f l ipped back to the cytosolic face. [After C Abeijon
andC B Hirschberg, 1992,Trends Biochem Sci 17:32]1

Immediately after the entire precursor, GlcaMane
(GlcNAc)2, is transferred to a nascent polypeptide, three
different enzymes, called glycosidases, remove all three
glucose residues and one particular mannose residue (Fig-

ure 13-18,  s teps Z-4) .  The three g lucose res idues,  which
are the last residues added during synthesis of the precursor

Dol

Dol = Dol ichol

I  = N-Acety lg lucosamine

  FIGURE 13-18 Addition and init ial processing of N-linked
oligosaccharides. In the rough ER of vertebrate cells, the
GlcrMann(GlcNAc)2 precursor is transferred from the dolichol carrier
to a susceptible asparagine residue on a nascent protein as soon as
the asparagine crosses to the luminal side of the ER (step [) In
three separate reactions, f irst one glucose residue (step El), then two

To
cts-
Golg i

(Man)a(GlcNAc)z

ER lumen

o  =  Mannose

a = Glucose

glucose residues (step B), and finally one mannose residue (step 4)
are removed. Re-addition of one glucose residue (step l[) plays a
role in the correct folding of many proteins in the ER, as discussed
later [See R Kornfeldand S Kornfeld, 1985,Ann Rev. Biochem 45:631, and
M SousaandA  J  Pa rod i ,  1995 ,EMBOl14 i4196 )
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on the dolichol carrier, appear to acr as a signal that the
oligosaccharide is complete and ready to be transferred to
a protern.

Ol igosacchar ide Side Chains May Promote
Fold ing and Stabi l i ty  o f  Glycoprote ins
The oligosaccharides attached to glycoproteins serve various
functions. For example, some proteins require N-linked
oligosaccharides in order to fold properly in the ER. This
function has been demonstrated in studies with the antibi-
otic tunicamycin, which blocks the first step in the formation
of the dolichol-linked oligosaccharide precursor and there-
fore inhibits synthesis of all N-linked oligosaccharides in
cells (see Figure 13-17).In the presence of tunicamycin, the
hemagglutinin precursor polypeptide (HAe) is synthesized,
but it cannot fold properly and form a normal trimer; in this
case, the protein remains, misfolded, in the rough ER. More-
over, mutation of a particular asparagine in the HA sequence
to a glutamine residue prevents addition of an N-linked
oligosaccharide to that site and causes the protern to accu-
mulate in the ER in an unfolded state.

In addition to promoting proper folding, N-linked
oligosaccharides also confer stabil ity on many secreted gly-
coproteins. Many secretory proteins fold properly and are
transported to their final destination even if the addition of
all N-linked oligosaccharides is blocked, for example, by tu-
nicamycin. However, such nonglycosylated proteins have
been shown to be less stable than their glycosylated forms.
For instance, glycosylated fibronectin, a normal component
of the extracellular matrix, is degraded much more slowly
by tissue proteases than is nonglycosylated fibronectin.

Oligosaccharides on certain cell-surface glycoproteins
also play a role in cell-cell adhesion. For example, the
plasma membrane of white blood cells (leukocytes) con-
tains cell-adhesion molecules (CAMs) that are extensively
glycosylated. The oligosaccharides in these molecules in-
teract with a sugar-binding domain in certain CAMs
found on endothelial cells l ining blood vessels. This inter-
action tethers the leukocytes to the endothelium and as-
sists in their movement into tissues during an inflamma-
tory response to in fect ion (see Figure 1,9-36) .  Other
cel l -sur face g lycoprote ins possess o l igosacchar ide s ide
chains that can induce an immune response. A common
example is the A, B, O blood-group antigens, which are
O-linked oligosaccharides attached to glycoproteins and
glycolipids on the surface of erythrocytes and other cell
types (see Figure 10-20) .

Disul f ide Bonds Are Formed and Rearranged
by Prote ins in  the ER Lumen
In Chapter 3 we learned that both intramolecular and
intermolecular disulfide bonds (-S-S-) help stabil ize the
tertiary and quaternary structure of many proteins. These
covalent bonds form by the oxidative linkage of sulfhydryl

groups (-SH), also known as thiol groups, on two cysteine
residues in the same or different polypeptide chains. This
reaction can proceed spontaneously only when a suitable
oxidant is present. In eukaryotic cells, disulfide bonds are
formed only in the lumen of the rough ER; in bacterial
cells, disulfide bonds are formed in the periplasmic space
between the inner and outer membranes. Thus disulfide
bonds are found only in secretory proteins and in the exo-
plasmic domains of membrane proteins. Cytosolic proteins
and organelle proteins synthesized on free ribosomes lack
disulfide bonds and depend on other interactions to stabi-
l ize their structures.

The efficient formation of disulfide bonds in the lumen
of the ER depends on the enzyme protein disulfide isomerase
(PDI), which is present in all eukaryotic cells. This enzyme is
especially abundant in the ER of secretory cells in such or-
gans as the liver and pancreas, where large quantities of pro-
teins that contain disulfide bonds are produced. As shown in
Figure t3-1.9a, the disulfide bond in the active site of PDI
can be readily transferred to a protein by two sequential
thiol-disulfide transfer reactions. The reduced PDI generated
by this reaction is returned to an oxidized form by the action
of an ER-resident protein, called Ero1, which carries a disul-
fide bond that can be transferred to PDI. Erol itself becomes
oxidized by reaction with molecular oxygen that has dif-
fused into the ER.

In proteins that contain more than one disulfide bond,
the proper pairing of cysteine residues is essential for nor-
mal structure and activity. Disulfide bonds commonly are
formed between cysteines that occur sequentially in the
amino acid sequence while a polypeptide is sti l l  growing
on the ribosome. Such sequential formation, however,
sometimes yields disulfide bonds between the wrong cys-
teines. For example, proinsulin, a precursor to the peptide
hormone insulin, has three disulfide bonds that l ink cys-
teines 1 and 4, 2 and 6, and 3 and 5. In this case, a disul-
f ide bond that init ially formed sequentially (e.g., between
cysteines I and 2) would have to be rearranged for the
protein to achieve its proper folded conformation. In cells,
the rearrangement of disulfide bonds also is accelerated by
PDI, which acts on a broad range of protein substrates,
allowing them to reach their thermodynamically most sta-
ble conformations (Figure 13-19b). Disulfide bonds gener-
ally form in a specific order, f irst stabil izing small domains
of a polypeptide, then stabil izing the interactions of more
distant segments; this phenomenon is i l lustrated by the
folding of influenza HA protein, discussed in the next
sectron.

Chaperones and Other  ER Prote ins Faci l i ta te
Fold ing and Assembly of  Prote ins
Although many denatured proteins can spontaneously re-
fold into their native state in vitro, such refolding usually
requires hours to reach completion. Yet new soluble and
membrane proteins produced in the ER generally fold into
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(a )  Format ion  o f  a  d isu l f ide  bond

Reduced
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prorern

Rear rangement  o f  d isu l f ide  bonds
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i  PDI  i c

Oxidized
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protein

( b )
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  FIGURE 13-19 Action of protein disulfide isomerase (PDl). PDI
forms and rearranges disulf ide bonds via an active site with two
closely spaced cysteine residues that are easily interconverted between
the reduced dithiol form and the oxidized disulfide form Numbered
red arrows indicate the sequence of electron transfers Yellow bars
represent disulfide bonds (a) In the formation of disulfide bonds, the
ionized (-S )form of a cysteine thiol in the substrate protein reacts
with the disulfide (9-S) bond in oxidized PDI to form a disulfide-
bonded PDI-substrate protein intermediate A second ionized thiol in

their proper conformation within minutes after their syn-
thesis. The rapid folding of these newly synthesized pro-
teins in cells depends on the sequential action of several
proteins present within the ER lumen. We have already
seen how the molecular chaperone BiP can drive post-
translational translocation in yeast by binding fully synthe-
sized polypeptides as they enter the ER (see Figure 13-9).
BiP can also bind transiently to nascent chains as they en-
ter the ER during cotranslational translocation. Bound BiP
is thought to prevent segments of a nascent chain from mis-
folding or forming aggregates, thereby promoting folding
of the entire polypeptide into the proper conformation.
Prote in d isu l f ide isomerase (PDI)  a lso contr ibutes to
proper folding, because correct 3-D conformation is stabi-
l i zed  by  d i su l f i de  bonds  i n  many  p ro te ins .

As i l lustrated in Figure 1,3-20, two other ER proteins,
the homologous lectins (carbohydrate-binding proteins)

.",.,."L':[,l,ilXto"o.
the substrate then reacts with this intermediate, forming a disulfide
bond within the substrate protein and releasing reduced PDI PDl, in
turn, transfers electrons to a disulfide bond in the luminal protein
Ero1, thereby regenerating the oxidized form of PDl. (b) Reduced PDI
can catalyze rearrangement of improperly formed disulfide bonds by
similar thiol-disulfide transfer reactions. In this case, reduced PDI both
initiates and is regenerated in the reaction pathway. These reactions
are repeated until the most stable conformation of the protein is
achieved [SeeM M LylesandH F.Gilbert, 1991 ,Biochemistry30t6l9 l

cdlnex,in and calreticulin, bind selectively to certain N-

linked oligosaccharides on growing nascent chains. The

ligand for these two lectins, which contains a single glucose

residue, is generated by a specific glucosyltransferase in the
ER lumen (see Figure 1,3-18, step Ed). This enzyme acts

only on polypeptide chains that are unfolded or misfolded,

and in this respect the glucosyltransferase acts as one of the
primary surveillance mechanisms to ensure quality control

of protein folding in the ER. Binding of calnexin and cal-

reticulin to unfolded nascent chains marked with glucosy-

lated N-linked oligosaccharides prevents aggregation of

adjacent segments of a protein as it is being made on the

ER. Thus calnexin and calreticulin, like BiP' help prevent

premature, incorrect folding of segments of a newly made

protern.
Other important protein-folding catalysts in the ER Iu-

men are peptidyl-prolyl isomerases, a family of enzymes that

$ z
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( a l Oligosaccharyl
transferase

Dol icho l
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Completed
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> FIGURE 13-20 Hemagglutinin folding and assembly.
(a) Mechanism of (HAo) trimer assembly Transtent binding of the
chaperone BiP (step IE) to the nascent chain and of two lectins,
calnexin and calreticulin, to certain oligosaccharide chains (step lE)
promotes proper folding of adjacent segments. A total of seven
N-linked oligosaccharide chains are added to the luminal portion of the
nascent chain during cotranslational translocation, and PDI catalyzes
the formation of six disulfide bonds per monomer Completed HA6
monomers are anchored in the membrane by a single membrane-
spanning a hel ix  wi th thei r  N- terminus in  the lumen (step [ )
Interaction of three HAe chains with one another, init ially via their
transmembrane cr helices, apparently triggers formation of a long
stem containing one ct helix from the luminal part of each HAs
polypeptide Finally, interactions between the three globular heads
occur, generating a stable HA6 trimer (step B) (b) Electron micrograph
of a complete influenza virion showing trimers of HA protein
protruding as spikes from the surface of the viral membrane [part (a)
See U Tatu etal, 1995, EMBO J 14:1340, and D Hebert elal, 1997, J Cell
Biol.139:613 Part (b) Chris Bjornberg/Photo Researchers, Inc l

accelerate the rotation about peptidyl-prolyl bonds at pro-
line residues in unfolded segments of a polypeptide:

( b )

crs trans

Such isomerizations sometimes are the rate-limiting step in
the folding of protein domains. Many peptidyl-prolyl iso-
merases can catalyze the rotation of exposed peptidyl-prolyl
bonds indiscriminately in numerous proteins, but some have
very specific protein substrates.

Membrane-span n  ing
s  he l i x

HAo tr imer

Many important secretory and membrane proteins syn-
thesized on the ER are built of two or more polypeptide sub-
units. In all cases, the assembly of subunits constituring these
multisubunit (multimeric) proteins occurs in the ER. An im-
portant class of multimeric secreted proteins is the im-
munoglobulins, which contain two heavy (H) and two light
(L) chains, all l inked by intrachain disulfide bonds. Hemag-
glutinin (HA) is another multimeric protein that provides a
good illustration of folding and subunit assembly (Figure 13-
20). This trimeric protein forms the spikes that protrude
from the surface of an influenza virus particle. The HA
trimer is formed within the ER of an infected host cell from
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Hac l < FIGURE 13-21 The unfolded-protein response' lre1, a

transmembrane protein in the ER membrane, has a binding site

for  BiP on i ts  luminal  domain;  the cytosol ic  domain conta ins a

specific RNA endonuclease. Step Il: Accumulating unfolded

proteins in the ER lumen bind BiP molecules, releasing them from

monomeric lrel Dimerization of lrel then activates its

endonuclease activity Steps E, B: The unspliced mRNA

precursor encoding the transcription factor Hacl is cleaved by

dimeric lre1, and the two exons are joined to form functional

Hacl mRNA Current evidence indicates that this processing

occurs tn the cytosol, although pre-mRNA processing generally

occurs in the nucleus Step 4: Hacl is translated into Hacl

protein, which then moves back into the nucleus and activates

transcription of genes encoding several protein-folding catalysts'

[See U Ruegsegger etal, 2001, Cell ' lO7:103;A Bertolotti etal ' 2000'

Nature Cell Biol 2:326; and C Sidrauski and P Walter, 1997, Ceil

90 :1031 l

Sp l i ced
Hac l  mRNA

Unsp l iced
Hac l  mRNA

Endonuc lease-cu t  Hac l

l re l  d imer

folding of normal proteins by preventing their aggregation

and binding to irreversibly misfolded proteins'

Both mammalian cells and yeasts respond to the presence

proteins that assist in protein folding' . -
Mammalian cells contain an additional regulatory

pathway that operates in response to unfolded proteins in

in. En. In this pathway, accumulation of unfolded pro-

Figures 16-36 and 16-38) .

A hereditary form of emphysema il lustrates the detri-

mental effects that can result from misfolding of

proteins in the ER. This disease is caused by a point

-rrt"t ion in ct1-antitrypsin, which normally is secreted by

Unfolded proteins Unfolded proteins
wi th  B iP  bound

three copies of a precursor protein termed HA6, which has a

single membrane-spanning ct helix. In the Golgi complex,

each of the three HAe proteins is cleaved to form two

polypeptides, HA1 and HA2; thus each HA molecule that

eventually resides on the viral surface contains three copies

of HAi and three of HA2 (see Figure 3-10). The trimer is sta-

bil ized by interactions between the large exoplasmic do-

mains of the constituent polypeptides, which extend into the

ER lumen; after HA is transported to the cell surface, these

domains extend into the extracellular space' Interactions

between the smaller cytosolic and membrane-spanning

portions of the HA subunits also help stabilize the trimeric

protein. Studies have shown that it takes just 10 minutes for

the HAs polypeptides to fold and assemble into their proper

trimeric conformation.

lmproper ly  Folded Prote ins in  the ER Induce

Expression of Protein-Folding Catalysts

Vild-type proteins that are synthesized on the rough ER

cannot exit this compartment until they achieve their com-

pletely folded conformation. Likewise, almost any mutation

ih"t p..u..tts proper folding of a protein in the ER also

blocks movement of the polypeptide from the ER lumen or

membrane to the Golgi complex. The mechanisms for re-

taining unfolded or incompletely folded proteins within the

ER probably increase the overall efficiency of folding by

keeping intermediate forms in proximity to folding catalysts,

which are most abundant in the ER. Improperly folded pro-

teins retained within the ER generally are seen bound to the

ER chaperones BiP and calnexin. Thus these luminal folding

catalvsts perform two related functions: assisting in the
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Unassembled or  Misfo lded prote ins in  the
ER Are Often Transported to the Cytosol
for  Degradat ion

proteases were never found. More recent studies have
shown that misfolded membrane and secretory prorelns are
recognized by specific ER membrane proteins and are tar_
geted for transport from the ER lumen into the cytosol, by
a process known as dislocation or letrotrlnslocat.ion.

The dislocation of misfolded proteins out of the ER de_
pends on a set of proteins located in the ER membrane and
in the cytosol that perform three basic functions. The first

the cell altogether by degradation in the proteasome (see
Figure 3-29).

Protein Modifications, Folding, and euality Control
in  the ER

r All N-linked oligosaccharides, which are bound to as_
paragine residues, contain a core of three mannose and two
N-acetylglucosamine residues and usually have several
branches (see Figure 13-16). O-linked olisosaccharides.
which are bound to serine or threonine resid-ues, 

".. 
g.rr.r-

ally short, often containing only one to four ,rlg"r..ridrl...

r Formarion of all N-linked oligosaccharides begins with
assembly of a conserved 14-residue high-mannose precur_
sor on dolichol, a lipid in the membrane of the rough ER
(see Figure 73-17). After this preformed oligosaccharide is
transferred to specific asparagine residues of nascent
polypeptide chains in the ER lumen, three glucose residues
and one mannose residue are removed (see Figure 13-1g).
r Oligosaccharide side chains may assist in the proper
folding of glycoproteins, help protect the mature p.ot"irrc
from proteolysis, participate in cell-cell adhesion, 

".rd 
fr.rrr._

tion as antigens.

r Disulfide bonds are added to many secretory proteins
and the exoplasmic domain of membrane proteins in the
ER. Protein disulfide isomerase (pDI), present in the ER lu_
men, catalyzes both the formation and the rearrangement
of disulfide bonds (see Figure 13-19).

r The chaperone BiP, the lectins calnexin and calreticulin,
and peptidyl-prolyl isomerases work together ro ensure
proper folding of newly made secrerory and membrane
proteins in the ER. The subunits of multimeric proteins
also assemble in the ER.

r Only properly folded proteins and assembled subunits
are transported from the rough ER to the Golgi complex in
vesicles.

r The accumularion of abnormally folded proteins and
unassembled subunits in the ER can induce increased ex_
pression of ER protein-folding catalysts via the unfolded_
protern response (see Figure 13-21).

r Unassembled or misfolded proteins in the ER often are
transported back to the cytosol, where they are degraded in
the ubiquitin/proteasome pathway.
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Sorting of Proteins to
Mitochondria and Chloroplasts
In the remainder of this chapter, we examine how proteins

synthesized on cytosolic ribosomes are sorted to mitochon-

dria, chloroplasts, peroxisomes, and the nucleus (see Figure

13-1). In both mitochondria and chloroplasts an internal lu-

men called the matrix is surrounded by a double membrane,

and internal subcompartments exist within the matrix. In

contrast, peroxisomes are bounded by a single membrane

and have a single luminal matrix compartment. Because of

these and other differences, we consider peroxisomes sepa-

rately in the next section. Likewise, the mechanism of pro-

tein transport into and out of the nucleus differs consider-

ably from sorting to mitochondria and chloroplasts; this is

d iscussed in the last  sect ion.
In addition to being bounded by two membranes' mito-

chondria and chloroplasts share similar types of electron

transport proteins and use an F-class ATPase to synthesize

ATP (see Figure 12-2). Remarkably, gram-negative bacteria

also exhibit these characteristics. Also like bacterial cells' mi-

tochondria and chloroplasts contain their own DNA, which

encodes organelle rRNAs, tRNAs, and some proteins (Chap-

ter 6). Moreover, growth and division of mitochondria and

chloroplasts are not coupled to nuclear division. Rather,

these organelles grow by the incorporation of cellular pro-

teins and lipids, and new organelles form by division of pre-

existing organelles. The numerous similarities of free-living

bacterial cells with mitochondria and chloroplasts have led

scientists to hypothesize that these organelles arose by the

incorporation of bacteria into ancestral eukaryotic cells,

Proteins encoded by mitochondrial DNA or chloroplast

DNA are synthesized on ribosomes within the organelles

and directed to the correct subcompartment immediately af'

ter synthesis. The majority of proteins located in mitochon-

dria and chloroplasts, however, are encoded by genes in the

nucleus and are imported into the organelles after their syn-

thesis in the cytosol' Apparently, over aeons of evolution'

much of the genetic information from the ancestral bacterial

DNA in these endosymbiotic organelles moved' by an un-

known mechanism, to the nucleus' Precursor proteins syn-

thesized in the cytosol that are destined for the matrix of mi-

tochondria or the equivalent space in chloroplasts, the

stroma, usually contain specific N-terminal uptake-targeting

sequences that specify binding to receptor proteins on the or-

ganelle surface. Generally, this sequence is cleaved once it

i.a.hes the matrix or stroma. CIearlS these uptake-targeting

sequences are similar in their location and general function

to ihe signal sequences that direct nascent proteins to the ER

lumen. Although the three types of signals share some com-

mon sequence features, their specific sequences differ con-

siderably, as summarized in Table 13-1.

In both mitochondria and chloroplasts, protein import

requires energy and occurs at points where the outer and in-

nei organelle membranes are in close contact' Because mito-

chondiia and chloroplasts contain multiple membranes and

TARGTT ORGANETTE LOCATII]N OF SEOUENCE WITHIN PROTTIN BEM()VAL OF SEOUEI|CE NATURE OT SEOUEIICE

Endoplasmic reticulum
(lumen)

Mitochondrion (matrix)

Peroxisome (matrix)

Nucleus (nucleoplasm)

Chloroplast (stroma) N-terminus

N-terminus

N-terminus

C-terminus (most proteins)
N-terminus (few proteins)

Varies

Core of 6-12 hydrophobic amino acids,

often preceded by one or more basic amino

acids (Arg, Lys)

Amphipathic helix, 20-50 residues in length,

with Arg and Lys residues on one side and

hydrophobic residues on the other

No common motifs; generally rich in Ser'

Thr, and small hydrophobic residues and

poor in Glu and AsP

PTSl signal (Ser-Lys-Leu) at extreme

C-terminus; PTS2 signal at N-terminus

Multiple different kindsl a common motif

includes a short segment rich in Lys and Arg

residues

Yes

Yes

Yes

No

No

"Different or additional sequences target proteins to organelle membranes and subcompartments'
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> EXPERIMENTAL FIGURE 13-22 lmport
of mitochondrial precursor proteins is
assayed in a cell-free system. Inside
mitochondria, proteins are protected from
the action of proteases such as trypsin When
no mitochondria are present, mitochondrial
proteins synthesized in the cytosol are
degraded by added protease protein uptake
occurs only with energized (respiring)
mitochondria, which have a proton
electrochem ical gradient (proton-motive
force) across the inner membrane The
imported protein must contain an appropriate
uptake-targeting sequence Uptake also
requires ATP and a cytosolic extract containinq
chaperone proteins that marntain the
precursor proterns in an unfolded
conformation This assay has been used to
study targeting sequences and other features
of the translocation process

Yeast mitochondrial
proteins made by
cytoplasmic r ibosomes
in a cel l- free system

Uptake-
targeting
sequence

Mi tochondr ia l
proler n

h_\{L/

t

Add energized
yeasr
mi tochondr ia

Protein taken up
into mitochondria;
uptake-ta rgeti  ng
sequence removed
and degraded

Trypsin

Proteins seques-
tered within
mi tochondr ia
are resistant to
trypsin

Uptake-targeting
sequence ano
mi tochondr ia l

protein degraded

membrane-limited spaces, sorting of many proteins to their
correct location often requires the sequential action of two
targetlng sequences and two membrane-bound translocation

Amphipath ic  N-Terminal  S ignal  Sequences
Direct  Prote ins to  the Mi tochondr ia l  Matr ix

Mitochondrial matrix-targeting sequences are thought to
assume an a,helical conformation in which positively
charged amino acids predominate on one side ofthe helix

pathicity of matrix-targeting sequences is critical to their
function.

The cell-free assay outlined in Figure 13-22 has been
widely used in studies on the import of mitochondrial pre-
cursor proteins. In this system, respiring (energized) mito_
chondria extracted from cells can incorporate mitochondrial
precursor proteins carrying appropriate uptake-targeting se_
quences that have been synthesized in the absence of mito-
chondria. Successful incorporation of the precursor into the

translocation of secretory proteins into the ER, which gener_
ally occurs only when microsomal (ER-derived) -.rnbn"rr.,
are present during synthesis (see Figure 13-4).

Mitochondr ia l  Prote in lmpor t  Requi res
Outer-Membrane Receptors and Translocons
in Both Membranes
Figure 13-23 presents an overview of protein import from
the cytosol into the mitochondrial matrix, the route into the
mitochondrion followed by most imported proteins. \We will
discuss in detail each step of protein transport into the ma-
trix and then consider how some proteins subsequently are
targeted to other compartments of the mitochondiion. 

'

After synthesis in the cytosol, the soluble precursors of
mitochondrial proteins (including hydrophobic integral
membrane proteins) inreract directly with the mitochondrial
membrane. In general, only unfolded proteins can be im_
ported into the mitochondrion. Chaperone proteins such as

. . a  .
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coo

ATP

ADP + P;

Cytosol ic
Hsc70

- Matrix-targeting'. ' . /  
sequence

NHs*

< FIGURE 13-23 Protein import intothe
mitochondrial matrix. Precursor proteins

synthesized on cytosolic ribosomes are
maintained in an unfolded or partially folded

state by bound chaperones, such as Hsc70
(step tr) After a precursor protein binds to
an import receptor near a site of contact with

the inner membrane (step Z), it is transferred
into the general import pore (step B) The
translocating protein then moves through thls

channel  and an adjacent  channel  in  the inner
membrane (steps Zl, E). Note that
translocation occurs at rare "contact sites"
at which the inner and outer membranes
appear to touch. Binding of the translocating
protein by the matrix chaperone Hsc70 and
subsequent ATP hydrolysis by Hsc70 helps
drive import into the matrix Once the
uptake-targeting sequence is removed by a

matrix protease and Hsc70 is released from
the newly imported protein (step 6), it folds

into the mature, active conformation within

the matrix (step Z) Folding of some proteins

depends on matrix chaperonins [See
G Schatz, 1996, J Biol Chem 271:31763, and

N Pfanner el al , 1997, Ann Rev. Cell Devel Biol

13:25l

lmpor t
recepror
(Tom 20122\

Cytosol

Outer membrane

+ \

Genera l
impor t  pore
(Tom40)

Matrix
Hsc70

ADP + P;
Matrix
processlng
protease

cytosolic Hsc70 keep nascent and newly made proteins in an

unfolded state so that they can be taken up by mitochondria'

This process requires ATP hydrolysis' Import of an unfolded

mitochondrial precursor is initiated by the binding of a mito-

chondrial targeting sequence to an import receptor in the

outer mitochondrial membrane. These receptors were first

identified by experiments in which antibodies to specific pro-

teins of the outer mitochondrial membrane were shown to in-

hibit protein import into isolated mitochondria. Subsequent

genetic experiments, in which the genes for specific mito-

chondrial outer-membrane proteins were mutated, showed

that specific receptor proteins were responsible for the import

of different classes of mitochondrial proteins. For example,

N-terminal matrix-targeting sequences are recognized by

Tom20 and Tom22. (Proteins in the outer mitochondrial

membrane involved in targeting and import are designated

Tom oroteins for /ranslocon of the outet membtane.)

Cleaved
target ing
seq uence

The import receptors subsequently transfer the precursor

proteins to an import channel in the outer membrane' This

ch".tn.l, composed mainly of the Tom40 protein, is known

^s the general import pore because all known mitochondrial

precursor proteins gain access to the interior compartments

ft tn. -itt.hondrion through this channel' 
'Sfhen 

purified

and incorporated into liposomes, Tom40 forms a transmem-

brane channel with a pore wide enough to accommodate an

unfolded polypeptideihain. The general import pore forms

a largely p"tti". channel through the outer mitochondrial

-.*L.".t., and the driving force for unidirectional transport

into mitochondria comes from within the mitochondrion' In

the case of precursors destined for the mitochondrial matrix,

transfer through the outer membrane occurs simultaneously

with transfer through an inner-membrane channel composed

of the Tim23 and1iml7 proteins. \Tim stands for translo-

con of the lnner membrane.) Translocation into the matrix
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thus occurs at "contact sites" where the outer and inner
membranes are in close proximitv.

drial membrane by interacting with transmembrane protein
Tim44. This interaction stimulates ATp hydrolysis by matrix
Hsc70, and together these two proteins are thought to
power translocation of proteins into the matnx.

Some imported proteins can fold into their final, active
conformation without further assistance. Final folding of
many matrrx proteins, however, requires a chaperonin. As
discussed in Chapter 3, chaperonin proteins aciively facil i-
tate protein folding in a process that depends on ATp. For in_
stance, yeast mutants defective in Hsc60, a chaperonin in the
mitochondrial matrix, can import matrix proteins and
cleave their uptake-targerrng sequence normally, but the im-
ported polypeptides fail to fold and assemble into the native
tertiary and quaternary structures.

Cytosol

Outer membrane

Intermembrane
space

.d9"
.s9'

. ((.9.

\$$o

Mitochondrial
matrix

Studies wi th  Chimer ic  Prote ins Demonstrate
lmpor tant  Features of  Mi tochondr ia l  lmpor t
Dramatic evidence for the ability of mitochondrial matrix-
targettng sequences to direct import was obtained with
chimeric proteins produced by recombinant DNA tech-
niques. For example, the matrix-targeting sequence of alco-
hol dehydrogenase can be fused to the N-terminus of dihy-
drofolate reductase (DHFR), which normally resides in the
cytosol. In the presence of chaperones, which prevent the C-
terminal DHFR segment from folding in the cytosol, cell-free
translocation assays show that the chimeric protein is trans-
ported into the marrix (Figure 13-24a). The inhibitor
methotrexate, which binds tightly ro the acive site of DHFR
and greatly stabilizes its folded conformation, renders the
chimeric protein resistant to unfolding by cytosolic chaper-
ones. \il1'hen translocation assays are performed in the pres-
ence of methotrexate, the chimeric protein does not iom-
pletely enter rhe matrix. This finding demonstrates that a
precursor must be unfolded in order to traverse the imoort
pores in the mitochondrial membranes.

( a ) ( b )  B o u n d
methotrexate
inh ib i to r

Fo lded
DHFR 

-

( c l

Cleaved
targeting
sequence

Spacer r"qr"n.i /

  EXPERIMENTAL FTGURE 13-24 Experiments with chimeric
proteins elucidate mitochondrial protein import.  These
experiments show that a matrix-targeting sequence alone directs

energ ized mi tochondr ia  and the  mat r ix_ targe t ing  s igna l  then is
removed. (b) When the C-terminus of the chimeric protein is locked
in the folded state by binding of methotrexate, translocalon rs
blocked l f  the spacer sequence is long enough to extend across both

Cytosol

Intermembrane
space

NHr*

, o'2 P'm ,

transport channels, a stable translocation intermediate, with the
targeting sequence cleaved off, is generated in the presence of
methotrexate, as shown here. (c) The C-terminus of the translocation
intermediate in (b) can be detected by incubating the mitochondria
with antibodies that bind to the DHFR segment, followed by gold
particles coated with bacterial protein A, which binds nonspecificallv
to antibody molecules (see Figure 9-21). An electron micrograph of a
sectioned sample reveals gold particles (red arrowhead) bound to the
translocation intermediate at a contact srte between the inner and
outer membranes Other contact sites (black arrows) also are evident
IParts (a) and (b) adapted from J Rassow et al , 1 990, FEBS Letters 2Tstigo
Part (c) from M Schweiger eI al , j987, I Cell Biol. 105:235, courtesy of
W Neuoert  l

Outer
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Additional studies revealed that if a sufficiently long

spacer sequence separates the N-terminal matrix-targeting
sequence and DHFR portion of the chimeric protein, then in

the presence of methotrexate a translocation intermediate
that spans both membranes can be trapped if enough of the
polypeptide protrudes into the matrix to prevent the polypep-

tide chain from sliding back into the cytosol, possibly by sta-

bly associating with matrix Hsc70 (Figure 13-24b).In order
for such a stable translocation intermediate to form, the

spacer sequence must be long enough to span both mem-

branes; a spacer of 50 amino acids extended to its maximum
possible length is adequate to do so. If the chimera contains
a shorter spacer-say, 35 amino acids-no stable transloca-
tion intermediate is obtained because the spacer cannot span

both membranes. These observations provide further evi-

dence that translocated proteins can span both inner and
outer mitochondrial membranes and traverse these mem-

branes in an unfolded state.
Microscopic studies of stable translocation intermediates

show that they accumulate at sites where the inner and outer
mitochondrial membranes are close together, evidence that
precursor proteins enter only at such sites (Figure 1,3-24c).
The distance from the cytosolic face of the outer membrane

to the matrix face of the inner membrane at these contdct

sites is consistent with the length of an unfolded spacer se-
quence required for formation of a stable translocation in-

termediate. Moreover, stable translocation intermediates can

be chemically cross-linked to the protein subunits that com-
prise the translocation channels of both the outer and inner

membranes. This finding demonstrates that imported pro-

teins can simultaneously engage channels in both the outer

and inner mitochondrial membrane, as depicted in Figure

13-23. Since roughly 1000 stuck chimeric proteins can be

observed in a typical yeast mitochondrion, it is thought that

mitochondria have approximately 1000 general import

pores for the uptake of mitochondrial proteins.

Three Energy Inputs Are Needed to lmport
Prote ins in to Mi tochondr ia

As noted previously and indicated in Figure 13-23, ATP hy-

drolysis by Hsc70 chaperone proteins in both the cytosol and

the mitochondrial matrix is required for import of mitochon-

drial proteins. Cytosolic Hsc70 expends energy to maintain

bound precursor proteins in an unfolded state that is compe-

tent for translocation into the matrix. The importance of ATP

to this function was demonstrated in studies in which a mito-

chondrial precursor protein was purified and then denatured
(unfolded) by urea. \7hen tested in the cell-free mitochon-

drial translocation system, the denatured protein was incor-

porated into the matrix in the absence of AIP. In contrast'

import of the native, undenatured precursor required ATP for

the normal unfolding function of cytosolic chaperones.
The sequential binding and ATP-driven release of multi-

ple matrix Hsc70 molecules to a translocating protein may

simply trap the unfolded protein in the matrix. Alterna-

tively, the matrix Hsc70, anchored to the membrane by the

Tim44 protein, may act as a molecular motor to pull the

protein into the matrix (see Figure 13-23).In this case' the

lunctions of matrix Hsc70 andTim44 would be analogous

to those of the chaperone BiP and Sec63 complex, respec-

tivelS in post-translational translocation into the ER lumen

(see Figure 13-9) .
The third energy input required for mitochondrial

protein import is a H+ electrochemical gradient, or proton-

motive force, across the inner membrane' Recall from Chap-

ter 12 that protons are pumped from the matrix into the

intermembrane space during electron transport, creating

transmembrane potential across the inner membrane' In

general, only mitochondria that are actively undergoing res-

piration, and therefore have generated a proton-motive force

across the inner membrane' are able to translocate precursor

proteins from the cytosol into the mitochondrial matrix'

ir.u,-.n, of mitochondria with inhibitors or uncouplers of

oxidative phosphorylation' such as cyanide or dinitrophe-

nol, dissipates this proton-motive force. Although precursor

proteins still can bind tightly to receptors on such poisoned

mitochondria, the proteins cannot be imported, either in in-

tact cells or in cell-free systems, even in the presence of ATP

and chaperone proteins. Scientists do not fully understand

how the proton-motive force is used to facilitate entry of a

p...rr.roi p.otein into the matrix. Once a protein is partially

inserted into the inner membrane' it is subjected to a trans-

Mult ip le  Signals  and Pathways Target  Prote ins

to Submitochondr ia l  Compartments

Unlike targeting to the matrix, targeting of proteins to the in-

termembrane space, inner membrane, and outer membrane

of mitochondria generally requires more than one targetlng

sequence and occurs via one of several pathways' Figure 13-

25 summarizes the organization of targeting sequences in

proteins sorted to different mitochondrial locations.

lnner-Membrane Proteins Three separate pathways are

known to target proteins to the inner mitochondrial mem-

brane. One pathway makes use of the same machinery that

is used for targeting of matrix proteins (Figure 13-26, path

A). A cytochrome oxidase subunit called CoxVa is a protein

transported by this pathway' The precursor form of CoxVa'

which contains an N-terminal matrix-targeting sequence

recognized by the Tom20l22 import receptor, is transferred

through the general import pore of the outer membrane and

the inier-membrane Tim23l17 translocation complex' In ad-

dition to the matrix-targeting sequence' which is cleaved

during import, CoxVa contains a hydrophobic stop-transfer

s.qr'r*ce. A. the protein passes through theTim23ll'7 chan-

.r.i th. stop-transfer sequence blocks translocation of the

SORTING OF  PROTEINS  TO MITOCHONDRIA  AND CHLOROPLASTS O  561



Location
of imported
protein

Matrix
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Cleavage by
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< FIGURE 13-25 Targeting sequences in
imported mitochondrial proteins. Most
mitochondrial proteins have an N-terminal
matrix-targeting sequence (pink) that is similar
but not identical in different proteins. proteins
destined for the inner membrane, the
rntermembrane space, or the outer membrane
have one or more additional targeting
sequences that function to direct the proteins
to these locations by several different
pathways. The lettered pathways correspond
to those il lustrated in Figures 13-26 and
1 3-27 [See W Neupert, 1997, Ann Rev. Biochem
66:863 l

Matrix-targeting
sequence Mature protein

Inner
membrane

Path A
Cytochrome
ox idase subun i t
CoxVa

Cleavage by Hydrophobic
matrix protease stop-transfer sequence

Cleavage by
matrix protease

Internal sequences
recognized by Oxal

ATP
Path B synthase

subun i t  9

Path c 
ADP/ATP
anttporter

Internal sequences recognized
by Tom70 receptor andTrm22 complex

Intermembrane
space

Path A Cytochrome b2

path B Cytochrome c
heme lyase

First cleavage by Second cleavage by protease
matrix

Intermem bra ne-space-targeting
sequence

Targeting sequence for
the general import pore

\--...P\-..^t

Outer
membrane

Stop-transfer and outer-memorane
local izat ion sequence

Porin (P70)

C-terminus across the inner membrane. The membrane-
anchored intermediate is then transferred laterally into the
bilayer of the inner membrane much as type I integral mem-
brane proteins are incorporated into the ER membrane (see
Figure 13-11) .

matrix via the Tom40 andTim23l17 channels. After cleav_
age of the matrix-targeting sequence, the protein is inserted
into the inner membrane by a process thai requires interac_

562 .  cHAprER l3 |  MovtNG pRorEtNs tNTo MEMBRANEs

tion with Oxal and perhaps other inner-membrane proteins
(Figure 13-26, parh B). Oxal is related to a bacterial protein
involved in inserting some inner-membrane proteins in bac-
teria. This relatedness suggests that Oxal may have de-
scended from the translocation machinery in the endosymbi-
otic bacterium that eventually became the mitochondrion.
However, the proteins forming the inner-membrane channels
in mitochondria are not related to the proteins in bacterial
translocons. Oxal also participates in ihe inner-membrane
insertion of certain proteins (e.g., subunit II of cytochrome
oxidase) that are encoded by mitochondrial DNA and syn-
thesized in the matrix by mitochondrial ribosomes.

The final parhway for insertion in the inner mitochon-
drial membrane is followed by multipass proteins that
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Path A

Stop-transfer Matrix-targeting
sequence sequence

NHs*

Tom40 Tom22 Tom20
Cytosol

lntermembrane
space

Ttm23l17

Outer
membrane

A; €

Mitochondrial
matrix

Cleaved
matrix-ta rgeting
SeQu€nCeS-_--_-

A FIGURE 13-26 Three pathways to the inner mitochondrial
membrane from the cytosol. Proteins with different targeting
sequences are drrected to the inner membrane via different pathways.

In all three pathways, proteins cross the outer membrane via the
Tom40 general import pore Proteins delivered by pathways A and B

contain an N-terminal matrix-targeting sequence that is recognized
by the Tom20/22 import receptor in the outer membrane Although
both these pathways use the Tim23/1 7 inner-membrane channel,
they differ in that the entire precursor protein enters the matrix and
then is redirected to the inner membrane in pathway B Matrix Hsc70

contain six membrane-spanning domains, such as the

ADP/ATP antiporter. These proteins, which lack the usual

N-terminal matrix-targeting sequence' contain multiple

internal mitochondrial targeting sequences. After the in-

ternal sequences are recognized by a second import recep-

tor composed of outer-membrane proteins Tom70 and

Tom22, the imported protein passes through the outer

membrane via the general import pore (Figure 13-26, path

C). The protein then is transferred to a second transloca-

t ion complex in  the inner  membrane composed of  the

Tim22 and Tim54 proteins. Transfer to the Tim22l54

Path B

Assembled
protei n

plays a role similar to its role in the import of soluble matrix proteins

(see Figure 13-23). Proteins delivered by pathway C contain tnternal

sequences that are recognized by the Tom70/fom22 import receptor;

a different inner-membrane translocation channel (Tim22154) is used

in this pathway. Two intermembrane proteins (Tim9 and Tim10)

facil i tate transfer between the outer and inner channels See the

text for discussion [See R E Dalbey and A Kuhn, 2000, Ann Rev Cell

D e v e l B i o l 1 6 : 5 l , a n d N P f a n n e r a n d A G e i s s l e r , 2 O O l , N a t u r e R e v M o l C e l l
Biol 2:339l

protein into the inner membrane.
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Intermembrane-Space Proteins Two pathways deliver
cytosolic proteins to the space between the inner and outer mi-
tochondrial membranes. The major pathway is followed by
proteins, such as cytochrome b2, whose precursors carry rwo
different N-terminal targeting sequences, both of which ulti-
mately are cleaved. The most N-terminal of the rwo seouences
is a matrix-targeting sequence, which is removed by th. -a-

proteolytic cleavage, this pathway is similar to that of inner-
membrane proteins such as CoxVa (see Figure 13-26,parh A).

Cytochrome c heme lyase, the enzyme responsible for
the covalent attachment of heme to cytochrome c, i l lus-
trates a second pathway for targeting to the intermembrane
space. In this pathway, the imported protein does not con_
tain an N-terminal matrix-targeting sequence and is deliv_
ered directly to the intermembrane space via the general

Mitochondrial
matrix

Cleaved

3:'J'J;'.T'"''"n
  FfGURE 13-27 Two pathways to the mitochondrial
intermembrane space. pathway A, the major one for delivery of
proteins from the cytosol to the intermembrane space, is similar to
pathway A for delivery to the inner membrane (see Figure 13_26)
The major difference is that the internal targeting sequence in
proteins such as cytochrome b2 destined for the intermembrane
space is recognized by an inner-membrane protease. which cleaves

Path A

I ntermem bra ne-space-targeti  n g

Matrix-ta rgeting

/, 
sequence

' N H s *

Tom22
Tom20

import pore without involvement of any inner-membrane
translocation factors (Figure 13-27, path B). Since translo-
cation through the Tom40 general import pore does not
seem to be coupled to any energetically favorable process
such as hydrolysis of ATP or GTP, the mechanism rhat
drives unidirectional translocation through the outer mem-
brane is unclear. One possibility is that cytochrome c heme
lyase passively diffuses through the outlr membrane and
then is trapped within the intermembrane space by binding
to another protein that is delivered to that location by one
of the translocation mechanisms discussed previously.

Outer-Membrane Proteins Many of the proteins that re-
side in the mitochondrial outer membrane, including the
Tom 40 pore itself and mitochondrial porin, have a B-barrel
structure in which antiparallel strands form the hydrophobic
transmembrane segments surrounding a central channel.
Such proteins are incorporated into the outer membrane by
first interacting with the general import pore, Tom40, and
then they are transferred to a complex known as the SAM
(sorting and assembly machinery) complex, which is com-
posed of at least three outer membrane proteins. presumably
it is the very stable hydrophobic nature of B-barrel proteins

Path B

In termem
sequence

Protein

-space -targeting

-*..- NHs

Tim23l17

the protein on the intermembrane-space side of the membrane
The released protein then folds and binds to its heme cofactor within
the intermembrane space Pathway B involves direct delivery to the
intermembrane space through the Tom40 general import pore in the
outer membrane. [See R E Dalbey and A Kuhn, 2OOO, Ann Rev. Cett
Devel Biol 16:51; N Pfannerand A Geissler, 2001, Nature Rev. Mol. Cett Biot.
2:339;  and K Diekert  et  a l ,  1999, proc Nat, l  Acad Sci  USA96:11152] |

Drane
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that ultimately causes them to be stably incorporated into
the outer membrane, but precisely how the SAM complex
facilitates this process is not known.

Targeting of Chloroplast Stromal Proteins
ls  Simi lar  to  lmpor t  o f  Mi tochondr ia l
Matrix Proteins

Among the proteins found in the chloroplast stroma are the
enzymes of the Calvin cycle, which function in fixing carbon
dioxide into carbohydrates during photosynthesis (Chap-

ter 12). The large (L) subunit of ribulose 1,5-bisphosphate
carboxylase (rubisco) is encoded by chloroplast DNA and
synthesized on chloroplast ribosomes in the stromal space.
The small (S) subunit of rubisco and all the other Calvin
cycle enzymes are encoded by nuclear genes and transported
to chloroplasts after their synthesis in the cytosol. The precur-

sor forms of these stromal proteins contain an N-terminal

stromal-impolt sequence (see Table 13-1).
Experiments with isolated chloroplasts, similar to those

with mitochondria illustrated in Figure 1'3-22, have shown
that they can import the S-subunit precursor after its synthe-

sis. After the unfolded precursor enters the stromal space, it

binds transiently to a stromal Hsc70 chaperone and the
N-terminal sequence is cleaved. In reactions facilitated by
Hsc60 chaperonins that reside within the stromal space,
eight S subunits combine with the eight L subunits to yield

the active rubisco enzyme.
The general process of stromal import appears to be very

similar to that for importing proteins into the mitochondrial
matrix (see Figure 1,3-23). At least three chloroplast outer-
membrane proteins, including a receptor that binds the

stromal-import sequence and a translocation channel protein'

and five inner-membrane proteins are known to be essential
for directing proteins to the stroma. Although these proteins

are functionally analogous to the receptor and channel pro-

teins in the mitochondrial membrane, they are not structurally
homologous. The lack of sequence similarity between these

chloroplast and mitochondrial proteins suggests that they
may have arisen independently during evolutton.

The available evidence suggests that chloroplast stromal
proteins, like mitochondrial matrix proteins, are imported in

the unfolded state. Import into the stroma depends on ATP

hydrolysis catalyzed by a stromal Hsc70 chaperone whose

function is similar to that of Hsc70 in the mitochondrial ma-

trix and BiP in the ER lumen. Unlike mitochondria, chloro-
plasts do not generate an electrochemical gradient (proton-

motive force) across their inner membrane. Thus protein

import into the chloroplast stroma appears to be powered

sole ly  by ATP hydrolys is .

Proteins Are Targeted to Thylakoids by
Mechanisms Related to Translocation Across
the Bacter ia l  Inner  Membrane

In addition to the double membrane that surrounds them,

chloroplasts contain a series of internal interconnected

membranous sacs, the thylakoids (see Figure 12-29). Pro-

teins localized to the thylakoid membrane or lumen carry

out photosynthesis. Many of these proteins are synthesized

in the cytosol as precursors containing multiple targeting se-

quences. For example, plastocyanin and other proteins des-

tined for the thylakoid lumen require the successive action

of two uptake-targeting sequences. The first is an N-terminal

stromal-import sequence that directs the protein to the

stroma by the same pathway that imports the rubisco S sub-

unit. The second sequence targets the protein from the

stroma to the thylakoid lumen' The role of these targeting

sequences has been shown in experiments measuring the

uptake of mutant proteins generated by recombinant DNA

techniques into isolated chloroplasts. For instance' mutant

plastocyanin that lacks the thylakoid-targeting sequence

but contains an intact stromal-import sequence accumu-

lates in the stroma and is not transported into the thylakoid

Iumen.
Four separate pathways for transporting proteins from

the stroma into the thylakoid have been identified. All four

pathways have been found to be closely related to analo-

golls t."ntport mechanisms in bacteria' illustrating the close

evolutionary relationship between the stromal membrane

and the bacterial inner membrane. Transport of plasto-

cyanin and related proteins into the thylakoid lumen from

the stroma occurs by a chloroplast SRP-dependent pathway

that utilizes a translocon similar to SecY, the bacterial ver-

sion of the Sec61 complex (Figure 1'3-28, left). A second

pathway for transporting proteins into the thylakoid lumen

inuolues a protein related to bacterial protein SecA, which

uses the energy from ATP hydrolysis to drive protein

translocation through the SecY translocon. A third path-

way, which targets proteins to the thylakoid membrane, de-

pends on a protein related to the mitochondrial Oxal pro-

iein and the homologous bacterial protein (see Figure

13-26,path B). Some proteins encoded by chloroplast DNA

and synthesized in the stroma or transported into the

stroma from the cytosol are inserted into the thylakoid

membrane via this pathwaY.
Finally, thylakoid proteins that bind metal-containing

cofactors follow another pathway into the thylakoid lumen

(Figure 13-28, rigbt). The unfolded precursors of these pro-

teiis are first targeted to the stroma' where the N-terminal

stromal-import sequence is cleaved off and the protein then

folds and bittdt itt cofactor' A set of thylakoid-membrane
proteins assists in translocating the folded protein and

tound cofactor into the thylakoid lumen, a process powered

by the pH gradient normally maintained across the thy-

lakoid membrane. The thylakoid-targeting sequence that di-

rects a protein to this pH-dependent pathway includes two

closely spaced arginine residues that are crucial for recogni-

tion. Baiterial cells also have a mechanism for translocating

folded proteins with a similar arginine-containing sequence

across the inner membrane. The molecular mechanism

whereby these large folded globular proteins are transported

across the thylakoid membrane is currently under intense

srudy.
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< FIGURE 13-28 Transporting proteins
to chloroplast thylakoids. Two of the
four pathways for transporting proteins
from the cytosol to the thylakoid lumen are
shown here In these pathways, unfolded
precursors are delivered to the stroma via
the same outer-membrane proteins that
import stromal-localized proteins. Cleavage
of the N-terminal stromal-import sequence
by a stromal protease then reveals the
thylakoid-targeting sequence (step tr)
At this point the two pathways diverge.
ln the SRP-dependent pathway (/efr),
plastocyanin and similar proteins are kept
unfolded in the stromal space by a set of
chaperones (not shown) and, directed by
the thylakoid-targeting sequence, bind to
proteins that are closely related to the
bacterial SRP, SRP receptor, and SecY
translocon, which mediate movement into
the lumen (step Z). After the thylakoid-
targeting sequence is removed in the
thylakoid lumen by a separate endoprotease,
the protein folds into its mature conformation
(step B) In the pH-dependent pathway
(nght), metal-binding proteins fold in the
stroma, and complex redox cofactors are
added (step Z). Two arginine residues (RR)
at the N-terminus of the thylakoid-
targeting sequence and a pH gradient
across the inner membrane are reouired for
transport of the folded protein into the
thylakoid lumen (step g). The translocon
in the thylakoid membrane is composed of
at least four proteins related to proteins in
the bacterial rnner membrane. The thylakoid
targeting sequence containing the two
arginine residues is cleaved in the thylakoid
lumen (step 4) [See R Datbey and C Robinson,
1999,TrendsBiochem Sci 24:1j, R E Dalbey
andA Kuhn, 2000, Ann Rev. Cell Devel Biol.
15 :51 ;  and  C  Rob inson  and  A  Bo lhu i s .  2001 .
Nature Rev. Mol Cell Biol 2:350)
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Sorting of Proteins to Mitochondria and Chloroplasts
r Most mitochondrial and chloroplast proteins are en_
coded by nuclear genes, synthesized on cytosolic ribosomes,
and imported post-translationally into the organelles.

r Cytosolic chaperones maintain the precursors of mito_
chondrial and chloroplast proteins in an unfolded state.
Only unfolded proteins can be imported into the organelles.

Translocation in mitochondria occurs at sites where the
outer and inner membranes of the organelles are close to-
gether.

r Proteins destined for the mitochondrial matrix bind to
receptors on the outer mitochondrial membrane and then
are transferred to the general import pore (Tom40) in the
outer membrane. Translocation occurs concurrently through
the outer and inner membranes, driven bv the Droton-
motive force across the inner membrane and ATp hyirolysis
by the Hsc70 ATPase in the matrix (see Figure 13-23).

r Proteins sorted to mitochondrial destinations other than
the matrix usually contain two or more targeting sequences,
one of which may be an N-terminal matrix-targeting sequence
(see Figure 13-25).

556 C H A P T E R  1 3  I  M O V T N G  p R O T E t N S  | N T O  M E M B R A N E S  A N D  O R G A N E L L E S



r Some mitochondrial proteins destined for the intermem-
brane space or inner membrane are first imported into the
matrix and then redirected; others never enter the matrix
but go directly to their final location.

r Protein import into the chloroplast stroma occurs
through inner-membrane and outer-membrane transloca-
tion channels that are analogous in function to mitochon-
drial channels but composed of proteins unrelated in se-
quence to the corresponding mitochondrial proteins.

r Proteins destined for the thylakoid have secondary tar-
geting sequences. After entry of these proteins into the

stroma, cleavage of the stromal-targeting sequences reveals

the thylakoid-targeting sequences.

r The four known pathways for moving proteins from the

chloropiast stroma to the thylakoid closely resemble

translocation across the bacterial inner membrane (see Fig-

ure 13-28). One of these systems can translocate folded
protelns.

Sorting of Peroxisomal Proteins
Peroxisomes are small organelles bounded by a single mem-

brane. Unlike mitochondria and chloroplasts, peroxisomes

lack DNA and ribosomes. Thus all peroxisomal proteins are

encoded by nuclear genes, synthesized on ribosomes free in

the cytosol, and then incorporated into preexisting or newly

generated peroxisomes. As peroxisomes are enlarged by ad-

dition of protein (and lipid), they eventually divide, forming

new ones, as is the case with mitochondria and chloroplasts.
The size and enzyme composition of peroxisomes vary

considerably in different kinds of cells. However, all peroxi-

somes contain enzymes that use molecular oxygen to oxidize

various substrates such as amino acids and fatty acids,

breaking them down into smaller components for use in

biosynthetic pathways. The hydrogen peroxide (H2O2) gen-

erated by these oxidation reactions is extremely reactive and

potentially harmful to cellular componentsl however, the

peroxisome also contains enzymes, such catalase, that effi-

ciently convert H2O2 into H2O. In mammals, peroxisomes

are most abundant in liver cells, where they constitute about

1 to 2 percent of the cell volume.

Cytosolic Receptor Targets Proteins with
an SKL Sequence at  the C-Terminus in to
the Perox isomal  Matr ix

The import of catalase and other proteins into rat liver per-

oxisomes can be assayed in a cell-free system similar to that

used for monitoring mitochondrial protein import (see Fig-

ure 73-22). By testing various mutant catalase proteins in

this system, researchers discovered that the sequence Ser-

Lys-Leu (SKL in one-letter code) or a related sequence at the

C-terminus was necessary for peroxisomal targeting. Fur-

ther, addition of the SKL sequence to the C-terminus of a

normally cytosolic protein leads to uptake of the altered pro-

tein by peroxisomes in cultured cells. All but a few of the

E
Peroxisomal
matrix protein

A FIGURE 13-29 PTS1 directed importof peroxisomal matrix

proteins. Step [: Catalase and most other peroxisomal matrix

proteins contain a C-terminal PTSl uptake-targeting sequence (red)

that binds to the cytosolic receptor Pex5. Step Z: Pex5 with the

bound matrix protein interacts with the Pex'14 receptor located on

the peroxisome membrane. Step B: The matrix protein-Pex5

complex is then transferred to a set of membrane proteins (Pex'l 0,

Pexl 2, and Pex2) that are necessary for translocation into the

peroxisomal matrix by an unknown mechanism. Step 4: At some

point, either during translocation or in the lumen, Pex5 dissociates

from the matrix protein and returns to the cytosol, a process that

involves Ihe Pex2/10112 complex and additional membrane and

cytosolic proteins not shown. Note that folded proteins can be

imported into peroxisomes and that the targeting sequence ls not

removed in the matrix [See P E Purdue and P B Lazarow,2001 , Ann

Rev. Cell Devel Biot 17:101, S Subramani et al , 2000, Ann Rev Brcchem

59:399;  andVDammai andS Subramani ,2001 ,Cel l  105:187 1

many different peroxisomal matrix proteins bear a sequence

of this type, known as peroxisomal-targeting sequence L ' or

simply PTS1.
The pathway for import of catalase and other PTSI-

bearing proteins into the peroxisomal matrix is depicted in

Figure 13-29. The PTSl binds to a soluble carrier protein in

the cytosol (Pex5), which in turn binds to a receptor in the

peroxisome membrane (Pex14). The soluble and membrane-

associated peroxisomal import receptors appear to have a

function analogous to that of the SRP and SRP receptor in

targeting proteins to the ER lumen, except that the soluble
ptsf -bindlng protein functions post-translationally. The pro-

tein to be imported then moves through a multimeric

Pex14
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translocation channel while still bound to pex5, a feature
that differs from protein import into the ER lumen. At some
stage either during or after entry into the matrix, pex5 dis-
sociates from the peroxisomal matrix protein and is recycled
back to the cytoplasm. In conrrasr to the N-terminal uptake-
targetlng sequences on proteins destined for the ER lumen,
mitochondrial matrix, and chloroplast stroma, the pTSl se-
quence is not cleaved from proteins after their entry into a
peroxisome. Protein import into peroxisomes requires ATp
hydrolysis, but it is not known how the energy reliased from
ATP is used to power unidirectional translocation across the
peroxisomal membrane.

The peroxisome import machinery, unlike mosr sysrems
that mediate protein import into the ER, mitochondria, and
chloroplasts, can translocate folded proteins across the
membrane. For example, catalase assumes a folded confor-
mation and binds to heme in the cytoplasm before traversing
the peroxisomal membrane. Cell-free studies have shown
that the peroxisome import machinery can transport large
macromolecular objects, including gold particles of about 9
nm in diameter, as long as they have a pTSl tag attached to
them. However, peroxisomal membranes do nor appear to
contain large stable pore structures, such as the nuclear Dore
described in the next section. The fundamental mechanism
of peroxisomal matrix protein translocation is not well un-
derstood but is a topic under active investigation. Some of
the mechanisms under consideration include the idea that
peroxisomal membrane proteins pex10, pex12, and pex2
may assemble to form a relatively large transmembrane
channel with a gated opening of about 10-15 nm (for refer-

peroxisomal matrix and Pex5 would be released back into
the cytosol to complete another round of cargo import.

A few peroxisomal  marr ix  prore ins such-as th io lase are
synthesized as precursors with an N-terminal uptake-
targeting sequence known as PTS2. These proteins bind to
a different cytosolic receptor prorein, but oiherwise import
is thought to occur by the same mechanism as for piSl-
containing proteins.

Peroxisomal  Membrane and Matr ix  prote ins
Are Incorporated by Different pathways

identif ied more than 20 genes that are required for peroxi-
some biogenesis. I

Studies with peroxisome-assembly mutants have shown that
different pathways are used for importing peroxisomal matrix
proteins versus inserting proteins into the peroxisomal mem-
brane. For example, analysis of cells from some Zellweger
patients led to identification of genes encoding the putative
translocation channel proteins Pex10, Pex12, and pex2.
Mutant cells defective in any one of these proteins cannot
rncorporate matrix proteins into peroxisomes; nonetheless,
the cells contain empty peroxisomes that have a normal com-
plement of peroxisomal membrane proteins (Figure 13-30b).

Stained for
PMPTO

Stained for
cata lase(a)  Wi ld - type  ce l l s

Cata lase  PMP70

o .  '  " , ', o 9 O

Peroxisome

population. Such defects can lead to severe develoomental
defects often associated with craniofacial abnormaiit ies. In
Zellweger syndrome and related disorders, for example.
the t ransport  of  many or  a l l  prote ins in to the peroxisomal
matrix is impaired: newly synthesized peroxisomal en_
zymes remain in the cytosol and are eventually degraded.
Genetic analyses of cultured cells from different Zellweser
patients and of yeast cells carrying similar mutations hive

Autosomal recessive mutations that cause defective
peroxisome assembly occur naturally in the human

(b) Pex12 mutants (deficient
in matrix protein import)

(c) Pex3 mutants (deficient
in  membrane b iogenes is )

  EXPERIMENTAL FTGURE 13-30 Studies reveal different
pathways for incorporation of peroxisomal membrane and
matrix proteins. Cells were stained with fluorescent antibodies to
PMP70, a peroxisomal membrane protein, or with fluorescenr
antibodies to catalase, a peroxisomal matrix protein, then viewed
in a fluorescent microscope. (a) In wild-type cells, both peroxisomal
membrane and matrix proteins are visible as bright foci in numerous
peroxisomal bodies (b) In cells from a pex12-deficient patient,
catalase is distributed uniformly throughout the cytosol, whereas
PMP70 is localized normally to peroxisomal bodies (c) In cells from
a Pex3-deficient patient, peroxisomal membranes cannot assemble,
and as a consequence peroxisomal bodies do not form. Thus both
catalase and PMP70 are mis-localized to the cytosol [Courtesy of
Stephen Gould, Johns Hopkins Universitvl
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  FIGURE 13-31 Model of peroxisomal biogenesis and
division. The first stage in the de novo formation of peroxisomes rs
the incorporation of peroxisomal membrane proteins into precursor
membranes derived from the ER Pex19 acts as the receptor for
membrane-targeting sequences Pex3 and Pexl6 are required for the
proper insertion of proteins into the forming peroxisomal membrane
lnser t ion of  a l l  oeroxisomal  membrane prote ins produces a

Mutations in any one of three other genes were found to block
insertion of peroxisomal membrane proteins as well as import

of matrix proteins (Figure 13-30c). These findings demon-

strate that one set of proteins translocates soluble proteins

into the peroxisomal matrix but a different set is required for

insertion of proteins into the peroxisomal membrane. This sit-

uation differs markedly from that of the ER, mitochondrion,

and chloroplast, for which, as we have seen, membrane pro-

teins and soluble proteins share many of the same components
for their insertion into these organelles.

Although most peroxisomes are generated by division

of preexisting organelles, these organelles can arise de novo

by the three-stage process depicted in Figure 1'3-31'. In this

case, peroxisome assembly begins in the ER' At least two

peroxisomal membrane proteins, Pex3 and Pex16, are in-

serted into the ER membrane by the mechanisms described
in Section 13 .2. Pex3 and Pex16 recruit additional peroxiso-

mal proteins such as Pex19 forming a specialized region of

the ER membrane that can bud off of the ER to form a per-

oxisomal precursor membrane. Analysis of mutant cells re-

vealed that Pex19 is the receptor protein responsible for tar-

geting of peroxisomal membrane proteins' whereas Pex3

and Pex15 are necessary for their proper insertion into the

membrane. These three proteins are thought to be responsi-

ble for peroxisomal membrane protein assembly in mature

peroxisomes as well as during the de novo formation of new

peroxisomes. The insertion of peroxisomal membrane pro-

teins generates membranes that have all the components nec-

essary for import of matrix proteins, leading to the forma-

tion of mature, functional peroxisomes. Division of mature

peroxisomes, which largely determines the number of perox-

isomes within a cell, depends on sti l l  another protein, Pex11.

Overexpression of the Pex11 protein causes alatge increase

in the number of peroxisomes, suggesting that this protein

controls the extent of peroxisome division. The small perox-

isomes generated by division can be enlarged by incorpora-

tion of additional matrix and membrane proteins via the

same pathways described previously'

peroxisomal ghost, which is capable of importing protetns targeted

to the matrix The pathways for importing PTSl- and PTS2-bearing

matrix proteins differ only in the identity of the cytosolic receptor
(Pex5 and Pex7, respectively) that binds the targeting sequence (see

Figure 13-29) Complete incorporation of matrix proteins yields a

mature peroxisome. The proliferation of peroxisomes requires division

of mature peroxisomes, a process that depends on the Pexl 1 protein'

Sorting of Peroxisomal Proteins

r All peroxisomal proteins are synthesized on cytosolic

ribosomes and incorporated into the organelle post-

translationally.

r Most peroxisomal matrix proteins contain a C-terminal

PTS1 taigeting sequence; a few have an N-terminal PTS2

targeting sequence. Neither targeting sequence is cleaved

after import.

r All proteins destined for the peroxisomal matrix bind to

a cytosolic carrier protein, which differs for PTSI- and

PTS2-bearing proteins' and then are directed to common

import receptor and translocation machinery on the perox-

isomal membrane (see Figure 13-29).

r Translocation of matrix proteins across the peroxisomal

membrane depends on ATP hydrolysis. Many peroxisomal

matrix proteins fold in the cytosol and traverse the mem-

brane in a folded conformation, which is different than for

protein import into organelles such as the ER' mitochon-

drion, and chloroplast.

r Proteins destined for the peroxisomal membrane contain

different targeting sequences than peroxisomal matrix pro-

teins and are imported by a different pathway'

r Unlike mitochondria and chloroplasts, peroxisomes can

arise de novo from precursor membranes probably derived

from the ER as well as by division of preexisting organelles

(see Figure 13-31) .

TransPort into and out
of the Nucleus
The nucleus is separated from the cytoplasm by two mem-

branes, which form the nuclear envelope (see Figure 9-1)' The

nuclear envelope is continuous with the ER and forms a part

Mature peroxisome

Catalase
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of it. Transport of proteins from the cytoplasm into the nu-
cleus and movement of macromolecules, including mRNps,
tRNAs, and ribosomal subunits, out of the nucleus occur
through nuclear pores, which span both membranes of the nu-
clear envelope. Import of proteins into the nucleus shares
some fundamental features with protein import into other
organelles. For example, imported nuclear proteins carry
specific targeting sequences known as nuclear localization
sequences, or NLSs. However, proteins are imported into the
nucleus in a folded state, and thus nuclear import differs fun-
damentally from protein translocation across the membranes
of the ER, mitochondrion, and chloroplast, where proteins are
unfolded during translocation. In this section we discuss the
main mechanism by which proteins and some ribonuclear
proteins such as ribosomes enter and exit the nucleus. \We will
also discuss how mRNAs and other ribonuclear protein com-
plexes are exported from the nucleus by a process that differs
mechanistically from nuclear protein import.

Large and Smal l  Molecules Enter  and Leave the
Nucleus via Nuclear Pore Complexes
Numerous pores perforate the nuclear envelope in all eukary-
otic cells. Each nuclear pore is formed from an elaborate

structure termed the nuclear pore complex (NPC), which is
one of the largest protein assemblages in the cell. The total
mass of the pore structure is 60-80 million Da in vertebrates,
which is about 15 times larger than a ribosome. An NpC is
made up of multiple copies of some 30 different proreins
called nucleoporins. Electron micrographs of nuclear pore
complexes reveal a roughly octagonal, membrane-embedded
structure from which eight approximately 1O0-nm-long fila-
ments extend into the nucleoplasm (Figure 13-32). The distal
ends of these filaments are joined by the terminal ring, form-
ing a structure called the nuclear basket. The membrane-
embedded portion of the NPC is also attached directly to the
nuclear lamina, a network of lamin intermediate filaments
that form a meshwork extending over the inner surface of the
nuclear envelope (see Figure 20-1,6). Cytoplasmic filaments
extend from the cytoplasmic side of the NPC into the cytosol.

Ions, small metabolites, and globular proreins up to
2040 kDa can passively diffuse through the central aqueous
region of the nuclear pore complex. However, large proteins
and ribonucleoprotein complexes cannot diffuse in and out
of the nucleus. Ratheq these macromolecules are actively
transported through the NPC with the assistance of soluble
transporter proteins that bind macromolecules and also in-
teract with nucleoporins.

Cytoplasmic
f i laments

Outer  nuc lear
memDrane

N uc lear
envelope

Inner  nuc lear
membrane

Nucleoplasm

nucleoplasmic face shows the nuclear basket that extends from the
membrane portion. (b) Cutaway model of the pore complex. [part (a)
from V Doye and E Hurt, 1997, Curr Opin Cell Biol 9:401; courtesy of M W
Goldberg and T.  D Al len Part  (b)  adapted f rom M p Rout and J D Atchison.
2001 , J Biol. Chem. 276:165931

( b )

Cytoplasm

Nuc lear  lamina

Nuclear basket

Termina l  r ing

A FIGURE 13-32 Nuclear pore complex. (a) Nuclear envelopes
mrcrodissected from the large nuclei of Xenopus oocytes visualized
by field emission in-lens scanning electron microscopy. Iop: Vrew of
the cytoplasmic face reveals octagonal shape of memorane_
embedded portion of nuclear pore complexes Bottom: View of the
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The mechanism for import of cytoplasmic cargo proteins
mediated by an importin is shown in Figure 13-35 (the gen-
eral mechanism is the same for either a monomeric or dimeric
importin). Free importin in the cytoplasm binds to its cognate
NLS in a cargo protein, forming a bimolecwlar cargo com-
plex. The cargo complex then translocates through the NPC
channel as the importin B subunit interacts with a class of
nucleoporins called FG-nucleoporins. These nucleoporins,
which line the channel of the nuclear pore complex and also
are found in the nuclear basket and the cytoplasmic fila-
ments, contain multiple repeats of short hydrophobic se-
quences rich in phenylalanine (F) and glycine (G) residues
(FG-repeats). The hydrophobic FG-repeats are thought to oc-
cur in regions of extended, otherwise hydrophilic polypeptide
chains that fill the central transporter channel and in some
way allow the relatively hydrophobic importin complexes to
traverse the channel efficiently while excluding unchaper-
oned hydrophilic proteins larger than 20-40 kDa.'Sfhen 

the cargo complex reaches the nucleoplasm, the
importin interacts with Ran.GTP, causing a conformational
change in the importin that decreases its affinity for the NLS,
releasing the cargo protein into the nucleoplasm. The im-
portin-Ran.GTP complex then diffuses back through the
NPC. Once the importin-Ran.GTP complex reaches the
cytoplasmic side of the NPC, Ran inreracts with a specific
GTPase-actiuating protein (Ran-GAP) that is a component
of the NPC cytoplasmic filaments. This stimulates Ran to
hydrolyze its bound GTP to GDP, causing it to convert to a

conformation that has low affinity for the importin, so that
the free importin is released into the cytoplasm, where it can
participate in another cycle of import. Ran.GDP travels back
through the pore to the nucleoplasm, where it encounters a
specific gwanine nucleotide-ex ch ange factor (Ran- G EF ) that
causes Ran to release its bound GDP in favor of GTP. The
net result of this series of reactions is the coupling of the hy-
drolysis of GTP to the transfer of an NlS-bearing protein
from the cytoplasm to the nuclear interior, thus providing a
driving force for nuclear transport.

The import complex travels through the pore by diffusion,
a random process. Yet transport is unidirectional. The direc-
tion of transport is a consequence of the rapid dissociation of
the import complex when it reaches the nucleoplasm. As a re-
sult, there is a concentration gradient of the importin-cargo
complex across the NPC: high in the cytoplasm, where the
complex assembles and low in the nucleoplasm, where it disso-
ciates. This concentration gradient is responsible for the unidi-
rectional nature of nuclear import. A similar concentration
gradient is responsible for driving the importin in the nucleus
back into the cytoplasm. The concentration of the importin-
Ran.GTP complex is higher in the nucleoplasm, where it as-
sembles, than on the cytoplasmic side of the NPC, where it dis-
sociates. Ultimately the direction of the transporr processes is
dependent on the asymmetric distribution of the Ran-GEF and
the Ran-GAP. Ran-GEF in the nucleoplasm maintains Ran in
the Ran.GTP state, where it promotes dissociation of the cargo
complex. Ran-GAP on the cytoplasmic side of the NPC

< FIGURE 13-35 Nuclear import.
Mechanism for  nuclear  import  of  "cargo"
proteins. In the cytoplasm (boftorn), a free
importin binds to the NLS of a cargo protein,
forming a bimolecular cargo complex. ln the
case of a basic NLS, the adapter protein
importin o bridges the NLS and importin p,
forming a trimolecular cargo complex (not
shown). The cargo complex diffuses through
the NPC by interacting with successive FG-
nucleoporins ln the nucleoplasm, interaction
of Ran.GTP with the imoortin causes a
conformational change that decreases its
affinity for the NLS, releasing the cargo To
support another cycle of import, the importin-
Ran'GTP complex is transported back to the
cytoplasm. A GTPase-accelerating protein
(GAP) associated with the cytoplasmic
fi laments of the NPC stimulates Ran to
hydrolyze the bound GTP This generates a
conformational change causing dissociation
from the importin, which can then init iate
another round of import Ran.GDP is returned
to the nucleoplasm, where a guanine
nucleotide-exchange factor (GEF) causes
release of GDP and rebindinq of GTP

Ran 'GDP

t i
\ra./

D
P
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T
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converts Ran.GTP to Ran.GDP, dissociating the importin-
Ran.GT? complex and releasing free importin into the cytosol.

Exportins Transport Proteins Containing
Nuclear-Expor t  S ignals  out  o f  the Nucleus
A very similar mechanism is used to export proteins, tRNAs,
and ribosomal subunits from the nucleus to the cytoplasm.
This mechanism initiallv was elucidated from studies of certain
ribonuclear protein complexes that "shuttle" between the nu-
cleus and cytoplasm. Such "shuttling" proteins contain a
nuclear-export signal /NES/ that stimulates their export from
the nucleus to the cytoplasm through nuclear pores, in addition
to an NLS that results in their uptake into the nucleus. Experi-
ments with engineered hybrid genes encoding a nucleus-
restricted protein fused to various segments of a protein that
shuttles in and out of the nucleus have identified at least three
different classes of NESs: a leucine-rich sequence found in PKI
(an inhibitor of protein kinase A) and in the Rev protein of hu-
man immunodeficiency virus (HIV), as well as tvvo sequences
identified in fwo different heterogeneous ribonucleoprotein
particles (hnRNPs). The functionally significant structural fea-
tures that specify nuclear export remain poorly understood.

The mechanism whereby shuttling proteins are exported
from the nucleus is best understood for those containing a
leucine-rich NES. According to the current model, shown in
Figure 13-36a, a specific exportin, or nuclear-export receptor,
in the nucleus, called exportin 1, first forms a complex with
Ran.GTP and then binds the NES in a cargo protein. Binding
of exportin 1 to Ran.GTP causes a conformational change in
exportin 1 that increases its affinity for the NES so that a tri-
molecular cargo compler is formed. Like importins, exportin
1 interacts transiently with FG-repeats in FG-nucleoporins
and diffuses through the NPC. The cargo complex dissociates
when it encounters the Ran-GAP in the NPC cytoplasmic fila-
ments, which stimulates Ran to hydrolyze the bound GTI
shifting it into a conformation that has low affinity for ex-
portin 1. The released exportin 1 changes conformation to a
structure that has low affinity for the NES, releasing the cargo
into the cytosol. The direction of the export process is driven
by this dissociation of the cargo from exportin 1 in the cyto-
plasm, which causes a concentration gradient of the cargo
complex across the NPC that is high in the nucleoplasm and
low in the cytoplasm. Exportin 1 and the Ran'GDP are then
transported back into the nucleus through an NPC.

By comparing this model for nuclear export with that in
Figure 13-35 for nuclear import, we can see one obvious dif-
ference: Ran.GTP is part of the cargo complex during export
but not during import. Apart from this difference, the two
transport processes are remarkably similar. In both processes,
association of a transport signal receptor with Ran'GTP in
the nucleoplasm causes a conformational change that affects
its affinity for the transport signal. During import, the inter-
action causes release of the cargo, whereas during export, the
interaction promotes association with the cargo. In both ex-
port and import, stimulation of Ran'GTP hydrolysis in the
cytoplasm by Ran-GAP produces a conformational change in
Ran that releases the transport signal receptor. During nu-

clear export, the cargo is also released. Importins and ex-
portins both are thought to diffuse through the NPC channel
by successive interactions with FG-repeats in FG-nucleoporins.
Localization of the Ran-GAP and -GEF to the cytoplasm and
nucleus, respectivelS is the basis for the unidirectional trans-
port of cargo proteins across the NPC.

In keeping with the similarity in function of importins

and exportins, the two types of transport proteins are highly

homologous in sequence and structure. The entire family is

called the importin B familS or karyopherins. There are'l'4
karyopherins in yeast and more than20 in mammalian cells.
The NESs or NLSs to which they bind have been determined
for only a fraction of them. Remarkably, some individual
karyopherins function as both an importin and an exportin.

A similar shuttling mechanism has been shown to export

other cargoes from the nucleus. For example, exportin-t

functions to export tRNAs. Exportin-t binds fully processed

tRNAs in a complex with Ran'GTP that diffuses through

NPCs and dissociates when it interacts with Ran-GAP in

the NPC cytoplasmic filaments, releasing the IRNA into the

cytosol. A Ran-dependent process is also required for the

nuclear export of ribosomal subunits through NPCs once

the protein and RNA components have been properly as-

sembled in the nucleolus. Likewise, certain specific mRNAs

that associate with particular hnRNP proteins can be

exported by a Ran-dependent mechanism.

Most mRNAs Are Exported from the Nucleus by
a Ran- lndependent  Mechanism

Once the processing of an mRNA is completed in the nucleus,

it remains associated with specific hnRNP proteins rn a mes-

senger ribonuclear protein complex, or mRNP. The principle

transporter of mRNPs out of the nucleus is the nRNP ex-

porter, a heterodimeric protein composed of a large subunit

called nwclear export factor 1 (NXFI) or TAP and a small

subunit, nuclear export transporter L (Nxtl). The large sub-

unit binds to nuclear mRNPs through cooperative interac-

tions with the RNA and other mRNP adapter proteins that

associate with nascent pre-mRNAs during transcription elon-

gation and pre-mRNA processing. It seems likely that multi-

ple TAPNxtl mRNP exporters bound along the length of an

nRNP assist in its export. TAPAJxII acts like a karyopherin

in the sense that both subunits interact with the FG-domains

of FG-nucleoporins, allowing them to diffuse through the

central channel of the NPC. Tap also binds reversibly to the

protein Gle2, which in turn binds a nucleoporin in the nu-

clear basket, presumably positioning the mRNP for export

through the nuclear pore. A nucleoporin in the cytoplasmic

filaments of the NPC is also required for mRNP export. This

nucleoporin binds an RNA helicase that is proposed to func-

tion in the dissociation of the mRNP exporter and other hn-

RNP proteins from the mRNP as it reaches the cytoplasm.

The TAP/Nxt1 mRNP exporters do not appear to inter-

act with Ran, and thus the unidirectional transport of

mRNA out of the nucleus requires a source of energy other

than GTP hydrolysis by Ran. As the mRNP complex is

transported through an NPC, the proteins associated with
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< FIGURE 13-36 Ran-dependent and
Ran-independent nuclear export. (a) Ran-
dependent mechanism for nuclear export of
cargo proteins containing a leucine-rich nuclear-
export signal (NES) In the nucleoplasm, the
protein exportin 1 binds cooperatively to the
NES of the cargo protein to be transported
and to Ran.GTP After the resulting cargo
complex diffuses through an NPC via transient
interactions with FG repeats in FG-nucleoporins,
the Ran-GAP associated with the NPC cyto-
plasmic fi laments stimulates conversion of
Ran.GTP to Ran.GDP The accompanying
conformational change in Ran leads to dis-
sociation of the complex The NES-containing
cargo protein is released into the cytosol,
whereas exportin 1 and Ran.GDP are
transported back into the nucleus through
NPCs Ran-GEF in the nucleoplasm then
stimulates conversion of Ran.GDP to Ran.GTP.
(b) Ran-independent nuclear export of mRNAs
The heterodimeric TAP/Nxt1 complex binds to
mRNA-protein complexes (mRNPs) in the
nucleus Association of TAP/Nxt1 with
components of the NPC direct the associated
mRNP to the central channel of the pore. An
RNA helicase (Dbp5) located on the cyto-
plasmic side of the NPC is thought to provide
the driving force by hydrolysis for moving the
mRNP through the pore The helicase also
frees the mRNA from TAP and Nxtl proteins,
which are recycled back into the nucleus by
the Ran-dependent import process depicted in
Figure 13-35
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it are exchanged for another set of proteins in the cyto-
plasm, a process called mRNP remodeling (Figure 13-36b).
Several nuclear mRNP proteins dissociate from the mRNp
before it reaches the cytoplasmic side of the NpC. These re-
main in the nucleus, where they bind to newly synthesized
nascent pre-mRNA. Other nuclear mRNP proteins, includ-
ing the TAPA{xt1 mRNP exporter, are exported through
NPCs into the cytoplasm. Once they reach the cytoplasmic
side of the NPC, they dissociate from the mRNp with the

help of the RNA helicase, Dbp5, which associates with cy-
toplasmic NPC fi laments. Recall that RNA helicases use
the energy derived from hydrolysis of ATP to move along
RNA molecules, separating double-stranded RNA chains
and dissociating RNA-protein complexes (Chapter 4). This
leads to the simple idea that Dpb5, which associates with
the cytoplasmic side of the nuclear pore complex, acts as
an ATP-driven motor to move mRNP complexes through
the nuclear pore.
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After remodeling is completed, the TAP and Nxtl proteins
that have been stripped from the mRNA by Dbp5 helicase are
imported back into the nucleus by an importin, where they
can function in the export of another mRNP. Consequently,
these nuclear mRNP proteins shuttle between the nucleus and
cytoplasm, carrying mRNPs through NPCs (Figure 13-36b).

Transport into and out of the Nucleus

r The nuclear envelope contains numerous nuclear pore
complexes (NPCs), large, complicated structures composed
of multiple copies of 30 proteins called nucleoporins (see
Figure 1,3-32). FG-nucleoporins, which contain multiple
repeats of a short hydrophobic sequence (FG-repeats), line
the central transporter channel and play a role in transport
of all macromolecules through nuclear pores.

r Transport of macromolecules larger than 20-40 kDa
through nuclear pores requires the assistance of proteins
that interact with both the transported molecule and FG-
repeats of FG-nucleoporins.

r Proteins imported to or exported from the nucleus con-
tain a specific amino acid sequence that functions as a nu-
clear-localization signal (NLS) or a nuclear-export signal
(NES). Nucleus-restricted proteins contain an NLS but not
an NES, whereas proteins that shuttle between the nucleus
and cytoplasm contain both signals.

r Several different types of NES and NLS have been iden-
tified. Each type of nuclear-transport signal is thought to
interact with a specific receptor protein (exportin or im-
portin) belonging to a family of homologous proteins
termed karyopherins.

r A "cargo" protein bearing an NES or NLS translocates
through nuclear pores bound to its cognate receptor protein
(karyopherin), which also interacts with FG-nucleoporins.
Importins and exportins are thought to diffuse through the
channel, filled with a hydrophobic matrix of FG-repeats.
Both transport processes also require participation of Ran,
a monomeric G protein that exists in different conforma-
tions when bound to GTP or GDP.

r After a cargo complex reaches its destination (the cyto-
plasm during export and the nucleus during import), it dis-
sociates, freeing the cargo protein and other components.
The latter then are transported through nuclear pores in the
reverse direction to participate in transporting additional
molecules of cargo protein (see Figures 13-35 and 13-36).

r The unidirectional nature of protein export and import
through nuclear pores results from localization of the Ran
guanine nucleotide-exchange factor (GEF) in the nucleus
and of Ran GTPase-activating protein (GAP) in the cyto-
plasm. The interaction of import cargo complexes with the
Ran-GTP in the nucleoplasm causes dissociation of the
complex, releasing the cargo into the nucleoplasm (see Fig-
ure 13-35). Export cargo complexes dissociate in the cyto-
plasm when they interact with Ran'GAP localized to the
NPC cytoplasmic filaments (see Figure 13-36).

r Most mRNPs are exported from the nucleus by a het-

erodimeric mRNP exporter that interacts with FG-repeats

of FG-nucleoporins. The direction of transport (nucleus to

cytoplasm) may result from the action of an RNA helicase

associated with the cytoplasmic filaments of the nuclear
pore complexes.

As we have seen in this chapter, we now understand many

aspects of the basic processes responsible for selectively

transporting proteins into the endoplasmic reticulum (ER),

mitochondrion, chloroplast, peroxisome, and nucleus. Bio-

chemical and genetic studies, for instance, have identified

cis-acting signal sequences responsible for targeting proteins

to the correct organelle membrane and the membrane recep-

tors that recognize these signal sequences. 
'We 

also have

learned much about the underlying mechanisms that translo-

cate proteins across organelle membranes and have deter-

mined whether energy is used to push or pull proteins across

the membrane in one direction, the type of channel through

which proteins pass, and whether proteins are translocated
in a folded or an unfolded state. Nonetheless' many funda-

mental questions remain unanswered' including how fully

folded proteins move across a membrane and how the topol-

ogy of multipass membrane proteins is determined.
The peroxisomal import machinery provides one exam-

ple of the translocation of folded proteins. It not only is ca-

pable of translocating fully folded proteins with bound co-

factors into the peroxisomal matrix but can even direct the

import of a large gold particle decorated with a (PTS1) per-

oxisomal targeting peptide. Some researchers have speculated

that the mechanism of peroxisomal import may be related to

that of nuclear import, the best-understood example of post-

translational translocation of folded proteins. Both the per-

oxisomal and nuclear import machinery can transport folded

molecules of very divergent sizes, and both appear to involve

a component that cycles between the cytosol and the or-

ganelle interior-the Pex5 PTS1 receptor in the case of per-

oxisomal import and the Ran-importin complex in the case

of nuclear import. However, there also appear to be crucial

differences between the two translocation processes. For ex-

ample, nuclear pores represent large, stable macromolecular

assemblies readily observed by electron microscopy, whereas

analogous porelike structures have not been observed in the

peroxisomal membrane. Moreover' small molecules can

readily pass through nuclear pores, whereas peroxisomal

membranes maintain a permanent barrier to the diffusion of

small hydrophilic molecules. Taken together, these observa-

tions suggest that peroxisomal import may require an entirely

new type of translocation mechanism.
The evolutionarily conserved mechanisms for translocat-

ing folded proteins across the cytoplasmic membrane of bac-

terial cells and across the thylakoid membrane of chloro-

plasts also are poorly understood. A better understanding of

all of these processes for translocating folded proteins across
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a membrane will likely hinge on future development of in
vitro translocation systems that allow investigators to define
the biochemical mechanisms driving translocation and to
identify the structures of trapped translocation intermediates.

Compared with our understanding of how soluble proteins
are translocated into the ER lumen and mitochondrial matrix,
our understanding of how cis-acting sequences specify the
topology of multipass membrane proteins is quite elementary.
For instance, we do not know how the translocon channel ac-
commodates polypeptides that are oriented differently with re-
spect to the membrane, nor do we understand how local
polypeptide sequences interact with the translocon channel
both to set the orientation of transmembrane spans and to sig-
nal for lateral passage into the membrane bilayer. A better un-
derstanding of how the amino acid sequences of membrane
proteins can specify membrane topology will be crucial for de-
coding the vast amount of structural information for membrane
proteins contained within databases of genomic sequences.

A more detailed understanding of all translocation
processes should continue to emerge from genetic and bio-
chemical studies, both in yeasts and in mammals. These
studies will undoubtedly reveal additional key proteins in-
volved in the recognition of targeting sequences and in the
translocation of proteins across lipid bilayers. Finally, the
structural studies of translocon channels will likely be ex-
tended in the future to reveal at resolutions on the atomic
scale the conformational states that are associated with each
step of the translocation cycle.
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7. Describe the source or sources of energy needed for uni-
directional translocation across the membrane in (a) co-

translational translocation into the endoplasmic reticulum
(ER); (b) post-translational translocation into the ER; (c)
translocation across the bacterial cytoplasmic membranel
and (d) translocation into the mitochondrial marnx.
2. Translocation into most organelles usually requires the
activity of one or more cytosolic proteins. Describe the basic
function of three different cytosolic factors required for
translocation into the ER, mitochondria, and peroxisomes,
respectively.

3. Describe the typical principles used to identify topogenic
sequences within proteins and how these can be used to de-
velop computer algorithms. How does the identification of
topogenic sequences lead to prediction of the membrane
arrangement of a multipass protein? What is the importance
of the arrangement of positive charges relative to the mem,
brane orientation of a signal-anchor sequence?
4. The endoplasmic reticulum (ER) is an important site of
"quality control" for newly synthesized proteins. \7hat is
meant by "quality control" in this context? I7hat accessory
proteins are typically involved in the processing of newly syn-
thesized proteins within the ER? Cells generally degrade ER-
exit-incompetent proteins. 

'Sfhere 
within the cell does such

degradation occur and what is the relationship of the Sec61
protein translocon and p97 to the degradation process?
5. Temperature-sensitive yeast mutants have been isolated
that block each of the enzymatic steps in the synthesis of the
dolichol-oligosaccharide precursor for N-linked glycosyla-
tion (see Figure 1,3-1,7). Propose an explanation for why mu-
tations that block synthesis of the intermediate with the
structure dolichol-PP-(GlcNAc)2Man5 completely prevent
addition of N-linked oligosaccharide chains to secretory
proteins, whereas mutations that block conversion of this
intermediate into the completed precursor-dolichol-PP-
(GlcNAc)2ManeGlca-allow the addition of N-linked
oligosaccharide chains to secretory glycoproteins.
6. Name four different proteins that facilitate the modifi-
cation and/or folding of secretory proteins within the lumen
of the ER. Indicate which of these proteins covalently modi-
fies substrate proteins and which brings about only confor-
mational changes in substrate proteins.

7. Because you are interested in studying how a particular
secretory protein folds within the ER, you wish to determine
whether BiP binds to the newly synthesized protein in ER ex-
tracts. You find that you can isolate some of the newly syn-
thesized secretory protein bound to BiP when ADP is added
to the cell extract but not when ATP is added to the extract.
Explain this result based on the mechanism for BiP binding
to substrate proteins.

8. Describe what would happen to the precursor of a mito-
chondrial matrix protein in the following types of mitochon-
drial mutants: (a) a mutation in the Tom22 signal receptor,
(b) a mutation in the Tom70 signal receptor, (c) a mutation
in the matrix Hsc70, and (d) a mutation in the matrix signal
peptidase.

9. Describe the similarities and differences between the
mechanism of import into the mitochondrial matrix and the
chloroplast stroma.
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10. Design a set of experiments using chimeric proteins,
composed of a mitochondrial precursor protein fused to di-
hydrofolate reductase (DHFR), that could be used to deter-
mine how much of the precursor protein must protrude into
the mitochondrial matrix in order for the matrix-targeting
sequence to be cleaved by the matrix-processing protease
(see Figure 1,3-24).

11. Protein targeting to both mitochondria and chloro-
plasts involves the sorting of proteins to multiple sites
within the respective organelle. Briefly l ist these sites. Tak-
ing the mitochondrion as an example and the proteins
ADP/ATP anti-porter and cytochrome b2 as the specific
cases, compare and contrast the extent to which a common
mechanism is used for the site-specific targeting of these
two protelns.

12. Peroxisomes contain enzymes that use molecular oxy-
gen to oxidize various substrates, but in the process hydro-
gen peroxide forms and must be degraded. lfhat is the name
of the enzyme responsible for the breakdown of hydrogen
peroxide to water and what mechanism and associated pro-
teins allow for its import into the peroxisome?

13. Suppose that you have identified a new mutant cell line
that lacks functional peroxisomes. Describe how you could
determine experimentally whether the mutant is primarily
defective for insertion/assembly of peroxisomal membrane
protelns or matrlx protelns.

14. Evidence throughout Chapter 13 reveals that specific
motifs within polypeptides are necessary to direct or tar-
get these proteins across membranes and into organelles.
The nuclear import of proteins having a molecular mass
more than approximately 40 kDa is no different, and they
must be actively imported through nuclear pore com-
plexes. What is the name given to the amino acid sequence
that allows the selective transport of macromolecular
cargo proteins into the nucleus? Name three proteins that
are required for this import and briefly describe how they
function.

15. 
'Sfhy 

is localization of Ran-GAP in the nucleus and Ran-
GEF in the cytoplasm necessary for unidirectional transport
of cargo proteins containing an NES?

Analyze the Data

Imagine that you are evaluating the early steps in transloca-
tion and processing of the secretory protein prolactin. By us-
ing an experimental approach similar to that shown in Fig-
ure 1.3-7, you can use truncated prolactin mRNAs to control
the length of nascent prolactin polypeptides that are synthe-
sized. \fhen prolactin mRNA that lacks a chain-termination
(stop) codon is translated in vitro, the newly synthesized
polypeptide ending with the last codon included on the
mRNA will remain attached to the ribosome, thus allowing
a polypeptide of defined length to extend from the ribosome.
You have generated a set of mRNAs that encode segments of
the N-terminus of prolactin of increasing length, and each
mRNA can be translated in vitro by a cytosolic translation
extract containing ribosomes, tRNAs, aminoacyl-tRNA syn-

thetases, GTP, and translation initiation and elongation fac-

tors. 
'When 

radiolabeled amino acids are included in the

translation mixture, only the polypeptide encoded by the

added mRNA will be labeled. After completion of translation,
each reaction mixture was resolved by SDS poly-acrylamide
gel electrophoresis, and the labeled polypeptides were iden-

tified by autoradiography.

a. The autoradiogram depicted below shows the re-

sults of an experiment in which each translation reaction

was carried out either in the presence (+) or the absence (-)

of microsomal membranes. Based on the gel mobility of pep-

tides synthesized in the presence or absence of microsomes,

deduce how long the prolactin nascent chain must be in or-

der for the prolactin signal peptide to enter the ER lumen

and to be cleaved by signal peptidase. (Note that micro-

somes carry significant quantities of SRP weakly bound to

the membranes.)
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b. Given this length, what can you conclude about the

conformational state(s) of the nascent prolactin polypeptide

when it is cleaved by signal peptidase? The following lengths

will be useful for your calculation: the prolactin signal se-

quence is cleaved after amino acid 31; the channel within the

,iboro-. occupied by a nascent polypeptide is about 150 A

long; a membrane bilayer is about 50 A thick; in polypep-

tides with an a-helical conformation, one residue extends

1.5 A, whereas in fully extended polypeptides, one residue

extends about 3.5 A.

c. The experiment described in part (a) is carried out

in an identical manner except that microsomal membranes

are not present during translation but are added after

translation is complete. In this case none of the samples

shows a difference in mobility in the presence or absence

of microsomes. lfhat can you conclude about whether pro-

lactin can be translocated into isolated microsomes post-

translationally?

d. In another experiment, each translation reaction

was carried out in the presence of microsomes, and then the

microsomal membranes and bound ribosomes were sepa-

rated from free ribosomes and soluble proteins by centrifu-

gation. For each translation reaction' both the total reaction
(T) and the membrane fraction (M) were resolved in neigh-

boring gel lanes. Based on the amounts of labeled polypep-

tide in the membrane fractions in the autoradiogram de-

picted beloq deduce how long the prolactin nascent chain
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must be in order for ribosomes engaged in translation to en-
gage the SRP and thereby become bound to microsomal
membranes.
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Scanning electron micrograph showing the formation of clathrin-
coated vesicles on the cytosol ic face of the plasma membrane

fJohn Heuser, Washington University School of Medicine ]

I n the previous chapter we explored how proteins are tar-

I g.ted to and translocated across the membranes of several
I different intracellular organelles, including the endoplasmic
reticulum, mitochondria and chloroplasts, peroxisomes, and
the nucleus. In this chapter we turn our attention to the
secretory pathway and the mechanisms that allow soluble
and membrane proteins to be delivered to the plasma mem-
brane and the lysosome. Ii7e will also discuss the related
processes of endocytosis and autophagy, which deliver pro-
teins and small molecules from either outside the cell or from
the cytoplasm to the interior of the lysosome for degradation.

Soluble and membrane proteins slated to function at the
cell surface or in the lysosome are transported to their final
destination via the secretory pathway. Proteins delivered to
the plasma membrane include cell-surface receptors, trans-
porters for nutrient uptake, and ion channels that maintain
the proper ionic and electrochemical balance across the
plasma membrane. Soluble secreted proteins follow the same
pathway to the cell surface as plasma membrane proteins,
but instead of remaining embedded in the membrane, se-
creted proteins are released into the aqueous extracellular
environment in soluble form. Examples of secreted proteins
are digestive enzymes, peptide hormones, serum proteins,
and collagen. As described in Chapter 9, the lysosome is an
organelle with an acidic interior that is generally used for
degradation of unwanted proteins and the storage of small
molecules such as amino acids. AccordinglS the types of
proteins delivered to the lysosomal membrane are subunits
of the V-class proton pump that pumps H* from the cytosol
into the acidic lumen of the lysosome as well as transporters
to release small molecules stored in the lvsosome into the
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cytoplasm. Soluble proteins delivered by this pathway

include lysosomal digestive enzymes such as proteases' gly-

cosidases, phosphatases, and lipases.

In contrast to the secretory pathway' which is generally

used to deliver newly synthesized membrane proteins to their

correct address, the endocytic pathway is used to take up sub-

stances from the cell surface into the interior of the cell. The

endocytic pathway is used to take up certain nutrients that

are too large to be transported across the plasma membrane

by one of the transport mechanisms discussed in Chapter 1 1.

For example, the endocytic pathway is utilized in the uptake

of cholesterol carried in LDL particles and iron atoms carried

by the iron-binding protein transferrin. In addition, the endo-

cytic pathway can be used remove receptor proteins from the

cell surface as a way to down-regulate their activity.
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A single unifying principle governs all protein trafficking
in the secretory and endocytic pathways: transport of mem-
brane and soluble proteins from one membrane-bounded
compartment to another is mediated by transport vesicles that
collect " cargo" proteins in buds arising from the membrane of
one compartment and then deliver these cargo proteins to the
next compartment by fusing with the membrane of thar com-
partment. Importantly as transport vesicles bud from one
membrane and fuse with the next, the same face of the mem-
brane remains oriented toward the cytosol. Therefore once a
protein has been inserted into the membrane or the lumen of
the ER, the protein can be carried along the secretory path-
way moving from one organelle ro the next without being
translocated across another membrane or altering its orienta-
tion within the membrane. Similarly, the endocytic pathway
uses vesicle traffic to transport proteins from the plasma mem-
brane to the endosome and lysosome and thus preserves their
orientation in the membrane of these organelles. Figure 14-1
outlines the major routes for protein trafficking in the cell.

Reduced to its simplest elements, the secretory pathway
for delivery of newly synthesized proteins ro the plasma
membrane or the lysosome operates rn two stages. The first
stage takes place in the rough endoplasmic reticulum (ER),
as described in Chapter 13. Newly synthesized soluble and
membrane proteins are translocated into the ER, where they
fold into their proper conformation and receive covalent
modifications such as N-linked and O-linked carbohydrates
and disulfide bonds. Once newly synthesized proteins are
properly folded and have received their correct modifica-
tions in the ER lumen, they progress ro the second stage of
the secretory pathway, rransport through the Golgi. In the
ER, secretory proteins are packaged into anterograde
(forward-moving) transport vesicles. These vesicles fuse with
each other to form a flattened membrane-bounded compart-
ment known as the cis-Golgi cisterna. Certain proteins,
mainly ER-localized proteins, are retrieved from the cis-
Golgi to the ER via a different set of retrograde (backward-
moving) transport vesicles. A new cls-Golgi cisterna with its
cargo of proteins physically moves from the cis position
(nearest the ER) to the trans position (farthest from the ER),
successively becoming first a medial-Golgi cisterna and then
a trans-GoIgi cisterna. This process, known as cisternal mat-
uration, does nor involve the budding off and fusion of an-
terograde transport vesicles. During cisternal maturation,
enzymes and other Golgi-resident proteins are constantly be-
ing retrieved from later to earlier Golgi cisternae by retro-
grade transport vesicles, thereby remaining localized to the
cis-, medial-, or trans-Golgi cisternae. As secrerory prorelns
move through the Golgi, they can receive further modifica-
tions to l inked carbohydrates by specific glycosyl trans-
ferases that are housed in the different Golgi comparrmenrs.

Proteins in the secretory pathway that are destined for the
plasma membrane or lysosome eventually reach a complex
network of membranes and vesicles termed the trans-Golgi
network (TGN). The TGN is a major branch point in the se-
cretory pathway, and through a process known as protein
sorttng, a protein can be loaded into one of at least three dif-
ferent kinds of vesicles that bud from the TGN. After buddine

from the trans-Golgi network, the first type of vesicle immedi-
ately moves to and fuses with the plasma membrane in a
process known as exocytosis, thus releasing its contents to the
exterior of the cell while the membrane proteins from the vesi-
cle become incorporated into the plasma membrane. In all cell
types, at least some proteins are loaded into such vesicles and
secreted continuously in this manner. The second type of vesi-
cle to bud from the trans-Golgi network, known as secretory
vesicles, are stored inside the cell until a signal for exocytosis
causes release of their contents at the plasma membrane.
Among the proteins released by such regulated secretion are
peptide hormones (e.g., insulin, glucagon, ACTH) from vari-
ous endocrine cells, precursors of digestive enzymes from pan-
creatic acinar cells, milk proteins from the mammary gland,
and neurotransmitters from neurons. The third type of vesicle
that buds from the trans-Golgi network is directed to the
lysosome, an organelle responsible for the intracellular degra-
dation of macromolecules, and to lysosome-like storage
organelles in certain cells. Secretory proteins destined for lyso-
somes are first transported by vesicles from the trans-Golgi
network to a compartment usually called the late endosome;
proteins then are transferred to the lysosome by direct fusion
of the endosome with the lysosomal membrane.

Endocytosis is related mechanistically to the secretory
pathway. In the endocytic pathway, vesicles bud from the
plasma membrane, bringing membrane proteins and their
bound ligands into the cell (see Figure 14-1). After being
internalized by endocytosis, some proteins are transported
to lysosomes via the late endosome, whereas others are recy-
cled back to the cell surface.

In this chapter we first discuss how our knowledge of the
secretory pathway and endocytosis has expanded through ex-
perimental techniques. Then we focus on the general mecha-
nisms of membrane budding and fusion. We will see that al-
though different kinds of transport vesicles utilize distinct sets
of proteins for their formation and fusion, all vesicles use the
same general mechanism for budding, selection of particular
sets of cargo molecules, and fusion with the appropriate target
membrane. The following two sections show how coordina-
tion between particular vesicle trafficking steps can maintain
the identity (i.e., a stable set of resident proteins) of the differ-
ent compartments along the secretory pathway and how
cargo selection by vesicles is used to sort proteins to different
intracellular locations. Next we will turn our attention to the
endocytic pathway to examine how endocytosis is used to
transport macromolecules from the extracellular environment
into the cell interior. Finally we will examine the variety of
ways that membrane proteins and macromolecules from the
cell interior are transported to the lysosome for degradation.

Im Techniques for Studying
the Secretory Pathway
The key to understanding how proteins are transporred
through the organelles of the secretory pathway has been
to develop a basic description of the function of transporr
vesicles. Many components required for the formation and
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fusion of transport vesicles have been identified in the past
decade by a remarkable convergence of the genetic and bio-
chemical approaches described in this section. All studies of
intracellular protein trafficking employ some method for as-
saying the transport of a given protein from one compart-
ment to another. \7e begin by describing how intracellular
protein transport can be followed in living cells and then
consider genetic and in vitro systems that have proved useful
in elucidating the secretory pathway.

Transport of a Protein Through the Secretory
Pathway Can Be Assayed in Living Cells
The classic studies of G. Palade and his colleagues in the 1960s
first established the order in which proteins move from or-
ganelle to organelle in the secretory p"ih*"y. These early stud-
ies also showed that secretory proteins are never released into
the cytosol, the first indication that transported proteins are al-
ways associated with some type of membrane,bounded inter-
mediate. In these experiments, which combined pulse-chase la-
beling (see Figure 3-39) and autoradiography, radioactively
labeled amino acids were injected into the pancreas of a ham-
ster. At different times after injection, the animal was sacrificed
and the pancreatic cells were chemically fixed, sectioned, and
subjected to autoradiography to visualize the location of the
radiolabeled proteins. Because the radioactive amino acids
were administered in a short pulse, only those proteins synthe-
sized immediately after injection were labeled, forming a dis-
tinct group, or cohort, of labeled proteins whose transport
could be followed. In addition, because pancrearic acinar cells
are dedicated secretory cells, almost all of the labeled amino

acids in these cells are incorporated into secretory proteins, fa-
cilitating the observation of transported proteins.

Although autoradiography is rarely used today to localize
proteins within cells, these early experiments illustrate the
two basic requirements for any assay of intercompartmental
transport. First, it is necessary to label a cohort ofproteins in
an early compartment so that their subsequent transfer to
Iater compartments can be followed with time. Second, it is
necessary to have a way to identify the compartment in which
a labeled protein resides. Here we describe two modern ex-
perimental procedures for observing the intracellular traffick-
ing of a secretory protein in almost any type of cell.

In both procedures, a gene encoding an abundant mem-
brane glycoprotein (G protein) from vesicular stomaritis virus
(VSV) is introduced into cultured mammalian cells either by
transfection or simply by infecting the cells with the virus. The
treated cells, even those that are not specialized for secretion,
rapidly synthesize the VSV G protein on the ER like normal
cellular secretory proteins. Use of a mutant encoding a temper-
ature-sensitive VSV G protein allows researchers to turn subse-
quent transport of this protein on and off. At the restrictive
temperature of 40 'C, newly made VSV G protein is misfolded
and therefore retained within the ER by quality-control mech-
anisms discussed in Chapter 13, whereas at the permissive tem-
perature of 32"C, the protein is correctly folded and is trans-
ported through the secretory pathway to the cell surface. This
clever use of a temperature-sensitive mutation in effect defines
a protein cohort whose subsequent transport can be followed.

In two variations of this basic procedure, transport of
VSV G protein is monirored by different techniques. Studies
using both of these modern trafficking assays and Paladet

0  m i n

A EXPERIMENTAL FIGURE 14-2 protein transport through the
secretory pathway can be visualized by fluorescence microscopy
of cells producing a GFP-tagged membrane protein. Cultured cells
were transfected with a hybrid gene encoding the viral membrane
glycoprotein VSV G protein linked to the gene for green fluorescent
protein (GFP). A mutant version of the viral gene was used so that
newly made hybrid protein (VSVG-GFP) is retained in the ER at 40 .C
but is released for transport at 32 "C. (a) Fluorescence micrographs of
cells just before and at two times after they were shifted to the lower
temperature. Movement of VSVG-GFP from the ER to the Golqi and

Video: Transport of VSVG-GFP Through the Secretory pathway
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f inally to the cell surface occurred within 180 minutes. The scale
bar is 5 p.m (b) Plot of the levels of VSVG-GFp in the endoplasmic
reticulum (ER), Golgi, and plasma membrane (pM) at different
times after shift to lower temperature. The kinetics of transport
from one organelle to another can be reconstructed from
computer analysis of these data. The decrease in total f luorescence
that occurs at later t imes probably results from slow inactivation of
GFP fluorescence IFrom Jennifer Lippincott-Schwartz and roret
Hirschberg,  Metabol ism Branch,  Nat ional  Inst i tute of  Chi ld Heal th and
Human Develooment I
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early experiments all came to the same conclusron: In mam-
malian cells vesicle-mediated transport of a protein molecule
from its site of synthesis on the rough ER to its arrival at the
plasma membrane takes from 30 to 60 minutes.

Microscopy of GFP-Labeled VSV G Protein One approach
for observing transport of VSV G protein employs a hybrid
gene in which the viral gene is fused to qhe gene encoding green

fluorescent protein (GFP), a naturally fluorescent protein
(Chapter 9). The hybrid gene is transfectpd into cultured cells
by techniques described in Chapter 5. \(hen cells expressing
the temperature-sensitive form of the hybrid protein (VSVG-

GFP) are grown at the restrictive temperature, VSVG-GFP ac-
cumulates in the ER, which appears as a lacy network of mem-
branes when cells are observed in a fluorescent microscope.
When the cells are subsequently shifted to a permissive tem-
perature, the VSVG-GFP can be seen to move first to the mem-
branes of the Golgi apparatus, which are densely concentrated
at the edge of the nucleus, and then to the cell surface (Figure

1.4-2a). By analyzing the distribution of VSVG-GFP at different
times after shifting cells to the permissive temperature' re-

searchers have determined how long VSVG-GFP resides in

each organelle of the secretory pathway (Figure 14-2b).

( a )

Mannose
t r i m m i n g

+

Detection of Compartment-Specific Oligosaccharide

Modifications A second way to follow the transport of

secretory proteins takes advantage of modifications to their

carbohydrate side chains that occur at different stages of the

secretory pathway. To understand this approach, recall that

many secretory proteins leaving the ER contain one or more

copies of the N-linked oligosaccharide Mans(GlcNAc)2,

which are synthesized and attached to secretory proteins in

the ER (see Figure 13-18). As a protein moves through the

Golgi complex, different enzymes localized to the cis-, me-

dial-, and trans-Golgi cisternae catalyze an ordered series of

reactions to these core Mans(GlcNAc)z chains, as discussed

in a later section of this chapter. For instance, glycosidases

that reside specifically in the cis-Golgi compartment sequen-

tially trim mannose residues off the core oligosaccharide to

yield a "trimmed" form Man5(GlcNAc)2. Scientists can use

a specialized carbohydrate-cleaving enzyme known as endo-

glycosidase D to distinguish glycosylated proteins that

remain in the ER from those that have entered the cis-

Golgi: trimmed cls-Golgi-specific oligosaccharides are

cleaved from proteins by endoglycosidase D, whereas the

core (untrimmed) oligosaccharide chains on secretory pro-

teins within the ER are resistant to cleavage by this enzyme

(Figure 1'4-3a\. Because a deglycosylated protein produced

by endoglycosidase D digestion moves faster on an SDS gel

I 
Extract slycoprotein I

(Man)a(GlcNAc)z  (Man)s(GlcNAc) ,

I 
rreat with endoslycosidase D 

I

(b )  T ime a t  32  'C  (min)

(ER) Resistant._

(cls-Golgi) Sensit ive i

(c )

0
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processed in the crs-Golgi but not from proteins in the ER. (b) SDS gel

electrophoresis of the digestion mixtures resolves the resistant,

uncleaved (slower-migrating) and sensitive, cleaved (faster-migrating)

forms of labeled VSVG As this electrophoretogram shows, initially all

of the VSVG was resistant to digestion, but with time an increasing

fraction is sensitive to digestion, reflecting protein transported from the

ER to the Golgi and processed there. In control cells kept at 40'C, only

slow-moving, digestion+esistant VSVG was detected after 60 minutes
(not shown). (c) Plot of the proportion of VSVG that is sensitive to

digestion, derived from electrophoretic data, reveals the time course of

ER --; Golgi transport. [From C J Beckers et al, 1987, Cell 50t523 ]
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A EXPERIMENTAL FIGURE 14-3 Transport of a membrane
glycoprotein from the ER to the Golgi can be assayed based on
sensitivity to cleavage by endoglycosidase D. Cells expressing a
temperature-sensitive VSV G protein (VSVG) were labeled with a pulse

of radioactive amino acids at the nonpermissive temperature so that
labeled protein was retarned in the ER At periodic times after a return
to the permissive temperature of 32"C, VSVG was extracted from cells
and digested with endoglycosidase D. (a) As proteins move to the c/s-
Golgi from the ER, the core oligosaccharide Mans(GlcNAc)2 is trimmed
to Mans(GlcNAc)2 by enzymes that reside in the crs-Golgi compartment
Endoglycosidase D cleaves the oligosaccharide chains from proteins
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Class A Glass B Class C Class D Class E

Fate of Normal
secreted secretion
proteins

Defective
function

Accumula t ion
in the cytosol

Transport
in to  the  ER

Accumula t ion
in  rough ER

Budd ing  o f
vesicles from
the rough ER

  EXPERIMENTAL FTGURE l4-4 phenotypes of yeast sec
mutants identified stages in the secretory pathway. These
temperature-sensitive mutants can be grouped into five classes based
on the site where newly made secreted proteins (red dots) accumulate
when cells are shifted from the permissive temperature to the

than the corresponding glycosylated protein, these proteins
can be readily distinguished (Figure 14-3b).

This type of assay can be used to track movement of VSV
G protein in virus-infected cells pulse-labeled with radioac-
tive amino acids. Immediately after labeling, all the ex-
tracted labeled VSV G protein is sti l l  in the ER and is resist-
ant to digestion by endoglycosidase D, but with time an
increasing fraction of the glycoprotein becomes sensitive ro
digestion. This conversion of VSV G protein from an endo-
glycosidase D-resistant form ro an endoglycosidase
D-sensitive form corresponds to vesicular transport of the
protein from the ER to the cis-Golgi. Note that transport of
VSV G protein from the ER to the Golgi takes about 30 min-
utes as measured by either the assay based on oligosaccha-
ride processing or fluorescence microscopy of VSVG-GFp
(Figure 14-3c). A variety of assays based on specific carbo-
hydrate modifications thar occur in later Golgi compart-
ments have been developed to measure progression of VSV
G protein through each stage of the Golgi apparatus.

Yeast Mutants Define Major Stages and Many
Components in Vesicular Transport
The general organization of the secretory pathway and many
of the molecular components required for vesicle trafficking
are similar in all eukaryotic cells. Because of this .o.r.ruul

Fusion of Transport from Transport from
transport vesicles Golgi to secretory secretory vesicles
with Golgi vesicles to cel l  surface

h igher ,  nonpermiss ive  one.  Ana lys is  o f  doub le  mutants  permi t ted
the sequential order of the steps to be determined. [See p Novick
e t a | , 1 9 8 1 ,  C e l l 2 5 : 4 6 1 ,  a n d C  A  K a i s e r a n d  R  S c h e k m a n .  l g g O . C e t t
61:723 l

A Iarge number of yeast mutants initially were identified
based on their ability to secrete proteins at one temperature
and inability to do so at a higher, nonpermissive tempera-
ture. Sfhen these temperature-sensitive secretion (sec) mw-
tants are transferred from the lower to the higher tempera-
ture, they accumulate secreted proteins at the point in the
pathway blocked by the mutation. Analysis of such mutants
identified five classes (A-E) characterized by protern accu-
mulation in the cytosol, rough ER, small vesicles taking pro-
teins from the ER to the Golgi complex, Golgi cisternae, or
constitutive secretory vesicles (Figure 14-4). Subsequent
characterization of sed mutants in the various classes has
helped elucidate the fundamental components and molecu-
lar mechanisms of vesicle trafficking that we discuss in later
sectlons.

To determine the order of the steps in the pathw ay, re-
searchers analyzed double sec mutants. For instance, when
yeast cells contain mutarions in both class B and class D
functions, proteins accumulate in the rough ER, not in the
Golgi cisternae. Since proteins accumulate at the earliest
blocked step; this finding shows that class B mutatrons must
act at an earlier point in the secretory parhway than class D
mutations do. These studies confirmed that as a secreted
protein is synthesized and processed, it moves sequentially
from the cytosol -+ rough ER --> ER-to-Golgi transport
vesicles -+_Golgi cisternae -+ secrerory vesicles and finally is
exocytoseo.

The three methods outlined in this section have delineated
the major steps of the secretory pathway and have con-
tributed to the identification of many of the proteins respon-
sible for vesicle budding and fusion. Currently each of the in-
dividual steps in the secretory pathway is being studied in
mechanistic detail, and increasinglS biochemical assays and
molecular genetic studies are used to study each of these steps
in terms of the function of individual protein molecules.

Accumula t ion  Accumula t ion
in  ER- to -Go lg i  in  Go lg i
transoort vesicles

Accumula t ion
In secretory
vesicles
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  EXPERIMENTAL FIGURE 14-5 A cell-free assay demonstrates
protein transpoft from one Golgi cisterna to another. (a) A
mutant l ine of cultured fibroblasts is essential in this type of assay In
this example, the cells lack the enzyme N-acetylglucosamine
transferase | (step E in Figure 14-14) ln wild-type cells, this enzyme is
localized to the medr,afGolgi and modifies N-linked oligosaccharides
by the addition of one N-acetylglucosamine, In VSV-infected wild-type
cells, the oligosaccharide on the viral G protein is modified to a typical
complex oligosaccharide, as shown in the trans-Golgi panel. In
infected mutant cells, however, the G protein reaches the cell surface

Cell-Free Transport Assays Allow Dissection
of  Ind iv idual  Steps in  Vesicu lar  Transpor t

In vitro assays for intercompartmental transport are power-

ful complementary approaches to studies with yeast sec mu'

tants for identifying and analyzing the cellular components
responsible for vesicular trafficking. In one application of

this approach, cultured mutant cells lacking one of the en-

zymes that modify N-linked oligosaccharide chains in the

Golgi are infected with vesicular stomatitis virus (VSV). For

example, if infected cells lack N-acetylglucosamine trans-
ferase I, they produce abundant amounts of VSV G protein

but cannot add N-acetylglucosamine residues to the

oligosaccharide chains in the medial-Golgi as wild-type cells

do (Figure 14-5a). When Golgi membranes isolated from

such mutant cells are mixed with Golgi membranes from

wild-type, uninfected cells, the addition of N-acetylglu-

cosamine to VSV G protein is restored (Figure 14-5b). This

modification is the consequence of vesicular transport of N-

acetylglucosamine transferase I from the wild-type medial-

Golgi to the cls-Golgi compartment from virally infected

mutant cells. Successful intercompartmental transport in this

cell-free system depends on requirements that are typical of

a normal physiological process, including a cytosolic extract,

a source of chemical energy in the form of ATP and GTP, and

incubation at physiological temperatures'
In addition, under appropriate conditions a uniform

population of the transport vesicles that move N-acetylglu-

cosamine transferase I from the medial- to cls-Golgi can be

I  =N -Ace t y l g l ucosam ine  @=Ga lac tose
O =Mannose  a=N-Ace t y l neu ram in i cac id

with a simpler high-mannose oligosaccharide containing only two

N-acetylglucosamine and five mannose residues. (b) When Golgi

cisternae isolated from infected mutant cells are incubated with Golgi

cisternae from normal, unrnfected cells, the VSV G protein produced

in vitro contains the additional N-acetylglucosamine This modification

is carried out by transferase enzyme that is moved by transport

vesrcles from the wild-type medial-Golgi cisternae to the mutant cts-

Golgi cisternae in the reaction mixture [See W E Balch et al , 1984' Cell

39:405 and 525; W A Braell et al , 1984, Cell 39:51 1; and J E Rothman and

I S6llner, 1997, Science 275:1212 l

purified away from the donor wild-type Golgi membranes

ty centrifugation. By examining the proteins that are en-

riched in thise vesicles, scientists have been able to identify

targeting and fusion of vesicles with appropriate acceptor

-.-br".t.t. In vitro assays similar in general design to the

one shown in Figure 1,4-5 have been used to study various

transport steps in the secretory pathway.

Techniques for Studying the Secretory Pathway

r AII assays for following t

through the secretory pathway rn living cells require a way
he
ln

trafficking of proteins

to label a cohort of secretory proteins and a way to identity

the compartments where labeled proteins subsequently are

located.

r Pulse labeling with radioactive amino acids can specifi-

cally label a cohort of newly made proteins in the ER' AI-

ternatively, a temperature-sensitive mutant protein that is

retained in the ER at the nonpermissive temperature will be

released as a cohort for transport when cells are shifted to

the permissive temperature.

TECHNIQUES FOR STUDYING THE SECRETORY PATHWAY 585



r Transport of a fluorescently labeled protein along the se-
cretory pathway can be observed by microscopy (see Fig-
ure 14-2). Transport of a radiolabeled protein commonly
is tracked by following comparrment-specific covalent
modi f icat ions ro rhe prote in.

Many of the components required for intracellular protein
afficking have been identified in yeast by analysis of tem-

perature-sensitive sec mutants defective for the secretion of
proteins at the nonpermissive temperarure (see Figure 14-4).

r Cell-free assays for intercompartmental prorein trans-
port have allowed the biochemical dissection of individual
steps of the secretory pathway. Such in vitro reactrons can
be used to produce pure transport vesicles and to rest the
biochemical function of individual transport proteins.

I!f,| Molecular Mechanisms
of Vesicular Traffic
Small membrane-bounded vesicles that transporr prorelns
from one organelle to another are common elemenis in the

type of vesicle, studies employing genetic and biochemical
techniques have revealed that each of the different vesicular
transport steps is simply a variation on a common theme. In
this section we explore the basic mechanisms underlying vesi-
cle budding and fusion, that all vesicle types have in common.

The budding of vesicles from their parent membrane is
driven by the polymerization of soluble protein complexes
onto the membrane to form a proteinaceous vesicle coat
(Figure 14-6a). Interactions between the cytosolic portions
of integral membrane proteins and the vesicle coat gather the
appropriate cargo proteins into the forming vesicle. Thus the
coat not only gives curvature to the membrane to form a
vesicle but also acts as the filter to determine which oroteins
are admitted into the vesicle.

The integral membrane proteins in a budding vesicle in-
clude v-SNAREs, which are crucial to eventual fusion of the

Assembly of a Protein Coat Drives Vesicle
Format ion and Select ion of  Cargo Molecules
Three types of coated vesicles have been characterized, each
with a different type of protein coat and each formed by

(a )  Coated  ves ic le  budd ing

So lub le

Membrane
cargo-receptor
prorern

Donor
memorane

Coat proteins
Cytosol

(b) Uncoated vesicle fusion

cwosor ltfl.'T..""

protein complex

  FIGURE 14-6 Overview of vesicle budding and fusion with a
target membrane. (a) Budding is init iated by recruitment of a small
GTP-binding protein to a patch of donor membrane Complexes of
coat proteins in the cytosol then bind to the cytosolic domain of
membrane cargo proteins, some of which also act as receptors that
bind soluble proteins in the lumen, thereby recruiting luminal cargo
proteins into the budding vesicle (b) After being released and
shedding its coat, a vesicle fuses with its target memorane In a
process that involves interaction of coqnate SNARE proteins.

reversible polymerization of a distinct set of protein subunits
(Table 14-1). Each rype of vesicle, named for its primary
coat proterns, transports cargo proteins from particular par-
ent organelles to particular destination organelles:

r COPI vesicles transport proteins from the rough ER to
the Golgi.

COPI vesicles mainly transport proteins in the retrograde
irection between Golgi cisternae and from the cls-Golei
ack to the rough ER.

r Clathrin vesicles transport proteins from the plasma
membrane (cell surface) and the trans-GoIgi network to late
endosomes.

Every vesicle-mediated trafficking step is thought to
utilize some kind of vesicle coat; however, a specific coat
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VESICIE TYPI

COPII

COPI

Clathrin and adapter protelns

IRANSPORT STEP MEDIATEI)

ER to cls-Golgi

cls-Golgi to ER
Later to earlier Golgi cisternae

tr ans-G olgi to endosome

tr ans -Golgi to endosome

Plasma membrane to endosome

Golgi to lysosome, melanosome,

or platelet vesicles

C()AT PROTEINS

Sec23 lSec24 and Secl 3/Sec3 1
complexes, Sec16

Coatomers contalnrng seven
different COP subunits

Clathrin * AP1 comPlexes

Clathrin + GGA

Clathrin * AP2 comPlexes

AP3 complexes

ASS0CIATED GTPase

Sar l

ARF

ARF

ARF

ARF

ARF

.Each 
t1,pe of Ap complex consists of four different subunits. It is not known whether the coat of AP3 vesicles contains clathrin

protein complex has not been identif ied for every type ol

vesicle. For example, researchers have not yet identif ied the

coat proteins surrounding the vesicles that move protelns

from the trans-Golgi to the plasma membrane during either

constitutive or regulated secretion.
The general scheme of vesicle budding shown in Fig-

ure 14-6a applies to all three known types of coated vesicles.

Experiments with isolated or artificial membranes and puri-

fied coat proteins have shown that polymerization of the coat

proteins onto the cytosolic face of the parent membrane is

necessary to produce the high curvature of the membrane that

is typical of a transport vesicle about 50 nm in diameter. Elec-

tron micrographs of in vitro budding reactions often reveal

structufes that exhibit discrete regions of the parent mem-

brane bearing a dense coat accompanied by the curvature

characteristic of a completed vesicle (Figure 14-7). Such struc-

tures, usually called uesicle bwds, appear to be intermediates

that are visible after the coat has begun to polymerize but be-

fore the completed vesicle pinches off from the parent mem-

brane. The polymerized coat proteins are thought to form

some type of curved lattice that drives the formation of a vesi-

cle bud by adhering to the cytosolic face of the membrane'

A Conserved Set of GTPase Switch Proteins
Controls Assembly of Different Vesicle Coats

Based on in vitro vesicle-budding reactions with isolated

membranes and purif ied coat proteins, scientists have deter-

mined the minimum set of coat components required to

form each of the three maior types of vesicles. Although

most of the coat proteins differ considerably from one type

of vesicle to another, the coats of all three vesicles contain a

small GTP-binding protein that acts as a regulatory subunit

to control coat assembly (see Figure 1,4-6a). For both COPI

and clathrin vesicles, this GTP-binding protein is known as

ARF protein A different but related GTP-binding protein

known as Sarl protein is present in the coat of COPII vesi-

cles. Both ARF and Sarl are monomeric proteins with an

overail structure similar to that of Ras' a key intracellular

signal-transducing protein (see Figure 16-24)' ARF and Sarl

pr"ot.inr, l ike Ras, belong to the GTPase superfamily of

switch proteins that cycle between inactive GDP-bound and

active GTP-bound forms (see Figure 3-32)'

The cycle of GTP binding and hydrolysis by ARF and

Sarl are tho,tght to control the initiation of coat assembly,

as schematicafy depicted for the assembly of COPII vesicles

r, EXPERIMENTAL FIGURE 14-7 Vesicle buds can be visualized

during in vitro budding reactions. When purif ied COPII coat

components are incubated with isolated ER vesicles or artif icial

phospholipid vesicles (l iposomes), polymerization of the coat proteins

on the vesicle surface induces emergence of highly curved buds ln

th electron micrograph of an in vitro budding reaction, note the

di inct membrane coat, visible as a dark protein layer, present on the

vesicle buds lFrom K Matsuoka et al , 1988, Ceil 93(2):263 ]
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E

E :3:'liT'

p cre hydrotysis

I Coat disassembly

Uncoated vesicle
  FIGURE 14-8 Model for the role of Sarl in the assembly and
disassembly of COPII coats. Step [: Interaction of soluble GDp_
bound Sarl with the exchange factor Secl 2, an ER inregrar
membrane protein, catalyzes exchange of GTp for GDp on Sarl In
the GTP-bound form of Sar1, its hydrophobic N-terminus extends
outward from the protein's surface and anchors Sarl to the ER
membrane. Step f, l: Sarl attached to the membrane serves as a
binding site for the Sec23/Sec24 coat protein complex. Membrane
cargo proteins are recruited to the forming vesicle bud by binding of
specific short sequences (sorting signals) in their cytosolic regions to
sites on the Sec23/Sec24 complex, Some membrane cargo proteins
also act as receptors that bind soluble proteins in the lumen. The
coat is completed by assembly of a second type of coat complex
composed of Sec13 and Sec31 (not shown) Step B: After the
vesicle coat is complete, the Sec23 coat subunit promotes GTp
hydrolys is  by Sar l  Step @: Release of  Sar l .GDp f rom the vesic le
membrane causes disassembly of the coat. [See S Sprrngeret at, 1999,
Cell 97:145 I
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in Figure 14-8. First, an ER membrane protein known as
Sec1.2 catalyzes release of GDp from cyrosolic Sarl.GDp
and binding of GTP. The Sec12 guanine nucleotide-
exchange factor apparently receives and integrates multiple
as yet unknown signals, probably including the presence of

. cargo proteins in the ER membrane that are ready to be
transported. Binding of GTp causes a conformational
change in Sarl that exposes its hydrophobic N-terminus,
which then becomes embedded in the phospholipid bilayer
and tethers Sarl.GTP to the ER membrane. The membrane_
attached Sarl.GTP drives polymerization of cytosolic com-
plexes of COPII subunits on the membrane. eventually lead-
ing to formation of vesicle buds. Once COPII vesicies are
released from the donor membrane, the Sarl GTpase activ_
ity hydrolyzes Sarl.GTP in the vesicle membrane to
Sarl.GDP with the assistance of one of the coat subunits.
This hydrolysis triggers disassembly of the COpII coat. Thus
Sarl couples a cycle of GTp binding and hydrolysis to the
formation and then dissociation of the COpII coat.

ARF protein undergoes a similar cycle of nucleotide ex_
change and hydrolysis coupled to the assembly of vesicle
coats composed either of COpI or of clathrin and other coat
proteins (AP complexes), discussed later. A covalent protein
modification known as a myristate anchor on the N-termi_

ARF'GTP with the membrane serves as the foundation for
further coat assembly.

Drawing on the structural similarities of Sarl and ARF
to other small GTPase switch proteins, researchers have con_
structed genes encoding mutant versions of the two proteins
that have predictable effects on vesicular traffic when trans-

with target membranes. Addition of a nonhydrolyzable GTp
analog to in vitro vesicle-budding reactions causes a similar
blocking of coat disassembly. The vesicles that form in such
reactions have coats that never dissociate, allowing their
composition and structure to be more readily analyzed. The
purified COPI vesicles shown in Figure 14-9 were produced
in such a budding reacrion.

Targeting Sequences on Cargo proteins Make
Specif ic Molecular Contacts with Coat proteins
In order for transport vesicles to move specific proteins from
one compartment to the next, vesicle buds must be able to
discriminate among potential membrane and soluble cargo
proteins, accepting only those cargo proteins that should J_
vance to the next compartment and excluding those that

EN DOCYTOSIS

Sarl membrane binding,
GTP exchange

Sar t  
/  \

Hydrophob ic
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Cytosol
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should remain as residents in the donor compartment' In ad-

dition to sculpting the curvature of a donor membrane' the

vesicle coat functions in selecting specific proteins as cargo'

The primary mechanism by which the vesicle coat selects

cargo molecules is by directly binding to specific sequences,

or sorting signals, in the cytosolic portion of membrane

cargo proteins (see Figure 14-6a). The polymerized coat thus

acts as an affinity matrix to cluster selected membrane cargo

proteins into forming vesicle buds. Since soluble proteins

within the lumen of parent organelles cannot contact the

coat directly, they require a different kind of sorting signal'

Soluble luminal proteins often contain what can be thought

of as luminal sorting signals, which bind to the luminal do-

mains of certain membrane cargo proteins that act as recep-

tors for luminal cargo proteins. The properties of several

known sorting signals in membrane and soluble proteins are

summarized in Table 14-2.We describe the role of these sig-

nals in more detail in later sectlons.

Rab GTPases Control Docking of Vesicles

on Target Membranes

A second set of small GTP-binding proteins, known as Rab

proteins, participate in the targeting of vesicles to the appro-

priate target membrane' Like Sarl and ARF, Rab proteins

A EXPERIMENTAL FIGURE 14-9 Coated vesicles accumulate
during in vitro budding reactions in the presence of a
nonhydrolyzable analog of GTP. When isolated Golgi membranes
are incubated with a cytosolic extract containing COPI coat proteins,

vesicles form and bud off from the membranes Inclusion of a
nonhydrolyzable analog of GTP in the budding reaction prevents
disassembly of the coat after vesicle release This micrograph shows
COPI vesicles generated in such a reaction and separated from
membranes by centrifugation Coated vesicles prepared in this way
can be analyzed to determine their components and properties

[Courtesy of L Orci ]

LUMENAL SORTING SIGNALS

CYTOPLASMIC SORTING SIGNALS

Lys-Lys-X-X (KKXX)

Di-acidic (e.g., Asp-X-Glu)

Asn-Pro-X-Tyr (NPXY)

Tyr-X-X-<D (YXXO)

Leu-Leu (LL)

ER-resident membrane protelns

Cargo membrane proteins in ER

LDL receptor in plasma

membrane

Membrane proteins in

trans-Go|gi

Plasma membrane proteins

Plasma membrane proteins

COPI ct and P subunits

COPII Sec24 subunit

AP2 complex

AP1 (p1 subunit)

AP2 (p.2 subunit)

AP2 complexes

COPI

COPII

ClathridAP2

Clathrin/AP1

Clathrin/AP2

Clathrin/AP2

Lys-Asp-Glu-Leu (KDEL)

Mannose 6-phosphate (M6P)

ER-resident soluble protelns

Soluble lysosomal enzymes
after processing in cls-Golgi

Secreted lysosomal enzymes

KDEL receptor in cls-Golgi

membrane

M6P receptor in trans-Golgr

membrane

M6P recepror in plasma membrane Clathrin/AP2

X : any amino acid; O - hydrophobic amino acid. Single-letter amino acid abbreviations are in parentheses'
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( a ) Transport
vesicle

Ves ic le R a b .  G T P

Target
memDrane

M e m b r a n e

o-SNAP

cis -SNARE
c o m p t e x

Disassembly  o f
SNARE complexes

(b)  SNARE comolex

Syntax in

< FIGURE 14-10 Model for docking and fusion of transport
vesicles with their target membranes. (a) The proteins shown in
this example participate in f usion of secretory vesicles with the
plasma membrane, but similar proteins mediate all vesicle-fusion
events. Step [:A Rab protein tethered via a l ipid anchor to a
secretory vesicle binds to an effector protein complex on the plasma
membrane, thereby docking the transport vesicle on the appropriate
target membrane. Step E: A v-SNARE protein (in this case, VAMp)
interacts with the cytosolic domains of the cognate t-SNAREs (in this
case, syntaxin and SNAP-25) The very stable coiled-coil SNARE
complexes that are formed hold the vesicle close to the target
membrane Step B: Fusion of the two membranes immediately
follows formation of SNARE complexes, but precisely how this
occurs rs not known Step @: Following membrane fusion, NSF in
conjunction with ct-SNAP protein binds to the SNARE complexes.
The NSF-catalyzed hydrolysis of ATp then drives dissociation of the
SNARE complexes, freeing the SNARE proteins for another round of
vesicle fusion Also at this time, Rab.GTp is hydrolyzed to Rab.GDp
and dissociates from the Rab effector (not shown) (b) The SNARE
complex Numerous noncovalent interactions between four long o
helices, two from SNAP-25 and one each from syntaxin and VAMp,
stabil ize the coiled-coil structure [See J E Rothman and T Sollner, 1997,
Science2T6:1212, and W Weis and R Scheller, 1gg1, Nature 395:328 part
(b) from Y A Chen and R H Scheller, 2001, Nat Rev. Mot Cett Biot 2(2):98 I

dockinslE

belong to the GTPase superfamily of switch proteins. Con_
version of cytosolic Rab.GDp to Rab.GTp, iatalyzed by a
specific guanine nucleotide-exchange factor, induces a con-
formational change in Rab that enables it to interact with a
surface protein on a particular transport vesicle and insert
its isoprenoid anchor into the vesicle membrane. Once

Rab'GTP is tethered to the vesicle surface, it is thought to in-
teract with one of a number of different large proteins,
known as Rab effectors, attached to the target membrane.
Binding of Rab.GTP to a Rab effector docks the vesicle on
an appropriate target membrane (Figure 14-10, step [). Af-
ter vesicle fusion occurs, the GTp bound to the Rab protein
is hydrolyzed to GDP, triggering the release of Rab.GDp,
which rhen can undergo another cycle of GDp-GTp ex-
change, binding, and hydrolysis.

Several lines of evidence support the involvement of spe_
cific Rab proteins in vesicle-fusion events. For instance, ihe
yeast SEC4 gene encodes a Rab protein, and yeast cells ex-
pressing mutant Sec4 proteins accumulate secretory vesicles
that are unable to fuse with the plasma membrane (class E
mutants in Figure 14-4).In mammalian cells, Rab5 protein
is localized to endocytic vesicles, also known as early endo-
somes. These uncoated vesicles form from clathrin-coated
vesicles just after they bud from the plasma membrane dur-
ing endocytosis (see Figure 14-1, step pt). The fusion of
early endosomes with each other in cell-free sysrems requrres
the presence of Rab5, and addition of Rab5 and GTp to cell-
free extracts accelerates the rate at which these vesicles fuse
with each other. A long coiled protein known as EEA1 (early
endosome antigen 1), which resides on the membrane of the
early endosome, functions as the effector for Rab5. In this
case, RabS.GTP on one endocytic vesicle is thought to
specifically bind to EEA1 on the membrane of another
endocytic vesicle, setting the stage for fusion of the two
vesicles.

A different type of Rab effector appears to function for
each vesicle type and at each step of the secretory pathway.
Many questions remain about how Rab proteins are rar_
geted to the correct membrane and how specific complexes

ENDOCYTOSIS
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form between the different Rab proteins and their corre-

sponding effector protetns.

Paired Sets of SNARE Proteins Mediate Fusion
of Vesicles with Target Membranes

As noted previously, shortly after a vesicle buds off from the

donor membrane, the vesicle coat disassembles to uncover a

vesicle-specific membrane protein, a v-SNARE (see Figure

14-6b1. Likewise, each type of target membrane in a cell con-

tains I-SNARE membrane proteins. After Rab-mediated

docking of a vesicle on its target (destination) membrane, the

interaction of cognate SNAREs brings the two membranes

close enough together that they can fuse.
One of the best-understood examples of SNARE-

mediated fusion occurs during exocytosis of secreted proteins
(Figure 14-10, steps f,l and B). In this case, the v-SNARE,
known as VAMP (zesicle-associated membrane protein), is

incorporated into secretory vesicles as they bud from the

trans-Golgi network. The I-SNAREs are syntaxin, anintegtal

membrane protein in the plasma membrane, and SNAP-25,

which is attached to the plasma membrane by a hydrophobic

lipid anchor in the middle of the protein. The cytosolic region

in each of these three SNARE proteins contains a repeating

heptad sequence that allows four a helices-one from VAMP,

one from syntaxin, and two from SNAP-2S-Io coil around

one another to form a four-helix bundle. The unusual stabil-

ity of this bundled SNARE complex is conferred by the

arrangement of hydrophobic and charged amino residues in

the heptad repeats. The hydrophobic amino acids are buried

in the central core of the bundle, and amino acids of opposite

charge are aligned to form favorable electrostatic interactions

between helices. As the four-helix bundles form, the vesicle

and target membranes are drawn into close apposition by the

embedded transmembrane domains of VAMP and syntaxin.

In vitro experiments have shown that when liposomes

containing purified VAMP are incubated with other liposomes

containing syntaxin and SNAP-25, the two classes of mem-

branes fuse, albeit slowly. This finding is strong evidence that

the close apposition of membranes resulting from formation

of SNARE complexes is sufficient to bring about membrane

fusion. Fusion of a vesicle and target membrane occurs more

rapidly and efficiently in the cell than it does in liposome ex-

periments in which fusion is catalyzed only by SNARE pro-

teins. The likely explanation for this difference is that in the

cell, other proteins such as Rab proteins and their effectors are

involved in targeting vesicles to the correct membrane.

Yeast cells, like all eukaryotic cells, express more than 20

different related v-SNARE and I-SNARE proteins. Analyses of

yeast mutants defective in each of the SNARE genes have iden-

tified specific membrane-fusion events in which each SNARE

protein participates. For all fusion events that have been exam-

ined, the SNAREs form four-helix bundled complexes, similar

to the VAMP/syntaxin/SNAP-25 complexes that mediate fu-

sion of secretory vesicles with the plasma membrane. However,

in other fusion events (e.g., fusion of COPII vesicles with the

crs-Golgi network), each participating SNARE protein con-

tributes only one ct helix to the bundle (unlike SNAP-25' which

contributes two helices); in these cases the SNARE complexes

comprise one v-SNARE and three I-SNARE molecules.

Using the in vitro liposome fusion assay' researchers have

tested the abil ity of various combinations of individual

v-SNARE and I-SNARE proteins to mediate fusion of donor

and target membranes. Of the very large number of different

combinations tested, only a small number could efficiently me-

diate membrane fusion. To a remarkable degree, the functional

combinations of v-SNAREs and I-SNAREs revealed in these in

vitro experiments correspond to the actual SNARE protein in-

teractions that mediate known membrane-fusion events in the

yeast cell. Thus the specificity of the interaction between SNARE

oroteins can account for much of the specificity of fusion be-

tween a particular vesicle type and its target membrane'

Dissociation of SNARE Complexes After

Membrane Fusion ls Driven by ATP Hydrolysis

After a vesicle and its target membrane have fused, the

SNARE complexes must dissociate to make the individual

SNARE proteins available for additional fusion events' Be-

cause of the stability of SNARE complexes, which are held

together by numerous noncovalent intermolecular interac-

tiJrs, their dissociation depends on additional proteins and

the input of energY.
The first clue that dissociation of SNARE complexes re-

quired the assistance of other proteins came from in vitro

tiansport reactions depleted of certain cytosolic proteins'

The observed accumulation of vesicles in these reactions in-

dicated that vesicles could form but were unable to fuse with

a target membrane. Eventually two proteins, designated NSI

"nd 
o-SNaR were found to be required for ongoing vesicle

fusion in the in vitro transport reaction. The function of NSF

in vivo can be blocked selectively by N-ethylmaleimide

(NEM), a chemical that reacts with an essential -SH group

on NSF (hence the name, NEM-sensitive /actor)'
Among the class C yeast sec mutants are strains that lack

functionaf Sec18 or Secl7, the yeast counterparts of mam-

malian NSF and o-SNAP, respectively. \fhen these class C

mutants are placed at the nonpermissive temperature, they

accumulate nR-to-Golgi transport vesicles; when the cells

are shifted to the lower, permissive temperature' the accu-

mulated vesicles are able to fuse with the cis-Golgi'

Subsequent to the initial biochemical and genetic studies

identifying NSF and ct-SNAP, more sophisticated in vitro

transport assays were developed. Using these newer assays' re-

searchers have shown that NSF and a-SNAP proteins are not

sion assays and in the yeast mutants after a loss of Sec17 or

Sec18 were a consequence of free SNARE proteins rapidly be-

coming sequestered in undissociated SNARE complexes and

thus b-ing unavailable to mediate membrane fusion'
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Molecular Mechanisms of Vesicular Traffic

r The three well-characterized transport vesicles-COpl,
COPII, and clathrin vesicles-are distinguished by the pro-
teins that form their coats and the transport routes they
mediate (see Table 14-1).

r All types of coated vesicles are formed by polymerization
of cytosolic coat proteins onto a donor (parent) membrane
to form vesicle buds that eventually pinch off from the
membrane to release a complete vesicle. Shortly after vesi-
cle release, the coat is shed, exposing proteins required for
fusion with the target membrane (see Figure 14,6).

Small GTP-binding proteins (ARF or Sarl) belonging to
e GTPase superfamily control polymerization of coat

proteins, the init ial step in vesicle budding (see Fig_
ure 14-8). After vesicles are released from the donor mem_
brane, hydrolysis of GTP bound to ARF or Sarl triggers
disassembly of the vesicle coats.

pecific sorting signals in membrane and luminal pro-
s_of donor organelles interacr with coat proteins d.ri ing
cle budding.  rhereby recru i t ing cargo prote ins ro vesi -
(see Table 14-2).

r A second set of GTP-binding proteins, the Rab proteins,
regulate docking of vesicles with the correct rarget mem-
brane. Each Rab appears to bind to a specific Rab effector
associated with the target membrane.

r Each v-SNARE in a vesicular membrane specifically
binds to a complex of cognate I-SNARE proteins in the tar-
get membrane, inducing fusion of the two membranes.
After fusion is completed, the SNARE complex is disas-
sembled in an MP-dependent reacrion mediated by other
cytosolic proteins (see Figure 14-10).

M Early Stages of the Secretory
Pathway
In this section we take a closer look at vesicular traffic

tain newly synthesized proteins destined for the Golgi, cell
surface, or lysosomes as well as vesicle components such as
v-SNAREs that are required ro targer vesicles to the cls-Golei
membrane. Proper sorring of proteins between the ER anld
Golgi also requires reverse retrograde transport from the
cls-Golgi to the ER and is mediated by COpI vesicles (Fig_
ure 14-11). This retrograde vesicle transport serves ro rerrreve
v-SNARE proteins and rhe membrane itielf back to the ER to
provide the necessary material for additional rounds of vesi_
cle budding from the ER. COpl-mediated retrograde trans,
port also retrieves missorted ER-resident proteins from the
cis-Golgi to correct sorting mistakes. proteins that have been

! ,  $cotgi''ir*, j' network

iF,,f-q'"',

Rough
ER

A FIGURE 14-1 1 Vesicle-mediated protein trafficking between
the ER and crs-Golgi. Steps fi-f,t: Forward (anterograde) transport
is mediated by COPII vesrcles, which are formed by polymerization of
soluble COPII coat protein complexes (green) on the ER membrane
v-SNAREs (orange) and other cargo proteins (blue) in the ER
membrane are incorporated into the vesicle by interacting with coat
proteins Soluble cargo proteins (magenta) are recruited by binding
to appropriate receptors in the membrane of budding vesicles
Dissociation of the coat recycles free coat complexes and exposes
v-SNARE proteins on the vesicle surface After the uncoated vesicle
becomes tethered to the crs-Golgi membrane in a Rab-mediated
process, pairing between the exposed v-SNAREs and cognate
I-SNAREs in the Golg i  membrane a l lows vesic le fus ion.  re leasino
the contents into the crs-Golgi compartment (see Figure 14-101.
Steps @-@: Reverse (retrograde) transport, mediated by vesicles
coated with COPI proteins (purple), recycles the membrane bilayer
and certain proteins, such as v-SNAREs and missorted ER-resident
proteins (not shown), from the crs-Golgi to the ER All SNARE
prote ins are shown in orange a l though v-SNAREs and I -SNAREs are
dist inct  prote ins

correctly delivered to the Golgi advance through successive
compartments of the Golgi by cisternal maturarion.

COPII Vesicles Mediate Transport from the ER
to the Golg i
COPII vesicles were first recognized when cell-free extracts
of yeast rough ER membranes were incubated with cytosol
and a nonhydrolyzable analog of GTp. The vesicles that
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Video: KDEL Receptor Trafficking

< FIGURE 14-13 Role of the KDEt receptor in retrieval of
ER-resident luminal proteins from the Golgi. ER luminal
proteins, especially those present at high levels, can be passively
incorporated into COPII vesicles and transported to the Golgi
(steps E and Z). Many such proteins bear a C-terminal KDEL
(Lys-Asp-Glu-Leu) sequence (red) that allows them to be retrieved
The KDEL receptor, located mainly in the crs-Golgi network and in
both COPII and COPI vesicles, binds proteins bearing the KDEL
sorting signal and returns them to the ER (steps El and 4). This
retrieval system prevents depletion of ER luminal proteins such as
those needed for proper folding of newly made secretory
proteins The binding affinity of the KDEL receptor is very
sensitrve to pH The small difference in the pH of the ER and
Golgi favors binding of KDEl-bearing proteins to the receptor in
Golgi-derived vesicles and their release in the ER [Adapted from J
Semenza et al , 1990, Cell 61:13491

COPII coat

COPI Vesicles Mediate Retrograde Transport
wi th in  the Golg i  and f rom the Golg i  to  the ER
COPI vesicles were first discovered when isolated Golgi
fractions were incubated in a solution containing .ytorJl
and a nonhydrolyzable analog of GTp (see Figuie 14-9).
Subsequent analysis of these vesicles showed that the coat
is formed from large cytosolic complexes, called
coatomers, composed of seven polypeptide subunits. yeast
cells containing temperature-sensitive murations in COpI
proteins accumulate proteins in the rough ER at the non_
permissive temperature and thus are categorized as class B
sec mutants (see Figure 14-4). Although discovery of these
mutants init ially suggested that COpI vesicles mediate ER_
to-Golgi transport, subsequent experiments showed that
their main function is retrograde transport, both between
Golgi cisternae and from the cis-Golgi to the rough ER
(see Figure 14-11, right). Because COpI mutanrs cannor
recycle key membrane proteins back to the rough ER, the
ER gradually becomes depleted of ER proteins such as v-
SNAREs necessary for COpII vesicle function. Eventually.
vesicle formation from the rough ER grinds to a halt; se_
cretory proteins continue to be synthesized but accumu_
late in the ER, the defining characteristic of class B sec mu-
tants. The general abil ity of sec murants involved in either
COPI or COPII vesicle function to eventually block both
anterograde and retrograde transport i l lustrates the

fundamental interdependence of these two rransporr
processes.

As discussed in Chapter 13, the ER contains several solu-
ble proteins dedicated to the folding and modification of
newly synthesized secretory proteins. These include the chap-
erone BiP and the enzyme protein disulfide isomerase, which
are necessary for the ER to carry out its functions. Although
such ER-resident luminal proteins are not specifically selected
by COPII vesicles, their sheer abundance causes them to be
continuously loaded passively into vesicles destined for the cls-
Golgi. The transport of these soluble proteins back to the ER,
mediated by COPI vesicles, prevents their eventual depletion.

Most soluble ER-resident proteins carry a Lys-Asp-GIu-
Leu (KDEL in the one-letter code) sequence at their C-termi-
nus (see Table 14-2). Several experiments demonstrated that
this KDEL sorting signal is both necessary and sufficient to
cause a protein bearing this sequence to be located in the ER.
For instance, when a mutant protein disulfide isomerase
lacking these four residues is synthesized in cultured fibrob-
lasts, the protein is secreted. Moreover, if a protein that nor-
mally is secreted is altered so that it contains the KDEL signal
at its C-terminus, rhe protein is located in the ER. The KDEL
sorting signal is recognized and bound by the KDEL receptor,
a transmembrane protein found primarily on small transport
vesicles shuttling between the ER and the cls-Golgi and on
the cis-Golgi reticulum. In addition, soluble ER-resident pro-
teins that carry the KDEL signal have oligosaccharide chains

/ "
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Video: 3-D Model of a Golgi Complex K.€l
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< EXPERIMENTAL FIGURE 14-15 Electron
micrograph of the Golgi complex in an
exocrine pancreatic cell reveals both
anterograde and retrograde transport
vesicles. A Iarge secretory vesicle can be
seen forming from the trans-Golgi network
Elements of the rough ER are on the bottom
and left in this micrograph Adjacent to the
rough ER are transitional elements from
which smooth protrusions appear to be
budding These buds form the small vesicles
that transport secretory proteins from the
rough ER to the Golgi complex lnterspersed
among the Golg i  c is ternae are other  smal l
vesicles now known to function in
retrograde, not anterograde, transport
[Courtesy G Palade ]

the Golgi appears to have a highly dynamic organization.
To see the effect this retrograde transport has on the or-
ganization of the Golgi, consider the net effect on the me-
dial-Golgi compartment as enzymes from the trans-Golgi
move to the medial-Golgi while enzymes from the medial-
Golg i  are r ransported ro the c is-Golg i .  As th is  process
continues, the medial-Golgi acquires enzymes from the
trans-Golgi while losing medial-Golgi enzymes and thus
gradual ly  becomes a new t rans-GoIgi  compartment .  In
this wa5 secretory cargo proteins can acquire carbohy-
drate modification in the proper sequential order without
being moved f rom one c is terna to another  vra antero,
grade vesicle transport.

The first evidence that the forward transporr of cargo
proteins from the cis- to the trans-Goigi occurs by a non-
vesicular mechanism, called cisternal maturation, came
from careful microscopic analysis of the synthesis of algal
scales. These cell-wall glycoproteins are assembled in the
cls-Golgi into large complexes visible in the electron mi-

gen precursor often form in the lumen of the cls-Golgi
(see Figure 19-24). The procollagen aggregares are roo
large to be incorporated in to smal l  t ransport  vesic les,  and

investigators could never find such aggregares in trans-
port vesicles. These observations suggest that the forward
movement of  these and perhaps a l l  secretory prote ins
from one Golgi compartment to another does not occur
v ia smal l  ves ic les.

A particularly elegant demonstration of cisrernal matu-
ration in yeast takes advantage of different-colored versions
of GFP to image two different Golgi proteins simultane-
ously. Figure 14-16 shows how a cis-Golgi resident protein
labeled with a green fluorescent protein and a trans-Golgt
protein labeled with a red fluorescent prorein behave in the
same yeast cell. At any given moment individual Golgi cis-
terna appear to have a distinct compartmental identity, in
the sense that they contain either the cls-Golgi protein or the
trans-Golgi protein but only rarely contain both proteins.
However, over time an individual cisterna labeled with the
cis-Golgi protein can be seen to progressively lose this pro-
tein and acquire the trans-Golgi protein. This behavior is ex-
actly that predicted for the cisternal maturation model, in
which the composition of an individual cisterna changes as
Golgi resident proteins move from later to earlier Golgi com-
partments.

Numerous controversial questions concerning mem-
brane flow within the Golgi stack remain unresolved. For
example, although most protein traffic appears to move
through the Golgi complex by a cisternal maturation mech-
anism, there is evidence that at least some of the COpI trans-
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< FIGURE 14-17 Vesicle-mediated protein
trafficking from the trans-golgi network.
COPI (purple) vesicles (l l) mediate retrograde
transport within the Golgi. Proteins that
function in the lumen or in the membrane of
the lysosome are transported from the trans-
Golgi network via clathrin coated (red) vesicles
(B). After uncoating, these vesicles fuse with
late endosomes, which deliver their contents
to the lysosome The coat on most clathrin
vesicles contains additional proteins (AP
complexes) not indicated here Some vesicles
from the trans-Golgi carrying cargo destined
for the lysosome fuse with the lysosome
directly (E), bypassing the endosome These
vesicles are coated with a type of AP complex
(blue); it is unknown whether these vesicles
also contain clathrin. The coat proteins
surrounding constitutive (4) and regulated
($) secretory vesicles are not yet characterized;
these vesicles carry secreted proteins and
plasma-membrane proteins from the trans-
Golgi network to the cell surface

Vesicles Coated with Clathrin and/or Adapter
Proteins Mediate Several Transport Steps
The best-characterized vesicles that bud from the trans-
Golgi network (TGN) have a two-layered coat: an outer
layer composed of the fibrous protein clathrin and an inner
Iayer composed of adapter protein (AP) complexes. Purified
clathrin molecules, which have a three-limbed shape, are
called triskelions, from the Greek for "three-legged" (Figure
14-18a). Each limb contains one clathrin heavy chain
(180,000 MV) and one clathrin l ight chain (=35,000-40,000
M'W). Triskelions polymerize to form a polygonal lattice
with an intrinsic curvature (Figure 14-18b). V/hen clathrin
polymerizes on a donor membrane, it does so in association
with AP complexes, which assemble between the clathrin lat-
tice and the membrane. Each AP complex (340,000 M\f)
contains one copy each of four different adapter subunit pro-
teins. A specific association between the globular domain at
the end of each clathrin heavy chain in a triskelion and one
subunit of the AP complex both promotes the co-assembly of
clathrin triskelions with AP complexes and adds to the sta-
bility of the completed vesicle coat.

By binding to the cytosolic face of membrane prorelns,
adapter proteins determine which cargo proreins are
specifically included in (or excluded from) a budding trans-
port vesicle. Three different AP complexes are known
(4P1, AP2, AP3), each with four subunits of different,
though related, proteins. Recently, a second general type of
adapter protein known as GGA has been shown to contain
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  FIGURE 14-18 Structure of clathrin coats. (a) A clathrin
molecule, cal led a tr iskel ion, is composed of three heavy and three
l ight chains l t  has an intr insic curvature due to the bend in the
heavy chains (b) Clathrin coats were formed in vrtro by mlxrng
purif ied clathrin heavy and I ight chains with Ap2 complexes in the
absence of membranes Cryoelectron mrcrographs of more than
1000 assembled hexagonal clathrrn barrel part icles were analyzed by
digital image processing to generate an average structural
representation. The processed image shows only the clathrin heavy
chains in a structure composed of 36 tr iskel ions. Three represenralve
tr iskel ions are highl ighted in red, yel low, and green part of the Ap2
complexes packed into the interror of the clathrin cage are also
visible in this the processed representation [See B pishvaee and G
Payne, 1 998, Cell 95:443 part (b) from Fotin et al , 2004, Nature 432:573 I

Video:
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in a single 70,000 M\7 polypeptide both clathrin- and
cargo-binding elements similar to those found in the much
larger hetero-tetrameric AP complexes. Vesicles containing
each type of adapter complex (AP or GGA) have been
found to mediate specific transport steps (see Table 14-1).
All vesicles whose coats contain one of these complexes
util ize ARF to init iate coat assembly onto the donor mem-
brane. As discussed previously, ARF also init iates assembly
of COPI coats. The additional features of the membrane or
protein factors that determine which type of coat will as-
semble after ARF attachment are not well understood at
this time.

Vesicles that bud from the trans-GoIgi network en
route to the lysosome by way of the late endosome have
clathrin coats associated with either AP1 or GGA. Both
AP1 and GGA bind to the cytosolic domain of cargo pro-
teins in the donor membrane. Recent studies have shown
that membrane proteins containing a Tyr-X-X-O se-
quence, where X is any amino acid and O is a bulky hy-
drophobic amino acid, are recruited into clathrin/AP1
vesicles budding from the trans-Golgi network. This
YXXQ sorting signal interacts with one of the AP1 sub-
units in the vesicle coat. As we discuss in the next section,
vesicles with clathrin/AP2 coats, which bud from the
plasma membrane during endocytosis, also can recognize
the YXXO sorting signal. Vesicles coated with GGA pro-

teins and clathrin bind cargo molecules with a different
kind of sorting sequence. Cytosolic sorting signals that
specifically bind to GGA adapter proteins include Asp-X-
Leu-Leu and Asp-Phe-Gly-X-O sequences (where X and O
are defined as above).

Some vesicles that bud from the trans-Golgi network
have coats composed of the AP3 complex. Although the
AP3 complex does contain a binding site for clathrin sim-
ilar to the AP1 and AP2 complexes, it is not clear whether
clathrin is necessary for function of AP3-containing vesi-
cles since mutants of AP3 that lack the clathrin binding
site appear to be fully functional. AP3-coated vesicles me-
diate trafficking to the lysosome, but they appear to by-
pass the late endosome and fuse directly with the lysoso-
mal membrane. In certain types of cells, such AP3 vesicles

mediate protein transport to specialized storage compart-
ments related to the lysosome. For example, AP3 is re-
quired for delivery of proteins to melanosomes, which
contain the black pigment melanin in skin cells, and to
platelet storage vesicles in megakaryocytes, a large cell

that fragments into dozens of platelets. Mice with muta-
tions in either of two different subunits of AP3 not only
have abnormal skin pigmentation but also exhibit bleed-
ing disorders. The latter occur because tears in blood ves-
sels cannot be repaired without platelets that contain nor-
mal storage vesicles.

Dynamin ls  Requi red for  P inching Of f
of Clathrin Vesicles

A fundamental step in the formation of a transport vesicle
that we have not yet considered is how a vesicle bud is

Clath rin-coated vesicle

a FIGURE 14-19 Model for dynamin-mediated pinching off of

clathrin/AP-coated vesicles. After a vesicle bud forms, dynamin
polymerizes over the neck. By a mechanism that is not well understood,

dynamin-catalyzed hydrolysis of GTP leads to release of the vesicle

from the donor membrane Note that membrane proteins in the

donor membrane are Incorporated into vesicles by interacting with

AP complexes in the coat lAdapted from K Takel et al , 1995, Nature

374:186]l

oinched off from the donor membrane. In the case of

clathrin/AP-coated vesicles' a cytosolic protein called dy-

namin is essential for release of complete vesicles. At the

later stages of bud formation, dynamin polymerizes

around the neck portion and then hydrolyzes GTP. The en-

ergy derived from GTP hydrolysis is thought to drive a

conformational change in dynamin that stretches the vesi-

cle neck unti l the vesicle pinches off (Figure 14-1,9). Intet-

estingly, COPI and COPII vesicles appear to pinch off

from-donor membranes without the aid of a GTPase such

as dynamin. At present this fundamental difference in the

process of pinching off among the different types of vesi-

cles is not understood.
Incubation of cell extracts with a nonhydrolyzable detiv-

ative of GTP provides dramatic evidence for the importance

of dynamin in pinching off of clathrin/AP vesicles during en-

docytosis. Such treatment leads to accumulation of clathrin-

coated vesicle buds with excessively long necks that are

surrounded by polymeric dynamin but do not pinch off

(Figure 14-20). Likewise, cells expressing mutant forms of

dynamin that cannot bind GTP do not form clathrin-coated

vesicles and instead accumulate similar long-necked vesicle

buds encased with polymerized dynamin.
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As with COPI and COPII vesicles, clathrin/Ap vesicles
normally lose their coat soon after their formation. Cytoso-
lic Hsc70, a constitutive chaperone protein found in all eu-
karyotic cells, is thought to use energy derived from the hy-
drolysis of ATP to drive depolymerization of the clathrin
coat into triskelions. Uncoating not only releases triskelions
for reuse in the formation of additional vesicles but also ex-
poses v-SNAREs for use in fusion with targer membranes.
Conformational changes thar occur when ARF switches
from the GTP-bound to GDP-bound state are thousht to
regulate the timing of clathrin coat depolymerization. How
the action of Hsc70 might be coupled to ARF switching is
not well understood.

Mannose 6-Phosphate Residues Target  Soluble
Proteins to Lysosomes
Most of the sorting signals that function in vesicular traf-
ficking are short amino acid sequences in the targeted pro-
tein. In contrast, the sorting signal that directs soluble lyso-
somal enzymes from the trans-Golgi network to the late

< EXPERIMENTAL FIGURE 14-20 cTp hydrolysis by dynamin is
required for pinching off of clathrin-coated vesicles in cell-free
extracts. A preparation of nerve terminals, which undergo extensive
endocytos ls ,  was lysed by t reatment  wi th d is t i l led water  and
incubated with GTP-1-S, a nonhydrolyzable derivative of GTp After
sect ioning,  the preparat ion was t reated wi th gold- tagged ant i -
dynamin ant ibody and v iewed in the e lect ron microscope This
image, which shows a long-necked clathrin/AP-coated bud with
polymer ized dynamin l in ing the neck,  reveals that  buds can form in
the absence of GTP hydrolysis, but vesicles cannot pinch off. The
extensive polymerization of dynamin that occurs in the presence of
GTP-1-5 probably does not  occur  dur ing the normal  budding
process [From K Takel et al , 1 995, Nature 374:186; courtesy of pietro
De Cami l l i  l

endosome is a carbohydrate residue, mlnnose 5-phospbate
(M6P), which is formed in the cis-Golgi. The addition and
init ial processing of one or more preformed N-linked
oligosaccharide precursors in the rough ER is the same for
lysosomal enzymes as for membrane and secreted proteins,
yielding core Man6(GlcNAc)2 chains (see Figure 13-18). In
the cls-Golgi, the N-linked oligosaccharides present on most
lysosomal enzymes undergo a two-step reaction sequence
that generates M6P residues (Figure 14-21.). The addition of
M6P residues to the oligosaccharide chains of soluble lyso-
somal enzymes prevents these proteins from undergoing the
further processing reactions characteristic of secreted and
membrane proteins (see Figure 14-14).

As shown in Figure 14-22, the segregation of M6p-
bearing lysosomal enzymes from secreted and membrane
proteins occurs inthe trans-Golgi network. Here, transmem-
brane mannose 6-phosphate receptors bind the M6p
residues on lysosome-destined proreins very tightly and
specifically. Clathrin/AP1 vesicles containing the M6p recep-
tor and bound lysosomal enzymes then bud from the trais-
Golgi network, lose their coats, and subsequently fuse with

Lysosomal enzyme

\\
GlcNAc phosphot rans ferase Catalyt ic si te Recognit ion site

  FIGURE 14-21 Formation of mannose 6-phosphate (M6p)
residues that target soluble enzymes to lysosomes. The M6p
residues that direct proteins to lysosomes are generated in the crs-
Golgi by two Golgi-resident enzymes Step [: An N-acetylglucosamine
(GlcNAc) phosphotransferase transfers a phosphorylated GlcNAc
group to carbon atom 6 of one or more mannose residues Because
only lysosomal enzymes contain sequences (red) that are recoqnized

and bound by this enzyme, phosphorylated GlcNAc groups are
added specifically to lysosomal enzymes Step A: After release of a
modified protein from the phosphotransferase, a phosphodiesterase
removes the GlcNAc Aroup, leaving a phosphorylated mannose
residueon the lysosomal  enzyme, [SeeA B cantoret  a l ,  j992,J Bio l
Chem 267:23349, and S Kornfeld, 1987, FASEB I 1i4621
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  FfGURE '14-22 frallicking of soluble lysosomal enzymes
from the trans-Golgi network and cell surface to lysosomes.
Newly synthesized lysosomal enzymes, produced in the ER, acquire
mannose 6-phosphate (M6P) residues in the crs-Golgi (see Figure
14-21) For simplicity, only one phosphorylated oligosaccharide chain
is depicted, although lysosomal enzymes typically have many such
chains In the t rans-Golg i  network,  prote ins that  bear  the M6P
sorting signal interact with M6P receptors in the membrane and
thereby are directed into clathrin/AP1 vesicles (step tr) The coat
surrounding released vesicles is rapidly depolymerized (step E), and
the uncoated transport vesicles fuse with late endosomes (step B)
After the phosphorylated enzymes dissociate from the M6P receptors

the late endosome by mechanisms described previously.
Because M6P receptors can bind M6P at the slightly acidic
pH (=6.5) of the trans-Golgi network but not at a pH less
than 6, the bound lysosomal enzymes are released within
Iate endosomes, which have an internal pH of 5.0-5.5.

Late
endosome
(low pH)

Clathrin-coated
ves ic le

and are dephosphorylated, late endosomes subsequently fuse with a
lysosome (step 4) Note that coat proteins and M6P receptors are
recycled (steps EEI and EE), and some receptors are delivered to
the cell surface (step E). Phosphorylated lysosomal enzymes
occasionally are sorted from the trans-Golgi to the cell surface and
secreted These secreted enzymes can be retrieved by receptor-
mediated endocytosis (steps 6-ts), a process that closely parallels

trafficking of lysosomal enzymes from the trans-Golgi network to
lysosomes [See G Griffiths et al , 1988, Cell 52:329,5 Kornfeld, 1992, Ann
Rev. Biochem 61:307; and G Griff iths and J, Gruenberg, 1991, Trends Cell
B io l  1 :51

Furthermore, a phosphatase within late endosomes usually

removes the phosphate from M6P residues on lysosomal en-

zymes, preventing any rebinding to the M6P receptor that

might occur in spite of the low pH in endosomes. Vesicles

budding from late endosomes recycle the M6P receptor back

A ,#o.,"0
transport
vesicle
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to the trans-Golgi network or, on occasion, to the cell
surface. Eventually, mature late endosomes fuse with
lysosomes, delivering the lysosomal enzymes to their final
destination.

The sorting of soluble lysosomal enzymes in the trans-
Golgi network (Figure L4-22, steps [-4) shares many of
the features of trafficking between the ER and cls-Golgi
compartments mediated by COPII and COPI vesicles. First,
mannose 6-phosphate acrs as a sorring signal by interacting
with the luminal domain of a receptor protein in the donor
membrane. Second, the membrane-embedded receptors with
their bound ligands are incorporated into the appropriate
vesicles-in this case, either GGA or AP1-containing
clathrin vesicles-by interacting with the vesicle coat. Third,
these transport vesicles fuse only with one specific organelle,
here the late endosome, as the result of interactions between
specific v-SNAREs and I-SNAREs. And finally, intracellular
transport receptors are recycled after dissociating from their
bound ligand.

Study of Lysosomal Storage Diseases
Revealed Key Components of the Lysosomal
Sort ing Pathway

FE A group of genetic disorders termed lysosomal stor-
3l age diseases are caused by the absence of one or more
lysosomal enzymes. As a result, undigested glycolipids and
extracellular components that would normally be degraded
by lysosomal enzymes accumulate in lysosomes as large in-
clusions. I-cell disease is a particularly severe type of lyso-
somal storage disease in which multiple enzymes are miss-
ing from the lysosomes. Cells from affected individuals
Iack the N-acetylglucosamine phosphotransferase that is
required for formation of M6P residues on lysosomal en-
zymes in the cls-Golgi (see Figure 1,4-21). Biochemical
comparison of lysosomal enzymes from normal individuals
with those from patients with I-cell disease led to the init ial
discovery of mannose 6-phosphate as rhe lysosomal sorting
signal. Lacking the M6P sorting signal, the lysosomal en-
zymes in I-cell patients are secreted rather than being
sorted to and sequestered in lysosomes.

lVhen fibroblasts from patients with I-cell disease are
grown in a medium containing lysosomal enzymes bearing
M6P residues, the diseased cells acquire a nearly normal in-
tracellular content of lysosomal enzymes. This finding indi-
cates that the plasma membrane of these cells contains M6p
receptors, which can internalize extracellular phosphory-
lated lysosomal enzymes by receptor-mediated endocytosis.
This process, used by many cell-surface receptors to bring
bound proteins or particles into the cell, is discussed in de-
tail in the next section. It is now known that even in normal
cells, some M6P receptors are transported to the plasma
membrane and some phosphorylated lysosomal enzymes
are secreted (see Figure 14-22). The secreted enzymes can be
retrieved by receptor-mediated endocytosis and directed to
lysosomes. This pathway thus scavenges any lysosomal en-
zymes that escape the usual M6P sorting parhway.

Hepatocytes from patients with l-cell disease contain
a normal complement of lysosomal enzymes and no inclu-
sions, even though these cells are defective in mannose
phosphorylation. This finding implies that hepatocytes (the
most abundant type of l iver cell) employ an M6P-inde-
pendent pathway for sorting lysosomal enzymes. The na-
ture of this pathway, which also may operate in other cells
types, is unknown. I

Protein Aggregation in the trans-Golgi May
Function in Sort ing Proteins to Regulated
Secretory Vesicles
As noted in the chapter introduction, all eukaryotic cells
continuously secrete certain proteins, a process commonly
called constitwtiue secretion. Specialized secretory cells also
store other proteins in vesicles and secrete them only when
triggered by a specific stimulus. One example of such regu-
lated secretioz occurs in pancreatic B cells, which store
newly made insulin in special secretory vesicles and secrete
insulin in response to an elevation in blood glucose (see Fig-
ure 15-33). These and other secretory cells simultaneously
utilize two different types of vesicles to move proteins from
the trans-Golgi network to the cell surface: regulated trans-
port vesicles, often simply called secretory vesicles, and un-
regulated transport vesicles, also called constitutive secre-
tory vesicles.

A common mechanism appears to sort regulated proteins
as diverse as ACTH (adrenocorticotropic hormone), insulin,
and trypsinogen into regulated secretory vesicles. Evidence
for a common mechanism comes from experiments in which
recombinant DNA techniques are used to induce the synthe-
sis of insulin and trypsinogen in pituitary tumor cells already
synthesizing ACTH. In these cells, which do not normally
express insulin or trypsinogen, all three proteins segregate
into the same regulated secretory vesicles and are secreted
together when a hormone binds to a receptor on the pitu-
itary cells and causes a rise in cytosolic Ca2*. Although these
three proteins share no identical amino acid sequences rhat
might serve as a sorting sequence, they obviously have some
common feature that signals their incorporation into regu-
lated secretory vesicles.

Morphologic evidence suggests that sorting into the regu-
lated pathway is controlled by selective prorein aggregadon.
For instance, immature vesicles in this pathway-those that
have just budded from the trans-Golginerwork-contain dif-
fuse aggregates of secreted protein that are visible in the elec-
tron microscope. These aggregates also are found in vesicles
that are in the process of budding, indicating that proteins
destined for regulated secretory vesicles selectively aggregate
together before their incorporation into the vesicles.

Other studies have shown that regulated secretory vesi-
cles from mammalian secretory cells contain three proteins,
chromogranin A, chromogranin B, and secretogranin II,
that together form aggregates when incubated at the ionic
conditions (pH = 6.5 and 1 mM Ca2*; thought to occur in
the trans-Golgi network; such aggregates do not form at the
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(a )  Pro insu l in  an t ibody

0.5 um

neutral pH of the ER. The selective aggregation of regulated
secreted proteins together with chromogranin A, chromo-
granin B, or secretogranin II could be the basis for sorting of
these proteins into regulated secretory vesicles. Secreted pro-
teins that do not associate with these proteins, and thus do
not form aggregates, would be sorted into unregulated trans-
por t  vesic les by defaul t .

< EXPERIMENTAL FIGURE 14-23 Proteolytic cleavage of
proinsulin occurs in secretory vesicles after they have budded
from the trans-Golgi network. Serial sections of the Golgi region
of an insulin-secreting cell were stained with (a) a monoclonai
antibody that recognizes proinsulin but not insulin or (b) a different
antibody that recognizes insulin but not proinsulin The antibodies,
which were bound to electron-opaque gold particles, appear as dark
dots in these electron micrographs (see Figure 9-21). lmmature
secretory vesicles (closed arrowheads) and vesicles budding from the
trans-Golgi (arrows) stain with the proinsulin antibody but not with
insulin antibody These vesicles contain diffuse protein aggregates
that include proinsulin and other regulated secreted proteins Mature
vesicles (open arrowheads) stain with insulin antibody but not with
proinsulin antibody and have a dense core of almost crystall ine
insulin Since budding and immature secretory vesicles contain
proinsulin (not insulin), the proteolytic conversion of proinsulin to
insulin must take place rn these vesicles after they bud from the
trans-Golgi network The inset in (a) shows a proinsulin-rich secretory
vesicle surrounded by a protein coat (dashed ltne) lrrom L orci etal ,
1987, Cell 49:865; courtesy of L Orci l

Some Proteins Undergo Proteolyt ic Processing
After Leaving the trans-Golgi

For some secretory proteins (e.g., growth hormone) and cer-

tain viral membrane proteins (e.g., the VSV glycoprotein),

removal of the N-terminal ER signal sequence from the nas-

cent chain is the only known proteolytic cleavage required to

convert the polypeptide to the mature, active species (see

Figure 13-6). However, some membrane and many soluble

secretory proteins initially are synthesized as relatively long-

lived, inactive precursors, termed proproteins, that require

further proteolytic processing to generate the mature, active
proteins. Examples of proteins that undergo such processing

are soluble lysosomal enzymes) many membrane proteins

such as influenza hemagglutinin (HA), and secreted proteins

such as serum albumin, insulin, glucagon, and the yeast c{.

mating factor. In general, the proteolytic conversion of a

proprotein to the corresponding mature protein occurs after

the proprotein has been sorted in the trans-Golgi network to

appropriate vesicles.
In the case of soluble lysosomal enzymes, the proproteins

are called proenzymes, which are sorted by the M5P recep-

tor as catalytically inactive enzymes. In the late endosome or

lysosome a proenzyme undergoes a proteolytic cleavage that
generates a smaller but enzymatically active polypeptide.

Delaying the activation of lysosomal proenzymes until they

reach the lysosome prevents them from digesting macromol-

ecules in earlier compartments of the secretory pathway.

Normall5 mature vesicles carrying secreted proteins to

the cell surface are formed by fusion of several immature

ones containing proprotein. Proteolytic cleavage of propro-

teins, such as proinsulin, occurs in vesicles after they move

away from the trans-Golgi network (Figure 14-23). The pro-

proteins of most constitutively secreted proteins (e.g.,

albumin) are cleaved only once at a site C-terminal to a

(b )  Insu l in  an t ibody
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(a) Consti tut ive secreted proteins

Proalbumin

(b) Begulated secreted proteins

Proinsulin
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A FIGURE 14-24 Proteolytic processing of proproteins in the
constitutive and regulated secretion pathways. The processing of
proalbumin and proinsulin is typical of the constitutive and regulated
pathways, respectively. The endoproteases that function in such
processing cleave at the C-terminal side of two consecutive amino
acids (a) The endoprotease furin acts on the precursors of constitutive
secreted proteins (b) Two endoproteases, PC2 and PC3, act on the
precursors of regulated secreted proteins The final processing of
many such proteins is catalyzed by a carboxypeptidase that
sequentially removes two basic amino acid residues at the C-terminus
of a polypeptide [See D Steiner et al ,1992, ] Biol. Chem 261:234351

dibasic recognition sequence such as Arg-Arg or Lys-Arg
(Figure 14-24a). Proteolytic processing of proteins whose
secretion is regulated generally entails additional cleavages.
In the case of proinsulin, multiple cleavages of the single
polypeptide chain yields the N-terminal B chain and the
C-terminal A chain of mature insulin, which are linked by
disulfide bonds, and the central C peptide, which is lost and
subsequently degraded (Figure 14-24b).

The breakthrough in identifying the proteases responsr-
ble for such processing of secreted proteins came from analy-
sis of yeast with a mutation inthe KEX2 gene. These mutant
cells synthesized the precursor of the cr mating factor but
could not proteolytically process it to the functional form

and thus were unable to mate with cells of the opposite mat-
ing type (see Figure 21,-19). The wild-type KEX2 gene en-
codes an endoprotease that cleaves the cr-factor precursor at
a site C-terminal to Arg-Arg and Lys-Arg residues. Using the
KEX2 gene as a DNA probe, researchers were able to clone
a famtly of mammalian endoproteases, all of which cleave a
protein chain on the C-terminal side of an Arg-Arg or Lys-
Arg sequence. One, called furin, is found in all mammalian
cells; it processes proteins such as albumin that are secreted
by the continuous pathway. In contrast, the PC2 and PC3
endoproteases are found only in cells that exhibit regulated
secretion; these enzymes are localized to regulated secretory
vesicles and proteolytically cleave the precursors of many
hormones at specific sites.

Several Pathways Sort Membrane Proteins
to the Apical or Basolateral Region
of  Polar ized Cel ls
The plasma membrane of polarized epithelial cells is di-
vided into two domains, apical and basolateral; tight junc-
tions located between the two domains prevent the move-
ment of plasma-membrane proteins between the domains
(see Figure 19-9). Several sorting mechanisms direct newly
synthesized membrane proteins to either the apical or baso-
lateral domain of epithelial cells, and any one protein may
be sorted by more than one mechanism. Although these
sorting mechanisms are understood in general terms, the
molecular signals underlying the vesicle-mediated transport
of membrane proteins in polarized cells are not yet known.
As a result of this sorting and the restriction on protein
movement within the plasma membrane due to tight junc-
tions, distinct sets of proteins are found in the apical or ba-
solateral domain. This preferential localization of certain
transport proteins is critical to a variety of important phys-
iological functions, such as absorption of nutrients from the
intestinal lumen and acidification of the stomach lumen (see
Figures 11-29 and 11-30).

Microscopic and cell-fractionation studies indicate that
proteins destined for either the apical or the basolateral
membranes are initially located together within the mem-
branes of the trans-Golgi network. In some cases, proteins
destined for the apical membrane are sorted into their own
transport vesicles that bud from the trans-Golgi network
and then move to the apical region, whereas proteins des-
tined for the basolateral membrane are sorted into other
vesicles that move to the basolateral region. The different
vesicle types can be distinguished by their protein con-
stituents, including distinct Rab and v-SNARE proteins,
which apparently target them to the appropriate plasma-
membrane domain. In this mechanism, segregation of pro-
teins destined for either the apical or basolateral mem-
branes occurs as cargo proteins are incorporated into
particular types of vesicles budding from the trans-Golgi
network.

Such direct basolateral-apical sorting has been investi-
gated in cultured Madin-Darby canine kidney (MDCK)
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Inf luenza virus HA glycoprotein

VSV G glycoprotein

Direct apical

(') video: regation of Apical and Basolateral Cargo in the Golgi of Live Cells

< FIGURE 14-25 Sorting of proteins
destined for the apical and basolateral
plasma membranes of polarized cells. When
cultured MDCK cells are infected simultaneously
wi th VSV and inf  luenza v i rus,  the VSV G
glycoprote in (purp le)  is  found only on the
basolateral membrane, whereas the influenza HA
glycoprotein (green) is found only on the apical
membrane.  Some cel lu lar  prote ins (orange c i rc le) ,
especially those with a GPI anchor, are l ikewise
sorted directly to the apical membrane and
others to the basolateral membrane (not shown)
via specific transport vesicles that bud from the
trans-Golgi network. In certain polarized cells,
some apical and basolateral proteins are
transported together to the basolateral surface;
the apical proteins (yellow oval) then move
selectively, by endocytosis and transcytosis, to
the apical membrane. [After K Simons and A
Wandinger-Ness, 1990, Cell 62:201 , and K Mostov
et al , 1992, I Cell Biol 116:577 l

Cla thr in -
coated pit

Basolateral T igh t
o lasma membrane junc t ion

cells, a l ine of cultured polarized epithelial cells (see Fig-
we 9-34).In MDCK cells infected with the influenza virus,
progeny viruses bud only from the apical membrane,
whereas in cells infected with vesicular stomaritis virus
(VSV), progeny viruses bud only from the basolateral mem-
brane. This difference occurs because the HA glycoprotein
of influenza virus is transported from the Golgi complex ex-
clusively to the apical membrane and the VSV G protein is
transported only to the basolateral membrane (Figure
14-25). Furthermore, when the gene encoding HA protein is
introduced into uninfected cells by recombinant DNA tech-
niques, all the expressed HA accumulates in the apical mem-
brane, indicating that the sorting signal resides in the HA
glycoprotein itself and not in other viral proteins produced
during viral infection.

Among the cellular proteins that undergo similar apical-
basolateral sorting in the Golgi are those with a glyco-
sy lp h o sp h atidy lino s ito I ( G P I ) m embr ane an ch or. In MD CK
cells and most other types of epithelial cells, GPl-anchored
proteins are targeted to the apical membrane. In membranes
GPl-anchored proteins are clustered into lipid rafts, which
are rich in sphingolipids (see Chapter 10). This finding sug-
gests that lipid rafts are localized to the apical membrane
along with proteins that preferentially partit ion them in
many cells. However, the GPI anchor is not an apical sorting
signal in all polarized cells; in thyroid cells, for example,
GPl-anchored proteins are targeted to the basolateral mem-
brane. Other than GPI anchors, no unique sequences have
been identified that are both necessary and sufficient to tar-
get proteins to either the apical or basolateral domain. In-
stead, each membrane protein may contain multiple sorting

Apical protein

Ap ica l  p lasma
membrane

signals, any one of which can target it to the appropriate
plasma-membrane domain. The identification of such com-
plex signals and of the vesicle coat proteins that recognize

them is currently being pursue d for a number of different
proteins that arc sorted to specific plasma-membrane do-
mains of polarized epithelial cells.

Another mechanism for sorting apical and basolateral
proteins, also i l lustrated in Figure 14-25, operates in hepa-

tocytes. The basolateral membranes of hepatocytes face the

blood (as in intestinal epithelial cells), and the apical mem-

branes line the small intercellular channels into which bile

is secreted. In hepatocytes, newly made apical and basolat-

eral proteins are first transported in vesicles fromthe trans-

Golgi network to the basolateral region and incorporated
into the plasma membrane by exocytosis (i.e., fusion of the

vesicle membrane with the plasma membrane)' From there,

both basolateral and apical proteins are endocytosed in the

same vesicles, but then their paths diverge. The endocy-

tosed basolateral proteins are sorted into transport vesicles

that recycle them to the basolateral membrane. In contrast,

the apically destined endocytosed proteins are sorted into

transport vesicles that move across the cell and fuse with

the apical membrane, a process called transcytosis. This

process also is used to move extracellular materials from

one side of an epithelium to another. Even in epithelial

cells, such as MDCK cells, in which apical-basolateral pro-

tein sorting occurs in the Golgi, transcytosis may provide a

"fail-safe" sorting mechanism. That is, an apical protein

sorted incorrectly to the basolateral membrane would be

subjected to endocytosis and then correctly delivered to the

apical membrane.
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Later Stages of the Secretory Pathway

t The trans-Golgi network (TGN) is a major branch point
in the secretory pathway where soluble secreted proteins,
Iysosomal proteins, and in some cells membrane proteins
destined for the basolateral or apical plasma membrane are
segregated into different transport vesicles.

r Many vesicles that bud from the trans-Golgi network as
well as endocytic vesicles bear a coat composed of AP
(adapter protein) complexes and clathrin (see Figure 1.4-1.8).

r Pinching off of clathrin-coated vesicles requires dynamin,
which forms a collar around the neck of the vesicle bud and
hydrolyzes GTP (see Figure 14-191.

r Soluble enzymes destined for lysosomes are modified in
the cls-Golgi, yielding multiple mannose 5-phosphate
(M6P) residues on their oligosaccharide chains.

r M6P receptors in the membrane of the trans-Golgi net-
work bind proteins bearing M6P residues and direct their
transfer to late endosomes, where receptors and their lig-
and proteins dissociate. The receptors then are recycled to
the Golgi or plasma membrane, and the lysosomal enzymes
are delivered to lysosomes (see Figure 14-22).

r Regulated secreted proteins are concentrated and stored
in secretory vesicles to await a neural or hormonal signal
for exocytosis. Protein aggregation within the trans-GoIgi
network may play a role in sorting secreted proteins to the
regulated pathway.

r Many proteins transported through the secretory path-
way undergo post-Golgi proteolytic cleavages that yield the
mature, active proteins. Generally, proteolytic maturation
can occur in vesicles carrying proteins from the trans-Golgi
network to the cell surface, in the late endosome, or in the
lysosome.

r In polarized epithelial cells, membrane proteins destined
for the apical or basolateral domains of the plasma mem-
brane are sorted in the trans-Golgi network into different
transport vesicles (see Figure 14-25). The GPI anchor is the
only apical-basolateral sorting signal identified so far.

r In hepatocytes and some other polarized cells, all
plasma-membrane proteins are directed first to the basolat-
eral membrane. Apically destined proteins then are endo-
cytosed and moved across the cell to the apical membrane
(transcytosis).

flp Receptor-Mediated Endocytosis
In previous sections we have explored the main pathways
whereby secretory and membrane proteins synthesized on the
rough ER are delivered to the cell surface or other destina-
tions. Cells also can internalize materials from their sur-
roundings and sort these to particular destinations. A few cell
types (e.g., macrophages) can take up whole bacteria and
other large particles by phagocytosis, a nonselective acrin-

mediated process in which extensions of the plasma mem-
brane envelop the ingested material, forming large vesicles
called phagosomes (see Figure 9-2).ln contrast, all eukary-
otic cells continually engage in endocytosis, a process in
which a small region of the plasma membrane invaginates to
form a membranelimited vesicle about 0.05-0.1 pm in di-
ameter. In one form of endocytosis, called pinocyrosls, small
droplets of extracellular fluid and any material dissolved in it
are nonspecifically taken up. Our focus in this section, however,
is on receptor-mediated endocytosis, in which a specific recep-
tor on the cell surface binds tightly to an extracellular macro-
molecular ligand that it recognizes; the plasma-membrane
region containing the receptorJigand complex then buds in-
ward and pinches off, becoming a transport vesicle.

Among the common macromolecules that vertebrate
cells internalize by receptor-mediated endocytosis are choles-
terol-containing particles called low-density lipoprotein
(LDL), the iron-binding protein transferrin, many protein
hormones (e.g., insulin), and certain glycoproteins. Recep-
tor-mediated endocytosis of such ligands generally occurs
via clathrin/AP2-coated pits and vesicles in a process similar
to the packaging of lysosomal enzymes by mannose 6-phos-
phate (M6P) in the trans-Golgi network (see Figure 1.4-22).
As noted earlier, some M6P receptors are found on the cell
surface, and these participate in the receptor-mediated endo-
cytosis of lysosomal enzymes that are mistakenly secreted. In
general, the transmembrane receptor proteins that function
in the uptake of extracellular ligands are internalized from
the cell surface during endocytosis and are then sorted and
recycled back to the cell surface, much like the recycling of
M5P receptors to the plasma membrane and trans-Golgi.
The rate at which a ligand is internalized is limited by the
amount of its corresponding receptor on the cell surface.

Clathrin/AP2 pits make up about 2 percent of the surface
of cells such as hepatocytes and fibroblasts. Many internal-
ized ligands have been observed in these pits and vesicles,
which are thought to function as intermediates in the endo-
cytosis of most (though not all) ligands bound to cell-surface
receptors (Figure 1,4-26). Some receptors are clustered over
clathrin-coated pits even in the absence of ligand. Other re-
ceptors diffuse freely in the plane of the plasma membrane
but undergo a conformational change when binding to lig-
and, so that when the receptor-ligand complex diffuses into
a clathrin-coated pit, it is retained there. Two or more types
of receptor-bound ligands, such as LDL and transferrin, can
be seen in the same coated pit or vesicle.

Cells Take Up Lipids from the Blood in the Form
of Large, Well-Defined Lipoprotein Complexes
Lipids absorbed from the diet in the intestines or stored in
adipose tissue can be distributed to cells throughout the
body. To facilitate the mass transfer of lipids between cells,
animals have evolved an efficient way to package from hun-
dreds to thousands of lipid molecules into water-soluble,
macromolecular carriers, called lipoproteins, that cells can
take up from the circulation as an ensemble. A lipoprotein
particle has a shell composed of proteins (apolipoproteins)
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  EXPERIMENTAL FIGURE 14-26 The init ial stages of receptor-
mediated endocytosis of low-density lipoprotein (LDL)
particles are revealed by electron microscopy. Cultured human
fibroblasts were incubated in a medium contarning LDL particles
covalently l inked to the electron-dense, iron-containing protein
ferrit in; each small iron particle in ferrit in is visible as a small dot
under the electron microscope. Cells init ially were incubated at 4'C;
at this temperature LDL can bind to its receptor, but internalization
does not occur. After excess LDL not bound to the cells was washed
away, the cells were warmed to 37 'C and then prepared for

and a cholesterol-containing phospholipid monolayer. The
shell is amphipathic because its outer surface is hydrophilic,
making these particles water soluble, and its inner surface is
hydrophobic. Ad;acent to the hydrophobic inner surface of
the shell is a core of neutral lipids containing mostly choles-
teryl esters, triglycerides, or both. Mammalian lipoproteins
fall into different classes, defined by their differing buoyant
densities. The class we wil l consider here is low-density
lipoprotein (LDL). A typical LDL particle, depicted in Fig-
ve 1.4-27, is a sphere 20-25 nm in diameter. The amphipathic
outer shell is composed of a phospholipid monolayer and a
single molecule of a large protein known as apoB-100; the
core of a particle is packed with cholesterol in the form of
cholesteryl esters.

Two general experimental approaches have been used to
study how LDL particles enter cells. The first method makes
use of LDL that has been labeled by the covalent attachment
of radioactive 12sI to the side chains of tyrosine residues in
apoB-100 on the surfaces of the LDL particles. After cul-

microscopy at periodic intervals (a) A coated pit, showing the
clathrin coat on the inner (cytosolic) surface of the pit, soon after the
temperature was raised. (b) A pit containing LDL apparently closing
on itself to form a coated vesicle (c) A coated vesicle containing
ferrit in-tagged LDL particles (d) Ferrit in-tagged LDL particles in a
smooth-surfaced early endosome 6 minutes after internalization
began. [Photographs courtesy of R Anderson Reprinted by permission from
J Goldstern et al , Nature 279:619 Copyright l979, Macmillan Journals
Lrmrted See also M 5 Brown and J Goldstein, 1986,Scrence 232:341

tured cells are incubated for several hours with the labeled

LDL, it is possible to determine how much LDL is bound to

the surfaces of cells. how much is internalized, and how

much of the apoB-100 component of the LDL is degraded by

enzymatic hydrolysis to individual amino acids. The drp:l-

d"tion of apoB-100 can be detected by the release of 125I-

tyrosine into the culture medium. Figure 14-28 shows the

time course of events in receptor-mediated cellular LDL pro-

cessing determined by pulse-chase experiments with a fixed

concentration of 12sI-labeled LDL. These experiments

clearly demonstrate the order of events: surface binding of

LDL -+ internalization -+ degradation. The second ap-

proach involves tagging LDL particles with an electron-

dense label that can be detected by electron microscopy.

Such studies can reveal the details of how LDL particles first

bind to the surface of cells at clathrin-coated endocytic pits

and then remain associated with the coated pits as they in-

vaginate and bud off to form coated vesicles and finally are

transported to endosomes (see Figure 1'4-26).

Clathrin-coated pit
(c )
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  FIGURE 14-27 Model of low-density l ipoprotein (LDL). This
class and the other classes of l ipoproteins have the same general
structure: an amphipathic shell, composed of a phospholipid
monolayer (not bilayer), cholesterol, and protein, and a hydrophobic
core, composed mostly of cholesteryl esters or triglycerides or both
but  wi th minor  amounts of  other  neutra l  l ip ids (e g, ,  some v i tamins)
This model of LDL is based on electron microscopy and other low-
resolut ion b iophysical  methods LDL is  unique in that  i t  conta ins only
a s ingle molecule of  one type of  apol ipoprote in (apoB),  which
appears to wrap around the outside of the particle as a band of
protein The other l ipoproteins contain multiple apolipoprotein
molecules, often of different types [Adapted from M Krieger, 1995, in
E Haber, ed , Molecular Cardiovascular Medrcine. Scientific American
Medicrne, pp 31-47 I

Receptors for Low-Density Lipoprotein
and Other  L igands Conta in Sor t ing Signals
That Target Them for Endocytosis
The key to understanding how LDL particles bind to the cell
surface and are then taken up into endocytic vesicles came
from discovery of the LDL receptor (LDLR). The LDL
receptor is an 839-residue glycoprotein with a single trans-
membrane segment; it has a short C-terminal cytosolic
segment and a long N-terminal exoplasmic segment that
contains a B-propeller domain and a l igand-binding domain.
Seven cysteine-rich imperfect repeats form the l igand-
binding domain, which interacts with the apoB-100
molecule in a LDL particle. Figure 14-29 shows how LDL
receptor proteins facilitate internalization of LDL particles
by receptor-mediated endocytosis. After internalized LDL
particles reach lysosomes, lysosomal proteases hydrolyze
their surface apolipoproteins and lysosomal cholesteryl es-
terases hydrolyze their core cholesteryl esters. The unesteri-
fied cholesterol is then free to leave the lysosome and be used
as necessary by the cell in the synthesis of membranes or var-
ious cholesterol derivatrves.

The discovery of the LDL receptor and an understand-

disease that is marked by elevated plasma LDL cholesterol

B i n d i n g

30 40 50 60
T ime  a t  37 'C  (m in )

/______)_' 120

A EXPERIMENTAL FIGURE 14-28 Pulse-chase experiment
demonstrates precursor-product relations in cellular uptake of
LDL. Cultured normal human skin fibroblasts were incubated in a
medium containing t"I-LDL for 2 hours at 4 "C (the pulse) After
excess 12sl-LDL not bound to the cells was washed away, the cells were
incubated a|37 "C for the indicated amounts of t ime in the absence of
external LDL (the chase) The amounts of surface-bound, internalized.
and degraded (hydrolyzed) 12sl-LDL were measured. Binding but not
internalization or hydrolysis of LDL apoB-100 occurs during the 4'C
pulse, The data show the very rapid disappearance of bound 1251-LDL

from the surface as it is internalized after the cells have been warmed
to allow membrane movements After a lag period of 15-20 minutes,
lysosomal degradation of the internalized 12sl-LDL commences [See tV]
S BrownandJ L Goldstein, 1976, Ce//9:663 1

and is now known to be caused by mutations in the LDLR
gene. In patients who have one normal and one defective copy
of the LDLR gene (heterozygotes), LDL cholesterol in the
blood is increased about twofold. Those with rwo defective
LDLR genes (homozygotes) have LDL cholesterol levels that
are from fourfold to sixfold as high as normal. FH heterozy-
gotes commonly develop cardiovascular disease about 10
years earlier than normal people do, and FH homozygotes
usually die of heart attacks before reaching their late 20s.

A variety of mutations in the gene encoding the LDL re-
ceptor can cause familial hypercholesterolemia. Some mu-
tations prevent the synthesis of the LDLR protein; others
prevent proper folding of the receptor protein in the ER,
leading to i ts  premature degradat ion (Chapter  13) ;  s t i l l
other mutations reduce the abil ity of the LDL recepror to
bind LDL tightly. A particularly informative group of mu-
tant receptors are expressed on the cell surface and bind
LDL normally but cannot mediate the internalization of
bound LDL. In individuals with this type of defect, plasma-
membrane receptors for other l igands are internalized nor-
mally, but the mutant LDL receptor is not recruited into
coated pits. Analysis of this mutant receptor and other
mutant LDL receptors generated experimentally and ex-
pressed in fibroblasts identif ied a four-residue motif in the
cytosolic segment of the receptor that is crucial for its in-
ternalization: Asn-Pro-X-Tyr, where X can be any amino
acid. This NPXY sorting signalbinds to the AP2 complex,
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  FIGURE 14-29 Endocytic pathway for internalizing low-
density l ipoprotein (tDL). Step [: Cell-surface LDL receptors bind
to an apoB protein embedded in the phospholipid outer layer of LDL
particles Interaction between the NPXY sorting signal in the cytosolic
tail of the LDL receotor and the AP2 comolex incoroorates the
receptor-l igand complex into forming endocytic vesicles Step E:
Clathrin-coated pits (or buds) containing receptor-LDL complexes are
pinched off by the same dynamin-mediated mechanism used to form
clathrin/AP1 vesicles on the trans-Golgr network (see Figure 14-19)
Step B:After the vesicle coat is shed, the uncoated endocytic vesicle

linking the clathrin/AP2 coat to the cytosolic segment of
the LDL receptor in coated pits. A mutation in any of the
conserved residues of the NPXY signal wil l abolish the abil-
ity of the LDL receptor to be incorporated into coated pits.

A small number of individuals who exhibit the usual
symptoms associated with familial hypercholesterolemia
produce normal LDL receptors. In these individuals, the
gene encoding the AP2 subunit protein that binds the NPXY
sorting signal is defective. As a result, LDL receptors are not
incorporated into clathrin/AP2 vesicles and endocytosis of
LDL particles is compromised. Analysis of patients with this
genetic disorder highlights the importance of adapter pro-
teins in protein trafficking mediated by clathrin vesicles. I

At  neut ra l  pH,  l igand-b ind ing
arm is free to bind another

LDL oart icle

Plasma membrane

(early endosome) fuses with the late endosome. The acidic pH in this
compartment causes a conformational change in the LDL receptor
that leads to release of the bound LDL particle Step Zl: The late
endosome fuses with the lysosome, and the proteins and lipids of the
free LDL particle are broken down to their constituent parts by
enzymes in the lysosome. Step [: The LDL receptor recycles to the
cell surface, where at the neutral pH of the exterior medium the
receptor undergoes a conformational change so that it can bind
another LDL particle. [See M S Brown and J L Goldstein, 1986,science
232:34, and G Rudenko et al ,2002,Sclence 298:2353 l

Mutational studies have shown that other cell-surface re-

ceptors can be directed into forming clathrin/AP2 pits by a

different sorting signal: Tyr-X-X-O, where X can be any

amino acid and Q is a bulky hydrophobic amino acid. This

Tyr-X-X-O sorting signal in the cytosolic segment of a te-

ceptor protein binds to a specific cleft in one of the protein

subunits of the AP2 complex. Because the tyrosine and O

residues mediate this binding' a mutation in either one

reduces or abolishes the ability of the receptor to be incor-

porated into clathrin lAP2-coatedpits. Moreover, if influenza

HA protein, which is not normally endocytosed, is geneti-

cally engineered to contain this four-residue sequence in its

cytosolic domain, the mutant HA is internalized' Recall

Coated
pit -+

Clathrin,/ E
AP2
complex

Coated
vesicle

._f

\

Early
endosome
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from our earlier discussion that this same sorting signal re-
cruits membrane proteins into clathrin/AP1 vesicles that bud
from the trans-Golgi network by binding to a subunit of AP1
(see Table 14-2). All these observations indicare rhat Tyr-X-
X-O is a widely used signal for sorting membrane proteins to
clathrin-coated vesicles.

In some cell-surface proteins, however, other sequences
(e.g., Leu-Leu) or covalently linked ubiquitin molecules signal
endocytosis. Among the proteins associated with clathrin/AP2
vesicles, several contain domains that specifically bind to
ubiquitin, and it has been hypothesized that these vesicle-as-
sociated proteins mediate the selective incorporation of ubiq-
uitinated membrane proteins into endocytic vesicles. As de-
scribed later, the ubiquitin tag on endocytosed membrane
proteins is also recognized at a later stage in the endocytic
pathway and plays a role in delivering these proteins into the
interior of the lysosome, where they are degraded.

The Acidic pH of Late Endosomes Causes Most
Receptor-Ligand Complexes to Dissociate
The overall rate of endocytic internalization of the plasma
membrane is quite high: cultured fibroblasts regularly internal-
ize 50 percent of their cell-surface proteins and phospholipids
each hour. Most cell-surface receptors that undergo endocyto-
sis will repeatedly deposit their ligands within the cell and then
recycle to the plasma membrane, once again to mediate inter-
nalization of ligand molecules. For instance, the LDL receptor
makes one round trip into and out of the cell every 10-20 min-
utes, for a total of several hundred trips in its 20-hour life span.

( a )

Cell surface [pH =7.0]
L igand-b ind ing
arm (R1-R7

Cholesterol esters
LDL
receptor B-propeller

Internalized receptor-ligand complexes commonly follow
the pathway depicted for the M5P receptor inFigure 14-22
and the LDL receptor in Figure L4-29. Endocytosed cell-sur-
face receptors typically dissociate from their ligands within
late endosomes, which appear as spherical vesicles with tubu-
Iar branching membranes located a few micrometers from the
cell surface. The original experiments that defined the late en-
dosome sorting vesicle utilized the asialoglycoprorein recep-
tor. This liver-specific protein mediates the binding and inter-
nalization of abnormal glycoproteins whose oligosaccharides
terminate in galactose rather than the normal sialic acid;
hence the name asialoglycoprotein. Electron microscopy of
liver cells perfused with asialoglycoprotein reveal that 5-10
minutes after internalization, ligand molecules are found in
the lumen of late endosomes, while the tubular membrane ex-
tensions are rich in receptor and rarely contain ligand. These
findings indicate that the late endosome is the organelle in
which receptors and ligands are uncoupled.

The dissociation of receptor-ligand complexes in late en-
dosomes occurs not only in the endocytic pathway but also
in the delivery of soluble lysosomal enzymes via the secre-
tory pathway (see Figure 1.4-22). As discussed in Chapter 11,
the membranes of late endosomes and lysosomes contain V-
class proton pumps that act in concert with Cl channels to
acidify the vesicle lumen (see Figure 11-13). Most receptors,
including the M5P receptor and cell-surface receptors for
LDL particles and asialoglycoprotein, bind their ligands
tightly at neutral pH but release their ligands if the pH is
Iowered to 6.0 or below. The late endosome is the first vesi-
cle encountered by receptor-ligand complexes whose luminal

(b )

Endosome tpH =51

p id
LDL
part icle

Re l  eased
LDL par t i c le

I
domain

monolayer
NPXY protein

  FIGURE 14-30 Model for pH-dependent binding of LDt
particles by the LDL receptor. Schematic depiction of LDL receptor
at neutral pH found at the cell surface (a) and at the acidic pH found
in the interior of the late endosome (b) (a) nt the cell surface, apoB-
100 on the surface of a LDL particle binds tightly to the receptor. Of
the seven repeats (R1-R7) in the l igand-binding arm, R4 and R5
appear to be most crit ical for LDL binding. (b, top) Within the
endosome, histidine residues in the B-propeller domain of the LDL
receptor become protonated The positively charged propeller can
bind with high affinity to the l igand-binding arm, which contains
negatively charged residues, causing release of the LDL particle (b,
bottom) Experimental electron density and Co trace model of the
extracellular region of the LDL receptor at pH 5 3 based on x-ray
crystallographic analysis. In this conformation, extensive hydrophobic
and ionic interactions occur between the B propeller and the R4 and
R5 repeats. lPart (b) from G Rudenko et al , 2002, Science2gS:2353]

Surface of
B-prope l le r
domain becomes
posit ively charged,
and then b inds
to  the  l igand-
b ind ing  arm
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pH is sufficiently acidic to promote dissociation of most en-
docytosed receptors from their tightly bound ligands.

The mechanism by which the LDL receptor releases
bound LDL particles is now understood in detail (Figure
1,4-30). At the endosomal pH of 5.0-5.5, histidine residues
in the B-propeller domain of the receptor become proto-
nated, forming a site that can bind with high affinity to the
negatively charged repeats in the ligand-binding domain.
This intramolecular interaction sequesters the repeats in a
conformation that cannot simultaneously bind to apoB-100,
thus causing release of the bound LDL particle.

The Endocytic Pathway Delivers lron to Cells
without Dissociation of the Receptor-Transferrin
Complex in  Endosomes

The endocytic pathway involving the transferrin receptor
and its ligand differs from the LDL pathway in that the re-

ceptor-ligand complex does not dissociate in late endosomes.

Nonetheless, changes in pH also mediate the sorting of re-

ceptors and ligands in the transferrin pathway, which func-

tions to deliver iron to cells.
A major glycoprotein in the blood' transferrin transports

iron to all tissue cells from the liver (the main site of iron stor-

age in the body) and from the intestine (the site of iron ab-

sJrption). The iron-free form, apotransferrin, binds two Fe3*

ions very tightly to form ferrotransferrin. Arllmammalian cells

contain cell-surface transferrin receptors that avidly bind fer-

rotransferrin at neutral pH, after which the receptor-bound

ferrotransferrin is subjected to endocytosis. Like the compo-

nents of an LDL particle, the two bound Fe'* atoms remain in

the cell, but the apotransferrin part of the ligand does not dis-

sociate from the receptor, and within minutes after being en-

docytosed, apotransferrin is secreted from the cell.

As depicted in Figure 14-3'J', the explanation for the be-

havior of the transferrin receptor-ligand complex lies in the

E
Apotransferr in
dissociates from
receptor at
neutral pH

Ferrotransferrin _ 
E

>^
Transferr in
receptor

Exterior
(pH 7.01

Adapter complex

Clathrin

5t

E
Apotransferr in
is recycled to
cel l  surface

Aootransferr in

endocytic vesicles fuse with the membrane of the endosome Fe*3 is

released from the receptor-ferrotransferrin complex in the acidic late

endosome compartment Step E: The apotransferrin protein remains

bound to its receptor at this pH, and they recycle to the cell surface

together. Step @: The neutral pH of the exterior medium causes

release of the iron-free apotransferrin [See A Ciechanover et al , 1983,

J Biol Chem 258:9681 l

<t

- r +
Low pH causes release of Fe3' Fe'

f rom l igand;  l igand remains
bound to receptor

A FIGURE 14-31 The transferrin cycle, which operates in all
growing mammalian cells. Step E: The transferrin dimer carrying
two bound atoms of Fe*3, called ferrotransferrin, binds to the
transferrin receptor at the cell surface Step [: Interaction between
the tail of the transferrin receptor and the AP2 adapter complex
incorporates the receptor-l igand complex into endocytic clathrin-
coated vesicles Steps B and 4:The vesicle coat is shed and the

Late endosome
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unique ability of apotransferrin to remain bound to the
transferrin receptor at the low pH (5.0-5.5) of late endo-
somes. At a pH of less than 5.0, the two bound Fe3* atoms
dissociate from ferrotransferrin, are reduced to Fe2* by an
unknown mechanism, and then are exported into the cytosol
by an endosomal transporter specific for divalent metal
ions. The receptor-apotransferrin complex remaining after
dissociation of the iron atoms is recycled back to the cell sur-
face. Although apotransferrin binds tightly to its receptor
at a pH of 5.0 or 6.0, it does not bind at neutral pH. Hence
the bound apotransferrin dissociates from the transferrin
receptor when the recycling vesicles fuse with the plasma
membrane and the receptor-ligand complex encounters the
neutral pH of the extracellular interstitial fluid or growth
medium. The recycled receptor is then free to bind another
molecule of ferrotransferrin, and the released apotransferrin
is carried in the bloodstream to the liver or intestine to be re-
loaded with iron.

Receptor-Mediated Endocytosis

r Some extracellular ligands that bind to specific cell-
surface receptors are internalized, along with their recep-
tors, in clathrin-coated vesicles whose coats also contain
AP2 complexes.

r Sorting signals in the cytosolic domain of cell-surface re-
ceptors target them into clathrin/AP2-coated pits for inter-
nalization. Known signals include the Asn-Pro-X-Tyr,
Tyr-X-X-O, and Leu-Leu sequences (see Table 14-2).

r The endocytic pathway delivers some ligands (e.g., LDL
particles) to lysosomes, where they are degraded. Trans-
port vesicles from the cell surface first fuse with late endo-
somes, which subsequently fuse with the lysosome.

r Most receptor-ligand complexes dissociate in the acidic
milieu of the late endosomel the receptors are recycled to
the plasma membrane, while the ligands are sorted to lyso-
somes (see Figurel4-29).

Iron is -imported into cells by an endocytic pathway in
hich Fe3+ ions are released from ferrotransferrin in the

late endosome. The receptor-apotransferrin complex is re-
cycled to the cell surface, where the complex dissociates.
releasing both rhe receptor and apotransfeirin for reuse.

M Directing Membrane proteins
and Cytosolic Materials to the Lysosome
The major function of lysosomes is to degrade extracellu-
lar materials taken up by the cell and intracellular com-
ponents under cer ta in condi t ions.  Mater ia ls  to be de-
graded must be delivered ro the lumen of the lysosome,
where the various degradative enzymes reside. As just dis-
cussed, endocytosed ligands (e.g., LDL particles) that dis-
sociate from their receptors in the late endosome subse-
quently enter the lysosomal lumen when the membrane of

the late endosome fuses with the membrane of the lyso-
some (see Figure 1,4-29). Likewise, phagosomes carrying
bacteria or other particulate matter can fuse with lyso-
somes, releasing their contents into the lumen for degra-
dation.

It is apparent how the general vesicular trafficking
mechanism discussed in this chapter can be used to de-
liver the luminal contents of an endosomal organelle to
the lumen of the lysosome for degradation. However,
vesicular trafficking cannot allow for delivery of mem-
brane proteins or cytosolic materials to the lysosomal lu-
men. As we wil l see in this section. the cell has two differ-
ent specialized pathways for delivery of these molecules
to the lysosome interior for degradation. The first path-
way is used to degrade endocytosed membrane proteins
and uti l izes an unusual type of vesicle that buds into the
lumen of the endosome to produce a multivesicular endo-
some. The second pathway, known as autophagS involves
the de novo formation of a double membrane organelle
known as an autophagosome that envelops cytosolic ma-
terial, such as soluble cytosolic proteins or sometimes or-
ganelles such as peroxisomes or mitochondria. Both path-
ways lead to fusion of either the multivesicular endosome
or autophagosome with the lysosome, depositing the con-
tents of these organelles into the lysosomal lumen for
degradation.

Multivesicular Endosomes Segregate
Membrane Proteins Destined for the
Lysosomal Membrane from Proteins
Destined for Lysosomal Degradation
Resident lysosomal proteins, such as V-class proton pumps
and amino acid transporters, can carry out their functions
and remain in the lysosomal membrane, where they are
protected from degradation by the soluble hydrolytic en-
zymes in the lumen. Such proteins are delivered to the lyso-
somal membrane by transport vesicles that bud from the
trans-Golgi network by the same basic mechanisms de-
scribed in earlier sections. In contrast, endocytosed mem-
brane proteins such as receptor proteins that are to be de-
graded are transferred in their entirety to the interior of the
lysosome by a specialized delivery mechanism. Lysosomal
degradation of cell-surface receptors for extracellular sig-
naling molecules is a common mechanism for controlling
the sensitivity of cells to such signals (Chapter 15). Recep-
tors that become damaged also are targeted for lysosomal
degradation.

Early evidence that membranes can be delivered to the
lumen of compartments came from electron micrographs
showing membrane vesicles and fragments of membranes
within endosomes and lysosomes (see Figure 9-2c).parallel
experiments in yeast revealed that endocytosed receptor pro-
teins targeted to the vacuole (the yeast organelle equivalent
to the lysosome) were primarily associated with membrane
fragments and small vesicles within the interior of the vac-
uole rather than with the vacuole surface membrane.
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  FIGURE 14-32 Delivery of plasma-membrane proteins to the
lysosomal interior for degradation. Early endosomes carrying
endocytosed plasma-membrane proteins (blue) and vesicles carrying
lysosomal membrane proteins (green) from the trans-Golgi network
fuse with the late endosome, transferring their membrane proteins
to the endosomal  membrane (steps t r  and Z)  Prote ins to be
degraded, such as those from the early endosome, are incorporated
into vesicles that bud into the interior of the late endosome,
eventually forming a multivesicular endosome containing many such

Early endosome

Late endosome/
multivesicular body

internal vesicles (step B) Fusion of a multivesrcular endosome
directly with a lysosome releases the internal vesicles into the lumen

of the lysosome, where they can be degraded (step Zl) Because
proton pumps and other lysosomal membrane proteins normally are

not incorporated into internal endosomal vesicles, they are delivered

to the lysosomal membrane and are protected from degradation. [see
F. Reggiori and D J Klionsky,20Q2, Eukaryot Cell 1:11, and D J Katzmann

et al . 2002. Nature Rev. Mol Cell Biol 3:893 l

These observations suggest that endocytosed mem- somes in mammalian cells is based primarily on studies in

brane proteins can be incorporated into specialized vesicles yeast (Figure 1'4-33). Most cargo proteins that enter the

that form at the endoso-ai -e-brane (Figure 1,4-32). Al- multivesicular endosome aretagged with ubiquitin. Cargo

though these vesicles are similar in size and appearance ro proteins destined to enter the multivesicular endosome

,r"nrlo., vesicles, they differ topologically. Transport vesi- usually receive their ubiquitintagat the plasma membrane'

cles bud outward from the ,.rifu.. of a donor trganelle the TGN, or the endosomal membrane. We have already

into the cytosol, whereas vesicles within the endosome bud seen how ubiquitin tagging can serve as a signal for degra-

inward from the surface into the lumen (away from the cy- dation of cytosolic or misfolded ER proteins by the protea-

tosol). Mature endosomes containing numerous vesicles in some (see Chapters 3 and 13). When used as a signal for

their interior are usually called multiuesicular endosomes proteasomal degradation, the ubiquitin tag usualjy consists

(or bodies). Eventually, the surface membrane of a multi- of a chain of covalently l inked ubiquitin molecules (polyu-

vesicular endosome fuses with the membrane of a lyso- biquitin), whereas ubiquitin used to tag proteins for entry

some, thereby delivering its internal vesicles and the mem- into the multivesicular endosome usually takes the form of

brane proteins they contain into the lysosome interior for a single (monoubiquitin) molecule. In the membrane of the

degradation. Thus the sorting of proteins in the endosomal endosome a ubiquitin-tagged peripheral membrane pro-

membrane determines which onei wil l remain on the lyso- tein, known as Hrs, facil i tates loading of specific mo-

some surface (e.g., pumps and transporters) and *hi.h noubiquitinated membrane cargo proteins into vesicle buds

ones will be incolpor"t.d i.rto internal vesicles and ulti- directed into the interior of the endosome. The ubiquiti-

mately degraded in lysosomes. nated Hrs protein then recruits a set of three different

Vany of the proteins required for inward budding of protein complexes to the membrane. These ESCRT (endo-

the endosomal membrane were first identified by muta- somal sorting complexes required for /ransport) proteins

tions in yeast that blocked delivery of membrane proteins include the ubiquitin-binding protein Tsg101..The mem-

to the interior of the vacuole. More than 10 ,rr.h "bod- brane-associated ESCRT proteins act to complete vesicle

ding" proteins have been identif ied in yeast, most with sig- budding, Ieading to release of a vesicle carrying specific

nificanl similarit ies to mammalian proteins that evidentiy membrane cargo into the interior of the endosome' Finally,

perform the same function in mammalian cells. The current an ATPase, known as Vps4, uses the energy from ATP hy-

model of endosomal buddine to form multivesicular endo- drolysis to disassemble the ESCRT' releasing them into the

i-",
r l

Lysosome
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Cytosol

Hrs protein
Ub iqu i t in

proTer ns

< FIGURE 14-33 Model of the
mechanism for formation of
mul t ives icular  endosomes.  In endosomal
budding,  ubiqui t inated Hrs on the
endosomal  membrane d i rects loading of
speci f ic  membrane cargo prote ins (b lue)  in to
vesicle buds and then recruits cytosolic
ESCRT to the membrane (step E)  Note that
both Hrs and the recruited cargo proteins are
tagged with ubiquitin After the set of
bound ESCRT complexes mediate membrane
fusion and p inching of f  o f  the completed
vesicle (step Z), they are disasssembled by
the ATPase Vps4 and returned to the cytosol
(step B) See text for discussion [Adapted
from O Pornillos et al , 2002, Trends Cell Biol.
12:569,1

Endosomar
vesicle

Lumen of endosome

Cargo

cytosol for another round of budding. In the fusion event
that pinches off a completed endosomal vesicle, the ESCRT
proteins and Vps4 may function like SNAREs and NSF, re-
spectively, in the typical membrane-fusion process dis-
cussed previously (see Figure 14-10).

Retroviruses Bud from the plasma Membrane
by a Process Similar to Formation of
Mul t ives icu lar  Endosomes
The vesicles that bud into the interior of endosomes have a
topology similar to that of enveloped virus particles that bud
from the plasma membrane of virus-infected cells. More-
over, recent experiments demonstrate that a common set of
proteins is required for both types of membrane-budding
events. In fact, the two processes so closely parallel each
other in mechanistic detail as to suggest that enveloped
viruses have evolved mechanisms to recruit the cellular
proteins used in inward endosomal budding for their own
purposes.

The human immunodeficiency virus (HIV) is an en-
veloped retrovirus that buds from the plasma membrane of
infected cells in a process driven by viral Gag protein, the
major structural component of completed virus particles.
Gag protein binds to the plasma membrane of an infected
cell and =4000 Gag molecules polymerize into a spherical
shell, producing a structure that looks l ike a vesicle bud
protruding outward from the plasma membrane. Muta-
tional studies with HIV have revealed that the N-terminal
segment of Gag protein is required for association with the
plasma membrane, whereas the C-terminal segment rs re-
quired for pinching off of complete HIV particles. For in-
stance, if the portion of the viral genome encoding the C-
terminus of Gag is removed, HIV buds will form in infected

cells, but pinching off does not occur, and thus no free virus
particles are released.

The first indication that HIV budding employs the same
molecular machinery as vesicle budding into endosomes
came from the observation that Tsg101, an ESCRT pro-
tein, binds to the C-terminus of Gag protein. Subsequent
findings have clearly established the mechanistic parallels
between the two processes. For example, Gag is ubiquiti-
nated as part of the process of virus budding, and in cells
with mutations in Tsg101 or Vps4, HIV virus buds
accumulate but cannot pinch off from the membrane (Fig-
ure 14-34). Moreover, when a segment from the cellular
Hrs protein is added to a truncated Gag protein, proper
budding and release of virus particles is restored. Taken
together, these results indicate that Gag protein mimics the
function of Hrs, redirecting ESCRT to the plasma mem-
brane, where they can function in the budding of virus
particles.

Other enveloped retroviruses such as murine leukemia
virus and Rous sarcoma virus also have been shown to require
ESCRT complexes for their budding, although each virus ap-
pears to have evolved a somewhat different mechanism to re-
cruit ESCRT complexes to the site of virus budding.

The Autophagic Pathway Delivers Cytosolic proteinr or
Entire Organelles to Lysosomes When cells are placed
under stress such as conditions of starvation, they have the
capacity to recycle macromolecules for use as nutrients in a
process of lysosomal degradation known as autophagy
("eating oneself"). The autophagic pathway involves the for-
mation of a flattened double-membrane cup-shaped struc-
ture that envelops a region of the cytosol or an entrre or-
ganelle (e.g., mitochondrion), forming an autophagosome,
or autophagic uesicle (Figure 1,4-35). The outer membrane
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ffi aod.urt: HIV Budding from the Plasma Membrane

HIV virus( a ) < FIGURE 14-34 Mechanism for
budding of HIV from the Plasma
membrane. Proteins required for formation
of multivesicular endosomes are exploited
by HIV for virus budding from the plasma
membrane. (a) Budding of HIV particles
from H|V-infected cells occurs by a similar
mechanism as in Figure 14-33, using the
virally encoded Gag protein and cellular
ESCRT and Vps4 (steps n-B).
Ubiquitinated Gag near a budding particle
functions l ike Hrs See text for discussion.
(b) In wild-type cells infected with HIV virus
particles bud from the plasma membrane
and are rapidly released into the
extracellular space. (c) In cells that lack the
functional ESCRT protein Tsg101, the viral
Gag protein forms dense viruslike
structures, but budding of these structures
from the plasma membrane cannot be
completed and chains of incomplete viral
buds sti l l  attached to the plasma membrane
accumulate. [Wes Sundquist, University of
Utah I

HIV envelope Core part icle

Extracellular
space

Plasma membrane

Cytosol

HIV Gag
protein

(c)

of an autophagic vesicle can fuse with the lysosome, deliver-
ing a large vesicle, bounded by a single membrane bilayer, to

the interior of the lysosome. Similar to the situation that oc-

curs when multivesicular endosomes are delivered to the

lysosome, lipases and proteases within the lysosome will de-
grade the autophagic vesicle and its contents into their mo-

lecular components. Amino acid permeases in the lysosomal

membrane then allow for transport of free amino acids back

into the cytosol for use in synthesis of new proteins.
The formation and fusion of autophagic vesicles are

thought to take place in three basic steps. Although the un-

derlying mechanisms for each of these steps remain poorly

understood, they are thought to be related to the basic mech-

anisms for vesicular trafficking discussed in this chapter.

Autophagic Vesicle Nucleation The autophagic vesicle is

thought to originate from a fragment of a membrane-

bounded organelle. Although the origin of this membrane is

not known, most studies suggest that the autophagic vesicle

autophagic vesicle.

Autophagic Vesicle Growth and Completion New

membrane must be delivered to the autophagosome mem-

brane in order for this cup-shaped organelle to grow' This

Ubiqu i t in

+ P i

as 
disassembly
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Autophagic pathways

A FIGURE 14-35 The autophagic pathway. The autophagic
pathway allows cytosolic proteins and organelles to be delivered to
the lysosomal  in ter ior  for  degradat ion,  In  the autophagic pathway,
a cup-shaped structure forms around portions of the cytosol or
an organel le  such as a peroxisome, as shown here Cont inued
addi t ion of  membrane eventual ly  leads to the format ion of  an
autophagosome vesicle that envelops its contents by two complete
membranes (step E)  Fusion of  the outer  membrane wi th the

membrane of a lysosome releases a single-layer vesicle and its
contents into the lysosome interior (step fl) After degradation of
the protern and lipid by hydrolases in the lysosome interior, the
released amino acids are transported across the lysosomal membrane
into the cytosol Proteins known to participate in the autophagic
pathway include Atg8, which forms a coat structure around the
autophaqosome

growth is likely to occur by the fusion of some type of trans-
port vesicle with the membrane of the autophagosome. Al-
though the origin of such vesicles is not known, the endo-
some is a l ikely candidate. Some of the proteins that
participate in the formation of autophagosomes have been
identified in genetic screens in yeast for mutants that are de-
fective in autophagy. A subset of these proteins appear to
form a coat structure on the surface of the autophagoso-e.
One of these proteins is Atg8, shown in Figure 14-35, which
is covalently linked to the lipid phosphatidylethanolamine
and thus becomes attached to the cytoplasmic leaflet of the
autophagic vesicle. This coat may give the autophagosome
its cup-shaped structure.

Autophagic Vesicle Targeting and Fusion The outer
membrane of the completed autophagosome is thought to
contain a set of proteins that target fusion with the mem_
brane of the lysosome. Two vesicle-tethering proteins have
been found to be required for autophagosome fusion with
the lysosome, but the corresponding SNARE proteins have
not been identified. Fusion of the autophagosome with the
lysosome occurs after Atg8 has been released from the mem-
brane by proteolytic cleavage, and this proteolysis step only
occurs once the autophagic vesicle has completely formed a
sealed double,membrane system. Thus AtgS protein appears

to mask fusion proteins and to prevent premature fusion of
the autophagosome with the lysosome.

Directing Membrane Proteins and Cytosolic Materials
to the Lysosome

r Endocytosed membrane proteins destined for degrada-
tion in the lysosome are incorporated into vesicles that bud
into the interior of the endosome. Multivesicular endo-
somes, which contain many of these internal vesicles, can
fuse with the lysosome to deliver the vesicles to the interior
of the lysosome (see Figure 14-32).

r Some of the cellular components (e.g., ESCRT) that me-
diate inward budding of endosomal membranes are used in
the budding and pinching off of enveloped viruses such as
HIV from the plasma membrane of virus-infected cells (see
Figures 14-33 and 14-34).

r A portion of the cytoplasm or an entire organelle (e.g.,
peroxisome) can be enveloped in a flattened membrane and
eventually incorporated into a double-membrane au-
tophagic vesicle. Fusion of the outer vesicle membrane with
the lysosome delivers the enveloped contents to the interior
of the lysosome for degradation (see Figure 14-35).
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The biochemical, genetic, and structural information pre-

sented in this chapter shows that we now have a basic un-

derstanding of how protein traffic flows from one mem-

brane-bounded compartment to another. Our understanding
of these processes has come largely from experiments on the

function of various types of transport vesicles. These studies

have led to the identification of many vesicle components

and the discovery of how these components work together

to drive vesicle budding, to incorporate the correct set of

cargo molecules from the donor organelle' and then to me-

diate fusion of a completed vesicle with the membrane of a

target organelle.
Despite these advances, important stages of the secre-

tory and endocytic pathways remain about which we know

relatively little. For example, we do not yet know what types

of proteins form the coats of either the regulated or the con-

stitutive secretory vesicles that bud from the trans-Golgi net-

work. Moreover, the types of signals on cargo proteins that

might target them for packaging into secretory vesicles have

not yet been defined. Another baffling process is the forma-

tion of vesicles that bud away from the cytosol, such as the

vesicles that enter multivesicular endosomes. Although some

of the proteins that participate in formation of these "inter-
nal" endosome vesicles are known, we do not know what

determines their shape or what type of process causes them

to pinch off from the donor membrane. Similarly, the origin

and growth of the membrane of the autophagic vesicle is

also poorly understood. In the future, it should be possible

for these and other poorly understood vesicle-trafficking

steps to be dissected through the use of the same powerful

combination of biochemical and genetic methods that have

delineated the working parts of COPI, COPII, and

clathrin/AP vesicles.

Questions still remain about vesicle trafficking between

the ER and cls-Golgi, between Golgi stacks, and between the

tr an s - G olgi and endosome, the best-ch ar acterized transport

steps. In particular, our understanding of how proteins are

actually sorted between these organelles is incomplete

largely because of the highly dynamic nature of all the or-
ganelles along the secretory pathway. Although we know

many of the details of how particular vesicle components

function, we cannot account for why their functions are re-

stricted to specific stages in the overall flow of anterograde

and retrograde transport steps. For example' we cannot ex-

plain why COPII vesicles fuse with one another to form a

new cls-Golgi stack, whereas COPI vesicles fuse with the

membrane of the ER, since both vesicle types appear to con-

tain similar sets of v-SNARE proteins. In the same vein, we

do not know what feature of the Golgi membrane actually

distinguishes a COPl-coated vesicle bud from a clathrin/AP-

coated bud. In both cases, binding of ARF protein to the

Golgi membrane appears to initiate vesicle budding. The so-

lution to these problems will require a more integrated un-

derstanding of the flow of vesicular traffic in the context of

the entire secretory pathway. Recent improvements in our

ability to image vesicular transport of cargo proteins in live

cells gives hope that some of these more subtle aspects of

vesicle function may be clarified in the near future.
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1.. The studies of Palade and colleagues used pulse-chase

labeling with radioactively labeled amino acids and autora-

diography to visualize the location of newly synthesized pro-

teins in pancreatic acinar cells. These early experiments pro-

vided invaluable information on protein synthesis and

intercompartmental transport. New methods have evolved,

but two basic requirements are still necessary for any assay

to study this type of protein transport. What two require-

ments must be met? Briefly describe the experimental ap-

proaches needed to meet the criteria.

2. Sec18 is a yeast gene that encodes NSF. It is a class C

mutant in the yeast secretory pathway. 
'$fhat 

is the mecha-

nistic role of NSF in membrane trafficking? As indicated by

its class C phenotype, why does an NSF mutation produce

accumulation of vesicles at what appears to be only one

stage of the secretorY Pathway?

3. Vesicle budding is associated with coat proteins' IUfhat is

the role of coat proteins in vesicle budding? How are coat

proteins recruited to membranes? !7hat kinds of molecules

are likely to be included or excluded from newly formed

vesicles? What is the best-known example of a protein likely

to be involved in vesicle pinching off?

4. Treatment of cells with the drug brefeldin A (BFA) has

the effect of decoating Golgi apparatus membranes, result-

ing in a cell in which the vast majority of Golgi proteins are

found in the ER.'What inferences can be made from this
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observation regarding roles of coat proteins other than
promoting vesicle formation? Predict what type of muta-
tion in Arfl might have the same effect as treating cells
with BFA.

5. An antibody to an exposed '.hinge" region of BCOpI
known as EAGE blocks the function of BCOpI when mi-
cro in jected in to HeLa cel ls .  predict  what  the conse-
quences of this functional block might be for anterograde
transport from the ER to the plasma membrane. propose
an experiment to test whether the effect of EAGE mi-
croinjection is init ially on anterograde or retrograde
transport.

6. Specificity in fusion between vesicles involves two dis-
crete and sequential processes. Describe the first of the two
processes and its regulation by GTpase switch proteins.
What effect on the size of early endosomes might reiult from
overexpression of a mutant form of Rab5 that is stuck in the
GTP-bound state?

7. Sorting signals that cause retrograde transport of a pro-
tein in the secretory pathway are sometimes known as re-
trieval sequences. List the two known examples of retrieval
sequences for soluble and membrane prot;ins of the ER.
How does the presence of a retrieval sequence on a soluble
ER protein result in its retrieval from the cls-Golgi complex?
Describe how the concept of a retrieval sequence is essential
to the cisternal-progression model.
8. _Clathrin adapter protein (Ap) complexes bind directly
to the cytosolic face of membrane proteins and also inter-
act with clathrin. Sfhat are the four known adapter pro_
tein complexes? rVhy may clathrin be considered to be an
accessory protein to a core coat composed of adapter pro_
teins ?

9, I-cell disease is a classic example of an inherited human
defect in protein targeting that affects an enrire class of pro-
teins, soluble enzymes of the lysosome. !7hat is the molecu-
lar defect in I-cell disease? Why does it affectthe targeting of
an entire class of proteins? lfhat other types of mutati,ons
might produce the same phenotype?
10. The TGN, trans-Golgi network, is the site of multiple

versus apical cell surfaces in MDCK cells versus heoato_
cytes.

12. \What mechanistic features are shared by (a) the forma_
tion of multivesicular endosomes by budding into the inte_
rior of the endosome and (b) the outward Uuaaing of HIV
virus at the cell surface? You wish to design a peptide in-

hibitor/competitor of HIV budding and decide to mimic in a
synthetic peptide a portion of the HIV Gag protein. Which
portion of the HIV Gag protein would be a logical choice?'Sfhat 

normal cellular process might this inhibitor block?
13. The phagocytic and autophagic pathways serve two fun-
damental roles, but both deliver their vesicles to the lyso-
some. !7hat are the fundamental differences between the
two pathways? Describe the three basic steps in the forma-
tion and fusion of autophagic vesicles.

Analyze the Data

In order to examine the specificity of membrane fusion con-
ferred by specific v-SNAREs and I-SNAREs (see MacNew et
aI., 2000, Nature 407 :1 5 3-1 59), liposomes (artificial lipid
membranes) were reconstituted with specific I-SNARE com-
plexes or with v-SNAREs. To measure fusion, the v-SNARE
liposomes also contained a fluorescent lipid at a relatively
high concentration such that its fluorescence is quenched.
(Quenching is reduced fluorescence relative to that exoected.
In this case, quenching occurs because the fluoresceni lipid,
are too concentrated and interfere with each other's ability
to become excited.) On fusion of these liposomes with those
lacking the fluorescent lipid, the fluorescent lipids are di-
luted, and quenching is alleviated. Three sets of liposomes
were prepared using yeast t-SNARE complexes: those con-
taining plasma membrane I-SNAREs, Golgi I-SNAREs, or
vacuolar I-SNAREs. Each of these was mixed with fluores-
cent liposomes containing one of three different yeast v-
SNAREs. The following data were obtained.

TSNARE =
plasma
membrane

TSNARE = Go lg i

TSNARE =
vacuolar

a. $fhat can be deduced from these data about the
specificity of membrane fusion events?

b. Ifhere might you expect to find v-SNAREs 1. 2.
and 3 in yeast?

c. \What kind of experiment could be designed to de-
termine where in the secretory pathway a given v-SNARE is
required in vivo?

q)

c)
6
o)

f

L

v-SNARE 1 v-SNARE 2 v-SNARE 3

Time after mixing
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o

o
o

0)
o
o)

II

d. The cytoplasmic domain of v-SNARE 2 has been

expressed and purified from E. coli. Yarious amounts of this

domain are incubated either with the Golgi I-SNARE lipo-

somes or with v-SNARE 2 liposomes' The liposomes are

then washed free of unbound protein. The various liposomes

are then mixed, as indicated below, and the fluorescence of

each sample is measured t hour after mixing' How can the

data be explained? What would you predict the outcome to

be if yeast were to overexpress the cytoplasmic domain of v-

SNARE 2?

= v-SNARE 2 l iposomes incubated wi th the
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cLASSIC E X P E R I M E N T 1 4

FOLLOWING A PROTEIN OUT OF THE CELL
J. Jamieson and G. Palade, 1965, Proc. Natl. Acad. Sci. IJSA 55(2):424-431

The advent of electron microscopy al-
lowed researchers to see the cell and its

structures at an unprecedented level of
detail. George Palade utilized this tool
not only to look at the fine details of
the cell but also to analyze the process
of secretion. By combining electron
microscopy with pulse-chase experi-
ments, Palade uncovered the path pro-

teins follow to leave the cell.

Background
In addition to synthesizing proteins to
carry out cellular functions, many cells
must also produce and secrete addi-

tional proteins that perform their du-

ties outside the cell. Cell biologists,
including Palade, wondered how se-
creted proteins make their passage
from the inside to the outside of the
cell. Early experiments suggesting that
proteins destined for secretion are syn-

thesized in a particular intracellular lo-

cation and then follow a pathway to
the cell surface employed methods to

disrupt cells synthesizing a particular
secreted protein and to separate their
various organelles by centrifugation.
These cell-fractionation studies showed
that secreted proteins can be found in
membrane-bounded vesicles derived
from the endoplasmic reticulum (ER),

where they are synthesized, and with
zymogen granules, from which they
are eventually released from the cell.
Unfortunately, results from these stud-
ies were hard to interpret due to diffi-
culties in obtaining clean separation of

all of the different organelles that con-

tain secretory proteins. To further clar-
ify the pathway, Palade turned to a
newly developed technique, high-reso-
lution autoradiography, that allowed
him to detect the position of radioac-
tively labeled proteins in thin cell sec-

tions that had been prepared for elec-

tron microscopy of intracellular or-

ganelles. His work led to the seminal

finding that secreted proteins travel

within vesicles from the ER to the

Golgi complex and then to the plasma

membrane.

The Experiment
Palade wanted to identify which cell

structures and organelles participate in

protein secretion. To studY such a

complex process, he carefully chose an

appropriate model system for his stud-

ies, the pancreatic exocrine cell, which

is responsible for producing and se-

creting large amounts of digestive en-

zymes. Because these cells have the

unusual property of expressing only

secretory proteins, a general label for

newly synthesized protein' such as

radioactively labeled leucine, will only

be incorporated into protein molecules

that are following the secretory
pathway.

Palade first examined the Protein
secretion pathway in vivo by injecting

live guinea pigs with ['H]-leucine,
which was incorporated into newlY

made proteins, thereby radioactively
labeling them. At t ime points from

4 minutes to 15 hours. the animals

were sacrif iced, and the pancreatic t is-

sue was fixed. By subjecting the speci

mens to autoradiography and viewing

them in an electron microscope, Palade

could trace where the labeled proteins

were in cells at various times. As ex-

pected, the radioactivity localized in

vesicles at the ER at tim^e points imme-

diately following the [rH]-leucine in-

iection and at the plasma membrane at

the later time points. The surprise

came in the middle time points. Rather

than traveling straight from the ER to

the plasma membrane, the radioac-

t ive ly  labeled prote ins appeared to

stop off at the Golgi comPlex in the

middle of their iourney. In addition,

there never was a time point where the

radioactively labeled proteins were not

confined to vesicles.
The observation that the Golgi

complex was involved in protein secre-

tion was both surprising and intrigu-

ing. To thoroughly address the role of

this organelle in protein secretion,

Palade turned to in vitro pulse-chase

experiments, which Permitted more

precise monitoring of the fate of

labeled proteins. In this labeling

technique, cells are exposed to radiola-

beled precursor' in this case ['H]-
leucine, for a short Period known as

the pulse. The radioactive precursor is

then replaced with its nonlabeled form

for a subsequent chase period. Proteins

synthesized during the pulse period

will be labeled and detected by autora-

diography, whereas those synthesized

during the chase period, which are

nonlabeled, will not be detected.

Palade began by cutting guinea Pig
pancreas into thick slices, which were

then incubated for 3 minutes in media

containing [3H]-leucine. At the end of

the pulse, he added excess unlabeled

leucine. The tissue slices were then ei-

ther fixed for autoradiography or used

for cell fractionation. To ensure that

his results were an accurate reflection

of protein secretion in vivo' Palade

meticulously charucterized the system.

Once convinced that his in vitro sys-

tem accurately mimicked protein se-

cretion in vivo, he Proceeded to the

crit ical experiment. He pulse-labeled

tissue slicis with [3Hl-leucine for 3

minutes, then chased the label for 7,

1,7 , 37 , 57 , and 1 17 minutes with unla-

beled leucine. Radioactivity, again

confined in vesicles' began at the ER,

then traveled in vesicles to the Golgi

complex and remained in the vesicles
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< FIGURE 1 The synthesis and movement of guinea pig
pancreatic se€retory proteins as revealed by electron microscope
autoradiography. After a period of labeling with [3H]-leucine, the
tissue is fixed, sectioned for electron microscopy, and subjected to
autoradiography. The radioactive decay of [3tt] in newly synthesized
proteins produces autoradiographic Arains in an emulsion placed over
the cell section (which appear in the micrograph as dense, wormlike
granules) that mark the position of newly synthesized proteins (a) At the
end of a 3-minute labeling period autoradiographic Arains are over the
rough ER (b) Following a 7-minute chase period with unlabeled leucine,
most of the labeled proteins have moved to the Golgi vesicles (c) After a
37-minute chase, most of the proteins are over immature secrerory
vesicles (d) After a 1 17-minute chase, the majority of the proteins are
over mature zymogen granules fCourtesyof J Jamieson and G palade ]

( d )(c )

as they passed through the Golgi and
onto the plasma membrane (see Fig-
ure 1). As the vesicles traveled farther
along the pathway, they became more
densely packed with radioactive pro-
te in.  From his remarkable ser ies of  au-
toradiograms at different chase times,
Palade concluded that secreted pro-
teins rravel in vesicles from rhe Ei{ ro
the Golgi and onto the plasma mem-
brane and that throughout this
process, they remain in vesicles and do
not mix with the rest of the cell.

Discussion
Palade's experimenrs gave biologists
the first clear look at the stages of the

secretory pathway. His studies on pan-
creatic exocrine cells yielded two fun-
damental observations. First, that se-
creted proteins pass through the Golgi
complex on their way out of the cell.
This was the first function assigned to
the Golgi complex. Second, secrered
proteins never mix with cellular pro-
teins in the cytosol; they are segregated
into vesicles throughout the pathway.
These findings were predicated from
two rmportant aspects of the experi-
mental design. Palade's careful use of
electron microscopy and autoradiogra-
phy allowed him to look at the fine de-
tails of the pathway. Of equal impor-
tance was the choice of a cell tyoe
devoted to secretion, the pancreatic

exocrine cell, as a model system. In a
different cell type, significant amounts
of nonsecreted proteins would have
also been produced during the label-
ing, obscuring the fate of secretory
proteins in particular.

Palade's work set the stage for
more detailed studies. Once the secre-
tory pathway was clearly described,
entire fields of research were opened
up to invest igat ion in  the synthesis  and
movement of both secreted and mem-
brane proteins. For this groundbreak-
ing work, Palade was awarded the
Nobel Prize for Physiology and Medi-
cine in 1974.
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CHA PTER

CELL SIGNALING I:
SIGNAL
TRANSDUCTION
AND SHORT-TERM
CELLULAR RESPONSES

receptors; signaling from such intracellular receptors is dis-

cussed in detail Chapter 7. Some small signaling molecules are

hydrophilic and are transported by membrane proteins into

the cell cytoplasm in order to influence cell behavior'

Most signaling molecules, however, are too large and too

hydrophilic to penetrate through the plasma membrane'

These bind to cell-surface receptors that are integral proteins

15.1 From Extracel lu lar  Signal  to  Cel lu lar
ResPonse

15.2 Studying Cell-Surface Receptors

15.3 Highly Conserved Components of
Intracellular Signal-Transduction Pathways

15.4 General Elements of G Protein-Coupled
Receptor Systems

15.5 G Protein-Coupled Receptors That
Regulate lon Channels

15.6 G Protein-Coupled Receptors That Activate

or Inhibit AdenYlYl CYclase

15.7 G Protein-Coupled Receptors That Activate
Phospholipase C

15.8 Integrating Responses of Cells to
Envi ronmental  In f  luences

The storage and metabolism of triglycerides is regulated by many

important hormones. This 3T3-11 adipocyte is stained for three
proteins that Iine triglyceride droplets at different stages of their

maturation-peri l ipin in blue, adipophil in in green, and TlP47 in

red. Courtesv Perrv Bickel and Nathan Wolins

o cell lives in isolation; cellular communication is a
fundamental property of all cells and shapes the func-
tion and abil it ies of every l iving organism. Even

single-celled organisms have the ability to communicate with
each other or other organisms. Eukaryotic microorganisms,
such as yeasts, slime molds, and protozoans, use secreted
molecules called pheromones to coordinate the aggregation
of free-living cells for sexual mating or differentiation under
certain environmental conditions. Yeast mating-type factors
are a well-understood example of pheromone-mediated cell-

to-cell signaling (Chapter 21). More important in plants and
animals are extracellular signaling molecules that function
within an organism to control metabolism of sugars, fats'

and amino acids, the growth and differentiation of tissues,

the synthesis and secretion of proteins, and the composition
of intracellular and extracellular fluids. Animals also re-

spond to many signals from their environment, including
light, oxygen, odorants, and tastants in food.

Many extracellular signaling molecules are synthesized
and released by signaling cells within the organism. In all cases

signaling molecules produce a specific response only in target

cells that have receptors for the signaling molecules' Many

types of chemicals are used as signals: small molecules (e.g.,

amino acid or lipid derivatives, acetylcholine), peptides (e.g',

ACTH and vasopressin), soluble proteins (e.g., insulin and
growth hormone) and many proteins tethered to the surface of

a cell or bound to the extracellular matrix. Most receptors

bind a single molecule or a group of closely related molecules.

Some signaling molecules, especially hydrophobic mole-

cules such as steroids, retinoids, and thyroxine' spontaneously
diffuse through the plasma membrane and bind to intracellular
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Overview Animation: Extracellular Signaling tl l t l

Cell surface
receptor

,a uo
/ l \@ @/\

Modif icat ion of Modif icat ion of
ce l lu la rmetabo l ism,  geneexpress ion ,
func t ion ,movement  deve looment

< FIGURE 15-1 General principles of signaling by cell-surface
receptors. Communication by extracellular signals usually involves
the fo l lowing steps:  Synthesis  of  the s ignal ing molecule by the
signaling cell and its rncorporation into small intracellular vesicles fi l),
its release into the extracellular space by exocytosis (Z), and transport
of  the s ignal  to  the target  ce l l  (B)  where the s ignal ing molecule
binds to a specific cell-surface receptor protein leading to activation
of the receptor (4). The activated receptor then init iates one or
more in t racel lu lar  s ignal - t ransduct ion pathways (Et)  leading to
specif ic changes, usually short-term, in cellular function, metabolism.
or movement (EE) or to long-term changes in gene expresston or
development ((p). Termination of the cellular response is caused by
intracellular signaling molecules that inhibit receptor function (Z)
and by removal of the extracellular signal (S)

the same pathway may be referred to by different names. For-
tunatelS as researchers have discovered the molecular details
of more and more receptors and pathways, some overarching
principles and mechanisms are beginning to emerge. These
shared features can help us make sense of the wealth of new
information concerning cell-to-cell signaling.

Perhaps the most numerous class of receptors-found
in organisms from yeast to human-are commonly called
G protein-coupled receptors (GPCRs). The human genome
encodes about 900 G protein-coupled receptors including
receptors in the visual, olfactory (smell), and gustatory (taste)
systems, many neurotransmitter receptors, and most of the
receptors for hormones that control carbohydrate, amino acid,
and fat metabolism. Essentially rhe same signaling pathway is
used in yeast for signaling by mating factors (Chapter 21). This
chapter focuses mainly on these receptors, which usually in-
duce short-term changes in cell function. Activation of many
cell-surface receptors alters the pattern of gene expression by
the cell, leading to cell differentiation and other long-term
consequences. These receptors and the intracellular signaling
pathways they activate are explored in Chapter 16. Certain
other cell-surface receptors are normally closed ion channels
that open in response to ligand binding, allowing a particular
type of ion to cross the plasma membrane. These receptors,
called ligand-gated ion channels, are especially important in
nerve cells; they are discussed in Chapter 23.

In this chapter we first review the general principles of cell
signaling and describe how cell-surface receptors are identified
and characterized. Next we discuss several features of many
signal-transduction pathways and their regulation that have
been conserved throughout evolution and are found in a wide
variety of organisms. We then describe the common elements in
G protein-<oupled signaling pathways and examine in molecu-
lar detail the mechanisms by which diverse cellular functions
are controlled by a relatively small set of G protein--coupled re-
ceptors and their associated signaling pathways. Finally, we will
see that a signal-transduction pathway activated by one recep-
tor can affect the signaling pathway downstream of a second
kind of receptor-sometimes positivelg at other times in a neg-
21iys rn2nnsl-in order to integrate cellular responses to multi-
ple extracellular signals. This kind of signal integration plays a
key role in the body's response to differing needs for glucose.

on the plasma membranes. Cell-surface receptors generally
consist of three discrete segments: a segment on the extracel-
Iular surface, a segment that spans the plasma membrane,
and a segment facing the cytosol. The signaling molecule acts
as a ligand, which binds to a structurally complementary site
on the extracellular or membrane-spanning domains of the
receptor. Binding of the ligand induces a conformational
change in the receptor that is transmitted through the
membrane-spanning domain to the cytosolic domain, resulting
in binding to and subsequent activation (or inhibition) of othei
proteins in the cytosol or attached to the plasma membrane.
The overall process of converring extracellular signals into
intracellular responses, as well as the individual steps in this
process, is termed signal transduction (Figure 15-1).

In all eukaryotes there are only about a dozen classes of

bined with biochemical analyses have enabled researchers to
trace many entire signaling pathways from binding of ligand
to receptors to the final cellular resDonses.

o
o
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From Extracellular Signal
to Cellular Response
Communication by extracellular signals within an organism
usually involves the following steps (see Figure 15-1): tr
synthesis and Z release of the signaling molecule by the
signaling cell; E transport of the signal to the target cell; 4
binding of the signal by a specific receptor protein Ieading
to a conformational change; E init iation of one or more ln-
tracellular signal-transduction pathways by the activated
receptor; 6 specific changes in cellular function, metabo-
lism, or development; and feedback regulation usually in-
volving Z deactivation of the receptor and B removal of
the signaling molecule, which together terminate the cellu-
lar response.

Signal ing Cel ls  Produce and Release
S igna l i ng  Mo lecu les

In humans rapid responses to changes in the environment
are primarily mediated by the nervous system and by hor-
mones including small peptides (e.g., insulin and adrenocor-
ticotropic hormone, ACTH) and small (nonpeptide) molecules
such as the catecbolamines (e.g., epinephrine, norepineph-
rine, and dopamine). The cells that make these signaling mol-

ecules are found in the pancreas (insulin), the pituitary gland
(ACTH), the adrenal glands (epinephrine and norepineph-
rine), neurons (norepinephrine) and the part of the brain
termed the hypothalamus (dopamine). Small signaling mole-
cules, including catecholamine neurotransmitters, are synthe-
sized in the cytosol and then transported into secretory vesi-

cles (Chapter 23), whereas peptide and protein hormones are
synthesized and processed by the secretory pathway detailed
in Chapter 14. In both cases vesicles containing these signal-
ing molecules accumulate just under the plasma membrane
where they are held, awaiting a release signal (see Figure 15-1,
step [ ) .

Stimulation of signaling cells is almost always coupled
to a rise in the local concentration of Ca"- near the vesi-
cles, causing immediate fusion of the membranes of the
vesic les and the p lasma membrane,  leading to exocytos is
of the stored peptide or protein hormone or small molecule
into the surrounding medium or  b lood (see Figure 15-1,

s tep  Z ) .
Released peptide hormones persist in the blood for only

seconds to minutes before being degraded by blood and

tissue proteases. Released small molecules such as cate-
cholamines are rapidly inactivated by enzymes or taken up
via transporters into specific cells. The init ial actions of
these signaling molecules on target cells (the activation or
inhibit ion of specific enzymes) usually only lasts seconds or

minutes. Thus the catecholamines and some peptide hor-

mones can mediate short-term response that are terminated
by their own degradation. For sustained or longer-term re-
sponses, such as cell division or cell differentiation, the cells
must be exposed to signaling molecules for extended peri-

ods. usually hours.

Signal ing Molecules Can Act  Local ly
or  a t  a  Dis tance

Released signaling molecules travel to their target cells (see

Figure 15-1, step B). Some are transported long distances

by the blood; others have more local effects. In animals, sig-

naling by extracellular molecules can be classified into three

types-endocrine, paracrine, or autocrine-based on the dis-

tance over which the signal acts (Figure 15-2a-c).In addition,

certain membrane-bound proteins on one cell can directly

signal an adiacent cell.

(a)  Endocr ine s ignal ing

.  o ^  o
, . 1

' : '
Hormone secretion
in to  b lood by  endocr ine  g land

(b)  Paracr ine  s igna l ing

o

n  nau
o

SecretorY cel l

(c )  Autocr ine  s igna l ing

Adjacent target cel l

Target si tes on same cel l

(d )  S igna l ing  by  p lasma membrane-a t tached pro te ins

\"'_-.'**--,-,,-,.."*'-.'"_-
S i g n a l i n g  c e l l

a FIGURE 15-2 General schemes of intracellular signaling'
(a-c) Cell-to-cell signaling by extracellular chemicals occurs over

distances from a few micrometers in autocrine and paracrine

signaling to several meters in endocrine signaling. (d) Proteins

attached to the plasma membrane of one cell can interact directly

with cell-surface receptors on adjacent cells
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In endocrine signaling, the signaling molecules are syn-
thesized and secrered by signaling cells (endocrine cells),
transported through the circulatory system of the organism,
and finally act on target cells distant from their site of
synthesis. The term hormone generally refers to signaling
molecules that mediate endocrine signaling.

In paracrine signaling, the signaling molecules released by
a cell affect only those target cells in close proximity. The con-
duction by a neurotransmitter of a signal from one nerve cell
to another or from a nerve cell to a muscle cell (inducing or
inhibiting muscle contraction) occurs via paracrine signaling.
Many growth factors regulating development in multicellular
organisms also act at short range. Some of these molecules
bind tightly to the extracellular matrix, unable to signal, but
subsequently can be released in an active form. Many devel-
opmentally important signals diffuse away from the signaling
cell, forming a concentration gradient and inducing differeni
cellular responses depending on the distance of a particular
target cell from the site of signal release (Chapter 22).

In autocrine signaling cells respond to substances that
they themselves release. Some growth factors act in this fash-
ion, and cultured cells often secrete growth factors that stim-
ulate their own growth and proliferation. This type of sig-
naling is particularly characteristic of tumor cells, many of
which overproduce and release growth factors that stimulate
inappropriate, unregulated self-proliferation as well as influ-

Residues essential to
t ight binding with receptor

Growth
hormone

Residues essential
to t ight binding with
hormone

Growth
normone
receptor

-ooc

  EXPERIMENTAL FTGURE 15-3 Small patches of amino acids
are important for specific binding between growth hormone
and its receptor. The outer surface of the plasma membrane is
toward the bottom of the figure, and each receptor molecule is
anchored to the membrane by a hydrophobic membrane-spanning
ct helix (not shown) that is a continuation of the carboxyl terminus
depicted in the figure As determined from the three-dimensional
structure of the groMh hormone-growth hormone recepror comptex,
28 amino acids in the hormone are at the binding interface with one
receptor Each of these amino acids was mutated, one at a ttme. to
alanine, and the effect on receptor binding was determined (a) From
this study it was found that only eight amino acids on growth hormone
(pink) contribute 85 percent of the binding energy; these amino acids

encing adjacent nontumor cells; this process may lead to for-
mation of a tumor mass.

Signaling molecules that are integral membrane proteins
located on the cell surface also play an important role in de-
velopment (Figure 15-2d).In some cases, such membrane-
bound signals on one cell bind receptors on the surface of an
adjacent target cell to trigger its differentiation. In other
cases, proteolytic cleavage of a membrane-bound signaling
protein releases the extracellular segment, which functions
as a soluble signaling molecule.

Some signaling molecules can act at both short and long
ranges. Epinephrine, for example, functions as a neurotrans-
mitter (paracrine signaling) and as a systemic hormone (en-
docrine signaling). Another example is epidermal growrh
factor (EGF), which is synthesized as an integral plasma
membrane protein. Membrane-bound EGF can bind to
and signal an adjacent cell by direct contact. Cleavage by an
extracellular matrix protease releases a soluble form of EGF,
which can signal in either an autocrine or a paracrine manner.

Binding of Signaling Molecules Activates
Receptors on Target Cells
When a signaling molecule arrives at atargetcell, it binds to a
receptor (see Figure 15-1, step 4). The vast majority of recep-
tors are activated by binding of secreted or membrane-bound

are distant from each other in the primary sequence but adjacent
in the folded protein Similar studies showed that two tryptophan
residues (blue) in the receptor contribute most of the energy for
binding growth hormone, although other amino acids at the interface
with the hormone (yellow) are also important. (b) Binding of growth
hormone to one receptor molecule is followed by (c) binding of a
second receptor (purple) to the opposing side of the hormone; this
involves the same set of yellow and blue amino acids on the receptor
but different residues on the hormone. As we see in the next chapter,
such hormone-induced receptor dimerization is a common mechanism
for activation of receptors for protein hormones [After B Cunningham
and J, Wells, 1993, L Mol Biol 234:554, and T. Clackson and J Wells. 1995.
Sclence 267:383 l

(c )(b )( a )

H3'
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molecules (e.g., hormones, growth factors, neurotransmitters,
and pheromones). Some receptors, however, are activated by
changes in the concentration of a metabolite (e.g., oxygen or
nutrients) or by physical stimuli (e.g., light, touch, heat).

As noted earlier, the specific receptor protein for any hy-
drophilic extracellular signaling molecule is almost always
located on the surface of the target cell. The signaling mole-
cule, or ligand, binds to a site on the extracellular domain of
the receptor as a consequence of their molecular comple-
mentarity (Figure 15-3; see also Chapter 2). Binding of a l ig-
and causes a conformational change in the membrane-
bound receptor that initiates a sequence of reactions leading
to a specific cellular response inside the cell. Different cell
types may have different sets of receptors for the same lig-
and, each of which can induce a different response. Or the
same receptor may be found on various cell types, and bind-
ing of a particular ligand to a particular receptor may trigger
a different response in each type of cell. In these ways, one
ligand can induce different cells to respond in a variety of
ways.

Ligand binding to G protein-coupled receptors triggers
an intracellular protein (a trimeric G protein) to exchange
one bound GDP nucleotide for a GTP. The conformational
change induced by GTP binding, in turn, affects interaction
of the G protein with downstream signal-transduction pro-
teins. The human receptors for the hormones epinephrine,
serotonin, and glucagon are examples of G protein-coupled
receptors. As we discuss in other chapters, the conforma-
tional change resulting from ligand binding to some other
classes of receptors activates (or occasionally inhibits) the
phosphorylating, or kinase, activity of the receptor's intra-
cellular domain, or of an associated cytosolic kinase en-
zyme. Subsequent phosphorylation of substrate proteins in
the cytosol modifies their activities. Activation of still other
receptors involves proteolysis or disassembly on intracellu-
lar multiprotein complexes, leading to release of signal-
transduction proteins.

From Extracellular Signal to Cellular Response

r Extracellular signaling molecules regulate interactions
between unicellular organisms and are crit ical regula-
tors of physiology and development in multicellular
organlsms.

r Extracellular signaling molecules bind to receptors, in-
ducing a conformational change in the receptor (activa-

tion) and consequent alteration in intracellular activities
and functions.

r Signals from one cell act on nearby cells in paracrine
signaling, on distant cells in endocrine signaling, or on
the signaling cell i tself in autocrine signaling (see Fig-
ure 15-2) .

r External signals include membrane-anchored and se-
creted proteins and peptides (both dissolved in the extra-

cellular fluid or embedded in extracellular matrix), small

l ipophil ic molecules (e.g., steroid hormones, thyroxine),

small hydrophil ic molecules (e.g., epinephrine), gases (e.g.,

nitric oxide), and physical stimuli (e.g., l ight).

r Binding of extracellular signaling molecules to cell-surface

receptors triggers a conformational change in the receptor,

which in turn leads to activation of intracellular signal-

transduction pathways that ultimately modulate cellular me-

tabolism, function, or gene expression (see Figure 15-1).

Studying Cell-Surface Receptors
The response of a cell or tissue to specific external signals is

dictated (a) by the cell's complement of receptors that can

recognize the signals, (b) the signal-transduction pathways

activated by those receptors, and (c) the intracellular

processes affected by those pathways. Recall that the inter-

action between ligand and receptor causes a conformational

change in the receptor protein that enables it to interact with

other proteins, thereby initiating a signaling cascade (see Fig-

ure 15-1, steps 4 and E). In this section we explore the bio-

chemical basis for the specificity of receptor-ligand binding,

as well as the ability of different concentrations of ligand to

activate a pathway. $(/e also examine experimental tech-

niques used to purify and characterize receptor proteins.

Many of these methods are applicable to receptors that me-

diate endocytosis (Chapter 1'4\ or cell adhesion (Chapter 19)

as well as those receptors that mediate signaling.

Typical cell-surface receptors are present in 1000 to

50,000 copies per cell. This may seem like a-large number,

but a "typical" mammalian cell contains -10tu total protein

molecules and:106 proteins on the plasma membrane. Thus

the receptor for a particular signaling molecule commonly

constitutes only 0.1 to 5 percent of plasma membrane pro-

teins. This low abundance complicates the isolation and

purification of cell-surface receptors. The purification of

receptors is also difficult because these integral membrane

proteins first must be solubilized from the membrane with a

nonionic detergent (see Figure 1'0-23) and then separated

from other cellular proteins.

Receptor Proteins Bind Ligands Specif ical ly

Each receptor generally binds only a single signaling mole-

cule (l igand) or a group of very closely structurally related

molecules. The binding specificity of a receptor refers to

its abil ity to distinguish closely related substances. Ligand

binding depends on weak, multiple noncovalent forces

(i.e., ionic, van der \faals, and hydrophobic interactions)

and molecular complementarity between the interacting

surfaces of a receptor and ligand (see Figure 2-1,2). The

insulin receptor, for example, binds insulin and related

hormones called insulin-like growth factors 1' and2 (IGF-1

and IGF-2), but no other hormones. SimilarlS the receptor

that binds growth hormone does not bind other hormones

of similar structure, and acetylcholine receptors bind only

this small molecule and not others that differ only slightly
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in chemical structure. As these examples i l lustrate, all re-
ceptors are highly specific for their l igands.

Not only is each receptor protein characterized by its
binding specificity for a particular ligand, the resulting recep-
tor-ligand complex exhibits effector specificity because the
complex mediates a specific cellular response. Many signal-
ing molecules bind to multiple types of receprors, each of
which can activate different intracellular signaling pathways
and thus induce different cellular responses. For instance, the
surfaces of skeletal muscle cells, heart muscle cells, and the
pancreatic acinar cells that produce hydrolytic digestive en-
zymes each have different types of receptors for acetyl-
choline. In a skeletal muscle cell, release of acetylcholine from
an adjacent neuron triggers contraction by activating an
acetylcholine-gated ion channel. In the autoimmune paralytic
disease myasthenia gravis, the body makes antibodies that
block the activity of its own acetylcholine receptors. In heart
muscle, the release of acetylcholine by different neurons acti-
vates a G protein-coupled receptor and slows the rate ofcon-
traction, and thus the heart rate. Release of acetylcholine
near pancreatic acinar cells triggers a rise in cytosolic [C"t*]
that induces exocytosis of the digestive enzymes stored in
secretory granules to facil i tate digestion of a meal. Thus
formation of different acetylcholine-receptor complexes in
different cell types leads to different cellular responses.

On the other hand, different receptors of the same class
that bind different ligands often induce the same cellular re-
sponses in a cell; thus different extracellular signals can cause
a common change in the behavior of a cell. In liver cells, for in-
stance, the hormones epinephrine, glucagon, and ACTH bind
to different members of the G protein{oupled receptor familS
but all these receptors activate the same signal-transduction
pathway, one that promotes synthesis of a small intracellular
signaling molecule (cyclic AMP) that in turn regulates various
metabolic functions, including glycogen breakdown. As a re-
sult, all three hormones have the same effect on liver-cell me-
tabolism, as further detailed in Sections 15.6 and 15.8.

The Dissociation Constant ls a Measure of the
Aff inity of a Receptor for tts Ligand
Ligand binding to a receptor usually can be viewed as a sim-
ple reversible reaction, where the receptor is represented as
R, the ligand as L, and the receptor-ligand complex as RL:

koff

R + L  =  R L
kot

( 1s -1 )

Ao66 is the rate constant for dissociation of a ligand from its
receptor, and Ao, is the rate constant for formation of a re-
ceptor-ligand complex from free ligand and receptor.

At equilibrium the rate of formation of the receptor-ligand
complex is equal to the rate of its dissociation, and can be
described by the simple equilibrium-binding equation

where [R] and [L] are the concentrations of free receptor
(that is, receptor without bound ligand) and ligand, respec-
tively, at equilibrium, and [RL] is the concentration of the
receptor-ligand complex. Ka, the dissociation constant, is a
measure of the affinity of the receptor for its ligand. For a
simple binding reaction, Ka : ko,;.lko,. The lower ftos is rela-
tive to &o., the more stable the RL complex-the tighter
the binding-and thus the lotuer the value of K6. Another
way of seeing this key point is that K6 equals the concen-
tration of l igand at which half of the receptors have a l ig-
and bound; at this l igand concentration [R] : [RL] and
thus, from Equation 1,5-2, Kd: [L]. The lower the K6, the
lower the ligand concentration required to bind 50 percent
of the cell-surface receptors. The K6 for a binding reaction
here is essentially equivalent to the Michaelis constant K-,
which reflects the affinity of an enzyme for its substrate
(Chapter  3) .

Like all equilibrium constants, however, the value of K6
does not depend on the absolute values of &o6 and Ao,, only
on their ratio. In the next section we learn how K6 values are
experimentally determined.

Binding Assays Are Used to Detect Receptors
and Determine Thei r  Af f in i t ies for  L igands
Usually receptors are detected and measured by their ability
to bind radioactive l igands to intact cells or to cell frag-
ments. Figure 15-4 i l lustrates such a binding assay for in-
teraction of insulin with insulin receptors on l iver cells.
The amounts of radioactive insulin bound to its receotor
on cells growing in Petri dishes (vertical axis) were mias-
ured as a function of increasing insulin added to the ex-
t racel lu lar  f lu id (hor izonta l  ax is) .  Both the number of
l igand-binding sites per cell and the K6 value are easily de-
termined from the specific binding curve (curve B), usually
by applying readily available computer curve-fitt ing pro-
grams to the experimental values. Assuming each receptor
generally binds just one ligand molecule, the number of
l igand-binding sites equals the number of active receptors
per cell. In the example shown in Figure 1.5-4, the value of
Ka is 1.4 x 10-10 M. In other words. an insulin concen-
tration of 1.4 x 10-10 M in the extracellular f luid is re-
quired for 50 percent of a cell 's insulin receptors to have a
bound insulin. A receptor usually has a different affinity
for each of the l igands that it can bind. For instance, sim-
ilar binding assays showed that the Ka for binding of in-
sulin-l ike growth factor 1(IGF-1) to the insulin receptor is
3 x 10-o M. Thus an -200-foId higher concentration of
IGF-1 than insulin is required to bind 50 percent of the in-
sulin receptors.

Direct binding assays l ike the one in Figure 1.5-4 are
feasible with receptors that have a strong affinity for their
l igands, such as the erythropoietin receptor (K6 : 1 x
10-10 M) and the insulin receptor on l iveriells (Ka : 1.4 x
10-10 M). However, many ligands such as epinephrine and
other catecholamines bind to their receptors with much
lower affinity. If the K6 for binding is greater than -1 X
10-7 M, a case when the rate .orrrt".rt &"s is relatively large

f  R l f  L lro : 
lnl_l

(1s-21
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A EXPERIMENTAL FIGURE 15-4 Fot high-affinity l igands,
binding assays can determine the K6 and the number of
receptors per cell. Shown here are data for insulin-specific receptors
on the sur face of  l iver  ce l ls .  A suspension of  ce l ls  is  incubated for
t hour at 4'C with increasing concentrations of 12sl-labeled insulin;
the low temperature is used to prevent endocytosis of the cell-surface
receptors. The cells are separated f rom unbound insulin, usually by
centr i fugat ion,  and the amount  of  radioact iv i ty  bound to them is
measured The tota l  b inding curve A represents insul in  speci f ica l ly
bound to h igh-af f in i ty  receptors as wel l  as insul in  nonspeci f ica l ly
bound with low affinity to other molecules on the cell surface The
contribution of nonspecific binding to total binding is determined
by repeating the binding assay in the presence of a 10O-fold excess
of unlabeled insulin, which saturates all the specific high-affinity sites
In this case, all the labeled insulin binds to nonspecific sites, yielding
curve C The specific binding curve B is calculated as the difference
between curves A and C As determined by the maximum of the
specif ic binding curve B, the number of specif ic insulin-binding sites
(surface receptors) per cell is 33,000 The K6 is the concentration of
insulin required to bind to 50 percent of the surface insulin receptors
(in this case about 16,500 receptors/cell) Thus, the K6 is about 1 4
x 10-10 M, or  O 14 nM [Adapted f  rom A Ciechanover et  a l  ,  1983,
Cell 32:267 l

compared to fro,, then it is l ikely that during the seconds
to minutes required to measure the amount of bound lig-
and, some of the receptor-bound ligand wil l dissociate and
thus the observed values wil l be systematically too low.

One way to detect weak binding of a ligand to its recep-
tor is in a competition assay with another ligand that binds
to the same receptor with high affinity (low K6 value). In this
type of assay, increasing amounts of an unlabeled, low-affin-
ity ligand (the competitor) are added to a cell sample with a
constant amount of the radiolabeled, high-affinity l igand
(Figure 15-5). Binding of unlabeled competitor blocks bind-
ing of the radioactive ligand to the receptor; the concentra-
tion of competitor required to inhibit binding of half the ra-
dioactive ligand approximates the K6 value for binding of
the competitor to the receptor. It is possible to accurately
measure the amount of the high-affinity ligand bound in this
assay because litt le dissociates during the experimental

manipulations required for the measurement (relatively low

kor).

Competitive binding is often used to study synthetic

analogs of natural hormones that activate or inhibit

receptors. These analogs, which are widely used in research

on cell-surface receptors and as drugs, fall into two classes:

agonists, which mimic the function of a natural hormone

by binding to its receptor and inducing the normal re-

sponse, and antagonists, which bind to the receptor but in-

duce no response. By occupying l igand-binding sites on a

receptor, an antagonist can block binding of the natural

hormone (or agonist) and thus reduce the usual physiolog-

ical activity of the hormone. In other words' antagonists

inhibit receptor signaling.
Consider for instance the drug isoproterenol used to

treat asthma. Isoproterenol is made by the addition of two

methyl groups to epinephrine (see Figure 1'5-5, right).lso-

proterenol, an agonist of the epinephrine-responsive G

protein-coupled receptors on bronchial smooth muscle

cells, binds about tenfold more strongly (lO-fold lower

K6) than does epinephrine (see Figure 15-5, left). Because

activation of these receptors promotes relaxation of

bronchial smooth muscle and thus opening of the air pas-

sages in the lungs, isoproterenol is used in treating bronchial

asthma, chronic bronchitis, and emphysema. In contrast'

activation of a different type of epinephrine-responsive
G protein-coupled receptors on cardiac muscle cells in-

creases the heart contraction rate. Antagonists of this recep-

tor, such as alprenolol and related compounds' are referred

to as beta-blockers; such antagonists are used to slow

heart contractions in the treatment of cardiac arrhythmias

and angina. I

Maximal  Cel lu lar  Response to a Signal ing
Molecule Usually Does Not Require Activation
of AII Receptors

All signaling systems evolved such that a rise in the level of

extracellular signaling molecules induces a proportional re-

sponse in the responding cell. For this to happen the bind-

ing affinity (Ka value) of a cell-surface receptor for a cir-

culating hormone must be greater than the normal

(unstimulated) Ievel of that hormone in the extracellular

fluids or blood. 
'We 

can see this principle in practice by

comparing the levels of insulin present in the body and the

K6 for binding of insulin to its receptor on l iver cells' 1.4 x

10-10 M. Suppose, for instance, that the normal concen-

tration of insulin in the blood is 5 x 10-12 M. By substi-

tuting this value and the insulin K6 into Equation 1'5-2, we

can calculate the fraction of insulin receptors with bound

insulin-[Rl-]/(lRLl +[R])-at equil ibrium as 0.0344; that

is, about 3 percent of the total insulin receptors wil l be

bound with insulin. If the insulin concentration rises five-

fold to 2.5 x L0-11 M, the number of receptor-hormone

complexes wil l r ise proportionately, almost f ivefold, so

that about 15 percent of the total receptors wil l have

bound insulin. If the extent of the induced cellular response
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A EXPERIMENTAL FTGURE 15-5 For low-affinity l igands,
binding can be detected in competit ion assays. In this example,
the synthetic l igand alprenolol, which binds with high affinity to the
epinephr ine receptor  on l iver  ce l ls  (Ka = 3 x 1O-e M),  is  used to
detect the binding of two low-affinity l igands, the natural hormone
epinephrine (EP) and a synthetic l igand called isoproterenol (lp) Assays
are performed as described in Figure 15-4 but with a constant amount
of [3H]alprenolol to which increasing amounts of unlabeled epinephrine
or isoproterenol are added. At each competitor concentration, the
amount of bound labeled alprenolol is determined In a plot of the
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c H - c H 2 - N H 2 - C H
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I
CHs
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inhibit ion of [ 'H]alprenolol binding versus epinephrine or isoproterenol
concentration, such as shown here, the concentration of the competitor
that inhibits alprenolol binding by 50 percent approximates the K6
value for competitor binding. Note that the concentrations of
competitors are plotted on a logarithmic scale The K6 for binding of
epinephrine to its receptor on l iver cells is only -5 x 1O-s M and
would not be measurable by a direct binding assay with
[3H]epinephrine. The K6 for binding of isoproterenol, which induces
the normal cellular response, is more than tenfold lower
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parallels the number of hormone-receptor complexes,
[RL], as is often the case, then the cellular responses also
will increase by about fivefold.

On the other hand, suppose that the normal concentra-
tion of insulin in the blood is the same as the K6 value of
1.4 x 10-10 M; in this case, 50 percent of the toial recep-
tors would have a bound insulin. A fivefold increase in the
insulin concentration to 7 x 10-10 M would result only in
a 66 percent increase in the fraction of receptors with
bound insulin (to 83 percent bound). Thus, in order for a
rise in hormone concentration to cause a proportional in-
crease in the fraction of receptors with bound ligand, the
normal concentration of the hormone must be well below
the Ka value.

In general the maximal cellular response to a particular
l igand is induced when much less than 100 percent of its
receptors are bound to the l igand. This phenomenon can be
revealed by determining the extent of the response and of
receptor-ligand binding at different concenrrations of lig-
and (Figure 15-6). For example, a typical red blood (ery-
throid) progenitor cell has -1000 surface receptors for
erythropoietin, the protein hormone that induces these
cells to proliferate and differentiate into red blood cells.
Because only 100 of these receptors need to bind erythro-
poietin to induce division of a progenitor cell, the ligand
concentration needed to induce 50 percent of the maximal
cellular response is proportionally lower than the K6 value
for binding. In such cases, a plot of the percentage of max-

imal binding versus l igand concentration differs from a
plot of the percentage of maximal cellular response versus
ligand concentration.

0 1 2 3 4
Relative concentration of l igand

  EXPERIMENTAL FIGURE 15-6 The maximal physiological
response to an external signal occurs when only a fraction of
the receptors are occupied by l igand. For signaling pathways
that  exhib i t  th is  behavior ,  p lots  of  the extent  of  l igand b inding to
the receptor and of physiological response at different l igand
concentrations differ. In the example shown here, 50 percent of
the maximal physiological response is induced at a ligand concentration
at which only 18 percent of the receptors are occupied Likewise,
80 percent  of  the maximal  response is  induced when the l igand
concentration equals the K6 value, at which 50 percent of the
receptors are occupied
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Sensit ivity of a Cell  to External Signals
ls Determined by the Number of Surface
Receptors and Their Aff inity for Ligand

Because the cellular response to a particular signaling mole-
cule depends on the number of receptor-ligand complexes,
the fewer receptors present on the surface of a cell, the less
sensitiue the cell is to that l igand. As a consequence, a
higher l igand concentration is necessary to induce the
physiological response than would be the case if more
receptors were present

To illustrate the important relationship between receptor
number and hormone sensitivity, let's extend our example of
a typical erythroid progenitor cell. The K6 for binding of ery-
thropoietin (Epo) to its receptor is about 10 10 M. As we
noted above, only 10 percent of the :1000 erythropoietin
receptors on the surface of a cell must be bound to ligand to
induce the maximal cellular response.'We can determine the
ligand concentration, [L], needed to induce the maximal
response by rewriting Equation 15-2 as follows:

post-translational processing, or by controlling the rate of

receptor degradation. Alternatively, endocytosis of receptors

on the cell surface can sufficiently reduce the number present

to terminate the usual cellular response at the prevailing

signal concentration. As we discuss in later sections, other

mechanisms can reduce a receptor's affinity for ligand, and

thus reduce the cell's response to a given concentration of

ligand. Thus reduction in a cell's sensitivity to a particular

ligand, called desensitization, can result from various mech-

anisms and is critical to the ability of cells to respond appro-

priately to external signals.

Receptors Can Be Purif ied by Aff inity
Techniques

Because of their low abundance special techniques are neces-

sary to isolate and purify receptors. Cell-surface receptors

can be identified and followed through isolation procedures

by affinity labeling.In this technique, cells are mixed with an

excess of a radiolabeled ligand for the receptor of interest.

After unbound ligand is washed away the cells are treated

with a chemical agent that covalently crosslinks the bound

labeled ligand molecules to receptors on the cell surface.

Once a radiolabeled ligand is covalently cross-linked to its

receptor, it remains bound even in the presence of detergents

and other denaturing agents that are used to solubilize re-

ceptor proteins from the cell membrane. The labeled ligand

provides a means for detecting the receptor during purifica-

tion procedures.
Another technique often used in purifying cell-surface

receptors that retain their ligand-binding ability when solu-

bilized by detergents is similar to affinity chromatography

using antibodies (see Figure 3-37c). To purify a receptor by

this technique, a ligand for the receptor of interest, rather

than an antibody, is chemically linked to the beads used to

form a column. A crude, detergent-solubilized preparation

of membrane proteins is passed through the column; only

the receptor binds, while other proteins are washed away.

Passage of an excess of the soluble ligand through the col-

umn causes the bound receptor to be displaced from the

beads and eluted from the column. In some cases' a receptor

can be purified as much as 100,000-fold in a single affinity

chromatographic step.

Receptors Are Frequently Expressed
from Cloned Genes

Once the amino acid sequence of a purified receptor has

been determined its gene can be cloned. A functional ex-

pression assay of the cloned cDNA in a mammalian cell

that normally lacks the encoded receptor can provide

definit ive proof that the proper protein indeed has been

obtained (Figure 15-7). Such expression assays also permit

investigators to study the effects of mutating specific

amino acids on l igand binding or on "downstream" signal

transduction, thereby pinpointing the receptor amino

acids responsible for interacting with the l igand or with

cr i t ica l  s ignal - t ransduct ion prote lns.

( 1 5 - 3 )

where R1 : [R] + [RL], the total number of receptors per
cell. If the total number of Epo receptors per cell, R1, is 1000,
K6 is 10-10 M, and tRLl is 100 (the number of Epo-occupied
receptors needed to induce the maximal response), then an
Epo concentration ([L]) of 1.1 x 10 11 M will elicit the max-
imal response. If the total number of Epo receptors (R1) is
reduced to 200/cell, then a ninefold higher Epo concentration
(10-to M) is required to occupy 100 receptors and induce the
maximal response. Clearly, therefore, a cell's sensitivity to a
hormone is heavily influenced by the number of receptors for
that hormone that are present as well as the Kd.

Epithelial growth factor (EGF), as its name implies,
stimulates the proliferation of many types of epithe-

lial cells, including those that l ine the ducts of the mam-
mary gland. In about 25 percent of breast cancers the
tumor cells produce elevated levels of one particular EGF
receptor called HERZ. The overproduction of HER2
makes the cells hypersensitive to ambient levels of EGF
that normally are too low to stimulate cell proliferation; as
a consequence growth of these tumor cells is inappropri-
ately stimulated by EGF. Understanding of the role of
HER2 in certain breast cancers led to development of mon-
oclonal antibodies that bind HER2, and thereby block
binding of EGF; these antibodies have proven useful in
treatment of these breast cancer patients. I

The HER2-breast cancer connection vividly demon-
strates that regulation of the number of receptors for a given
signaling molecule expressed by a cell plays a key role in di-
recting physiological and developmental events. Such regula-
tion can occur at the levels of transcription, translation, and
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Binding of X; normal cellular response

A EXPERIMENTAL FIGURE 15-7 Functional expression assay
can identify a cDNA encoding a cell-surface receptor. Target cells
lacking receptors for a particular l igand (X) are stably transfected with
a cDNA expression vector encoding the receptor The design of the
expression vector permits selection of transformed cells from those
that do not incorporate the vector into their genome (see Figure
5-32b) Providing that these cells already express all the relevant
signal-transduction proteins, the transfected cells exhibit the normal
cellular response to X if the cDNA in fact encodes the f unctional
receptor.

Cell-surface receptors for many signaling molecules are
present in such small amounts that they cannot be purified by
affinity chromatography and other conventional biochemical
techniques. These low-abundance receptor proreins can now
be identified and cloned by various recombinant DNA tech-
niques, eliminating the need to isolate and purify them from
cell extracts. In one technique, a library of cloned cDNAs pre-
pared from the entire nRNA extracted from cells that produce
the receptor is inserted into expression vectors by techniques
described in Chapter 5. The recombinanr vectors then are
transfected into cells that normally do not synthesize the
receptor of interest (see Figure 15-7). Only the very few trans-
fected cells that contain the cDNA encoding the desired re-
ceptor synthesize it; other transfected cells produce irrelevant
proteins. The rare cells expressing the desired receptor can be
detected and purified by various techniques such as fluores-
cence-activated cell sorting using a fluorescent-labeled ligand
for the receptor of interest (see Figure 9-28). Once a cDNA

clone encoding the receptor is identified, the sequence of the
cDNA can be determined and that of the receptor protein de-
duced from the cDNA sequence. Cells overexpressing the re-
ceptor protein can be used to purify large amounts of the pro-
tein, which can be used to determine its three-dimensional
structure. This structural information can provide additional
insights into the mechanisms by which the receptor functions,
as well as suggesting how new types of drugs might interact
with the receptor to treat diseases.

Genomic studies coupled with functional expression as-
says are now being used to identify genes for previously un-
known receptors. In this approach, stored DNA sequences
are analyzed for similarities with sequences known to en-
code receptor proteins (Chapter 6). Any putative receptor
genes that are identified in such a search then can be tested
for their ability to bind a signaling molecule or induce a re-
sponse in cultured cells by a functional expression assay.

Characterizing Cel l-Surface Receptors

r Receptors bind ligands with considerable specificity, which is
determined by noncovalent interactions between a ligand and
specific amino acids in the receptor protein (see Figure 15-3).

r The concentration of ligand at which half its receprors
are occupied, the K4, can be determined experimentally
and is a measure of the affinity of the receptor for the lig-
and (see Figure 15-4).

r The maximal response of a cell to a particular ligand
generally occurs at ligand concentrations at which most of
its receptors are sti l l  not occupied (see Figure 15-6).

r Because the amount of a particular receptor expressed is
generally quite low (ranging from -1000 to 50,000 mole-
cules per cell), biochemical purification may not be feasi-
ble. Genes encoding low-abundance receptors for specific
ligands often can be isolated from cDNA libraries rrans-
fected into cultured cells.

r Functional expression assays can determine if a cDNA
encodes a particular receptor and are useful in studying the
effects on receptor function of specific mutarions in irs
sequence (see Figure 15-7).

Highly Conserved Components
of Intracellular Signal-Transduction

. t ,
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No binding of X; no cellular response
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Pathways
External signals induce two major types of cellular re-
sponses: ( 1 ) changes in the activity or function of specific en-
zymes and other proteins that pre-exist in the cell, and (2)
changes in the amounts of specific proteins produced by a
cell, most commonly by modification of transcription factors
that stimulate or repress gene expression (see Figure 15-1,
step Et). In general, the first type of response occurs more
rapidly than the second. Signaling from G protein-coupled
receptors, described in detail later in this chapter. often
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results in changes in the activity of pre-existing proteins, al-
though activation of these receptors on some cells also in-
duces changes in gene expression. Other classes of receptors
operate primarily but not exclusively to modulate gene ex-
pression. Transcription factors activated in the cytosol by
these pathways move into the nucleus, where they stimulate
(or occasionally repress) transcription of specific target
genes.'We consider these signaling pathways, which regulate
transcription of many genes essential for cell division and for
many cell differentiation processes, in the following chapter.

Several intracellular proteins or small molecules are em-
ployed in a variety of signal-transduction pathways. These in-
clude cytosolic enzymes that add or remove phosphate groups
from specific target proteins. Ligand binding to a receptor acti-
vates or inhibits these enzymes, whose action in turn activates
or inhibits the function of their target proteins. G proteins,
another component of many signal-transduction pathways,
shuttle between a state with a bound GTP that is capable of ac-
tivating other proteins and a state with a bound GDP that is in-
active. A number of small molecules (e.g., Ca2* and cyclic
AMP) are also frequently used in intracellular signal-transduc-
tion pathways: A rise in the concentration of one of these mol-
ecules results in its binding to an intracellular target protein,
causing a conformational change in the protein that modulates

(a) GTP-bound "on" state

Switch ll

Switch I

A FIGURE 15-8 Switching mechanism for G proteins. The abil ity
of a G protein to interact with other proteins and thus transduce a
signal differs in the GTP-bound "on" state and GDP-bound "off "
state (a) In the active "on" state. two domains, termed switch I
(green) and switch l l (blue), are bound to the terminal 1 phosphate
of GTP through interactions with the backbone amide groups of a
conserved threonine and glycine residue (b) Release of the 1

its function. Here we review the basic properties of these intra-

cellular signal-transducing molecules. The rules and exceptions

that govern how they are used in particular signaling pathways

are developed further in subsequent sections of this chapter.

GTP-Binding Proteins Are Frequently Used
As On/Off Switches

We introduced the large group of intracellular switch pro-

teins that form the GTPase superfamily in Chapter 3' These

guanine nucleotide-binding proteins are turned "on" when

they bind GTP and turned "off" when the GTP is hy-

drolyzed to GDP (see Figure 3-32). Signal-induced conver-

sion of the inactive to active state is mediated by a guanine

nucleotide-exchange factor (GEF), which causes release of

GDP from the switch protein. Subsequent binding of GTP' fa-

vored by its high intracellular concentration relative to its

binding affinity, induces a conformational change in at least

two highly conserved segments of the protein' termed switch

I and switch II, allowing the protein to bind to and activate

other downstream signaling proteins (Figure 15-8). The in-

trinsic GTPase activity of the protein then hydrolyzes the

bound GTP to GDP and P1, thus changing the conformation

of switch I and switch II from the active form back to the

GDP

phosphate by GTPase-catalyzed hydrolysis causes switch I and switch

ll to relax into a different conformation, the inactive "off" state The

ribbon models shown here represent both conformations of Ras, a

monomeric G protein A similar spring-loaded mechanism switches

the ct subunit in trimeric G proteins between the active and inactive

conformations by movement of three switch segments fAdapted from

I Vetter and A Wittinghofel 2001, Scrence 29411299 |

(b) GDP-bound "off" state

Gly-60 Thr-35

Gly-60
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inactive form. The rate of GTP hydrolysis regulates the length
of time the switch protein remains in the active conformation
and able to signal downstream: The slower the rate of GTP
hydrolysis, the longer the protein remains in the active state.
The rate of GTP hydrolysis is often modulated by other pro-
teins. For instance, both GTPase-actiuating proteins (GAP)
and regulator of G protein signaling (RGS) proteins acceler-
ate GTP hydrolysis. Many regulators of G protein activity are
themselves controlled by extracellular signals.

Two large classes of GTPase switch proteins are used in
signaling. Trimeric (large) G proteins, ai noted already, di-
rectly bind to and are activated by certain cell-surface recep-
tors. The activated receptor functions as a GEF and triggers
release of GDP and binding of GTP. Monomeric (small) G
proteins, such as Ras and various Ras-like proteins, play cru-
cial roles in many parhways that regulate cell division and cell
motility; these G proteins frequently undergo activaring muta-
tions in cancers. Ras is linked indirectly to receptors via
adapter proteins and GEF proteins discussed in the next chap-
ter. All G switch proteins contain regions like switch I and
switch II that modulate the activity of specific effector proteins
by direct protein-protein interactions when the G protein is
bound to GTP. Despite these similarities, the nvo classes of
GTP-binding proteins are regulated in very different ways.

Protein Kinases and Phosphatases are Employed
in Vi r tua l ly  A l l  S ignal ing Pathways
Activation of virtually all cell-surface receptors leads directly
or indirectly to changes in protein phosphorylation through
the activation of protein kinases, which add phosphate groups
to specific residues, or protein phosphatases, which remove
phosphate groups. Animal cells contain two types of protein
kinases: those that add phosphare ro rhe hydroxyl grorrp ort
tyrosine residues and those that add phosphate to the hy-
droxyl group on serine or threonine (or both) residues. phos-
phatases can act in concert with kinases to switch the function
of various proteins on or off (see Figure 3-33). At last count
the human genome encodes about 500 protein kinases and
100 different phosphatases. In some signaling pathways, rhe
receptor itself possesses intrinsic kinase or phosphatase activ-
ity; in other pathways, the receptor interacts with cytosolic or
membrane-associated kinases. Importantly the activity of all
kinases is highly regulated. Commonly the catalytic activity of
a protein kinase itself is modulated by phosphorylation by
other kinases, by direct binding to other proteins or by
changes in the levels of various small intracellular signaling
molecules. The resulting cascades of kinase activiry 

"r. " 
.o--

mon feature of many signaling pathways.
In general, each protein kinase phosphorylates specific

residues in a set of target proteins whose patterns of expres-
sion generally differ in different cell types. Many proteins are
substrates for multiple kinases each of which phosphorylates
different amino acids. Each phosphorylation eveni can mod-
ify the activity of a particular target protein in different
ways, some activating its function, others inhibiting it. An
example we encounter later is glycogen phosphorylase
kinase, a key regulatory enzyme in glucose metabolism.

The activity of all protein kinases is opposed by the ac-
tivity of protein phosphatases, some of which are themselves
regulated by extracellular signals. Thus the activity of a pro,
tein in a cell can be a complex function of the activities of the
usually multiple kinases and phosphatases that act on it. Sev-
eral examples of this phenomenon occur in regulation of the
cell cycle and are described in Chapter 20.

Second Messengers Carry  and Ampl i fy  S ignals
from Many Receptors
The binding of l igands ("first messengers") to many cell-
surface receptors leads to a short-lived increase (or decrease)
in the concentration of certain low-molecular-weight intra-
cellular signaling molecules termed second messengers.
These, in turn, bind to other proteins modifying their activity.

One second messenger used in virtually all metazoan cells
is Ca2* ions. I(e noted in Chapter 11 that the concentration
of Ca2* free in the cytosol is kept very low (-10-7 M) by
ATP-powered pumps that continually transport Ca2* out of
the cell or into the endoplasmic reticulum (ER). The cytosolic
Ca2* level can increasi from l0- ro 100-fold by a signal-
induced release of Ca2* from ER srores or by its import
through calcium channels from the extracellular environment.
In muscle, a signal-induced rise in cytosolic Ca2* triggers con-
traction (see Figure 17-33). In endocrine cells, a similar
increase in Ca"* induces exocytosis of secretory vesicles con-
taining hormones. In nerve cells, a Ca2* increase leads to the
exocytosis of neurotransmitter-containing vesicles (see
Chapt^er 23).ln all cells this rise in cytosolic Ca2* is sensed
by Ca'*-binding proteins, particularly those of the EF hand
family, such as calmodulin, all of which contain the helix-
loop-helix motif (see Figure 3-9a). The binding of Caz* to
calmodulin and other EF hand proteins causes a conforma-
tional change that permits the protein to bind various target
proteins, thereby switching their activities on or off (see Fig-
u re  3 -31 ) .

Another nearly universally used second messenger is
cyclic AMP (cAMP). In many eukaryoric cells, a rise in
cAMP triggers activation of a particular protein kinase that
in turn induces various changes in cell metabolism in differ-
ent types of cells. In other cells, cAMP regulates the activity
of certain ion channels. The structures of cAMP and three
other common second messengers are shown in Figure 15-9.
In later sections of this chapter, we examine the specific roles
of second messengers in signaling pathways activated by var-
ious G protein-coupled receptors.

Because second messengers such as Ca2* and cAMP dif-
fuse through the cytosol much faster than do proteins, they
are employed in pathways where the downstream target is
located in an intracellular particle or organelle (such as a se-
cretory vesicle) distant from the plasma membrane receptor.
Another advantage of second messengers is that they facili-
tate amplification of an extracellular signal. Activation of a
single cell-surface receptor molecule can result in an increase
in perhaps thousands of cAMP molecules or Ca2* ions in the
cytosol. Each ofthese, in turn, by activating its target protein
affects the activity of multiple downstream proteins.
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l l l l+ Focus Animation: second Messengers in signal Pathways
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A FIGURE 15-9 Four common intracellular second messengers.
The major direct effect or effects of each compound are indicated
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Highly Conserved Components of Intracellular
Signal-Transduction Pathways

r Protein kinases and phosphatases are employed in virtu-
ally all signaling pathways; their activities are highly regu-
lated by receptors.

r Other conserved proteins that act in many signal-
transduction pathways include monomeric and trimeric G
switch proteins (see Figure 15-8).

r The cytosolic concentrations of second messengers, such
as Ca2* and cAMP, increase or occasionally decrease in
response to binding of ligand to cell-surface receptors (see
Figure 15-9). These nonprotein, low-molecular-weight intra-
cellular signaling molecules, in turn, regulate the activities of
enzymes and nonenzymatic proteins in signaling pathways.

General Elements of
G Protein-Coupled Receptor Systems
As noted above, perhaps the most numerous class of
receptors-found in organisms from yeast to man-are the G
proteircoupled receptors (GPCRs). Receptor activation by
ligand binding triggers activation of the coupled trimeric G
protein, which interacts with downstream signal-transduction
proteins. All GPCR signaling pathways share the following
common elements: (1) a receptor that contains seven
membrane-spanning domains; (2) a coupled trimeric G pro-
tein, which functions as a switch by cycling between actrve
and inactive forms; (3) a membrane-bound effector protein;
and (4) feedback regulation and desensitization of the signal-
ing pathway. A second messenger also occurs in many GPCR
pathways. These components are modular and can be "mixed
and matched" to achieve an astonishinq number of different

pathways. GPCR pathways usually have short-term effects in

the cell by quickly modifying existing proteins' either enzymes

or ion channels. Thus these pathways allow cells to respond

rapidly to a variety of signals, whether they be environmental
stimuli such as light or hormonal stimuli such as epinephrine.

In this section, we first consider the general features of

GPCR signal transduction and then discuss each of the mem-

brane-bound components in turn: the receptor, the trimeric G
protein, and the effector proteins. In Section 15.5-15'7 we de-

scribe GPCR pathways that involve several different effector
proteins. The short-term signaling described in these sections

of this chapter often can be turned into long-term signaling in-

volving changes in transcription and, as a consequence, cell

differentiation, as described in Chapter 16.

G Protein-Coupled Receptors Are a Large
and Diverse Family with a Common Structure
and Funct ion

All G protein-<oupled receptors have the same orientation in

the membrane and contain seven transmembrane ct-helical re-

gions (H1-H7), four extracellular segments, and four cytosolic

segments (Figure 15-10). Invariably the N-terminus is on the

exoplasmic face and the C-terminus is on the cytosolic face of

the plasma membrane. The carboxyl-terminal segment (C4)'

the C3 loop, and, in some receptors' also the C2 loop are in-

volved in interactions with a coupled trimeric G protein. There

are many subfamilies of G protein-coupled receptors that are

conserved through evolution; members of these subfamilies are

especially similar in amino acid sequence and structure.
The exterior surface of all G protein-coupled receptors

mainly consists of hydrophobic amino acids that allow the pro-

tein to be stably anchored in the hydrophobic core of the

plasma membrane. One G protein{oupled receptors whose

structure is known in molecular detail is rhodopsin, which

is composed of the protein opsin covalently bound to the
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  FIGURE 15-10 General structure of G protein-coupled
receptors. All receptors of this type have the same orientation in
the membrane and contain seven transmembrane o-helical regions
(H1-H7),  four  ext racel lu lar  segments (E1-E4),  and four  cytosol ic
segments (C1-C4) The carboxyl-terminal segment (C4), the C3 loop,
and, in some receptors, also the C2 loop are involved in interactions
with a coupled trimeric G protein

Iight-absorbing visual pigment 11-cls-retinal. In rhodopsin,
the seven membrane-embedded o helices of opsin completely
surround a central segment to which retinal is covalently
bound. In this case, binding of the ligand, retinal, does not
trigger a conformational change in the receptor; rather, ab-
sorption of a quantum of light by the bound retinal induces a
change in opsin conformation that activates it, as we discuss
in Section 15.5.

The amino acids that form the interior of different G pro-
tein-coupled receptors are diverse, allowing differenr receprors
to bind very different small molecules, be they hydrophilic like

epinephrine or hydrophobic like many odorants and retinal.
Figure 15-11 depicts a model of the complex formed betvveen
the B2-adrenergic receptor and the hormone epinephrine. As
with retinal, epinephrine is thought to bind (in this case, non-
covalently) in the middle of the plane of the membrane, inter-
acting with amino acids in the interior-facing side of several of
the membrane-spanning a helices.

As an example of the diversity and functionality of GPCR
proteins, we will consider the different G protein-coupled re-
ceptors for epinephrine that are found in different types of
mammalian cells. The hormone epinephrine is particularly
important in mediating the body's response to stress (fight-
or-flight response), such as fear or heavy exercise, when tis-
sues may have an increased need to catabolize glucose and
fatty acids to produce ATP. These principal metabolic fuels
can be supplied to the blood in seconds by the rapid break-
down of glycogen to glucose in the liver and of triacylglyc-
erols to fatty acids in adipose (fat) cells.

In mammals, the l iberation of glucose and fatty acids
can be triggered by binding of epinephrine (or its derivative
norepinephrine) to B-adrenergic receptors on the surface of
hepatic (l iver) and adipose cells. Epinephrine bound to B-
adrenergic receptors on heart muscle cells increases the con-
traction rate, which increases the blood supply to the tis-
sues. In contrast, epinephrine stimulation of B-adrenergic
receptors on smooth muscle cells of the intestrne causes
them to relax. Another type of epinephrine receptor, the cv-
adrenergic receptor, is found on smooth muscle cells lining
the blood vessels in the intestinal tract, skin, and kidneys.
Binding of epinephrine to these receptors causes the arteries
to constrict, cutting off circulation to these peripheral organs.

Exterior

Membrane

Gytosol

A FIGURE 15-11 Structural model of complex formed between
epinephrine and the B2-adrenergic receptor. (left) side view. The
approximate location of the membrane phospholipid bilayer is
indicated The three ct-heltces that participate in epinephrine binding
are colored red (Helix 5), green (Helix 3), and purple (Helix 6) (right)
view from external face. Epinephrine atoms are colored grey (C),
red (O) and purple (N) Epinephrine interacts with several residues in
the receptor that are within the plane of the membrane lts amino

Hel ix  5  He l ix  6

group forms an ionic bond with the carboxylate side chain of
aspar ta te  '1  13  (D113)  in  H3;  the  ca techo l  r ing  engages in  hydrophob ic
interactions with phenylalanine 290 (F2e0) in H6; and two hydroxyl
groups on the catechol r ing hydrogen-bond to the hydroxyl groups in
three serine residues (5203, 5204 and S2o7) in H5 isee p L Freddolino et
al ,2004, Proc Nat'l Acad Sci USA 101:2736, adapted from model provided
byW A Goddard l
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View from external surface face

Hel ix  5
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Effect on
adenylyl cyclase

Inh ib i ts  (b inds  G" i )

Activates (binds G"")

B2-Adrenergic receptor (wild type)

Activates (binds G"r)

Inh ib i ts  (b inds  G" i )

CONCLUSION

Region  de termin ing  spec i f i c i t y  o f  G pro te in  b ind ing
(compare  ch imeras  1  and 2)

A EXPERIMENTAL FIGURE 15-12 Studies with chimeric
adrenergic receptors identify the long C3 loop as critical to
interaction with G proteins. Xenopus oocytes were microinjected
with mRNA encoding a wild-type o2-adrenergic, B2-adrenergic, or
chimeric o-B receptors Although Xenopus oocytes do not normally
express adrenergic receptors, they do express G proteins that can couple
to the foreign receptors expressed on the surface of microinjected
oocytes The adenylyl cyclase activity of the injected cells in the presence
of epinephrine agonists was determined and indicated whether the
expressed adrenergic receptor bound to the stimulatory (G*,) or
inhibitory (G") type of oocyte G protein Comparison of chimeric
receptor 1, which interacts with G.., and chimeric receptor 2, which
interacts with G", shows that the G protein specificity is determined
primarily by the source of the cytosol-facing C3 loop (yellow) between
ct helices 5 and 6. [See B Kobilka etal, 1988, Sclence240:1310]

These diverse effects of epinephrine help orchestrate inte-
grated responses throughout the body all directed to a
common end: supplying energy that can be used for the
rapid movement of major locomotor muscles in response to
bodily stress.

Although all ct- and B-adrenergic receptors bind epineph-

rine, different receptors are coupled to different G proteins

that induce different downstream signaling pathways, Iead-

ing to different cellular responses. Studies with chimeric

adrenergic receptors, like those outlined in Figure 15-12' sug-
gest that the long C3 loop between ct helices 5 and 5 is im-

portant for interactions between a receptor and its coupled G

protein. PresumablS ligand binding causes these helices to

move relative to each other in a way that allows the loop to

bind and activate the transducing G protein. Other evidence

indicates that the C2 loop, joining helices 3 and4, also con-

tributes to the interaction of some receptors with a G protein.

G Protein-Coupled Receptors Activate Exchange
of GTP for GDP on the q. Subunit of a Trimeric
G Protein

Trimeric G proteins contain three subunits designated ct, B, and

1. Both the G. and G, subunits are linked to the membrane by

covalently attached lipids. During intracellular signaling, the B
and 1 subunits remain bound together and are usually referred

to as the Gs, subunit. In the resting state' when no ligand is

bound to the receptor, the Go subunit has a bound GDP and is

complexed with Gpr. Binding of a normal hormonal ligand
(e.g., epinephrine) or an agonist (e.g., isoproterenol) to a G

protein{oupled receptor changes the conformation of its cy-

tosol-facing loops and enables the receptor to bind to the G.

subunit (Figure 15-13, steps I and Z). This binding releases

the bound GDP; thus the activated ligand-bound receptor func-

tions as a guanine nucleotide-exchange factor (GEF) for the

G* subunit (step B). Next GTP rapidly binds to the "empty"
guanine nucleotide site in the Go subunit, causing a change in

the conformation of its switch segments (see Figure 15-8). These

changes weaken the binding of G* with both the receptor and

the Gs, subunit (step 4).
In most cases, Go'GTl which remains anchored in the

membrane, then interacts with and activates an associated

effector protein, as depicted in Figure 15-13 (step E). In

some cases, G.'GTP inhibits the effector. Moreover, depend-

ing on the type of cell and G protein, the G9" subunit, freed

from its a subunit, will sometimes transduce a signal by in-

teracting with an effector protein.
In any case, the active G.'GTP state is short-l ived be-

cause the bound GTP is hydrolyzed to GDP in minutes,

catalyzed by the intrinsic GTPase activity of the G' sub-

unit (see Figure 15-13, step El). The conformation of the

Go then switches back to the inactive G*'GDP state,

blocking any further activation of effector proteins' The

rate of GTP hydrolysis is further enhanced by binding of

the G*'GTP complex to the effector; the effector thus

functions as a GTPase-activating protein (GAP). This

mechanism significantly reduces the duration of effector

activation and avoids a cellular overreaction. In many

cases, a noneffector RGS protein also accelerates GTP hy-

drolysis by the Go subunit, further reducing the time dur-

ing which the effector remains activated' The resulting

G..GDP quickly reassociates with Gp" and the complex

becomes ready to interact with an activated receptor and

o,2-Adrenergic receptor (wild typel

Chimeric receptor 1

Chimeric receptor 2
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Overview Animation: Extracellular Signaling {lt l t

I  e ind ing  o f  hormone induc
a conformat iona l  change
In receptor

I

(,+m
p Activated receptor | 

'
b inds to G" subuni t  I

I+

Hormone

  FIGURE 15-13 General mechanism of the activation of
effector proteins associated with G protein-<oupled receptors.
The G* and G9, subunits of trimeric G proteins are tethered to the
membrane by covalently attached lipid molecules (wiggly black lines)
Following l igand binding, exchange of GDp with GTB and
dissociation of the G protein subunits, (steps n-E), the free G* GTp

Binding of GTP to G"
tr iggers dissociat ion of G,
boitr from the receptor ant
from Gsn

binds to and activates an effector protein (step S) Hydrolysis of GTP
terminates signaling and leads to reassembly of the trimeric G protein,
returning the system to the resting state (step 6) Binding of another
ligand molecule causes repetit ion of the cycle In some pathways, the
effector protein is activated by the free Gs, subunit [After W Oldham
and H Hamm, 2006, (Quaft Rev. Biophys 40: (tn press)l

ing the B and 1 phosphates of GTP is replaced by a non-
hydrolyzable P-CH2-P or P-NH-P linkage. Addition of
such a GTP analog to a plasma membrane prepararion in
the presence of the natural l igand or an agonist for a
particular receptor results in a much longer-l ived activa-
tion of the associated effector protein than occurs with
GTP. In this experiment, once the nonhydrolyzable GTP
analog is exchanged for GDP bound to Go, it remains per-
manently bound to Go. Because the Go.analog complex is
as functional as the normal G*.GTP complex in activating
the effector protein, the effector remains permanently
actrve.

start the process all over again. Thus the GPCR signal-
transduction system contains a built- in feedback
mechanism that ensures the effector protein becomes
activated only for a few seconds or minutes following
receptor activation; continual activation of receptors via
Iigand binding is essential for prolonged activation of the
effector.

Early evidence supporting the model shown in Figure
15-13 came from studies with compounds that can bind to
Go subuni ts  as wel l  as GTP does,  but  cannot  be
hydrolyzed by the intrinsic GTPase. In some of these
compounds, the P-O-P phosphodiester l inrcage connecr-
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ffi eodcast: Activation of G Proteins Measured by Fluorescence Resonance Energy Transfer (FRET)
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A EXPERIMENTAL FIGURE 15-14 Activation of G proteins occurs oI 527-nm (yellow) li9ht, characteristic of YFP However, if ligand

within seconds of l igand binding in amoeba cells. In the amoeba binding leads to dissociation of the G" and Gu" subunits, then

Dictyostelium discoideum cell, cAMP acts as an extracellular signaling fluorescence energy transfer cannot occur. In this case, irradiation of

molecule and binds to a G protein-coupled receptor; it is not a second cells at 440 nm causes emission of 490-nm light (cyan) characteristic

messenger Amoeba cells were transfected with genes encoding two oI CFP (right) (b) Plot of the emission of yellow light (527 nm) from

fusion proteins: a G* fused to cyan fluorescent protein (CFP), a mutant a single transfected amoeba cell before and after addition of

form of green fluorescent protein (GFp), and a Gs fused to another extracellular cyclic AMP (anows), the ligand for the G protein-<oupled

GFp variant, yellow fluorescent protein (YFP) CFP normally f luoresces receptor in these cells. The drop in yellow fluorescence, which results

490-nm light; yFB 521-nm light (a) When CFp and YFP are nearby, as from the dissociation of the G*-CFP fusion protein from the Gpy-YFP

in the resting G" Gp" complex, f luorescence energy transfer can occur fusion protein, occurs within seconds of cAMP addition. [Adapted

betweenCFPandYFP(eft) Asaresult, irradiationof restingcellswith fromC Janetopoulosetal ,2001,Science291:2408ll
440-nm light (which directly excites CFP but not YFP) causes emission

GPCR-mediated dissociation of trimeric G proteins
recently has been detected in living cells. These studies have
exploited the phenomenon of fluorescence energy transfer,
which changes the wavelength of emitted fluorescence when
two fluorescent proteins interact. Figure 15-14 shows how
this experimental approach has demonstrated the dissocia-
tion of the Go'Gs" complex within a few seconds of ligand
addition, providing further evidence for the model of G protein
cycling. This general experimental protocol can be used to fol-
low the formation and dissociation of other protein-protein
complexes in living cells.

Different G Proteins Are Activated
by Different GPCRs and ln Turn Regulate
Different Eff ector Protei ns

All effector proteins in GPCR pathways arc either
membrane-bound ion channels or enzymes that catalyze for-
mation of the second messengers shown in Figure 15-9. The
variations on the theme of GPCR signaling that we examine
in Sections 1,5.5-1.5.7 arise because multiple G proteins are
encoded in eukaryotic genomes. At last count humans have
2L different Go subunits encoded by 16 genes, several of
which undergo alternative splicing; 6 Gp subunits; and 12
G" subunits. So far as is known, the different GB, subunits
function similarly.

Table 15-1 summarizes the functions of the maior classes

of G proteins with different Go subunits. For example, the

different types of epinephrine receptors mentioned previously

are coupled to different G proteins that influence effectors

differently, and thus have distinct effects on cell behavior in a

target cell. Both subtypes of B-adrenergic receptors, termed

B1 and 82, are coupled to a stimulatory G protein (G,) whose

alpha subunit (G.,) activates a membrane-bound effector en-

zyme called adenylyl cyclase. Once activated' this enzyme

catalyzes synthesis of the second messenger cAMP. In con-

trast, the cr2-adrenergic receptor is coupled to a Go; protein

that inhibits adenylyl cyclase, the same effector enzyme asso-

ciated with B-adrenergic receptors. The Goo protein, which is

coupled to the ct1-adrenergic receptor' activates a different

effector enzyme) phospholipase C, that generates two other

second messengers (DAG and IP3)' Examples of signaling

pathways that use each of the G. proteins listed in Table 15-

1 are described in the following three sections.

Some bacterial toxins contain a subunit that pene-

trates the plasma membrane of target mammalian

cells and in the cytosol catalyzes a chemical modification of

Go proteins that prevents hydrolysis of bound GTP to

GDP. For example, toxins produced by the bacterium Vib-

rio cholera, which causes cholera' or certain strains of

E. coli modify the Go, protein in intestinal epithelial cells.
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G. CIASS ASS0CTATED IFFECT0R

Go. Adenylyl cyclase

Goi Adenylyl cyclase
K* channel (Gp"
activates effector)

2NO MESSTNGEB

cAMP (increased)

cAMP (decreased)

RTCEPT()R EXAMPIIS

B-Adrenergic (epinephrine) receptor;
receptors for glucagon, serotonin, vasopressin

ct2-Adrenergic receptor
Change in membrane potential Muscarinic acetylcholine receptor

Goolf Adenylyl cyclase cAMP (increased) Odorant receptors in nose

Goq Phospholipase c IP3, DAG (increased) cr1-Adrenergic recepror

G*o Phospholipase C IP3, DAG (increased) Acetylcholine receptor in endothelial cells

Go. cGMP phosphodiesterase cGMP (decreased) Rhodopsin (light receptor) in rod cells

"A given G. subclass may be associated with more than one effector protein. To date, only one major G.. has been identified, but multiple G.o and
G"; proteins have been described. Effector proteins commonly are regulated by G* but in some cases by Gu" or the combined action of G* a.td ip".
IP3 : lnor',ot 1,4,5-trisphosphate; DAG : 1,2-diacylglycerol.
souRcEs: See L. Birnbaum eg 1992, Cell 77:1069; Z. Farfel et al., 1999, New Eng. J. Med. 340:1,012; and K. Pierce er al., 2002, Nature Reu. Mol. Cell
Bio l .  32639.

As a result, Go, remains in the active state, continuously
activating the effector adenylyl cyclase in the absence of
hormonal stimulation. The resulting excessive rise in intra-
cellular CAMP leads to the loss of electrolytes and water
into the intestinal lumen, producing the watery diarrhea
characteristic of infection by these bacteria. The toxin pro-
duced by Bordetella pertwssis, a bacterium that commonly
infects the respiratory tract and causes whooping cough,
catalyzes a modification of Goi that prevents release of
bound GDP. As a result, G.; is locked in the inactive state,
reducing the inhibit ion of adenylyl cyclase. The resulting
increase in cAMP in epithelial cells of the arrways pro-
motes loss of f luids and electrolytes and mucus secretion I

General Elements of G Protein-Coupled
Receptor Systems

r G protein-coupled receptors are a large and diverse
family with a common structure of seven membrane-span-
ning cr helices.

r Trimeric G proteins transduce signals from coupled cell-
surface receptors to associated membrane-bound effector
proteins, which are either enzymes that form second mes-
sengers (e.g., adenylyl cyclase) or ion channel proteins (see
Table 15-1) .

r Signals most commonly are transduced by G., a GTpase
switch protein that alternates between an active (,,on")
state with bound GTP and inacive ("off',) state with GDp.
The B and 1 subunits, which remain bound togethe! occa-
sionally transduce signals.

r Hormone-occupied receptors act as guanine
nucleotide-exchange factors (GEFs) for Go proreins, car-
alyzingdissociation of GDP and enabling GTP to bind. The
resulting change in conformation of switch regions in Go
causes it to dissociate from the GB" subunit and the recep-
tor and interact with an effector protein (see Figure 15-13).

r Fluorescence energy transfer experiments demonstrate
receptor-mediated dissociation of coupled Go and Gs, sub-
units in l iving cells (see Figure 15-14).

G Protein-Coupled Receptors
That Regulate lon Channels
One of the simplest cellular responses to a signal is the
opening of ion channels essential for transmission of nerve
impulses. Nerve impulses are essential to the sensory per-
ception of environmental stimuli such as light and odors, to
transmission of information to and from the brain, and to
the stimulation of muscle movement. During transmission
of nerve impulses, the rapid opening and closing of ion
channels causes changes in the membrane potential. Many
neurotransmitter receptors are simply l igand-gated ion
channels, which open in response to binding of a l igand.
Such receptors include some types of glutamate, seroronin,
and acetylcholine receptors, including the acetylcholine re-
ceptor found at nerve-muscle synapses. Ligand-gated ion
channels that function as neurotransmitter receDrors are
covered in Chaprer  23.

Some neurotransmitter receptors, however, are G pro-
tein-coupled receptors whose effector proteins are a Na* or
K* channel. Neurotransmitter bindins to these receDrors
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causes the associated ion channel to open or close, leading to
changes in the membrane potential. Still other neurotrans-
mitter receptors, as well as odorant receptors in the nose and
photoreceptors in the eye, are G protein-coupled receptors
that indirectly modulate the activity of ion channels via the
action of second messengers. In this section, we consider two
G protein-coupled receptors that illustrate the direct and in-
direct mechanisms for regulating ion channels: the mus-
carinic acetylcholine receptor of the heart and the l ight-
activated rhodopsin of the eye.

Acetylcholine Receptors in the Heart Muscle
Activate a G Protein That Opens K* Channels

Activation of muscarinic acetylcholine receptors in cardiac
muscle slows the rate of heart muscle contraction. (Because

muscarine, an acetylcholine analog, also activates these recep-
tors, they are termed "muscarinic.") This type of acetylcholine
receptor is coupled to a Go; protein, and ligand binding leads
to opening of associated K* channels (the effector protein) in
the plasma membrane (see Table 15-1). The subsequent efflux
of K* ions from the cytosol causes an increase in the magni-
tude of the usual inside-negative potential across the plasma
membrane that lasts for several seconds. This state of the
membrane, called hyperpolarization, reduces the frequency
of muscle contraction. This effect can be determined experi-
mentally by direct addition of acetylcholine to isolated heart
muscle cells and measurement of the potential using a micro-
electrode inserted into the cell (see Figure 11-18).

Kt  channe l

Exterior + +

Active muscarinic
acetylchol ine receptor

Cytosol

As depicted in Figure 15-15, the signal from activated

muscarinic acetylcholine receptors is transduced to the

effector protein by the released Gp" subunit rather than by

G..GTP. That GB" directly activates the K* channel was

demonstrated by patch-clamping experiments, which can

measure ion flow through a single ion channel in a small

patch of membrane (see Figure 1'1-21'1. \fhen purif ied GB"

protein was added to the cytosolic face of a patch of heart

muscle plasma membrane, K* channels opened immedi-

ately, even in the absence of acetylcholine or other neuro-

transmitters-clearly indicating that it is the Gg" protein

that is responsible for opening the effector K- channels

and not G.'GTP.

Light Activates Go.-Coupled Rhodopsins

The human retina contains two types of photoreceptor cells,

rods and cones, which are the primary recipients of visual

stimulation. Cones are involved in color vision, while rods

are stimulated by weak light like moonlight over a range of

wavelengths. The photoreceptors synapse on layer upon

Iayer of interneurons that are innervated by different combi-

nations of photoreceptor cells. All these signals are

processed and interpreted by the part of the brain called the

uisual cortex.
As noted aheady, rhodopsin consists of the protein opsin'

which has the usual GPCR structure, covalently linked to the

light-absorbing pigment 11-cis-retinal. Rhodopsin is local-

ized to the thousand or so flattened membrane disks that

make up the outer segment of rod cglls (Figure 15-16). A hu-

man rod cell contains about 4 x 10/ molecules of rhodopsin.

The trimeric G protein coupled to rhodopsin, called trans-

ducin (Gr), contains the Go, subunit (see Table 15-1); like

rhodopsin, G*. is found only in rod cells.

Upon absorption of a photon, the retinal moiety of

rhodopsin is immediately converted from the cis to the all-

trans isomeq causing a conformational change in the opsin

portion that activates it (Figure 1'5-1'7). This is equivalent

to the conformational change that occurs upon Iigand

binding by other G protein-coupled receptors. Analogous

to other G protein-coupled receptors' the l ight-activated

form of rhodopsin interacts with and activates a Go pro-

tein. in this case Go,. Activated opsin is unstable and spon-

taneously dissociates into its component parts, releasing

oosin and all-trans-retinal, thereby terminating visual sig-

n"ling. In the dark, free all-trans-retinal is converted back

to LI-cis-retinal, which can then rebind to opsin' re-form-

ing rhodopsin.
In the dark, the membrane potential of a rod cell is

about -30 mV, considerably less than the resting potential

(-60 to -90 mV) typical of neurons and other electrically

active cells. This state of the membrane, called depolariza-

tion, causes rod cells in the dark to constantly secrete neu-

rotransmitters, and thus the neurons with which they

synapse are continually being stimulated. The depolarized

state of the plasma membrane of resting rod cells is due to the

presence of a large number of open nonselectiue ion chan-

nels that admit Na+ and Ca2*, as well as K*. Absorption

K*

A FIGURE 15-15 Activation of the muscarinic acetylchol ine

receptor and i ts effector K* channel in heart muscle. Binding of

acetylchol ine tr iggers activation of the G. subunit and i ts dissociat ion

f rom the  Gu,  subun i t  in  the  usua l  way  (see F igure  15-13) .  In  th is

case, the released Gu" subunit (rather than G"i GTP) binds to and

opens the associated effector protein, a K* channel The increase in

K* permeabil i ty hyperpolarizes the membrane, which reduces the

frequency of heart muscle contraction Though not shown here,

activatron is terminated when the GTP bound to G*| is hydrolyzed to

GDP and G"i GDP recombines with Gsn [See K Ho et al ,  1993, Nafure

362:3 1 . and Y Kubo et al .  1 993, Nature 362:127 |

Acetylchol ine
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  FIGURE 15-16 Human rod cel l .  (a)  Schemat ic  d iagram of  an
entire rod cell. At the synaptic body, the rod cell forms synapses with
one or more bipolar interneurons Rhodopsin, a l ight-sensitive G
protein-coupled receptor, is located in the flattened membrane disks
of the outer segment. (b) Electron micrograph of the region of the

of l ight by rhodopsin leads to closing of these channels,
causing the membrane potential to become more jnsjde
negatrve.

The more photons absorbed by rhodopsin, rhe more
channels are c losed,  the fewer Na* and Ca2* ions cross
the membrane from the outside, the more negative the
membrane potential becomes, and the less neurotransmit-
ter is released. This change is transmitted to the brain
where it is perceived as l ight. Remarkably, a single photon
absorbed by a resting rod cell produces a measurable re-
sponse, a more inside negative change in the membrane
potential of about 1 mV which in amphibians lasrs a sec-
ond or two. Humans are able to derecia flash of as few as
five photons.

'  
o 5 P m  

'

rod cell indicated by the bracket in (a), This region includes the
junct ion of  the innerand outersegments lpar t (b) f rom R G Kessel
and R H Kardon, 1 979, Tissues and Organs. A Text-Atlas of Scanninq Electron
Microscopy, W H Freeman and Company. p 91 l

Act ivat ion of  Rhodopsin Induces Clos ing
of  cGMP-Gated Cat ion Channels
Opening of GPCR-stimulated K* channels in the heart re-
quires only an acrivated G protein (see Figure 15-15). In con-
trast, the closing of cation channels in the rod-cell plasma
membrane requires changes in the concentration of the sec-
ond messenger cyclic GMP, or cGMP (see Figure 15-9). Rod
outer segments contain an unusually high concentration
(:0.07 mM) of cGMP, which is continuously formed from
GTP in a reaction catalyzed by guanylyl cyclase, which ap-
pears to be unaffected by light. However, light absorption by
rhodopsin induces activation of a cGMP phosphodiesterase,
which hydrolyzes cGMP to 5'-GMP. As a result, the cGMp
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< FIGURE 15-17 The l ight- t r iggered step in  v is ion.  The l ight-

absorbing p igment  1 '1  -c is- ret inal  is  covalent ly  bound to the amino
group of  a lys ine res idue in opsin,  the prote in por t ion of
rhodopsin Absorption of l ight causes rapid photoisomerrzation of

the bound crs-retinal to the all-trans isomer, forming the unstable
intermediate meta-rhodopsin l l, or activated opsin, which activates

G, proteins Within seconds, all-trans-retinal dissociates from opsin

and is converted by an enzyme back to the cts isomer, which then

rebinds to another opsin molecule. [See J Nathans, 1992, Biochemistry
31:4923 I

As depicted in Figure 15-18, cGMP phosphodiesterase is

the effector protein for Go.. The free G*,'GTP complex that

is generated after light absorption by rhodopsin binds to the

two inhibitory 1 subunits of cGMP phosphodiesterase' re-

leasing the active catalytic ct and B subunits, which then con-

vert cGMP to GMP. This is a cleat example of how signal-

induced removal of an inhibitor can quickly activate an

enzyme, a common mechanism in signaling pathways. A sin-

gle molecule of activated opsin in the disk membrane can ac-

tivate 500 Go, molecules, each of which in turn activates one

cGMP phosphodiesterase, thereby amplifying the original

light signal early in this pathway.
Direct support for the role of cGMP in rod-cell activity

has been obtained in patch-clamping studies using isolated

patches of rod outer-segment plasma membrane, which

contains abundant cGMP-gated cation channels. When

cGMP is added to the cytosolic surface of these patches,

there is a rapid increase in the number of open ion channels;

cGMP binds directly to a site on the channel protein to keep

them open, indicating that these are nucleotide-gated channels.

I
H

Rhodopsin

L ig  h t - i  nduced
isomer iza t ion
( < 1 0  2  s )

tra

'11

N S

c:N-(cHz)o-E@
H

Mefa-rhodopsin ll
(activated opsin)

concentration decreases upon illumination. The high level of
cGMP present in the dark acts to keep cGMP- gated cation
channels open; the light-induced decrease in cGMP leads to
channel closing, membrane hyperpolarization, and reduced
neurotransmitter release.

L i g

A FIGURE 15-18 Light-activated rhodopsin pathway and the closing of cation
channels in rod cells. In dark-adapted rod cells, a high level of cGMP keeps nucleotide-gated
nonselective cation channels open Light absorption generates activated opsin, O* (step tr),
which binds inactive GDP-bound G*, protein and mediates replacement of GDP with GTP (step

Z) The free G*, GTP generated then activates cGMP phosphodiesterase (PDE) by binding to its

inhibitory 1 subunits (step E) and dissociating them from the catalytic cr and B subunits (step 41
Relieved of their inhibit ion, the ct and B subunits of PDE convert cGMP to GMP (step E) The

resulting decrease in cytosolic cGMP leads to dissociation of cGMP from the nucleotide-gated
channels in the plasma membrane and closing of the channels (step 51 The membrane then
becomes transiently hyperpolarized lAdapted from V Arshavsky and E Pugh, 1998, Neuron20|11 1
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A FIGURE 15-19 Structural model of rhodopsin and its
associated trimeric G protein, transducin (GJ. The structures of
rhodopsin and the Go.  and GB" subuni ts  were obta ined by x-ray
crystallography The C-terminal segment of rhodopsin that follows
transmembrane hel ix  H7 and extends in to the cytosol  is  not  shown
in this model The orientation of G*,with respect to rhodopsin and
the membrane is  hypothet ica l ;  i t  is  based on the charge ano
hydrophobicity of the protein surfaces and the known rhodopsin-
binding sites on G.,. As in other trimeric G proteins, the Go, and G-,
subuni ts  conta in covalent ly  at tached l ip ids ( red and b lue jagged
l ines)  that  are thought  to be inser ted in to the membrane In the
GDP-bound form shown here,  the o subuni t  (b lue)  and the B
subuni t  (green) in teract  wi th each other ,  as do the B subuni t  and 1
subunrt  ( red) ,  but  the smal l  ^y subuni t ,  which conta ins lust  two ct
helices, does not contact the ct subunit Several segments of the a
subunit are thought to interact with an activated rhodopsin,
causing a conformat ional  change that  promotes re lease of  GDp and
binding of  GTP Binding of  GTp,  in  turn,  induces large
conformational changes in the switch regions of G.. leading to its
dissociation from GBr. [Adapted from H Hamm, 2OO1 , proc Nat' l Acad
Sci USA 98:48'19, and W Oldham and H Hamm 2006 euart Rev. Biophvs
40: (ln press) l

Like the K+ channels discussed in Chapter 11, the cGMp-
gated channel protein contains four subunits [see Figure
7I-191. In this case each of the subunits is able to bind a
CGMP molecule. Three or four cGMp molecules must bind
per channel in order to open it; this allosteric interaction
makes channel opening very sensitive to small changes in
cGMP levels.

Conversion of active G.t.GTp back to inactive G...GDP
is accelerated by a specific GTPase-activating prorein (GAp).
In mammals Go, normally remains in the active GTp-bound

state for only a fraction of a second. Thus cGMP phospho-
diesterase rapidly becomes inactivated, and the cGMP level
gradually rises to its original level when the light stimulus is
removed. This allows rapid responses of the eye roward
moving or changing objects.

Recent x-ray crystallographic studies reveal how the sub-
units of G, protein interact with each other and with light-
activated rhodopsin and provide clues about how binding of
GTP leads to dissociation of Go from GB". As revealed in the
structural model in Figure 15-19, two surfaces of Go. inter-
act with GB: an N-terminal region near the membrane sur-
face and the two adjacent switch I and switch II regions,
which are found in all G, proteins. G" directly contacts Gp
but not Gro. These models also suggest that the nucleotide-
binding domain of Go., together with the lipid anchors at the
C-terminus of G" and the N-terminus of Got, form a surface
that binds to l ight-activated rhodopsin (O', in Figure 15-18),
promoting the release of GDP from Go. and the subsequent
binding of GTP. The subsequent conformational changes in
G.o, particularly those within switches I and II, disrupt the
molecular interactions between Go. and Gpr, leading to their
dissociation. The structural studies with rhodopsin and Go,
are consistent with data concerning other G protein-coupled
receptors and are thought to be generally applicable to all
receptors of this type.

Rod Cells Adapt to Varying Levels of Ambient
L ight  Because of  Opsin Phosphory lat ion
and Binding of  Arrest in
Cone cells are insensitive to low levels of i l lumination, and
the activity of rod cells is inhibited at high l ight levels.
Thus when we move from bright daylight into a dimly
lighted room, we are init ially blinded. As the rod cells
slowly become sensitive to the dim light, we gradually are
able to see and distinguish objects. This process of uisual
adaptation permits a rod cell to perceive contrast over a
100,000-fo ld range of  ambient  l ight  levels .  This  wide
range of sensitivity is possible because differences in l ight
levels in the visual f ield, rather than the absolute amount
of absorbed light, are used to form visual images. Light-
dependent regulation of the rhodopsin signaling pathway
(see Figure 15-18) is responsible for this extraordinarily
wide sensitivity range.

One process contributing to visual adaptation involves
phosphorylation of opsin in its active conformarion (O',) but
not in its inactive, or dark form (O) by rhodopsin kinase
(Figure 15-20), a member of a class of GPCR kinases. Each
opsin molecule has three principal serine phosphorylation
sites on its cytosol-facing surface; the more sites that are
phosphorylated, the less able O', is to activate Go. and thus
induce closing of cGMP-gated cation channels. Because the
extent of opsin phosphorylation by rhodopsin kinase is pro-
portional to the amount of time each opsin molecule spends
in the light-activated form, it is a measure of the background
(ambient) level of light. Under bright-light conditions, opsin
phosphorylation is increased, and consequently its ability to ac-
tivate Go, is reduced. In other words, rhodopsin is desensitized

G D P
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A FIGURE 15-20 Rod-cell adaptation to ambient l ight level
changes and opsin phosphorylation. Light-activated opsin (O*),

but not dark-adapted rhodopsin, is a substrate for rhodopsin kinase.
The extent of opsin phosphorylation is directly proportional to the
amount of t ime each opsin molecule spends in the l ight-activated
form and thus to the average ambient l ight level over the previous
few minutes The abil ity of O* to activate G*, is inversely proportional

by bright l ight, and thus a greater increase in l ight inten-

sity is necessary to generate a change in cGMP levels and a
visual signal. When the level of ambient light is reduced' the

opsins become dephosphorylated and the ability to activate
Go, increases; in this case, relatively fewer additional photons

are necessary to generate a visual signal. The importance of

opsin phosphorylation in visual adaptation is supported by

studies with rod cells from mice with mutant rhodopsins
bearing zero or only one of the target serine residues. These

rod cells show a much slower than normal rate of deactiva-
tion in bright light.

The light-dependent desensitization of rod cells is further

increased by binding of the cytosolic protein B-arrestin. At

high ambient light (such as noontime outdoors), B-arrestin
binds to the phosphorylated serine residues on the C-terminal

opsin segment. Bound B-arrestin completely prevents interac-

tion of Go. with phosphorylated O*, totally blocking forma-

tion of the active G*.'GTP complex and causing a shutdown
of all rod-cell activity.

The negative-feedback regulation of rod-cell activity by

rhodopsin kinase and arrestin is similar to adaptation (or de-

sensitization) of other G protein-coupled receptors to high

ligand levels. Another mechanism, which appears unique to

rod cells, also contributes to visual adaptation. In dark-

adapted cells virtually all the G., and GB" subunits are in the

outer segments. But exposure for 10 minutes to moderate

daytime intensities of light causes over 80 percent of the Go,

and Gp., subunits to move out of the outer segments into

other cellular compartments. Although the mechanism by

which these proteins move is not yet known, the result is that

Go, proteins are physically unable to bind activated opsin.

As occurs in other signaling pathways, multiple mechanisms
are thus used to inactivate signaling during visual adapta-

tion, presumably to allow strict control of activation of the

signaling pathway over broad ranges of illumination'

No
Go, activation

to the number of phosphorylated residues on O* Thus the higher

the ambient light level, the greater the extent of opsin
phosphorylation and the larger the increase in light level needed to

activate the same number of G*, molecules At very high light levels,

anestin binds to the completely phosphorylated opsin, forming a

complex that cannot activate G*. at all. [See L Lagnado and D Baylor,

1992, Neuron8:995, and A Mendez etal, 2OOO, Neuron 28:153 l

G Protein-Coupled Receptors That Regulate lon

Channels

r The cardiac muscarinic acetylcholine receptor is a

GPCR whose effector protein is a K* channel. Receptor

activation causes release of the GB" subunit, which opens

K* channels (see Figure 15-15). The resulting hyperpolar-

ization of the cell membrane slows the tate of heart mus-

cle contraction.

dopsin, the photosensitive GPCR in rod cells' com-

thi protein opsin linked to 11-cis-tetinal. Light-

d isomerization of the ll-cis-retinal moiety pro-

duces activated opsin, which then activates the coupled

trimeric G protein transducin (Gr) by catalyzing exchange

of free GTP for bound GDP on the Go. subunit.

r The effector protein in the rhodopsin pathway is cGMP

phosphodiesterase' which is activated by the G..'GTP-

mediated release of inhibitory subunits. Reduction in

the cGMP level  by th is  enzyme leads to c los ing of

cGMP-gated Na+/Ca2+ channels, hyperpolarization of

the membrane, and decreased release of neurotransmitter

(see Figure 15-18) .

r As with other Go proteins, binding of GTP to Go. causes

conformational changes in the protein that disrupt its mo-

lecular interactions with GB" and enable G.I'GTP to bind

to its downstream effector.

r Phosphorylation of light-activated opsin by rhodopsin

kinase interferes with its ability to activate Gorl subsequent

binding of arrestin to phosphorylated opsin further inhibits

its ability to activate Go, (see Figure 15-20)' This general

mechaniim of adaptation' or desensitization, is utilized by

other GPCRs at high ligand levels.
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G Protein-Coupled Receptors That
Activate or Inhibit Adenylyl Cyclase
GPCR pathways that utilize adenylyl cyclase as an effector
protein and cAMP as the second messenger are found in most
mammalian cells. These pathways follow the general GPCR
mechanism outlined in Figure 15-13: Ligand binding to the
receptor activates a coupled trimeric G protein that activates
adenylyl cyclase, which synthesizes the diffusible second mes-
senger cAMP. cAMP, in turn, activates a cAMp-dependent
protein kinase that phosphorylates specific targer proteins.

To explore this GPCR/cAMP pathway we focus on the
first such pathway discovered-the hormone-stimulated
generation of glucose from glycogen, a srorage polymer of
glucose. The breakdown of glycog en (glycogenolysls/ occurs

Adenyly l  Cyc lase ts  St imulated and Inh ib i ted
by Different Receptor-Ligand Complexes

G protein-coupled receptors, but both receptors interact with
and activate the same Go, that activates adenylyl cyclase.
Hence, both hormones induce the same metabolic responses.
Activation of adenylyl cyclase, and thus the cAMp level, is
proportional ro the total concentration of Go, .GTp resulting
from binding of both hormones to their respective receptorsl

St imulatory I  Epinephr ine
hormone ,  {  Glucagon

| [ AcrH
I

@

Positive (activation) and negative (inhibition) regulation
of adenylyl cyclase activity occurs in many cell types, pro-
viding fine-tuned conrrol of the cAMP level (Figure 75-21).
For example, the breakdown of triacylglycerols to fatty acids
in adipose cells (lipolysls) is stimulated by binding of epi-
nephrine, glucagon, or ACTH to receptors that activate
adenylyl cyclase. On the other hand, binding of two other
hormones, prostaglandin PGEI or adenosine, to their re-
spective G protein-coupled receptors inhibits adenylyl cy-
clase. The prostaglandin and adenosine receptors activare an
inhibitory G1 protein that contains rhe same B and ̂ y subunits
as the stimulatory G. protein but a different ct subunit (G.1).
After the active G*;.GTP complex dissociates from Gs,, it
binds to but inhibits (rather than stimulates) adenylyl cy-
clase, resulting in lower cAMP levels.

Structural Studies Established How G.r.GTp
Binds to and Activates Adenylyl Cyclase
X-ray crystallographic analysis has pinpointed the regions in
G.,.GTP that interact with adenylyl cyclase. This enzyme is a
multipass transmembrane protein with two large cltosolic seg-
ments containing the catalytic domains (Figure l5-22a). Because
such transmembrane proteins are notoriously difficult to crystal-
lize, scientists prepared tlvo protein fragments encompassing the
fwo catalytic domains of adenylyl cyclase that tightly associate
with one another in a heterodimer. When these catalytic frag-
ments are allowed to associate in the presence of G*..GTp and
forskolin, they are stabilized in their active conformations.

The resulting water-soluble complex (two adenylyl cy-
clase domain fragments/G.,.GTP /forskolin) was catalytically
active and showed pharmacological and biochemical proper-
ties similar to those of intact full-length adenylyl cyclase. In
this complex, two regions of G*,.GTP, the switch II helix and
the o3-B5 loop, contact the adenylyl cyclase fragments (Fig-
ure 15-22b). These contacts are thought to be responsible for
the activation of the enzyme by G*,.GTP. Recall that switch II
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st imulatory
no rmone

P
\___-_____\aJ

St imu la to ry
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complex
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Inh ib i tory
G protein
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inhib i tory
no rmoneIt
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A FIGURE 15-21 Hormone-induced activation and inhibition of
adenylyl cyclase in adipose cells. Ligand binding to G*,-coupled
receptors causes activation of adenylyl cyclase, whereas ligand binding to
G" -coupled receptors causes inhibition of the enzyme. The Gp,, subunit
in both stimulatory and inhibitory G proteins is identicar; the G^ subunits

and their corresponding receptors differ. Ligand-stimulated formation of
active Go GTP complexes occurs by the same mechanism in both G*,
and G* proteins (see Frgure 1 5- 1 3) However; G*, GTp and G.,.GTp
interact differently with adenylyl cyclase, so that one stimulates and the
other inhibits its catalytic activity. [See A G Gilman, 1984, Cett36:57j ]

Adenytyl ;
cycrase l

/ t r \  :

6 4 6  o  C H A P T E R  1 5  |  C E L L  s t c N A L I N G  r :  s T G N A L  T R A N S D U C T o N  A N D  S H o R T - T E R M  c E L L U L A R  R E S p o N s E s



Adenylyl cyclase
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Adenylyl cyclase

catalytic fragments

A FIGURE 15-22 Structure of mammalian adenylyl cyclases
and their interaction with G"'.GTP. (a) Schematic diagram of
mammalian adenylyl cyclases The membrane-bound enzyme
contains two simrlar catalytic domains on the cytosolic face of the
membrane and two integra l  membrane domains,  each of  which is
thought to contain six transmembrane o helices (b) Model of the
three-dimensional structure of G., GTP complexed with two
fragments encompassing the catalytic domain of adenylyl cyclase
determined by x-ray crystallography The ct3-B5 loop and the helix in
the switch l l region (blue) of G"s GTP interact simultaneously wtth a
specific region of adenylyl cyclase The darker-colored portion of G.,
is the GTPase domain, which is similar in structure to Ras (see Figure
15-8) ;  the l ighter  por t ion rs  a hel ica l  domain The two adenyly l
cyclase fragments are shown in orange and yellow Forskolin (green)

locks the cyclase fragments in their active conformations [Part (a) see
W-1 TangandA G Gi lman,1992,  Cel lTO:869 Part (b)adaptedfromJ J G
Tesmer et al , 1997, Science 278:1907 )

is one of the segments of a Go protein whose conformation is

different in the GTP-bound and GDP-bound states (see

Figure 15-8). The GTP-induced conformation of Go. that

favors its dissociation from Gs, is precisely the conformation

essential for binding of Go, to adenylyl cyclase. Other studies

indicate that Go1 binds to a different region of adenylyl cy-

clase, accounting for its different effect.

cAMP Activates Protein Kinase A by Releasing
Cata ly t ic  Subuni ts

In multicellular animals, virtually all the diverse effects of

cAMP are mediated through protein kinase A (PKA), also

called cAMP-dependent protein kinase. Inactive PKA is a

tetramer consisting of two regulatory (R) subunits and two cat-

alytic (C) subunits (Figure t5-23a). Each R subunit contains a

( a ) lnactive PKA

RegulatorY
su bu nits

(b )  Regu la to ry  (R)  subun i t  s t ruc tu re

Active P](A

( b )
AKAP
bind ing
^ i + ^

,  Dimerization/dockin g
/ domaina3,- tsS

7

Catalyt ic
su bu nit
b ind ing

site// \'
Flexlble/ I

,  l i nkers , /

Catalyt ic
s u b u n i t #
b ind ing

site

cNB_A-

d-, 
o

CNB-B (c) Conformational
changes f rom
cAMP b ind ing

cAMP
bound

Catalyt ic
su  bun i t
bound

A FIGURE 15-23 Structure of the regulatory (R) subunits of

protein kinase A and its activation by cAMP' (a) Protein kinase A

(PKA) consists of two regulatory (R) subunits (green) and two catalytic
(C) subunits When cAMP (red triangle) binds to the regulatory subunit,

the catalytic subunit is released, thus activating PKA (b) The two

regulatory subunits are jorned by a flexible l inker and a dimerization/

Oocting domain where A-kinase activating protein (AKAB Figure 15-28)

can bind. Each R subunit has two cAMP-binding domains, CNB-A and

CNB-8, and a binding site for a catalytic subunit (arrow) (c) Binding of

cAMPtotheCNB-Adomaindisp|acesthecata|yt icsubuni t |eadingto i ts
activation Without bound cAMB one loop of the CNB-A domain
(purple) is tn a conformation that can bind the catalytic (C) subunit A

glutamate (E200) and arginine (R209) residue participate in binding of

cAMP (red), which causes a conformational change (green) in the loop

that prevents binding of the loop to the C subunit lPart (b) after 5 S

Taylor et al , 2005, Biochim Biophys Acta 1754i25 Part (c) after C Kim, N-H

Xuong, and S 5 Taylor, 2005, science 307:690 l
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  FIGURE 15-24 Synthesis and degradation of glycogen.
Incorporation of glucose from UDp-glucose into glycogen is catalyzed
by glycogen synthase. Removal of glucose units from grycogen ts

pseudosubstrate sequence that binds to the active site in a
catalytic domain. By blocking substrate binding, the R sub-
units inhibit the activity of the catalytic subunits. Inactive
PKA is turned on by binding of cAMp. Each R subunit has
two distinct cAMP-binding sites, called CNB-A and CNB_B
(Figure I5-23b). Binding of cAMp ro an R subunit causes a
conformational change in the pseudosubstrate domain that
leads to release of the associated C subunit, unmasking its cat-
alytic site and activating its kinase activity (Figure 15-23c).

Binding of cAMP by an R subunit of protein kinase A

activity. Rapid activation of enzymes by hormone-triggered
dissociation of an inhibitor is a common feature of-manv
signaling pathways.

Glycogen Metabol ism ls  Regulated
by Hormone-lnduced Activation of protein
Kinase A
Glycogen, alarge glucose polymer, is the major storage form
of glucose in animals. Like all biopolymers, glycogen ls syn-

Glycogen (n residuesl

catalyzed by glycogen phosphorylase Because two different enzymes
catalyze the formation and degradation of glycogen, the two
reactions can be independently regulated

thesized by one set of enzymes and degraded by another (Fig,
ure 15-24). Degradation of glycogen, or glycogenolysis, in-
volves the stepwise removal of glucose residues from one end
of the polymer by a phosphorolysis reaction, catalyzed by
gly co gen p h o sp h oryla.se, yielding glucose 1 -phosphate.

In both muscle and liver cells, glucose 1-phosphate pro-
duced from glycogen is converted to glucose 6-phosphate. In
muscle cells, this metabolite enters the glycolytic pathway and
is metabolized to generate ATP for use in powering muscle con-
traction (Chapter 12). Unlike muscle cells, liver cells contain a
phosphatase that hydrolyzes glucose 6-phosphate to glucose,
which is exported from these cells in parr by a glucose trans-
porter (GLUT2) in the plasma membrane (Chapter 11). Thus
glycogen stores in the liver are primarily broken down to glu-
cose, which is immediately released into the blood and trans-
ported to other tissues, particularly the muscles and brain.

The epinephrine-stimulated activation of adenvlvl
cyclase, resulting increase in cAMp, and subsequent activa-
tion of protein kinase A (PKA), enhances the conversion of
glycogen to glucose 1-phosphate in two ways: by inhibiting
glycogen synthesis and by stimulating glycogen degradation
(Figure 15-25a). PKA phosphorylates and in so doing inac-
tivates glycogen synthase, the enzyme that synthesizes glyco-
gen. PKA promotes glycogen degradation indirectly by
phosphorylating and thus activating an intermediate kinase,
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(a )  Inc reased cAMP

GSO

Glucose 1-phosphate

(b) Decreased cAMP

GPK

________-_> G P
UDP-glucose ----------> Glycogen + UDP

A FIGURE 15-25 Regulation of glycogen metabolism by cAMP
in l iver and muscle cells. Active enzymes are highlighted in darker
shades; inactive forms, in l ighter shades (a) An increase in cytosolic
cAMP activates protein kinase A (PKA), which inhibits glycogen
synthesis directly and promotes glycogen degradation via a protein

kinase cascade At high cAMB PKA also phosphorylates an inhibitor

glycogen phosphorylase kinase (GPK), that in turn phos-

phorylates and activates glycogen phosphorylase, the en-

zyme that degrades glycogen.
The entire process is reversed when epinephrine is re-

moved and the level of cAMP drops, inactivating proteln

kinase A (PKA). This reversal is mediated by phosphoprotein

phosphatase, which removes the phosphate residues from

the inactive form of glycogen synthase, thereby activating it '

and from the active forms of glycogen phosphorylase kinase

and glycogen phosphorylase, thereby inactivating them

(Figure 15-25b). Phosphoprotein phosphatase itself is regu-

lated by PKA. An inhibitor of phosphoprotein phosphatase

is normally inactive. When activated PKA phosphorylates

this inhibitory protein, it can bind to phosphoprotein phos-

phatase, inhibit ing its activity (see Figure 1'5-25a). At low

cAMP levels, when PKA is inactive, the inhibitor is not

phosphorylated and phosphoprotein phosphatase is active.

As a result, in the absence of cAMP the synthesis of

glycogen by glycogen synthase is enhanced and the degra-

dation of glycogen by glycogen phosphorylase is inhibited'

Epinephrine-induced glycogenolysis thus exhibits dual

regulation: activation of the enzymes catalyzing glycogen

degradation and inhibit ion of enzymes promoting glyco-

gen synthesis. Such coordinate regulation of synthetic and

degradative pathways provides an efficient mechanism for

:;;;;;",t,*, 
-

i

;  eKA erot" in k inase A 1
I  PP PhosphoProtein Phosphatase

I  GPK Glycogen phosphorylase k inase i

I  GP Glycogen phosPhorYlase I
GS Glycogen synthase

i  lP Inhib i tor  of  Phosphoproteln l
phosphatase 

.

of phosphoprotein phosphatase (PP). Binding of the phosphorylated

inhibitor to PP prevents this phosphatase from dephosphorylating the

activated enzymes in the kinase cascade or the inactive glycogen

synthase (b) A decrease in cAMP inactivates PKA, leading to release

of the active form of PP The action of this enzyme promotes

glycogen synthesis and inhibits glycogen degradation

achieving a particular cellular response and is a common

phenomenon in regulatory biology.

cAMP-Mediated Activation of Protein

Kinase A Produces Diverse Responses

in Different Cell  TYPes

array of hormone-induced cellular responses in multiple

body cel ls  (Table 15-2) '
Although protein kinase A acts on different substrates in

different typei of cells, it always phosphorylates a serine or

threonine residue that occurs within the same sequence mo-

tif: X-Arg-(Arg/Lys)-X-(Ser/Thr)-O' where X denotes any

amino 
".id "ttd 

O denotes a hydrophobic amino acid' Other

serine/threonine kinases phosphorylate target residues

within other sequence motifs.
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TlsslJE H0BM0NE tNDuctNG RtsE tN cAMp cELtutAR RESP0NSE

Adipose Epinephrine; ACTH; glucagon Increase in hydrolysis of triglyceride; decrease in amino acid uptake

Liver 
"3,iil,i.oiii,'e; grucagon lH,?Tr'1":1ffi:'J::;:,1'f:ff:trf:T:,T'"'J,:,li:',::,.",.

rn gluconeogenesis (synthesis of glucose from amino acids)

ovarian follicle FSH; LH Increase in synthesis of estrogen, progesterone

Adrenal cortex ACTH Increase in synthesis of aldosterone, cortisol

Cardiac muscle Epinephrine Increase in contractron rate

Thyroid gland TSH Secretion of thyroxine

Bone Parathyroid hormone Increase in resorption of calcium from bone

Skeletal muscle Epinephrine Conversion of glycogen to glucose

Intestine Epinephrine Fluid secretion

Kidney Vasopressin Resorption of water

Blood platelets Prostaglandin I Inhibition of aggregation and secretion

' 'Nearly all the effects of cAMP are mediated through protein kinase A (PKA), which is activated by binding of cAMp.
souRCE: E.  W. Suther land,  1,972,  Science 177:401.

Signal  Ampl i f icat ion Commonly Occurs in  Many
Signal ing Pathways
Receptors are low-abundance proteins, typically present in
only a few thousand copies per cell. yet the'.. l lul", .._
sponses induced by binding of a relatively small number of
hormone molecules to the available receptors mav require
production of tens of thousands or even mill ions of second
messenger or activated enzyme molecules per cell. Thus sub_
stantial signal amplification often -urt oi.u, in order for a
hormone signal to induce a significant cellular response.

In the case of G protein--coupled receptors, signal amplifi_
cation is possible in part because both recepto.s and G pro_
teins can diffuse rapidly in the plasma membrane. A sinele
epinephrine-GPcR complex causes conversion of up to 1-00
inactive Go, molecules to the active form before epinephrine
dissociates from the receptor. Each active G.,.GTq in turn,
activates a single adenylyl cyclase molecule. which then cat_
alyzes synthesis of many cAMp molecules during the time
G.,.GTP is bound to it.

The amplification that occurs in such an amplification cas_
cade depends on the number of steps in it and the relative
concentrations of the various components. In the epinephrine_
induced cascade shown ̂ in Figure 15-26, blood lwels of epi_
nephrine as low as 10-10 M can stimulate liver glycogenolysis
and release of glucose. An epinephrine stimulus of thii maeni_
tude generates an intracellular cAMp concentration of 10-5"M.
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( 1 0 - 1 0  M )

Adenylyl
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  FIGURE 15-26 Amplification of an external signal downstream
from a cell-surface receptor. In this example, bindlng of a single
epinephrine molecule to one Gos protein-coupled receptor molecule
induces synthesis of a large number of cAMp molecules, the first level of
amplification. Four molecules of cAMp activate two molecules of
protein kinase A (PKA), but each activated pKA phosphorvlates and
activates multiple product molecules. This second level of amplif ication
may involve several sequential reactions in which the product of one
reaction activates the enzyme catalyzing the next reaction The more
steps in such a cascade, the greater the signal amplif ication posslble
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an amplification of 104 fold. Because three more catalytic steps

precede the release of glucose, another 104 amplification can

occur, resulting in a 106 amplification of the epinephrine signal.

In striated muscle the amplification is less dramatic, because

the concentrations of the three successive enzymes in the

glycogenolytic cascade-protein kinase A, glycogen phos-

phorylase kinase, and glycogen phosphorylase-are tn a

1:10:240 ratio (a potential 240-foldmaximal amplification).

The epinephrine-induced GPCR pathway leading to glycogenol-

ysis, whether in liver or striated muscle cells, dramatically illus-

trates how the effects of an external signal can be amplified.

Severa l  Mechanisms Down'Regulate Signal ing
from G Protein-Coupled RecePtors

For cells to respond effectively to changes in their environment,

mechanisms must exist to terminate the activation of signaling

pathways. Several mechanisms contribute to termination of cel-

lular responses to hormones mediated by B-adrenergic receptors

and other G protein-coupled receptors coupled to Go,. First, the

affinity of the receptor for its ligand decreases when the GDP

bound to Go, is replaced with GTP. This increase in the K6 of the

receptor-hormone complex enhances dissociation of the ligand

from the receptor and thereby limits the number of Go, proteins

that are activated. Second, the intrinsic GTPase activity of G.s

converts the bound GTP to GDP, resulting in inactivation of the

protein and decreased adenylyl cyclase activity' Importantly' the

rate of hydrolysis of GTP bound to Go, is enhanced when Go,

binds to adenylyl cyclase, lessening the duration of cAMP pro-

duction; thus adenylyl cyclase functions as a GAP for Go,. More

generally, binding of most if not ail G*'GTP complexes to their

respective effector proteins accelerates the rate of GTP hydroly-

sis. Finally, cAMP phosphodiesterase acts to hydrolyze cAMP to

5'-AMB terminating the cellular response. Thus the continuous

presence of hormone at a high enough concentration is required

for continuous activation of adenylyl cyclase and maintenance of

an elevated cAMP level. Once the hormone concentration falls

sufficiently, the cellular response quickly terminates'
Receptors can also be down-regulated by feedback re-

pression, in which the end product of a pathway blocks an

early step in the pathway. For instance, when a Go, pro-

tein-coupled receptor is exposed to hormonal stimulation

for several hours, several serine and threonine residues in the

cytosolic domain of the receptor become phosphorylated by

protein kinase A (PKA), the end product of the Go, pathway.

The phosphorylated receptor can bind its l igand but cannot

efficiently activate Go,; thus ligand binding to the phospho-

rylated receptor leads to reduced activation of adenylyl cy-

clase compared with l igand binding to a nonphosphorylated

receptor. Because the activity of PKA is enhanced by the high

cAMP level induced by any hormone that activates Go,, pro-

longed exposure to one such hormone, say, epinephrine,

desensitizes not only B-adrenergic receptors but also other

Go, protein-coupled receptors that bind different l igands

(e.g., glucagon receptor in l iver). This cross-regulation is

called h eter olo gows desensitization.
Exposure of cells to epinephrine also leads to other forms

of desensitization. Particular residues in the cytosolic domain

of the B-adrenergic receptor, not those phosphorylated by

PKA, can be phosphorylated by the enzyme B-adrenergic re-

ceptor kinase (BARK/, but only when epinephrine or an ago-

nist is bound to the receptor and the receptor is in its active

conformation. This process is called homologous desensitiza-

tion,because only those receptors that are in their active con-

formations are subject to deactivation by phosphorylation'

Another example of this regulatory mechanism is the desensi-

tization of rhodopsin by rhodopsin kinase.

Recall from our discussion of the rhodopsin pathway that

sis. These interactions promote the formation of coated pits

and endocytosis of the associated receptors' thereby decreas-

ing the number of receptors exposed on the cell surface (Fig-

ure 15-27). Eventually some of the internalized receptors are

Exterior

Activation of
c -Jun k inase
cascade

CYtosol

l*rnoo.u,or,.
J

Activation of MAP
kinase cascade

  FIGURE 15-27 Role of p-arrestin in GPCR desensitization and

signal transduction' P-Arrestin binds to phosphorylated serine and

threonine residues in the C-terminal segment of G protein-coupled

receptors (GPCRt. Clathrin and AP2, two other proteins bound by

B-arrestin, promote endocytosis of the receptor' B-Arrestin also

functions in transducing signals from activated receptors by binding to

and activating several cytosolic protein kinases. c-src activates the MAP

kinase pathway, leading to phosphorylation of key transcrrption factors

(Chapter 16). Interaction of B-arrestin with three other protelns,

including JNK-3 (a Jun N-terminal kinase), results in phosphorylation

and activation of another transcription factor, c-Jun fAdapted from W

Miller and R J Lefkowitz, 2OO1 , Curr' Opin Cell Biol 13:139, and K Pierce

et al , 2002, Nature Rev. Mol Cell Biol 3:6391
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degraded intracellularlS and some are dephosphorylated in
endosomes. Following dissociation of B-arrestin, the resensi-
tized (dephosphorylated) receptors recycle to the cell surface,
similar to recycling of the LDL receptor (Chapter 14).

Desensitization of many GpCRs and other classes of
receptors occurs by receptor  phosphory lat ion,  arrest in
binding,  and endocytos is  of  l igand-occupied receptors,
leading to their sequestration inside the cell. In addition
to its role in regulating receptor activity, B-arrestin also
funct ions as an adapter  prote in in  t ransducing s ignals
frgm Gprotein-coupled receptors to the nucleurlCh"pt.,
16). The multiple functions of p-arrestin i l lustrate the im-
portance of adapter proteins in both regulating signaling and
transducing signals from cell-surface receptors.

Anchor ing Prote ins Local ize Ef fects  of  cAMp
to Speci f ic  Regions of  the Cel l
In many cell types, a rise in the cAMp level may produce a
response that is required in one part of the cell but is un_

One such anchoring protein (AKAP15) is tethered to the
cytosolic face of the plasma membrane near a particular type
of gated Ca2* channel in certain heart muscle cells. In the
heart, activarion of B-adrenergic receptors by epinephrine (as
part of the fight-or-flight response) leads to pKA-catalyzed
phosphorylation of these Ca2+ channels, causing them to
open; the resulting influx of Ca2* increases the rate of heart

A different AKAP in heart muscle anchors both protein
kinase A and cAMP phosphodiesterase (pDE) to the outer
nuclear membrane. Because of the close proximity of pDE to
protein kinase A, negative feedback provides tight local con-
trol of the cAMP concentration and hence local pKA activity
(Figure 15-28). The localization of protein kinase A near the
nuclear membrane also facilitates entry of its catalytic sub-
units into the nucleus, where they phosphorylate and acti-
vate certain transcription factors (see Chapter 16).

G Protein-Coupled Receptors That Activate or Inhibit
AdenylylCyclase

r Ligand activation of G protein-coupled receptors that
activate Go, results in the activation of the membrane-

E
Basa l  PDE ac t iv i t y  =

resting state

a
Inc reased cAMP:

PKA activation

E
PDE phosphory lat ion

and act ivat ion;  reduct ion
in cAMP level

!f Return to resting state

that  which can be degraded by pDE The resul t ing b inding of  cAMp
to the regulatory (R) subunits of pKA releases the active catalytic (C)
subunits into the cytosol Some C subunits enter jnto the nucleus,
where they phosphorylate and thus activate certain transcrrptron
factors (Chapter 16), Concomitant phosphorylation of pDE by active
PKA catalytic subunits stimulates its catalytic activity, thereby hydrolyzing
cAMP and driving cAMP levels back to basal and causing reformation of
the inactive PKA Step @: Subsequent dephosphorylation of pDE
returns the complex to the resting state, [Adapted from K L Dodqe
et al , 200 1, EMBO T 20:1921 )

cAMP
> a

mAKAP t

I

Cytosol

Outer
nuc lear
memDrane

  FIGURE 15-28 Localization of protein kinase A (pKA) to the
nuclear membrane in heart muscle by an A kinase-associated
protein. This member of the AKAP family, designated mAKAB
anchors both cAMP phosphodiesterase (pDE) and the regulatory
subuni t  o f  PKA to the nuclear  membrane,  mainta in ing them in a
negative feedback loop that provides close local control of the cAMp
level and PKA activity. Step [:The basal level of pDE activity in the
absence of hormone (resting state) keeps cAMp levels below those
necessary for PKA activation. Steps A and E: Activation of B_
adrenergic receptors causes an increase in cAMp level in excess of

652 C H A P T E R  1 5  I  C E L L  S I G N A L I N G  I :  S I G N A L  T R A N S D U C T I O N  A N D  S H o R T - T E R M  c E L L U L A R  R E s P o N s E s



bound enzyme adenylyl cyclase, which converts ATP to the

second messenger cyclic AMP (cAMP).

r Ligand activation of G protein-coupled receptors that

activate Goi results in the inhibition of adenylyl cyclase and

lower levels of cAMP.

r The switch regions in the activated forms of G.,'GTP

and Go1 'GTP bind to the heterodimeric active site domains
in adenylyl cyclase to activate or inhibit the enzyme, re-

spectively.

r cAMP binds cooperatively to a regulatory subunit of

protein kinase A (PKA) releasing the active kinase catalytic

subunit (see Figure 15-23).

r PKA mediates the diverse effects of cAMP in most cells
(see Table 15-2). The substrates for PKA and thus the cel-

lular response to hormone-induced activation of PKA vary

among cell types.

r In liver and muscle cells, activation of PKA induced by

epinephrine and other hormones exerts a dual effect, in-

hibit ing glycogen synthesis and stimulating glycogen

breakdown via a kinase cascade (see Figure 15-25)'

r Signaling pathways involving second messengers and ki-

nase cascades amplify an external signal tremendously (see

Figure 75-26).

r BARK phosphorylates l igand-bound B-adrenergic recep-

tors, leading to the binding of B-arrestin and endocytosis of

the receptors. The consequent reduction in the number of

cell-surface receptors renders the cell less sensitive to addi-

tional hormone.

r Localization of PKA to specific regions of the cell by an-

choring proteins restricts the effects of cAMP to particular

subcellular locations.

G Protein-CouPled RecePtors That
Activate PhosPholiPase C
Calcium ions play an essential role in regulating cellular re-

sponses to external signals and internal metabolic changes'

A, *. r"* in Chapter 11 the level of Ca2* in the cytosol is

maintained at a submicromolar level (<0.2 ptM) by the con-

tinuous action of AlP-powere d Ca2* pumps' which trans-

port Ca2+ ions across the plasma membrane to the cell exte-

iio, o, into the lumens of the endoplasmic reticulum and

other vesicles. Much intracellular Ca2* is also sequestered in

the mitochondria.
A small rise in cytosolic Ca2* induces a variety of cellular

responses including hormone secretion by endocrine cells,

secietion of digestive enzymes by pancreatic exocrine cells, and

contraction of muscle (Table 15-3). For example, acetylcholine

stimulation of G protein--coupled receptors in secretory cells of

Pancreas (acinar cel ls)

Parotid (salivary) gland

Vascular or stomach
smooth muscle

Liver

Blood platelets

Mast cel ls

Fibroblasts

Acetylcholine

Acetylcholine

Vasopressin

Thrombin

Antigen

Peptide growth factors
(e.g., bombesin and PDGF)

',Hormone stimulation leads to production of inositol 1,4,5-trisphosphate (lP:), a second messenger that

plasmic ret iculum.

iou*.o, M. J. Berridge, 7987, Ann. Reu. Biochem. 5621.59; M. J. Berridge and R. F. hvine, 1984, Nature

Secretion of digestive enzymes' such as amylase and trypsinogen

Secretion of amylase

Contractton

Conversion of glycogen to glucose

Aggregation, shape change, secretion of hormones

Histamine secretion

DNA synthesis, cell divisron

promotes release of Ca2* stored in the endo-

31,2231.5.

ll()RMt)NE INDUCI]I|G RISI IN CAz+ CETLULAR RESPONSE
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A FIGURE 15-29 Synthesis of second messengers DAG and lp3
from phosphatidylinositol (pl). Each membrane-bound pl kinase
places a phosphate (yellow circles) on a specific hydroxyl group on
the inositol ring, producing the phosphorylated derivatives plp and

the pancreas and parotid (salivary) gland induces a rise in Ca2*
that triggers the fusion of secretory vesicles with the plasma
membrane and release of their protein contents into the extra-
cellular space. In blood platelers, the rise in Ca2* induced by
thrombin stimulation triggers a conformational change in
these cell fragments leading to their aggregation, an lmporranr
step in blood clotting to prevent leakage out of blood vessels.

In this secrion, we discuss an important GpCR-triggered
signal-transducdon pathway that results in an elevarion of cy_
tosolic Ca'* ions. Binding of many hormones to their G pro-
tein-<oupled receptors on liver, fat, and other cells activates G

Phosphorylated Derivatives of Inositol Are
lmpor tant  Second Messengers
A number of important second messengers, used in several
signal-transduction pathways, are derived from tire mem_
brane lipid_ phosphatidylinositol (pI). The inositol group in
this phospholipid, which always faces the cytosoll .u., b.
reversibly phosphorylated at one or more positions by the com_
bined actions of various kinases and phosphatases discussed in

,lIl3iil3lh.;l;
(lP3)

PlP2 Cleavage of PlP2 by phospholipase C yields the two important
second messengers DAG and lP3 [See A Toker and L C Cantley, 1997,
Nature387 i673,  andC L  CarpenterandL C Cant ley ,1996,  Cur r .Op in  Ce l l
Biol 8:153 I

Chapter 16. One derivarive of PI, the l ipid phosphatidyl
inositol 4,5-bisphosphate (PIP2), is cleaved by activated
phospholipase C into two important second messengers: 1,2-
diacylglycerol (DAG), a lipophilic molecule that remains as-
sociated with the membrane, and inositol 1,4,5-trisphosphate
(IP3), which can freely diffuse in the cytosol (Figure 15-29).'We 

refer to downstream events involving these two second
messengers collectively as the IP j/DAG pathtuay.

Calc ium lon Release f rom the Endoplasmic
Ret icu lum ls  Tr iggered by lp3
G protein-coupled receptors that activare phospholipase C
induce an elevation in cytosolic Ca2* even when Ca2* ions are
absent from the surrounding extracellular fluid. In this situa-
tion, Ca2+ is released into the cytosol from the ER lumen
through operation of the lPj-gated Ca2+ channel in the ER
membrane, as depicted in Figure 15-30 (step @). This large
channel protein is composed of four identical subunits, each of
which contains an IP3-binding site in the N-terminal cytosolic
domain. IPj binding induces opening of the channel, allowing
Ca'* to flow down its concentration gradient from the ER into
the cytosol. rX/hen various phosphorylated inositols found in
cells are added to preparations of ER vesicles, only Ip3 causes
release of Ca2* ions from the vesicles. This simple experiment
demonstrates the specificity of the IP3 effect.

The IP3-mediated rise in the cytosolic Ca2* level is tran-
sient because Ca2* pumps located in the plasma membrane
and ER membrane actively transport Ca2l from the cytosol
to the cell exterior and ER lumen, respectively. Furthermore,
within a second of its generation, the phosphate linked to the
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l l l l+ Focus Animation: Second Messengers in Signaling Pathwa

G coupled protein receptor (GPCR)
Phospho l ipase C

Exterior

Plasma
membrane

Cytosol

> FIGURE 15-30 |P3/DAG pathway and the
elevation of cytosolic Ca2*. This pathway can be
triggered by l igand binding to GPCRs that activate
either the Goo or G*o alpha subunit leading to
activation of phospholipase C (step Il). Cleavage of
PlP2 by phospholipase C yields lP3 and DAG (step Z).
After diffusing through the cytosol, lP3 interacts with
and opens Ca2* channels in  the membrane of  the
endoplasmic reticulum (step B), causing release of
stored Ca2* ions into the cytosol (step Zl) One of
several cellular responses induced by a rise in cytosolic
Ca2* is recruitment of protein kinase C (PKC) to the
plasma membrane (step E), where it is activated by
DAG (step El) The activated membrane-associated
kinase can phosphory late var ious cel lu lar  enzymes and
receptors, thereby altering their activity (step Z) As
endoplasmic reticulum Ca2- stores are depleted, a
protein associated with the lP3-gated Ca2* channels
binds to and opens store-operated Ca'* channels in
the plasma membrane, allowing influx of extracellular
Ca2* (step El) [Adapted from J W Putney, 1999, Proc
Nat' l Acad Sci USA96z14669 l

Store-operated o 6
Ca2*  @ 9o^oo
^ h a n n a l  a  O v  achannel .  
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carbon-S of IP3 (see Figure 15-29\ is hydrolyzed, yielding

inositol 1,4-bisphosphate. This compound cannot bind to the

IP3-gated Ca2* channel protein and thus does not stimulate

Ca2* release from the ER.
\ilithout some means for replenishing depleted stores of

intracellular Ca2* , a cell would soon be unable to increase the

cytosolic Ca2* level in response to hormone-induced IP3. Patch-

clamping studies (see Figure 11-21) have revealed that a plasma

membrane Ca2* channel, called the store-operated channel,

opens in response to depletion of ER Ca2* stores. In a way that

is not fully understood, depletion of Ca2* in the ER lumen leads

to a conformational change in a protein associated with the IP3-

gated Ca2* channel that allows it to bind to the store-operated

Ca2* channel in the plasma membrane, causing the latter to

open (see Figure 15-30, step E).
Continuous activation of certain G protein-coupled re-

potentiates opening of these channels by IP3, thus facilitating

ihe rapid rise in cytosolic Ca2* following hormone stimula-

' ^  k inase C
" oo o

lP3-gated
Ca2* channel

o o o

o O

Endoplasmic ret iculum

tion of the cell-surface G protein-coupled receptor' How-

cytosolic Ca2*, is not understood.

The Ca2+/Calmodul in  Complex Mediates Many

Cel lu lar  Responses to  External  S ignals

The small ubiquitous cytosolic protein calmodulin functions

as a multipurptse switch protein that mediates many cellular
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effects of Ca2* ions. Binding of Ca2* to four sites on
calmodulin yields a complex that interacts with and modu-
lates the activity of many enzymes and other protelns (see
Figure 3-31). Because four Ca2* bind to calmoJulin in a co-
operative fashion, a small change in the level of cytosolic
Ca2* leads to a large change in the level of active calmodulin.
One well-studied enzyme activated by the Ca2+/calmodulin
complex is myosin light-chain kinase, which regulates the ac-
tivity of myosin in muscle cells (Chapter 17). Another is
cAMP phosphodiesrerase, the enzyme that degrades cAMp
to 5'-AMP and terminates its effects. This reaction thus
links Ca2+ and cAMP, one of many examples in which two
second messenger-mediated pathways interact to fine-tune
certain aspects of cell regulation.

In many cells, the rise in cytosolic Ca2* following recep_
tor signaling via phospholipase C-generated Ip3 leads io

phosphate groups from a transcription factor. An important
example of this mechanism involves T cells of the immune
system in which Ca2* ions enhance the activity of an essen-
tial transcription factor called NFAT (nuclear factor of acti-

sequence that allows NFAT to move into the nucleus and
stimulate expression of genes essential for the function of
T cells.

Diacylglycerol (DAG) Activates protein Kinase C,
Which Regulates Many Other  prote ins

After rts formation by phospholipase C-catalyzed hydrolysis
of PIP2, the secondary messenger DAG remains associated

IP3/DAG pathway.
The activation of protein kinase C in different cells re_

phosphorylates various transcription factors; depending on
the cell type, these induce synthesis of mRNAs that trigger
cell division.

Signal - lnduced Relaxat ion of  Vascular  Smooth
Muscle ls Mediated by cGMp-Activated protein
Kinase G

ffi Nitroglycerin has been used for over a century as a
Ill treatment lor the intense chest pain of angina. It was
known to slowly decompose in the body to nitric oxide
(NO/, which causes relaxation of the smooth muscle cells
surrounding the blood vessels that "feed" the heart muscle
itself, thereby increasing the diameter of the blood vessels
and increasing the flow of oxygen-bearing blood to the
heart muscle. One of the mosr intriguing discoveries in
modern medicine is that NO, a toxic gas found in car ex-
haust, is in fact a natural signaling molecule. I

Definitive evidence for the role of NO in inducins relax-
ation of smooth muscle came from a set of experirnents in
which acetylcholine was added to experimental preparations
of the smoorh muscle cells that surround blood vessels.
Direct application of acetylcholine to these cells caused them
to contract, the expected effect of acetylcholine on these
muscle cells. But addition of acetylcholine to the lumen of
small isolated blood vessels caused the underlying smooth
muscles to relax, not contract. Subsequent studies showed
that in response to acetylcholine the endothelial cells that line
the lumen of blood vessels were releasing some substance that
in turn triggered muscle cell relaxation. That substance turned
out to be NO.

\7e now know that endothelial cells contain a Go
protein-coupled receptor that binds acetylcholine and acti-
vates phospholipase C, leading to an increase in the level of
cytosolic Ca2*. After Ca2* binds to calmodulin, the result-
ing complex stimulates the activity of NO synthase, an en-
zyme that catalyzes formation of NO from 02 and the
amino acid arginine. Because NO has a short half-life (2-30
seconds), it can diffuse only locally in tissues from its site of
synthesis. In particular NO diffuses from the endothelial cell
into neighboring smooth muscle cells, where ir tnggers mus-
cle relaxation (Figure 15-31).

The effect of NO on smooth muscle is mediated by the
second messenger cGMP, which is formed by an intracellular
NO receptor expressed by smooth muscle cells. Binding of
NO to the heme group in this receptor leads to a conforma-
tional change that increases its intrinsic guanylyl cyclase
activity, leading to a rise in the cytosolic cGMp level. Most

blood vessel. In this case, cGMP acts indirectly via protein
kinase G, whereas in rod cells cGMp acts directiy by bindlng
to and thus opening cation channels in the plasma mem-
brane (see Figure 15-18).
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Relaxation of vascular smooth muscle also is triggered
by binding of atrial natriuretic factor (ANF) and some other
peptide hormones to their receptors on smooth muscle cells.
The cytosolic domain of these cell-surface receptors, l ike the

intracellular NO receptor, possesses intrinsic guanylyl cy-

clase activity. 
'$fhen 

an increased blood volume stretches
cardiac muscle cells in the heart atrium, they release ANF.

Circulating ANF binds to ANF receptors on the surface of

smooth muscle cells surrounding blood vessels, inducing ac-

tivation of their guanylyl cyclase activity and formation of

cGMP. Subsequent activation of protein kinase G causes di-

lation of the vessel by the mechanism described above. This

vasodilation reduces blood pressure and counters the stim-

ulus that provoked the initial release of ANF.

G Protein-Coupled Receptors That Activate
Phospholipase C

r Simulation of some G protein-<oupled receptors leads to ac-

tivation of G proteins containing the Goo or G.o alpha subunit'

r These G proteins activate phospholipase C, which gener-

ates two second messengers: diffusible IP3 and membrane-

bound DAG (see Figure 1,5-29).

r IP3 triggers opening of IP3-gated Ca2* channels in the

endoplasmic reticulum and elevation of cytosolic free

Ca2*. In response to elevated cytosolic Ca2+, protein ki-

nase C is recruited to the plasma membrane' where it is

activated by DAG (see Figure 15-30).

r A small rise in cytosolic Ca2* induces a variety of cellu-
lar responses including hormone secretion, contraction of

muscle, and platelet aggregation (see Table 15-3).

. The Ca2*/calmodulin complex regulates the activity of

many different proteins, including cAMP phosphodiesterase,

< FIGURE 15-31 The nitric oxide
(NO)/cGMP pathway and the relaxation of
arterial smooth muscle. Nitric oxide is
synthesized in endothelial cells in response to
acetylcholine and the subsequent elevation in
cytosolic ca'* (n-E). No diffuses locally
through tissues and activates an intracellular
NO receptor with guanylyl cyclase activity in
nearby smooth muscle cells (E) The resulting
rise in cGMP activates protein kinase G (6 and

Z), leading to relaxation of the muscle and
thus vasodilation (ts) The cell-surface receptor
for atrial natriuretic factor (ANF) also has
intrinsic guanylyl cyclase activity (not shown);
stimulation of this receptor on smooth
muscle cells also leads to increased cGMP
and subsequent muscle relaxation PP; :

pyrophosphate [See C S Lowenstein et al ,
1994, Ann lntern Med 120:227 )

nitric oxide synthase, and protein kinases or phosphatases

that control the activity of various transcription factors.

r Stimulation of acetylcholine G protein-coupled recep-

tors on endothelial cells induces an increase in cytosolic

Ca2* and subsequent synthesis of NO. After diffusing into

surrounding smooth muscle cells, NO activates an intracel-

lular guanylate cyclase to synthesize cGMP. The resulting

increase in cGMP leads to activation of protein kinase G,

which triggers a pathway resulting to muscle relaxation

and vasodilation (see Figure 15-31).

r cGMP is also produced in vascular smooth muscle cells

by stimulation of cell-surface receptors that have intrinsic

guanylate cyclase activity. These include receptors for atrial

natriuretic factor (ANF).

Integrating Responses of Cells
to Environmental Influences

Just as no cell lives in isolation from other cells' no intracel-

iular signaling pathway functions alone. All cells constantly

receive multiple signals from their environment including

changes in hormone levels, metabolites, and gases such as

o*yg..t. All body cells constantly respond to behavioral de-

mands as well as to injury or infection. In this section, we

consider the cellular responses to variations in the demand

for the key metabolite glucose. Cellular responses to changes

in other nutrients and to oxygen' which are largely reflected

in alterations in gene expression' are covered in Chapter 7'

In tegrat ion of  Mul t ip le  Second Messengers

Regulates GlYcogenolYsis

One way for cells to respond appropriately to a complex

environment is to sense and integrate its responses to more

Acetylchol ine

9F,.il;l
{
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than one signal. Again, the breakdown of glycogen to glu-
cose (glycogenolysis) provides an excellent example. As de-
scribed in Section 15.6, epinephrine stimulation of muscle
and liver cells leads to a rise in the second messenger cAMp,
which promotes glycogen breakdown (see Figure 15-25a). In
both muscle and liver cells, other second messengers also
produce the same cellular response.

In muscle cells, stimulation by nerve impulses causes the
release of Ca2* ions from the sarcoplasmic ieticulum and an
increase in the cytosolic Ca2* concentration, which triggers mus-
cle contraction. The rise in cytosolic Ca2* also activates glycogen
phosphorylase kinase (GPK), thereby stimulating the degrada-
tion of glycogen to glucose 1-phosphate, which fuels prolonged
contraction. Recall that phosphorylation by cAMp-dependent
protein kinase A also activates glycogen phosphorylase kinase.
Thus this key regulatory enzyme in glycogenolysis is subject to
both neural and hormonal regulation in muscle (Figure 15-32a).

In liver cells, hormone-induced activation of the effector
protein phospholipase C also regulates glycogen breakdown by
generating two second messengers, DAG and IP3. As we saw
Section 15.7,1P3 induces an increase in cytosolic Ca2*, which
activates glycogen phosphorylase kinase as in muscle cells, lead-
ing to glycogen degradation. Moreover, the combined effect of

.The dual regulation of glycogen phosphorylase kinase by
Ca'- and protein kinase A in both muscle and liver results
from its multimeric subunit structure (*gfE)+. The "y subunit
is the catalytic enzyme; the regulatory c and B subunits,
which are similar in structure, are phosphorylated by protein

kinase A; and the 6 subunit is calmodulin. Glycogen phos-
phorylase kinase is maximally active when Ca2* ions are
bound to the calmodulin subunit and at least the o. subunit
has been phosphorylated by protein kinase A. In fact, binding
of Ca't to the calmodulin subunit may be essential to the en-
zymattc activity of glycogen phosphorylase kinase. Phospho-
rylation of the cr and B subunirs increases the affinity of the
calmodulin subunit for Ca2*, enabling Ca2* ions to bind to
the enzyme at the submicromolar Ca2* concentrations found
in cells not stimulated by nerves. Thus increases in the cy-
tosolic concentration of Ca2* or of cAMP or of both induce
incremental increases in the activity of glycogen phosphory-
lase kinase. As a result of the elevated level of cytosolic Ca2*
after neuronal stimulation of muscle cells, glycogen phospho-
rylase kinase will be active even if it is unphosphorylated;
thus glycogen can be hydrolyzed to fuel conrinued muscle
contraction in the absence of hormone stimulation.

Insulin and Glucagon Work Together
to Maintain a Stable Blood Glucose Level
During normal daily living the maintenance of normal blood
glucose concentrations depends on the balance between two
peptide hormones, insulin and glucagon, which are made in
distinct pancreatic islet cells and elicit different cellular
responses. Insulin, which contains two polypeptide chains
linked by disulfide bonds, is synthesized by the p cells in the
islets; glucagon, a monomeric peptide, is produced by the o
islet cells. Insulin reduces the level of blood glucose, whereas
glucagon increases blood glucose. The availability of blood
glucose is regulated during periods of abundance (following
a meal) or scarcity (following fasting) by the adiustmenr of
insulin and glucagon concentrations in the blood.

> FIGURE 15-32 Integrated regulation of
glycogenolysis. (a) Neuronal stimulation of striated
muscle cells or epinephrine binding to B-adrenergic
receptors on their surfaces leads to increased
cytosolic concentration of the second messenqers
Ca2* er cAMP, respectively. The key regulatori
enzyme glycogen phosphorylase kinase (GpK) is
activated by Ca2" ions and by phosphorylation by
cAMP-dependent protein kinase A (pKA) (b) In l iver
cells, hormonal stimulation of B-adrenergic receptors
leads to increased cytosolic concentrations of cAMp
and two other second messengers, diacylglycerol
(DAG) and inositol 1,4,5-trisphosphate (tp3)
Enzymes are marked by white boxes. (+) :
activation of enzyme activity; (-) : inhibit ion

(b) Liver cel ls

Hormonal
stimulation
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Abbreviations:

PKA Protein kinase A Gp Glycogen phosphorylase
GPK Glycogen phosphorylase k inase GS Glycogen synthase
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ATP-sensit ive
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A FIGURE 15-33 Secretion of insulin in responsetoa rise in
blood glucose. The entry of glucose into pancreatic p cells is
mediated by the GLUT2 glucose transpofter ([) Because the K.
for glucose of GLUT2 is -20 mM, a rise in extracellular glucose from 5
mM, characteristic of the fasting state, causes a proportionate increase
in the rate of glucose entry (see Figure 1 1 -4) The conversion of
glucose into pyruvate is thus accelerated, resulting in an increase in the
concentration of ATP in the cytosol (El) The binding of ATP to ATP-
sensitive K* channels closes these channels (B), thus reducing the
efflux of K+ ions from the cell The resulting small depolarization of the
plasma membrane (4) triggers the opening of voltage-sensitive Ca2*
channels (Et) The influx of Ca2* ions raises the cytosolic Ca2-
concentration, triggering the fusion of insulin-containing secretory
vesicles with the plasma membrane and the secretion of insulin (6)

[Adapted from J Q Henquin, 2000, Diabetes 49:1751 ]

After a meal, when blood glucose rises above its normal

level of 5 mM, the pancreatic B cells respond to the rise in glu-

cose (and amino acids) by releasing insulin into the blood (Fig-

ure 15-33). The released insulin circulates in the blood and

binds to insulin receptors present on many different kinds of

cells, including muscle and adipocltes (fat-storing cells). The in-

sulin receptor belongs to the class of receptors termed receptor

fyrosine kinases (RTKs), which we describe in Chapter 16' It

can transduce signals through an intracellular pathway leading

to the activation of protein kinase B. By an unknown mecha-

nism, protein kinase B triggers the fusion of intracellular vesicles

containing the glucose transporter GLUT4 with the plasma

membrane (Figure 15-34). The resulting tenfold increase in the

number of GLUT4 molecules on the cell surface increases glu-

cose influx proportionallg thus lowering blood glucose'

As the blood glucose level drops, insulin secretion and

blood levels drop, and insulin receptors are no longer being

activated as strongly. In response, cell-surface GLUT4 is in-

ternalized by endocytosis, lowering the level of cell-surface

GLUT4 and thus glucose import. Insulin stimulation of mus-

cle cells also promotes the conversion of glucose into glyco-

gen, and it enhances the degradation of glucose to pyruvate.

Insulin also acts on hepatocytes (liver cells) to inhibit glucose

synthesis from smaller molecules' such as lactate and ac-

etate, and to enhance glycogen synthesis from glucose. The

net effect of all these actions is to lower blood glucose back

to the fasting concentration of about 5 mM while storing the

excess glucose intracellularly as glycogen for future use.

If the blood glucose level falls below about 5 mM, for ex-

ample due to sudden muscular activity, reduced insulin secre-

tion from pancreatic B cells induces pancreatic ct cells to

increase their secretion of glucagon into the blood. Like the

Glucose Insu l in -conta in  ing
secretory vesicle

I

t ,

r r
I

-70mV

?lg*^i

l l l l+ Technique Animation: Reporter Constructs

(a)  Rest ing cel l 2 . 5  m in

a EXPERIMENTAL FIGURE 15-34 Insulin stimulation of fat
cells induces translocation of GLUT4 from intracellular
vesicles to the plasma membrane. In this experiment, fat cells
were engineered to express a chimeric protein whose N-terminal
end corresponded to the GLUT4 sequence, followed by the
entirety of the GFP sequence When a cell is exposed to l ight of
the exciting wavelength, GFP fluoresces yellow-green, indicating
the position of GLUT4 within cells In resting cells (a), most GLUT4
is in internal membranes that are not connected to the plasma

( d )  10  m in

|  5 l r t  I

membrane Successive images of the same cell after treatment with

insul in  for  2 5,  5,  and 10 minutes showthatwi th t ime,  increasing

numbers of these GLUT4-containing membranes fuse with the
plasma membrane, thereby moving GLUT4 to the cell surface
(arrows) and enabling it to transport glucose from the blood into the

cell Muscle cells also contain insulin-responsive GLUT4 transporters

[Courtesy of J Bogan; see J Bogan et al , 2001, Mol Cell Biol 21:47851

( c )  5  m in
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epinephrine receptor, the glucagon receptor, found primarily
on liver cells, is coupled to the Go, protein, whose effector pro-
tein is adenylyl cyclase. Glucagon stimulation of liver cells in-
duces a rise in cAMP, leading to activation of protein kinase A,
which inhibits glycogen synthesis and promotes glycogenoly-
sis, yielding glucose 1-phosphate (see Figures 1S-25a and
15-32b). Liver cells convert glucose 1-phosphate into glucose,
which is released into the blood, thus raising blood glucose
back toward its normal fastine level.

Unfortunatelg these intricate and powerful control sys-
tems sometimes fail, causing serious, even life-threatening

disease. Diabetes mellitus results from a deficiency in the
amount of insulin released from the pancreas in response to
rising blood glucose (type I) or from a decrease in the ability
of muscle and fat cells to respond to insulin (type II). In both
types, the regulation of blood glucose is impaired, leading to
persistent elevated blood glucose concentrations (hyper-
glycemia) and other possible complications if left untreated.
Type I diabetes is caused by an autoimmune process that
destroys the insulin-producing B cells in the pancreas. Also
called insulin-dependent diabetes, this form of the disease is
generally responsive to insulin therapy. Most Americans with
diabetes mellitus have type II, or insulin-independent
diabetes, but the underlying cause of this form of the disease
is not well understood. Further identificat
pathways that control energy metabolism
vide insight into the pathophysiology of
leading to new methods for its prevention

Many G protein-coupled receptors form homodimers or
heterodimers with other G protein-coupled receptors that
bind ligands with different specificities and affinities. Much
current research is focused on determining the functions of
these dimeric receptors in the body.

With :720 members in total, the G protein-coupled re-
ceptors represent the largest protein family in the human
genome. Approximately half of these genes are thought to
encode sensory receptors; of these the majority are in the
olfactory system and bind odorants. Of the remaining 360 G
protein-receptors, the natural ligand has been identified for
approximately 210 receptors, Ieaving 150 so-called orphan
GPCRs, that is putative GPCRs without known cognate lig-
ands. Many of these orphan receptors are likely to bind
heretofore unidentified signaling molecules, including new
peptide hormones. G protein-coupled receptors already rep-
resent the largest class of target molecules for drugs available
in the clinic, and therefore orphan GPCRs represent a fruitful
resource for drug discovery by the pharmaceutical industry.

One approach that has proven fruitful in identifying lig-
ands of orphan GPCRs involves expressing the receptor genes
in transfected cells and using them as a reporter system to detect
substances in tissue extracts that activate signal-transduction
pathways in these cells. This approach has already led to stun-
ning insights into human behavior. One example is two novel
peptides, termed orexin-A and orexin-B (from the Greek orexis,
meaning appetite), that were identified as the ligands for two
orphan GPCRs. Further research showed that the orexin gene is
expressed only in the hypothalamus, the part of the brain that
regulates feeding. Injection of orexin into the brain ventricles
caused animals to eat more, and expression of the orexin gene
increased markedly during fasting. Both of these findings are
consistent with orexin's role in increasing appetite. Strikingly
mice deficient for orexins suffer from narcolepsy, a disorder
characterized in humans by excessive daytime sleepiness (for
mice, nighttime sleepiness). Moreover, very recenr repofts sug-
gest that the orexin system is dysfunctional in a majority of
human narcolepsy patients: Orexin peptides cannot be detected
in their cerebrospinal fluid (although there is no evidence of
mutation in their orexin genes). These findings firmly link
orexin neuropeptides and their receptors to both feeding behav-
ior and sleep in both animals and humans.

One can only wonder about what other peptides and
small-molecule hormones remain to be discovered, and the in-
sights that study of these will provide for our understanding of
human metabolism, growth, and behavior.

Key Terms

adenylyl cyclase 639

adrenergic receptors
636

agonist 629

arrcstin 645

attocrine 626

calmodulin 555

cAMP 634

competition assay 629

desensitization 531

endocrine 525

functional expression assay
631

glucagon 659

lntegrating Responses of Cells to Environmental
Influences

r Glycogen breakdown and synthesis is regulated by mul-
tiple second messengers induced by neural or hormonal
stimulation (see Figure 1,5-32).

r A rise in blood glucose stimulates the release of insulin
from pancreatic B cells (see Figure 1S-33). Subsequent
binding of insulin to its receptor on muscle cells and
adipocytes leads to the activation of protein kinase B.
which promotes glucose uptake and glycogen synrhesis, re-
sulting in a decrease in blood glucose.

A lowering of blood glucose stimulates glucagon re-
ase from pancreatic ct cells. Binding of glucagon to its G

protein-coupled receptor on liver cells promotes glycogenoly-
sis by the cAMP-triggered kinase cascade (similar to epi-
nephrine stimulation under stress conditions) and an
increase in blood glucose.

In this chapter we focused primarily on signal-transduction
pathways activated by individual G protein-coupled recep-
tors. However, even these relatively simple pathways
presage the more complex situation within l iving cells.
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G protein-coupled
rcceptors 624

insulin 659

IP3/DAG pathway 554

muscarinic acetylcholine
receptors 641

paracrine 626

phospholipase C 539

protein kinase A 647

protein kinase C 657

Review the Concepts

rhodopsin 635

second messengers 634

signal amplif ication 649

signal transd tction 624

stimulatory G protein 539

transducin 641

trimeric G proteins 534

visual adaptation 544

1. What common features are shared by most of the differ-
ent cell signaling systems?

2. Signaling by soluble extracellular molecules can be clas-
sif ied as endocrine, paracrine, or autocrine. Describe how
these three types of cellular signaling differ. Growth hor-
mone is secreted from the pituitary, which is located at the
base of the brain, and acts through growth hormone recep-
tors located on the liver. Is this an example of endocrine,
paracrine, or autocrine signaling? \7hy?

3, A l igand binds two different receptors with a K6 value
of 1.0-' M for receptor 1 and a K6 value of 1,0 " M for re-
ceptor 2. For which receptor does the l igand show the
greater affinity? Calculate the fraction of receptors that
have a bound ligand ([RL]/Rr) in the case of receptor 1 and
receptor 2, if the concentration of free l igand is 10-" M.

4. A study of the properties of cell-surface receptors can be
greatly enhanced by isolation or cloning of the cell-surface
receptor. Describe how a cell-surface receptor can be isolated
by affinity chromatography. How can you clone a cell-surface
receptor using a functional expression assay?

5. Signal-transducing trimeric G proteins consist of three
subunits designated o, B, T. The G. subunit is a GTPase
switch protein that cycles between active and inactive
states depending upon whether it is bound to GTP or to
GDP. Review the steps for l igand-induced activation of
ef fector  prote ins mediated by the t r imer ic  G prote ins.
Suppose that you have isolated a mutant G. subunit that
has an increased GTPase activity. S7hat effect would this
mutation have on the G protein and the effector protein?

6. Explain how second messengers such as Ca2* and
cAMP can transmit and amplify an extracellular signal.

7, The cholera toxin, produced by the bacterium Vibrio
cholera, causes a watery diarrhea in infected individuals.
What is the molecular basis for this effect of cholera toxin?

8. Epinephrine binds to both B-adrenergic and o-adrenergic
receptors. Describe the opposite actions on the effector
protein, adenylyl cyclase, elicited by the binding of epineph-
rine to these two types of receptors. Describe the effect of
adding an agonist or antagonist to a B-adrenergic receptor
on the activity of adenylyl cyclase.

9. Both rhodopsin in vision and the muscarinic acetyl-

choline receptor system in cardiac muscle are coupled to ion

channels via G proteins. Describe the similarities and differ-

ences between these two systems'

10. In liver and muscle cells, epinephrine stimulates the

release of glucose from glycogen by inhibiting glycogen syn-

thesis and stimulating glycogen breakdown. Outline the mo-

lecular events that occur after epinephrine binds to its receptor

and the resultant increase in the concentration of intracellular

cAMP. How are the cAMP levels returned to normal? De-

scribe the events that occur after cAMP levels decline.

11. Continuous exposure of a G. protein-coupled receptor

to its ligand leads to a phenomenon known as desensitiza-

tion. Describe several molecular mechanisms for receptor

desensitization. How can a receptor be reset to its original

sensitized state? 
'Sfhat 

effect would a mutant receptor lack-

ing serine or threonine phosphorylation sites have on a cell?

12. Visual adaptation and receptor desensitization involve

similar phosphorylation mechanisms. Describe how the

B-adrenergic receptor kinase (BARK) and rhodopsin kinase

play important roles in these processes. !7hat role does de-

phosphorylation play in these reactions?

13. Sometimes cells need to localize the effects of signaling

systems to specific subcellular regions. One example is local-

ization of cAMP signals in heart muscle. 
'$7hat 

proteins are

involved? How does this sYstem work?

14. Inositol 1,4,5-trisphosphate (IP3) and diacylglycerol
(DAG) are second messenger molecules derived from the

cleavage of the phosphatidylinositol 4,5-bisphosphate (PIP2)

by activated phospholipase C. Describe the role of IP3 in the

release of Ca2* from the endoplasmic reticulum' How do

cells replenish the endoplasmic reticulum stores of Caz*?

What is the principal function of DAG?

15. Recent research has identified a surprising molecular

link between feeding behavior and sleep. Describe the sig-

naling factors that may be shared by both systems.

Analyze the Data

Mutations in trimeric G proteins can cause many diseases in

humans. Patients with acromegaly often have pituitary tumors

that oversecrete the pituitary hormone called growth hormone

(GH). A subset of these growth hormone (GH)- secreting pitu-

itary tumors result from mutations in G proteins. GH-releasing

hormone (GHRH) stimulates GH release from the pituitary by

binding to GHRH receptors and stimulating adenylyl cyclase.

Cloning and sequencing of the wild-type and mutant Go. gene

i
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from normal individuals and patients with the pituitary tumors
revealed a missense mutation in the Go, gene sequence.

a. To investigate the effect of the mutation on Go, activ-
iry wild-type and mutant G*, cDNAs were transfected into cells
that lack the Go, gene. These cells express a B2-adrenergic re-
ceptor, which can be activated by isoproterenol, a B2-adrenergic
receptor agonist. Membranes were isolated from transfected
cells and assayed for adenylyl cyclase activity in the presence of
GTP or the hydrolysis-resistant GTP analog, GTP-1S. From
the figure above, what do you conclude about the effect of the
mutation on Go, activity in the presence of GTP alone
compared with GTP-1S alone or GTP plus isoproterenol (iso)?

b. In the transfected cells described in part a, what
would you predict would be the cAMP levels in cells trans-
fected with the wild-type Go, and rhe mutant G.,? What
effect might this have on the cells?

c. To further characterize the molecular defect caused by
this mutation, the intrinsic GTPase activity present in both
wild-type and mutant Go, was assayed. Assays for GTpase ac-
tivity showed that the mutation reduced the k..r_6.1p (catalysis
rate constant for GTP hydrolysis) from a wild-rype value of 4.1
min-1 to the mutant value of 0.1 min-1. Whai do you con-
clude about the effect of the mutation on the GTpase activiry
present in the mutant Go. subunit? How do these GTpase
results explain the adenylyl cyclase results shown in part a?
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THE INFANCY OF SIGNAL TRANSDUCTION-GTP
STIMULATION OF cAMP SYNTHESIS
M. Rodbell et al., 1971, J. Biol. Chem.246:1877

In the late 1960s the study of hormone
action blossomed following the discov-
ery that cyclic adenosine monophos-
phate (cAMP) functioned as a second
messenger, coupling the hormone-
mediated activation of a receptor to a
cellular response. In setting up an ex-
perimental system to investigate the
hormone-induced synthesis of cAMP,
Martin Rodbell discovered an important
new player in intracellular signaling-
guanosine triphosphate (GTP).

Background
The discovery of GTP's role in regulat-
ing signal transduction began with
studies on how glucagon and other
hormones send a signal across the
plasma membrane that eventually
evokes a cellular response. At the out-
set of Rodbell's studies. it was known
that binding of glucagon to specific re-
ceptor proteins embedded in the mem-
brane stimulates production of cAMP.
The formation of cAMP from ATP is
catalyzed by a membrane-bound en-
zyme called adenyl cyclase. It had been
proposed that the action of glucagon,
and other cAMP-stimulating hor-
mones, relied on additional molecular
components that couple receptor acti-
vation to the production of cAMP.
However, in studies with isolated fat-
cell membranes known as "ghosts,"
Rodbell and his coworkers were unable
to provide any further insight into how
glucagon binding leads to an increase
in production of cAMP. Rodbell then
began a series of studies with a newly
developed cell-free system, purified rat
liver membranes, which retained both
membrane-bound and membrane-
associated proteins. These experiments
eventually led to the finding that GTP
is required for the glucagon-induced
stimulation of adenyl cyclase.

cLASSTC E X P E R I M E N T  1 5

The Experiment
One of Rodbell 's f irst goals was to
characterize the binding of glucagon to
the glucagon receptor in the cell-free
rat liver membrane system. First, puri-
f ied rat l iver membranes were incu-
bated with glucagon labeled with the
radioactive isotope of iodine (12sI).

Membranes were then separated from
the unbound [125I] glucagon by cen-
trifugation. Once it was established
that labeled glucagon would indeed
bind to the purified rat liver cell mem-
branes, the study went on to determine
if this binding led directly to activation
of adenyl cyclase and production of
cAMP in the purified rat liver cell
membranes,

The production of cAMP in the
cell-free system required the addition
of ATP; the substrate for adenyl cy-
clase, Mg2*; and an AlP-regenerating
system consisting of creatine kinase
and phosphocreatine. Surprisingly,
when the glucagon-binding experi-
ment was repeated in the presence of
these additional factors, Rodbell ob-
served a 50 percent decrease in
glucagon binding. Full binding could
be restored only when ATP was omit-
ted from the reaction. This observation
inspired an investigation of the effect
of nucleoside triphosphates on the
binding of glucagon to its receptor. It

was shown that relatively high (i.e.,

millimolar) concentrations of not only
ATP but also uridine triphosphate
(UTP) and cytidine triphosphate (CTP)

reduced the binding of labeled
glucagon. In contrast, the reduction of
glucagon binding in the presence of

GTP occurred at far lower (micromo-

lar) concentrations. Moreover, low

concentrations of GTP were found to
stimulate the dissociation of bound
glucagon from the receptor. Taken to-
gether, these studies suggested that

GTP alters the glucagon receptor in a

manner that lowers its affinity for
glucagon. This decreased affinity both
affects the ability of glucagon to bind
to the receptor and encourages the dis-

sociation of bound glucagon.
The observation that GTP was in-

volved in the action of glucagon led to a
second key question: Can GTP also ex-
ert an affect on adenyl cyclase? Ad-

dressing this question experimentally
required the addition of both ATP, as a

substrate for adenyl cyclase, and GTP,
as the factor being examined, to the pu-

rified rat liver membranes. However,
the previous study had shown that the

concentration of ATP required as a sub-
strate for adenyl cyclase could affect
glucagon binding. Might it also stimu-
Iate adenyl cyclase? The concentration
of ATP used in the experiment could
not be reduced because ATP was readily
hydrolyzed by ATPases present in the
rat liver membrane. To get around this

dilemma, Rodbell replaced ATP with an
AMP analog, 5'-adenyl-imidodiphos-
phate (AMP-PNP), which can be con-
verted to cAMP by adenyl cyclase, yet is
resistant to hydrolysis by membrane
ATPases. The critical experiment now

could be performed. Purified rat liver

membranes were treated with glucagon

both in the presence and absence of

GTP, and the production of cAMP from

AMP-PNP was measured. The addition
of GTP clearly stimulated the produc-

tion of cAMP when comPared to
glucagon alone (Figure 1) indicating

that GTP affects not only the binding of
glucagon to its receptor but also stimu-
lates the activation of adenylyl cyclase.

Discussion
Two key factors led Rodbell and his

colleagues to detect the role of GTP in

signal transduction, whereas previous
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Glucagon +  GTP

< FIGURE 1 Effect of GTP on glucagon-stimulated cAMP
production from AMP-PNP by purif ied rat l iver membranes. In
the absence of GTI glucagon stimulates cAMP formation about
twofold over the basal level in the absence of added hormone When
GTP also is added, cAMP production increases another fivefold
[Adapted from M Rodbell et al , 1971, J Biol Chem 246:1877 ]
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studies had failed to do so. First. bv
switching from fat-cell ghosrs to the rat
liver membrane system, the Rodbell re-
searchers avoided contamination of their
cell-free system with GTP, a problem as-
sociated with the procedure for isolating
ghosts. Such contamination would mask
the effects of GTP on glucagon binding
and activation ofadenyl cyclase. Second,
when AIP was first shown to influence
glucagon binding, Rodbell did not sim-
ply accept the plausible explanation that
ATP, the substrate for adenyl cyclase,
also affects binding ofglucagon. Insread,
he chose to test rhe effects on bindine of
the other common nucleoside triphos-
phates. Rodbell later noted that he knew
commercial preparations of ATP often

1 5  2 0

are contaminated with low concentra-
tions of other nucleoside triphosphates.
The possibil i ty of contamination sug-
gested to him that small concentrations
of GTP might exert large effects on
glucagon binding and the stimulation of
adenyl cyclase.

This critical series of experiments
stimulated a large number of studies
on the role of GTP in hormone action.
eventually leading to the discovery of
G proteins, the GTP-binding proteins
that couple certain receptors to the
adenyl cyclase. Subsequently an enor-
mous family of receptors that require
G proteins to transduce their signals
were identified in eukaryotes from yeast
to humans. These G protein-coupled

receptors are involved in the action of
many hormones as well as in a number
of other biological activities, including
neurotransmission and the immune re-
sponse. It is now known that binding
of ligands to their cognate G protein-
coupled receptors stimulates the asso-
ciated G proteins to bind GTP. This
binding causes transduction of a signal
that stimulates adenyl cyclase to pro-
duce cAMP and also desensitization of
the receptor, which then releases its
ligand. Both of these affects were ob-
served in Rodbel l 's  exper iments on
glucagon action. For these seminal ob-
servations, Rodbell was awarded the
Nobel Prize for Physiology and Medi-
cine in 1994.
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MAP k inase s igna l ing  in  embryon ic  Day 13 .5  mouse lung

Activated ERK is detected by a primary antibody that detects
phosphorylated ERK fol lowed by a secondary antibody conjugated

to green f luorescing FITC @ Sti jn Delanghe, Saverio Bellusci,

Denise Tefft  and David Warburton.

cell's ability to respond to its environment is essential
to its survival. Short-term responses to environmental
stimuli, which can occur rapidly and are usually re-

versible, most often result from modification of existing pro-
teins, as detailed in Chapter 15. Longer term responses,
which are discussed in this chapter, are usually the result of
changes in transcription of genes. Transcription is influenced
by chromatin structure and the cell's complement of tran-
scription factors and other proteins (Chapter 7). These de-
termine which genes the cell can potentially transcribe at any
given time. \7e think of these properties as the cell's "mem-
ory" determined by its history and response to previous sig-
nals. But many key regulatory transcription factors are held
in an inactive state in the cytosol or nucleus and become
activated in response to external signals. In this chapter we
focus on how ligands that bind to cell-surface receptors trigger
activation of specific transcription factors that, in turn, deter-
mine the precise pattern of cellular gene expresslon.

Extracellular signals that induce long-term responses af-
fect many aspects of cell function: division, differentiation,
and even communication with other cells. Alterations in

these signaling pathways cause many human diseases, in-
cluding cancer, diabetes, and immune defects. In addition to

the crucial roles external signals play in development, signals
are essential in enabling differentiated cells to respond to
their environment by changing their shape, metabolism, or
movement. For example, one type of transcription factor
(NF-rB) ult imately impacts expression of more than 150
genes involved in the immune response to infection; NF-rcB
is activated by many protein hormones that act on immune

system cells. Another family of extracellular signaling mole-

CHAPTER

CELL SIGNALING II:
SIGNALING
PATHWAYS THAT
CONTROL GENE
ACTIVITY

cules, the cytokines, is involved in maintaining approprlate

levels of blood cells such as erythrocytes (red blood cells),

leukocytes (white blood cells), and platelets.

In order to illustrate the variety of mechanisms used to
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  FIGURE 16-1 Overview of eight major classes of cell-surface
receptors. In many signaling pathways, I igand binding to a receptor
leads to activation of transcription factors (TFs) in the cytosol, permitting
them to t ranslocate in to the nucleus and st imulate (or  occasional ly
repress) transcription of their target genes (a, b). Alternatively, receptor
stimulation may lead to activation of cytosolic protein kinases that
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then translocate into the nucleus and regulate the activity of nuclear
TFs (c, d) In other pathways, active TFs are released from cytosolic
multiprotein complexes (e, f) or by proteolysis (g, h). Some receptor
classes can trigger more than one intracellular pathway, as shown in
Figure 16-2 lAfter A H Brivanlou and J, Darnell, 2OOZ, Science 295:813 I
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The kinase may be an intrinsic part of the receptor protein
or be tightly bound to the receptor. In either case, kinase
activity is activated by ligand binding, resulting-directly or
indirectly-in activation of specific transcription factors
located in the cytosol (Figure 1,6-1a,b).In other pathways,
receptor stimulation leads to activation of cytosolic protein
kinases that translocate into the nucleus and phosphorylate
specific nuclear transcription factors (Figure 16-1c,d). Binding
of ligand to receptors for other types of signaling proteins
causes disassembly of multiprotein complexes in the cytosol,
releasing transcription factors that then translocate into the
nucleus (Figure 16-1e,f). In sti l l  other signaling parhways,
proteolytic cleavage of an inhibitor or the receptor itself
re leases an act ive t ranscr ipt ion factor  (F igure 16-1g,h) .
Importantly, all of these pathways are highly regulated, often
by negative feedback, in order to control the level and duration
of the signal's effects on cellular gene expression.

A typical mammalian cell expresses :100 different types
of cell-surface receptors, many of which activate rhe same or
similar signal-transduction pathways. As shown in Figure 16-2,
several classes of receptors can transduce signals by more
than one pathway, and some pathways are activated to a
greater extent in certain cells than others. Moreover, many
genes are regulated by multiple transcription factors, each of
which can be activated by one or more extracellular signals.
Especially during early development, such "cross talk" be-

tween signaling pathways and the resultant sequential alter-
ations in the pattern of gene expression eventually can be-
come so extensive that the cell assumes a different develop-
mental fate. The receiving cell's prior history and regulatory
state can alter the effect of a signal; the same signal applied
to different cells will elicit distinct responses.

The pathways we discuss in this chapter have been con-
served throughout evolution and operate in much the same
manner in flies, worms, and man. The substantial homology
exhibited among many proteins in these signaling pathways
has enabled researchers to employ a variety of experimental
approaches and systems to identify and study the function of

extracellular signaling molecules, receptors, and intracellular
signal-transduction proteins. For instance, the secreted signal-
ing protein Hedgehog (Hh) and its receptor were first identi-
fied in Drosophila mutants with developmental defects. Sub-
sequently, the human and mouse homologs of these proteins

were cloned and shown to participate in a number of impor-

tant signaling events during differentiation. Abnormal activa-
tion of the Hh pathway occurs in several human tumors. The

examples explored in this chapter illustrate the importance of
studying signaling pathways both genetically-in flies, mice,
worms, yeasts, and other organisms-and biochemically.

Most of the discussion in this chapter is organized in

terms of individual signaling pathways. That is, we consider
the signaling molecules, their receptors, the intracellular
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  FIGURE 16-2 Components and modulari ty of major signal ing
pathways .  S igna l ing  pa thways  are  in i t ia ted  by  the  b ind ing  o f  a
signal ing molecule (the l igand), which activates a receptor Activated
receptors then tr igger various intracel lular signal-transduction pathways
that result in generation of act ive transcript ion factors either in the
cytosol or nucleus Transcript ion factors that are activated in the

cytosol translocate to the nucleus (see Figure 16-1). Many receptor
classes, including cytokine receptors, receptor tyrosine kinases (RTKs),

and G protein-coupled receptors, can transduce signals by more than
one pathway p14 : protein kinase A; p63 : protein kinase B; PKC :

prote in k inase C;  PLC :  phosphol ipase C.
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signal-transduction pathway(s), the regulated transcription
factors, and regulation of the pathway itself for each of the re-
ceptor classes shown in Figure 1,6-1,.\n Chapters 2l and22,we
examine how extracellular signals affect gene regulation during
several crucial developmental stages, and in particular how
cells integrate the responses to multiple signals. In Chapter 25
we illustrate how abnormalities in several signal-transduction
pathways described in this chapter can lead to cancer.

TGFB Receptors and the Direct
Activation of Smads
'We 

begin our survey of signaling systems that control gene
activity with one of the simplest: one family of signaling
molecules (the TGFB superfamily) binds to its receptors (the
TGFB receptors) and activates one class of transcription fac-
tors (the Smads), which are located in the cytosol; activated
Smads then move into the nucleus to regulate transcription
(see Figure 16-1a). Unlike many of the other signaling sys-
tems presented in this chapter, the TGFB recepror activates
only one type of transcription factor) and the transcription
factor is activated by only one type of receptor. However, in
spite of its simplicitg the TGFB pathway can have widely di-
verse effects in different types of cells because different mem-
bers of the TGFB superfamily activate different members of
the TGFB receptor family that activate different members of
the Smad class of transcriprion factors. Additionally, the
same activated Smad protein will partner with different tran-
scription factors in different cell types and thus activate dif-
ferent sets of genes in these cells.

The transforming growth factor p (TGFp) superfamily
includes a number of related extracellular signaling molecules
that play widespread roles in regulating development in both
invertebrates and vertebrates. One member of this superfam-
lIy, bone morphogenetic protein (BMP), initially was identi-
fied by its ability to induce bone formation in cultured cells.
Now called BMP7, it is used clinically to strengthen bone af-
ter severe fractures. Of the numerous BMP proteins subse-
quently recognized, many help induce key steps in develop-
ment, including formation of mesoderm and the earliest
blood-forming cells. Most have nothing to do with bones.

Another member of the TGFB superfamily, now called
TGFB-1, was identified on the basis of its ability to induce a
malignant phenotype in certain cultured mammalian cells
("transforming growth factor"). However, the three human
TGFB isoforms that are known all potently preuent prolifer-
ation of most mammalian cells by inducing synthesis of pro-
teins that inhibit the cell cycle. TGFB is produced by many
cells in the body and inhibits growth both of the secreting
cell (autocrine signaling) and neighboring (paracrine signaling)
cells. Loss of TGFB receptors or any of several intracellular
signal-transduction proteins in the TGFB pathway, thereby
releasing cells from this growth inhibition, occurs frequently
in human tumors. TGFB proteins also promore expression
of cell-adhesion molecules and extracellular-matrix mole-
cules, which play important roles in tissue organization

(Chapter 19). A Drosophila homolog of TGFB, called Dpp
protein, participates in dorsal-ventral patterning in fly embryos.
Other mammalian members of the TGFB superfamily, the
activins and inhibins, affect early development of the genital
tract. rWe consider such developmentally important TGFb
proteins in Chapter 22.

Despite the complexity of cellular effects induced by var-
ious members of the TGFB superfamily the signaling path-
way is basically a simple one (see Figure 16-2a). Once acti-
vated, receptors for these ligands directly phosphorylate and
activate a particular type of transcription factor. The re-
sponse of a given cell to this activated transcription factor
depends on the constellation of other transcription factors it
already contains. In this section, we will progress sequen-
tially through the TGFB pathway, considering first the fam-
ily of signal molecules, then the TGFB receptors and their
discovery. Next we present information about how these re-
ceptors activate Smad transcription factors and the feedback
loops that regulate signaling by this pathway. The role that
TGFB plays in cancer completes our examination of TGFP-
Smad signaling.

A TGFF Signal ing Molecule ls  Formed
by Cleavage of an lnactive Precursor
Most animal cell types produce and secrete members of the
TGFB superfamily in an inactive form that is stored nearby
in the extracellular matrix. Release of the active form from
the matrix by protease digestion or inactivation of an in-
hibitor leads to quick mobilization of the signal already in
place-an important feature of many signaling pathways.

In humans TGFB consists of three isoforms, TGFB-1,
TGFB-2, and TGFB-3, each encoded by a unique gene and
expressed in both a tissue-specific and developmentally reg-
ulated fashion. Each TGFB isoform is synthesized as part of
a larger dimeric precursor, linked by a disulfide bond, that
contains a pro-domain (often called LAP). After the precur-
sor is secreted, LAP is cleaved off but remains noncovalently
bound to the mature TGFB via interactions between specific
four amino acid sequences in each polypeptide. Most se-
creted TGFB is stored in the extracellular matrix as a latent,
inactive complex containing the cleaved TGFB precursor
and a disulfidelinked protein called latent TGFB-binding
protein (LTBP). Binding of LAP by the matrix protein
thrombospondin triggers release of mature, active dimeric
TGFP. Alternatively digestion of the binding proteins by
serum proteases or by metalloproteases present in the matrix
can result in activation of TGFB (Figure 'J,6-3a).

The monomeric form of TGFB growth factors contalns
three conserved intramolecular disulfide linkages. An addi-
tional cysteine in the center of each monomer links TGFB
monomers into functional homodimers and heterodimers
(Figure L6-3b). Much of the sequence variation among dif-
ferent TGFB proteins is observed in the N-terminal regions,
the loops joining the B strands, and the o. helices. Different
heterodimeric combinations may increase the functional di-
versity of these proteins beyond that generated by differ-
ences in the primary sequence of the monomer.
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(a )  Format ion  o f  mature ,  d imer icTGFB
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A FIGURE 16-3 Formation and structure of TGFp superfamily
of signaling molecules. (a) Step Il: Dimeric TGFB precursors form
inside the cell, although only the monomeric form is shown in the
top diagram Soon after being secreted, a precursor molecule is
cleaved, but the pro-domain, often called LAP, and the mature TGFB
remain noncovalently bound by specific interactions between LSKL
and RKPK amino acid sequences,  respect ive ly ,  in  a complex that
also contains latent TGFB-binding protein (LTBP, orange). Mature
monomeric TGFP (blue and green) contains six conserved cysteine
residues (yellow circles), which form three intrachain disulfide bonds;
a single disulfide bond connects two monomers (shown in second
diagram). The entire complex resulting from cleavage is stored in the

Radioactive Tagging Was Used to ldentify
TGFp Receptors
Researchers first identified the TGFB signaling molecule as a
growth inhibitory factor, but to understand the way it worked,
they had to find the receptors to which it bound. The logic of
how they went about their search is representative of typical
biochemical approaches to identifying receptors. Investiga-
tors first reacted the purified growth factor with the radioiso-
tope iodine-1ZS 1125i; under"conditions such that the iodine

intracellular matrix Step Z: Mature homo- or heterodimeric TGFB
can be released from this complex by binding of the extracellular
matrix protein thrombospondin-1 (TSP-1) to the LSKL sequence in the
LAP protein Alternatively, serum proteases can digest the binding
proteins, releasing active TGFP (b) In this ribbon diagram of mature
TGFB dimel the two subunits are shown in green and blue. Disulfide-
linked cysteine residues (yellow and red) are shown in ball-and-stick
form. The three intrachain disulfide l inkages (red) in each monomer
form a cystine-knot domain, which is resistant to degradation lPart (a)

see J Massagu6 and Y-G Chen, 2000, Genes and Devel. 14:627 ' and J E
Murphy-Ullrich and M Poczatek, 2000, Cytokine Growth Factor Rev 1 1 :59
Part (b) from S Daopin et al , 1 992, Scrence 257:369 l

covalently bonds to exposed tyrosine resrrdues-effectively

tagging them with a radioactive label. The "'I-labeled TGFB

protein was incubated with cultured cells, and the incubation

mixture then was treated with a chemical agent that cova-

lently cross-linked the labeled TGFB to its receptors on the

cell surface. Purification of the l2sl-labeled TGFB-receptor

complexes revealed three different polypeptides with appar-

ent molecular weights of 55, 85, and 280 kDa, referred to as

types RI, RII, and RIII TGFp receptors' respectively.

Thrombospond in

(b)  Mature  d imer icTGFP
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Figure 16-4 (steps Il and [)depicts the relationship and
function of the three TGFB receptor proteins. The most
abundant, RIII, is a cell-surface proteoglycan, also called p-
glycan. RIII, a monomeric transmembrane protein, binds
and concentrates mature TGFB molecules near the cell sur-
face, facllitating their binding to RII receptors. The type I
and type II receptors are dimeric transmembrane proteins
with serine/threonine kinases as part of their cytosolic do-
mains. RII exhibits constitutive kinase activity; that is, it is
active even when not bound to TGFB. Binding of TGFB
induces the formation of complexes containing two copies
each of RI and RII. An RII subunit then phosphorylates ser-

< FIGURE 16-4 TGFp/Smad signaling pathway. Step l l l : In
some cells, TGFB binds to the type l l l  TGFB receptor (Rll l), which
increases the concentration of TGFB near the cell surface and also
presents TGFB to the type l l receptor (Rll). Step IId: In other cells,
TGFB binds directly to Rll, a constitutively phosphorylated and active
kinase Step [: Ligand-bound Rll recruits and phosphorylates the
juxtamembrane segment of the type I receptor (Rl), which does not
directly bind TGFB. This releases the inhibit ion of Rl kinase activity
that otherwise is imposed by the segment of Rl between the
membrane and its kinase domain Step B: Activated Rl then
phosphorylates Smad3 (shown here) or another R-Smad, causing a
conformational change that unmasks its nuclear-localization signal
(NLS). Step Zl: Two phosphorylated molecules of Smad3 interact
with a co-Smad (Smad4), which is not phosphorylated, and with
importin F (lmp-p), forming a large cytosolic complex Steps g and
@: After the entire complex translocates into the nucleus, Ran.GTP
causes dissociation of lmp-B as discussed in Chapter 13. Step fl:A
nuclear transcription factor (e.9., TFE3) then associates with the
Smad3/Smad4 complex, forming an activation complex that
cooperatively binds in a precise geometry to regulatory sequences of
a target gene. Shown at the bottom is the activation complex for the
gene encoding p lasminogen act ivator  inh ib i tor  (PAl-1)  [See Z Xiao
et al , 2000, J Biol Chem 275:23425; J Massagu6 and D Wotton, 2000,
EMBO J 19:1745; X Hua et al , 1999, Proc Nat' l Acad Sci USA 96:13130;
and A Moustakas and C -H Heldin, 2002, Genes Devel 16:1867 l

ine and threonine residues in a highly conserved sequence of
the RI subunit adjacent to the cytosolic face of the plasma
membrane, thereby activating the RI kinase activiry.

Activated TGFF Receptors Phosphorylate Smad
Transcript ion Factors
Researchers identified the transcription factors downstream
from TGFB receptors in Drosopbila from genetic studies us-
ing mutant fruit flies. These transcription factors in
Drosophila and the related vertebrate proteins are now
called Smads. Three types of Smad proteins function in the
TGFB signaling pathway: R-Smads (receptor-regulated
Smads), co-Smads, and l-Smads (inhibitory Smads).

As i l lustrated in Figure 16-4, an R-Smad (Smad2 or
Smad3) contains two domains, MH1. and MH2, separated
by a flexible linker region. The N-terminal MH1 domain
contains the specific DNA-binding segment and also a se-
quence called the nuclear-localization signal (NLS). NLSs
are present in virtually all transcription factors found in the
cytosol and are required for their transport into the nucleus
(Chapter 13). \fhen R-Smads are in their inacive, nonphos-
phorylated state, however, the NLS is masked and the MH1
and MH2 domains associate in such a way that they cannot
bind to DNA or to a co-Smad. Phosphorylation of three ser-
ine residues near the C-terminus of an R-Smad by activated
type I TGFB receptors separates the domains, permitting
binding of importin B (see Figure 13-35) to the NLS, which
enables entrance of the Smad into the nucleus.

Smad3-P
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Simultaneously a complex containing two molecules of
Smad3 (or Smad2) and one molecule of a co-Smad (Smad4)
forms in the cytosol. This complex is stabilized by binding of
two phosphorylated serines in each Smad3 to phosphoserine-
binding sites in both the Smad3 and the Smad4 MH2 domains.
The bound importin B then mediates translocation of the het-
eromeric R-Smad/co-Smad complexes into the nucleus. After
importin B dissociates inside the nucleus, the Smad2/Smad4 or
Smad3/Smad4 complexes bind to other transcription factors to
activate transcription of specific target genes.

Vithin the nucleus R-Smads are continuously being de-
phosphorylated, which results in the dissociation of the R-
Smad/co-Smad complex and export of these Smads from the
nucleus. Because of this continuous nucleocytoplasmic shut-
tling of the Smads, the concentration of active Smads within
the nucleus closely reflects the levels of activated TGFB re-
ceptors on the cell surface.

Virtually all mammalian cells secrete at least one TGFB
isoform, and most have TGFB receptors on their surface.
However, because different types of cells contain different sets
of transcription factors with which the activated Smads can
bind, the cellular responses induced by TGFB vary among cell
types. In epithelial cells and fibroblasts, for example, TGFB in-
duces expression not only of extracellular-matrix proteins
(e.g., collagens) but also of proteins that inhibit serum pro-
teases, which otherwise would degrade these extracellular-
matrix proteins. This inhibition stabilizes the matrix, allowing
cells to form stable tissues. The inhibitory proteins include
plasminogen activator inhibitor 1 (PAI-1). Transcription of
the PAI-1 gene requires formation of a complex of the tran-
scription factor TFE3 with the Smad3/Smad4 complex and
binding of all these proteins to specific sequences within the
regulatory region of the PAI-1 gene (see Figure 16-4, bottom).
By partnering with other transcription factors, Smad2/Smad4
and Smad3iSmad4 complexes promote expression of proteins
such as p15, which arrests the cell cycle at the G1 stage and
thus blocks cell proliferation (Chapter 20).

As just discussed, binding of any one TGFB isoform to its
specific receptors leads to phosphorylation of Smad2 or
Smad3 followed by formation of Smad2/Smad4 or
Smad3/Smad4 complexes, and eventually transcriptional ac-
tivation of specific target genes (e.g., the PAl-1 gene). On the
other hand, BMP proteins, which also belong to the TGFB
superfamily, bind to and activate a different set of receptors
that are similar to the TGFB RI and RII proteins but phos-
phorylate Smadl (rather than Smad2 or Smad3). Smadl
then dimerizes with Smad4, and the Smadl/Smad4 complex
activates different transcriptional responses than those in-
duced by Smad2/Smad4 or Smad3/Smad4.

Negative Feedback Loops Regulate
TGFp/Smad Signal ing
Most signaling pathways are modulated in such a way that the
response to a growth factor or other signaling molecule is de-
creased (or occasionally increased) with time; this enables the
fine-tuned control of cellular responses. TGFB/Smad
pathways are regulated by several intracellular proteins, in-

A FIGURE 15-5 Model of Ski-mediated down-regulation of
Smad transcription-activating function. Ski represses Smad
function by binding directly to Smad4. Since the Ski-binding domain
on Smad4 significantly overlaps with the domain required for binding
the phosphorylated tail of Smad3, binding of Ski disrupts the normal
interactions between Smad3 and Smad4. Additionally, Ski also recruits
the protein N-CoR, which binds directly to mSin3A; in turn mSin3A
interacts with histone deacetylase (HDAC), an enzyme that promotes

histone deacetylation (Chapter 7) As a result, transcription activation
induced by TGFB and mediated by Smad complexes is shut down.

[See K Luo, 2004, Curr. Opin Genet. and Deu 14:.65,]

cluding tvvo cytosolic proteins called SaoNand SAr (Ski stands

for "Sloan-Kettering Cancer lnstitute"). These proteins were

originally identified as cancer-causing oncoproteins because

they cause abnormal cell proliferation when overexpressed in

cultured primary fibroblast cells. How they accomplish this

was not understood until years later when SnoN and Ski were

found to bind to both Smad4 and phosphorylated Smad3 af-

ter TGFB stimulation. SnoN and Ski do not prevent formation

of Smad3/Smad4 complexes or affect the ability of the Smad

complexes to bind to DNA control regions. Rather, they block

transcription activation by the bound Smad complexes,

thereby rendering cells resistant to the growth-inhibitory ef-

fects of TGFB (Figure 16-5). Interestingly, stimulation by

TGFp causes the rapid degradation of Ski and SnoN' but after

a few hours, expression of both Ski and SnoN becomes

strongly induced via mechanisms not yet understood. The in-

creased levels of these proteins are thought to dampen long-

term signaling effects due to continued exposure to TGFB.

Among the proteins induced after TGFB stimulation are

the I-Smads, especially Smad7. SmadT blocks the ability of

activated type I receptors (RI) to phosphorylate R-Smads

proteins, and it may also target TGFB receptors for degrada-

tion. In these ways Smad7, like Ski and SnoN, participates in

negative feedback loops: Its induction inhibits intracellular

signaling by long-term exposure to the stimulating hormone'

In later sections we see how signaling by other cell-surface

receptors is also restrained by negative feedback loops.

Loss of  TGFp Signal ing Plays a Key Role
in Cancer

Many human tumors contain inactivating mutations in

either TGFB receptors or Smad proteins, and thus are

resistant to growth inhibition by TGFB (see Figure 25-24).
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Most human pancreatic cancers, for instance, conrarn a
deletion in the gene encoding Smad4 and thus cannot induce
p15 and other cell-cycle inhibitors in response to TGFB. In
fact, Smad4 was originally called DPC (deleted in pancreatic
cancer). Retinoblastoma, colon and gastric cancer, hepatoma,
and some T- and B-cell malignancies are also unresponsive
to TGFB growth inhibit ion. This loss of responsiveness
correlates with loss of type I or type II TGFP receprors;
responsiveness to TGFB can be restored by recombinant
expression of the "missing" protein. Mutations in Smad2
also commonly occur in several types of human tumors.
Not only is TGFB signaling essential for controll ing cell
proliferation, as these examples show, but it also causes some
cells to differentiate along specific pathways, as discussed
in Chapter 22. I

TGFp Receptors and the Direct Activation of Smads

r TGFB is produced as an inactive precursor that is stored
in the extracellular matrix. Several mechanisms can release
the active, mature dimeric growth factor (see Figure 16-3).

r Stimulation by TGFB leads to activation of the intrinsic
serine/threonine kinase activity in the cytosolic domain of
the type I (RI) receptor, which then phosphorylates an R-
Smad, exposing a nuclear-localization signal.

r After phosphorylated R-Smad binds a co-Smad, the
resulting complex translocates into the nucleus, where it in-
teracts with various transcription factors to induce expres-
sion of target genes (see Figure 16-4).

r Oncoproteins (e.g., Ski and SnoN) and I-Smads (e.g.,
SmadT) act as negative regulators of TGFB signaling.

r TGFB signaling generally inhibits cell proliferation. Loss
of various components of the signaling pathway con-
tributes to abnormal cell proliferation and malignancy.

Cytokine Receptors
and the JAK/STAT Pathway
'S7e 

turn now to another type of signaling pathway that
Ieads to long-term genetic effects by activation of tran-
scription factors. The signal molecules in this pathway, the
cytokines, play many important roles in growth and dif-
ferentiation of cells, especially blood and immune sysrem
cells. Like the TGFB pathway just described, the cytokine
pathway involves only a few steps. The cytosolic domain
of all cytokine receptors tightly binds a member of a fam-
ily of cytosolic protein tyrosine kinases, the JAK kinases.
Activated JAK kinases, in turn, directly phosphorylate and
activate transcription factors that are members of the
S?HT (Signal Transduction and Activation of Transcription)
family. Activated cytokine receptors activate additional
pathways (see Figure 1,6-2b) rhat are also activated by
other receptor classes. However, the JAK/STAT pathway
described in this section is init iated mainly by activation of

cytokine receptors, although it can be activated by other
receptors.

'We 
begin by discussing the cytokine family of signaling

molecules and the cytokine receptors. Next, we use an ex-
perimental approach to explore how the JAK/STAT pathway
was discovered. Then we consider the details of how a JAK
protein activates a STAT transcription factor, followed by a
discussion of how cytokine signaling paths are regulated.
This section concludes with a biological application explor-
ing the regulation of red blood cells in the human body.

Cytok ines In f  luence Development
of Many Cell Types
The cytokines form a family of relatively small, secreted sig-
naling molecules (generally containing about 160 amino
acids) that control many aspects of growth and differentia-
tion of specific types of cells. During pregnancy, for exam-
ple, the cytokine prolactin induces epithelial cells lining the
immature ductules of the mammary gland to differentiate
into the acinar cells that produce milk proteins and secrere
them into the ducts. Other cytokines, the interleukins, are
essential for proliferation and functioning of T cells and
antibody-producing B cells of the immune system. Another
family of cytokines, the interferons, are produced and secreted
by certain cell types following virus infection. The secreted
interferons act on nearby cells to induce enzymes that render
these cells more resistant to virus infection. The role of in-
terleukins and interferons in immune responses are covered
in Chapter 24.

Many cytokines induce formation of important types
of blood cells. For instance, granulocyte colony srimu,

lating factor (G-CSF) induces a particular type of progenitor
cell in the bone marrow to divide several times and then dif-
ferentiate into granulocytes, the type of white blood cell that
inactivates bacteria and other pathogens. Because many can-
cer therapies reduce granulocyte formation by the body, G-
CSF often is administered to patients to stimulate prolifera-
tion and differentiation of granulocyte progenitor cells, thus
restoring the normal level of granulocytes in the blood.
Thrombopoietin, a "cousin" of G-CSF, similarly acts on
megakaryocyte progenitors to divide and differentiate into
megakaryocytes. These then fragment into the cell pieces
called platelets, which are critical for blood clotting. I

Another cytokine, erythropoietin (Epo), triggers produc-
tion of erythrocytes (red blood cells) by inducing the prolif-
eration and differentiation of erythroid progenitor cells in
the bone marrow (Figure 16-6). Erythropoietin is synthe-
sized by kidney cells that monitor the concentration of oxy-
gen in the blood. A drop in blood oxygen signifies a lower
than optimal level of erythrocytes, whose major function is
to transport oxygen complexed to hemoglobin. By means of
the oxygen-sensitive transcription factor HIF-1ct, the kidney
cells respond to low oxygen by synthesizing more erythro-
poietin and secreting it into the blood. As the level of ery-
thropoietin rises, more and more erythroid progenitors are
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A FIGURE 16-6 Erythropoietin and formation of red blood
cells (erythrocytes). Erythroid progenitor cells, called colony-forming
units erythroid (CFU-E), are derived from hematopoietic stem cells,
whrch also give rise to progenitors of other blood cell types. In the
absence of erythropoietin (Epo), CFU-E cells undergo apoptosis.
Binding of Epo to its receptors on a CFU-E induces transcription of
several genes whose encoded proteins prevent programmed cell
death (apoptosis), allowing the cell to survive Other Epo-induced
proteins trigger the developmental program of three to five terminal
cell divisions The Epo receptor and other membrane proteins are
lost from these cells as they undergo differentiation lf CFU-E cells
are cul tured wi th Epo in a semisol id  medium (e.9. ,  conta in ing
methylcellulose), daughter cells cannot move away, and thus each
CFU-E produces a colony of 30-100 erythroid cells, hence its name
lSee M Socolovsky et al , 2OO1, Blood 98:3261 )

saved from death, allowing each to produce -50 or so ery-
throcytes in a period of only a few days. In this way, the
body can respond to the loss of blood by accelerating the
production of erythrocytes.

Cytokine Receptors Have Similar Structures
and Act ivate Simi lar  S ignal ing Pathways

Strikingln all cytokines have a similar tertiary structure,
consisting of four long conserved a helices folded together in
a specific orientation. The structural homology among

Membrane surface

a FIGURE 16-7 Structure of erythropoietin bound to an
erythropoietin receptor. Erythropoietin (Epo) contains four
conserved long ct helices that are folded in a particular arrangement.
The activated erythropoietin receptor (EpoR) is a dimer of identical
subunits; the extracellular domain of each monomer is constructed of
two subdomains each containing seven conserved p strands folded in

a characteristic fashion. Side chains of residues on two of the helices
in Epo contact loops on one EpoR monomer, while residues on the
two other Epo helices bind to the same loop segments in a second
receptor monomer, thereby stabil izing the dimeric receptor in a
specific conformation. The structures of other cytokines and their
receptors are similar to Epo and EpoR. [Adapted from R 5 Syed et al ,
1998, Nature 395:51 1 l

cytokines is evidence that they all evolved from a common

ancestral protein. Likewise, the various cytokine receptors

undoubtedly evolved from a single common ancestor as all

cytokine receptors have similar structures. Their extracellu-

lar domains are constructed of two subdomains' each of

which contains seven conserved B strands folded together in

a characteristic fashion. The interaction of one erythropoi-

etin molecule with two identical erythropoietin receptor

(EpoR) proteins, depicted in Figure 16-7, exemplifies the

binding of a cytokine to its receptor.
Whether or not a cell responds to a particular cytokine

depends simply on whether or not it expresses the corre-

sponding (cognate) receptor' Although all cytokine receptors

activate similar intracellular signal-transduction pathways'

the response of any particular cell to a cytokine signal de-

pends on the cell's constellation of transcription factors,

chromatin structures, and other proteins relating to the de-

velopmental history of the cell. If receptors for prolactin or

thrombopoietin, for example, are expressed experimentally

in an erythroid progenitor cell' the cell will respond to these

cytokines by dividing and differentiating into erythrocytes,

not into mammary cells or megakaryocytes.
Figure 16-8 summarizes the intracellular signaling path-

ways activated when the EpoR binds erythropoietin' Stimu-

lation of other cytokine receptors by their specific ligands
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(c) Phospholipase C", +

(d) Pl-3 kinase +

  FIGURE 16-8 Overview of signal-transduction pathways
triggered by the erythropoietin receptor. Erythropoietin (Epo)
binds to the erythropoietin receptor (EpoR), activating the associated
JAK kinase Four major pathways can transduce a signa from the
activated, phosphorylated EpoR-JAK complex Each pathway ultimately
regulates transcription of different sets of genes (a) In the most direct
pathway, discussed in th s section, the transcription factor STAT5 is
phosphorylated and activated directly in the cytosol (b) Binding of

activates similar pathways. All these pathways eventually
lead to activation of transcription factors, causing an in-
crease or decrease in expression of particular target genes.
Here we focus on the JAK/STAT pathway; the other path-
ways are d iscussed in larer  sect ions.

JAK Kinases Activate STAT Transcript ion Factors
To understand how JAK and STAT proteins function, we ex-
amine the pathway downstream of the erythropoietin recep-
tor (EpoR), one of the best-understood cytokine signaling
pathways. A JAK2 kinase is tightly bound to the cytosolic
domain of all cytokine receprors (see Figure 16-1b). Like the
three other members of the JAK family of kinases, JAK2
contains an N-terminal receptor-binding domain, a C-terminal
kinase domain that is normally poorly active catalytically,
and a middle domain that regulates kinase activity by an
unknown mechanism. JAK2,  erythropoiet in ,  and the
EpoR are all required for formation of adult-type erythro-
cytes, which normally begins at day 12 of embryonic devel-
opment in mice. As Figure 16-9 shows, embryonic mice lack-
ing functional genes encoding the EpoR cannot form
adult-type eryrhrocytes and eventually die owing to the in-
ability to transport oxygen to the fetal organs. Mice lacking
functional genes encoding Epo or JAK2 show similar blocks
in fetal development.

As already nored, erythropoietin binds simultaneously to
the extracellular domains of two EpoR monomers on the cell
surface (see Figure 16-7). As a resuh, the associared JAKs are
brought close enough together so that one can phosphorylate
the other on a critical tyrosine in a region of the protein called
the actiuation l ip (Ftgure 16-10). As with other kinases, phos-
phorylation of the activation lip leads to a conformational
change that reduces the K., for ATP or the substrate to be
phosphorylated, thus increasing kinase activity. One piece of
evidence for this activation mechanism comes from study of
a mutant JAK2 in which the critical tyrosine is mutated to
phenylalanine. The mutant JAK2 binds normally to the EpoR

Transcript ional act ivat ion

--+ Ras + MAP kinase + Transcript ional act ivat ion or repression

Transcript ional act ivat ion or repression
tr levatlOn ol Vaz+ +

Modif icat ion of other cel lular proteins

protein kinase B --+ I: tn:: ' 'o: 'onul 
act ivat ion or repression

Modif icat ion of other cel lular proteins

adapter proteins (GRB2 or Shc) to an activated EpoR leads to activation
of the Ras/MAP kinase pathway (Section 16 4) (c, d) Two phospho-
rnosit ide pathways are tr iggered by recruitment of phospholipase C"
and Pl-3 kinase to the membrane (Section 16 5) fol lowing activation
of EpoR Elevated levels of Ca2* and activated protein kinase B also
modulate the activi ty of cytosol ic proteins that are not involved in
control of transcript ion

but cannot be phosphorylated. In erythroid cel ls, expres-
sion of this mutant JAK2 in greater than normal amounrs
total ly blocks EpoR signal ing, because the mutant JAK2
b inds  to  the  major i t y  o f  cy tok ine  receprors ,  p revenr ing
binding and functioning of the wild-type JAK2 protein.
This type of mutation, referred to as dominant-negative,
causes loss of function even in cel ls that carry copies of the
wi ld - type  gene (Chapter  5 ) .

Once the JAK kinases become activated, they phospho-
rylate several tyrosine residues on the cytosolic domain of

+/+ -l-

a  EXPERIMENTAL FIGURE 16-9  Stud ies  w i th  mutant  mice
reveal that the erythropoietin receptor (EpoR) is essential for
development of erythrocytes. Mice in which both al leles of the
gene encod ing  EpoR are  "knocked ou t "  deve lop  normal ly  un t i l
embryon ic  day  13 ,  when they  beg in  to  d ie  o f  anemia  due to  the  lack
of erythrocyte-mediated transport of oxygen to the fetal organs The
red organ in the wild-type embryos (+/+) is the fetal l iver, the major
site of erythrocyte production at this developmental stage The
absence of color in the mutant embryos (-/-) indicates the absence
of erythrocytes containing hemoglobin Otherwise the mutant
embryos  appear  normal ,  ind ica t ing  tha t  the  main  func t ion  o f  the
EpoR in early mouse development is to support production of
erythrocytes [From H Wu et al ,  1995, Ce// 83:59]

(a) STATs

(bl GRB2 or Shc
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o he l i x
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without bound l igand

A FIGURE 16-10 General structure and activation of cytokine
receptors. The cytosolic domain of cytokine receptors tightly and
irreversibly associates with a separate JAK kinase. ln the absence of
l igand (tr), the receptors form a homodimer but the JAK kinases are
poorly active Ligand binding causes a conformational change that
brings together the associated JAK kinase domains, which then
phosphorylate each other on a tyrosine residue in the activation

the receptor (see Figure 16-1,0, B). Several of these phos-
photyrosine residues then serve as binding sites for SH2 do-
mains, which are part of many signal-transduction proteins,
including the STAT group of transcription factors. The SH2
domain derived its full name, the Src Domology 2 domain,
from its homology with a region in the prototypical Src cy-
tosolic tyrosine kinase encoded by the src gene. (Src is an
acronym for sarcoma, and a mutant form of the cellular src
gene was found in chickens with sarcomas, as Chapter 25
details.) The three-dimensional structures of SH2 domains in
different proteins are very similar, but each binds to a dis-
tinct sequence of amino acids surrounding a phosphotyro-
sine residue. The unique amino acid sequence of each SH2
domain determines the specific phosphotyrosine residues it
binds (Figure 1.6-11\. Variations in the hydrophobic socket
in the SH2 domains of different STATs and other signal-
transduction proteins allow them to bind to phosphotyrosines
adjacent to different sequences, accounting for differences in
their binding partners.

All STAT proteins contain an N-terminal DNA-binding
domain, an SH2 domain that binds to a specific phosphoty-
rosine in a cytokine receptor's cytosolic domain, and a C-
terminal domain with a crit ical tyrosine residue. Once a
STAT is bound to the receptor, the C-terminal tyrosine is
phosphorylated by an associated JAK kinase (Figure 1'6-1'2a1.
This arrangement ensures that in a particular cell only
those STAT proteins with an SH2 domain that can bind to
a particular receptor protein will be activated. The erythro-
poietin recepto! for example, activates STAT5 but not
STATs 1, 2, 3, or 4. A phosphorylated STAT dissociates
spontaneously from the receptor, and two phosphorylated

lip (E). Phosphorylation causes the l ip to move out of the kinase
catalytic site, thus rncreasing the abil ity of ATP and the protein

substrate to bind. The activated kinase then phosphorylates several
tyrosine residues in the receptor's cytosolic domain (E). The resulting
phosphotyrosines function as docking sites for inactive STAT
transcription factors and other signal-transduction proteins that

contain SH2 or PTB domatns

* q ' ' . . .

  FIGURE 15-1 1 Surface model of a SH2 domain bound to a
phosphotyrosine-containing peptide' The peptide bound by this

SH2 domain from Src tyrosine kinase (gray) is shown in spacefil l .

The SH2 domain binds strongly to short target peptides contatning

a crit ical four-residue core sequence: phosphotyrosine (TyrO and

OPO3-)-glutamic acid (Glu1)-glutamic acid (Glu2)-isoleucine (l le3).

Binding resembles the rnsertion of a two-pronged "plu9"-the

phosphotyrosine and isoleucine side chains of the peptide-into a

two-pronged "socket" in the SH2 domain The two glutamate residues

are bound to sites on the surface of the SH2 domain between the

two sockets Nonbinding residues on the target peptide are colored

green [See G Waksman et al , 1993, Cell72:7791
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Epo( a ) < FIGURE 16-12 Activation and structure of STAT proteins.
(a) Phosphorylation and dimerization of STAT proteins Step [: Fol-
lowing activation of a cytokine receptor (see Figure 16-10), an inactive
monomeric STAT transcription factor binds to a phosphotyrosine in
the receptor, bringing the STAT close to the active JAK associated with
the receptor The JAK then phosphorylates the C-terminal tyrosine in
the STAT. Steps El and B: Phosphorylated STATs spontaneously
dissociate from the receptor and spontaneously dimerize. Because
the STAT homodimer has two phosphotyrosine-SH2 domain inter-
actions, whereas the receptor-STAT complex is stabil ized by only one
such interaction, phosphorylated STATs tend not to rebind to the
receptor Step @: The STAT dimer moves into the nucleus, where it
can bind to promoter sequences and activate transcription of target
genes. (b) Ribbon diagram of the STATl drmer bound to DNA (black).
The STAT1 dimer forms a C-shaped clamp around DNA that is sta-
bil ized by reciprocal and highly specific interactions between the SH2
domain (purple) of one monomer and the phosphorylated tyrosine
residue (yellow) on the C-terminal segment of the other The phos-
photyrosine-binding site of the SH2 domain in each monomer is
coupled structurally to the DNA-binding domain (magenta), sug-
gesting a potential role for the SH2-phosphotyrosine interaction in
the stabil ization of DNA interacting elements Ipart (b) after X Chen
et al , 1998, Cell 93:827 l

S H 2  d o m a i n

Tyrosine

Poo

DNA b ind ing
domain

erythroid cells (see Figure 1,6-6).In the normal state. when
Epo levels are low, bone marrow stem cells continuously cre-
ate progenitor erythroid cells that are quickly destroyed.
This energetically expensive process allows the body to
respond to the need for more erythrocytes very quickly in
response to a rise in Epo levels. Indeed, mice lacking STAT5
are highly anemic because many of the erythroid progenitors
undergo apoptosis even in the presence of high erythropoi-
etin levels. Such mutant mice produce some erythrocytes and
thus survive, because the erythropoietin receptor is linked to
other anti-apoptotic pathways that do not involve STAT
proteins (see Figure 16-8).

Epo
receptor

Active JAK
k inase

E
Into nucleus;
b inds  DNA
and activates
tra nscript ion

(b)

STAT proteins form a dimer in which the SH2 domain on
each binds to the phosphotyrosine in the other. Because
dimerization also exposes the nuclear-localization signal
(NLS), STAT dimers move into the nucleus, where they bind
to specific enhancers (DNA regulatory sequences) control-
I ing target genes (Figure 1.6-12b).

Different STATs activare different genes in different cells.
As just noted, stimulation of erythroid progenitor cells by
erythropoietin (Epo) leads to activation of STAT5. The ma-
jor protein induced by active STAT5 is Bcl-x1, which pre-
vents the programmed cell death, or apoptosis, of these pro-
genitors, allowing them to proliferate and differentiate into

SH2 domain
Tyrosine
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Complementation Genetics Revealed That JAK
and STAT Proteins Transduce Cytokine Signals

Researchers have long known about cytokine signaling mol-
ecules, and once radioactive tagging (or expression cloning)
was applied to cytokine-responsive cells, it did not take long
to find the cytokine receptors, as described in the previous
section for TGFB receptors. However, without new tech-
niques researchers had no way to explore the intracellular
signaling pathways that transduce cytokine signals for many
years. A new type of functional genetic screening (functional

complementation) led researchers to both JAK proteins and
STAT transcription factors.

In the first part of these studies, a bacterial reporter gene
encoding guanine phosphoribosyl transferase (GPRT) was
linked to an upstream promoter that is activated by the
antiviral cytokine interferon. The resulting construct was
introduced into cultured mammalian cells that were geneti-
cally deficient in the human homolog HGPRT. Either GPRT
or HGPRT must be expressed for a cell to incorporate
purines in the culture medium into ribonucleotides and then
into DNA or RNA. As shown in Figure 1.6-1.3a, HGPRT-
negative cells carrying the reporter gene responded to inter-
feron treatment by expressing GPRI thus acquiring the abil-
ity to grow in HAT medium. Cells lacking GPRT or HGPRT
cannot grow in HAT medium since synthesis of purines by
the cells is blocked by aminopterin (the A in HAI); thus
DNA synthesis by the cells is dependent on incorporation of
purines from the culture medium (see Figure 9-36). Simulta-

I  nterfe ro n-respo nsive
promoter

I  n te r fe ron

neously the cells acquired sensitivity to killing by the non-

natural purine analog 6-thioguanine, which is converted into

the corresponding ribonucleotide by GPRT; incorporation of

this purine into DNA in place of guanosine eventually causes

cell death.
The reporter cells were then heavily treated with muta-

gens in an attempt to inactivate both alleles of the genes

encoding critical signal-transduction proteins in the inter-

feron signaling pathway. Researchers looked for mutant cells

that expressed the interferon receptor (as evidenced by the

cell's ability to bind radioactive interferon) but did not ex-

press GPRT in response to interferon and thus survived

killing by 6-thioguanine when cells were cultured in the pres-

ence of interferon (Figure 1'6-13b). After many such inter-

feron-nonresponding mutant cell lines were obtained, they

were used to screen a genomic or cDNA library for the wild-

type genes that complemented the mutated genes in nonre-

sponding cells, a technique called functional complementation
(see Figure 5-18). In this case, mutant cells expressing the

corresponding recombinant wild-type gene grew on HAT

medium and were sensitive to killing by 6-thioguanine in the

presence of interferon. That is, they acted like wild-type cells.

Cloning of the genes identified by this procedure led to

recognition of two key signal-transduction proteins that are

activated by the cytokine interferon: a JAK tyrosine kinase

and a STAT transcription factor. Subsequent work showed

that one (sometimes two) of the four human JAK proteins

and at least one of several STAT proteins are involved in sig-

naling downstream from all cytokine receptors'

(a )
HGpRT cel ls (+ reporter Sene) _l 

r lrerrcron-
I
l M u t a g e n
I+

(b )
HGPRT- cells (+ reporter gene)
defective for interferon
signal ing

A EXPERIMENTAL FIGURE 16-13 Mutagenized cells carrying a
reporter gene were used to identify JAKs and STATs as essential
signal-transduction proteins. A reporter gene was constructed
consisting of an rnterferon-responsive promoter upstream of the
bacterial gene encoding GPRT, a key enzyme in the purine salvage
pathway (see Figure 9-36) (a) Introduction of this construct
in to mammal ian cel ls  lack ing the mammal ian homolog HGPRT
yielded reporter cells that grew in HAT medium and were kil led by
6-thioquanine in the presence but not the absence of interferon.

Growth
GPRT in HAT Killed bY

expressed medium 6'thioguanine

Yes Yes Yes

Yes Yes Yes

(b) Following treatment of reporter cells with a mutagen, cells with

defects in the signaling pathway init iated by interferon do not induce

HGPRT in response to interferon and thus cannot incorporate the toxic

purine 6-thioguanine. Restoration of interferon responsiveness by

functional complementation with wild-type DNA clones identified genes

encoding JAKs and STATs See the text for details. [See R McKendry et al ,

1gg1 ,Proc Nat ' l  Acad.5cl  USA88:11455;  D Wat l ingeta l  ,1993,Nature
365:166; and G Stark and A Gudkov 1999, Human Mol Genet 8:1925 l
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+  W i l d  t y p e  g e n e

t h a t  r e s l o r e s
I  n t e r l e r o n
r e s p o n s r v e n e s s
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Epo

( a l Short-term regulat ion: JAK2 deactivation
by  SHPl  phosphatase

< FIGURE 16-14 Two mechanisms for terminating signal
transduction from the erythropoietin receptor (EpoR),
(a) Short-term regulation: SHP1, a phosphotyrosine phosphatase, is
present in an inactive form in unstimulated cells. Binding of an SH2
domain in SHPl to a particular phosphotyrosine in the activated
receptor unmasks its phosphatase catalytic site and positions it
near the phosphorylated tyrosine in the l ip region of JAK2. Removal
of the phosphate f rom this tyrosine inactivates the JAK kinase.
(b) Long-term regulation: SOCS proteins, whose expresston ts
induced by STAT proteins in erythropoietin-stimulated erythroid
cel ls ,  inh ib i t  or  permanent ly  terminate s ignal ing over  longer t ime
periods, Binding of SOCS to phosphotyrosine residues on EpoR
or JAK2 blocks binding of other signaling proteins (/eft). The SOCS
box can also target proteins such as iAK2 for degradation by the
ubiquitin-proteasome pathway (riSht). Similar mechanisms regulate
signaling from other cytokine receptors lpart (a) adapted from S
Constantinescu et al , 1 999, Trends Endocrin Metabol 10:1 8 part (b)
adapted from B T. Kile and W 5 Alexander, 2001 , Cell Mot. Life Sci 58:1 l

SHP1 dampens cytokine signaling by binding to a cy-
tokine receptor and inactivating the associated JAK protein,
as is depicted in Figure 1,6-14a.In addition to a phosphatase
catalytic domain, SHPl has two SH2 domains. When cells
are in the resting state, unstimulated by a cytokine, one of
the SH2 domains in SHP1 physically binds to and inacti-
vates the catalytic site in the phosphatase domain. In the
stimulated state, however, this blocking SH2 domain binds
to a specific phosphotyrosine residue in the activated recep-
tor. The conformational change that accompanies this bind-
ing unmasks the SHP1 catalytic site and also brings it adja-
cent to the phosphotyrosine residue in the activation lip of
the JAK associated with the receptor. By removing this
phosphate, SHP1 inactivates the JAK, so that it can no
longer phosphorylate the receptor or other substrates (e.g.,
STATs) unless additional cytokine molecules bind to cell-
surface receptors, init iating a new round of signaling.

Long-Term Regulation by SOCS Proteins In a classic ex-
ample of negative feedback, among the genes whose tran-
scription is induced by STAT proteins are rhose encoding
a class of small proteins, termed SOCS proteins, that termi-
nate signaling from cytokine receptors. These negative
regulators act in two ways (Figure I6-14b). First, the SH2
domain in several SOCS proteins binds to phosphotyrosines
on an activated receptor, prevenring binding of other SH2-
containing signaling proteins (e.g., STAIs) and thus inhibit-
ing receptor signaling. One SOCS protein, SOCS-1, also
binds to the critical phosphotyrosine in the activation lip of
activated JAK2 kinase, thereby inhibiting its catalytic activ-
ity. Second, all SOCS proteins contain a domain, called the
SOCS box, that recruits components of E3 ubiquitin ligases
(see Figure 3-29). As a result of binding SOCS-I, for in-
stance, JAK2 becomes polyubiquitinated and then degraded
in proteasomes, thus permanently turning off all JAK2-
mediated signaling pathways. The observation that protea-
some inhibitors prolong JAK2 signal transduction supports
this mechanism.

SH2 Phosphatase
domains  domain

(b) Long-term regulat ion: signal blocking and protein
degradation by SOCS proteins

t
I
I
I
I

SOCS
pro te in

SH2 SOCS
domain  box

Recru i tment
of E3
ub iqu i t in
l igase

Signal ing f rom Cytok ine Receptors ts  Regulated
by Negat ive Signals
Signal-induced transcription of target genes for too long a
period can be as dangerous for the cell as too little induction.
Thus cells must be able to turn off a signaling parhway
quickly unless the extracellular signal remains continuously
present. In various progenitor cells, two classes of proteins
serve to dampen signaling from cytokine receptors, one over
the short term (minutes) and the other over longer periods of
time (hours to days).

Short -Term Regulat ion by SHpt,  a phosphotyros ine
Phosphatase Mutant mice lacking a protein called SHpl die
because of excess production of erythrocytes and several other
types of blood cells. Analysis of these mutant mice offered the
first suggestion thar SHP1, a phosphotyrosine phosphatase,
negatively regulates signaling from several types of cyt;kine re-
ceptors in several rypes of progenitor cells.
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Studies with cultured mammalian cells have shown
that the receptor for growth hormone, which belongs to
the cytokine receptor superfamily, is down regulated by
another SOCS protein, SOCS-2. Strikingly, mice deficient
in SOCS-2 grow significantly larger than their wild-type
counterparts and have long bone lengths and proportionate
enlargement of most organs. Thus SOCS proteins play an
essential negative role in regulating intracellular signaling
from the receptors for erythropoietin, growth hormone, and
other cytokines.

Mutant Erythropoietin Receptor That Cannot
Be Turned Off Leads to Increased Numbers
of Erythrocytes

In normal adult men and women the percentage of erythro-
cytes in the blood (the hematocrit) is maintained very close to
4547 percent. A drop in the hematocrit results in increased
production of erythropoietin by the kidney, and the elevated
erythropoietin level causes more erythroid progenitors to un-
dergo terminal proliferation and differentiation into mature
erythrocytes, soon restoring the hematocrit to its normal
level. In endurance sports, such as cross-country skiing,
where oxygen transport to the muscles may become limiting,
an excess of erythrocytes may confer a competitive advan-
tage. For this reason, use of supplemental erythropoietin to
increase the hematocrit above the normal level is banned in
all international athletic competitions, and athletes are regu-
larly tested for elevated hematocrit and for the presence of
commercial recombinant erythroDoietin in their urine.

Supplemental erythropoietin not only confers a possi-
ble competit ive advantage but also can be dangerous.

Too many erythrocytes can cause the blood to become
sluggish and clot in small blood vessels, especially in the
brain. Several athletes who doped themselves with erythro-
poietin have died of a stroke while exercising.

Discovery of a mutant, unregulated erythropoietin recep-
tor (EpoR) explained a suspicious situation in which a win-
ner of three gold medals in Olympic cross-country skiing
was found to have a hematocrit above 60 percent. Testing
for erythropoietin in his blood and urine, however, re-
vealed lower-than-normal amounts. Subsequent DNA
analysis showed that the athlete was heterozygous for a
mutation in the gene encoding the erythropoietin receptor.
The mutant allele encoded a truncated receptor missing
several of the tyrosines that normally become phosphory-
lated after stimulation by erythropoietin. As a conse-
quence, the mutant receptor was able to activate STAT5
and other signaling proteins normally, but was unable to
bind the negatively acting SHPl phosphatase, which usu-
ally terminates signaling (see Figure 1,6-74a). Thus the very
low level of erythropoietin produced by this athlete induced
prolonged intracellular signaling in his erythroid progenitor

cells, resulting in production of higher-than-normal numbers
of erythrocytes. This example vividly illustrates the fine level
of control over signaling from the erythropoietin receptor in

the human bodv. I

Cytokine Receptors and the JAK/STAT Pathway

r All cytokines are constructed of four ct helices that are

folded in a characteristic arrangement.

r Erythropoietin, a cytokine secreted by kidney cells, pre-

vents apoptosis and promotes proliferation and differenti-

ation of erythroid progenitor cells in the bone marrow. An

excess of erythropoietin or mutations in its receptor that

prevent down-regulation result in production of elevated

numbers of erythrocytes.

r All cytokine receptors are closely associated with a JAK
protein tyrosine kinase, which can activate several down-

stream signaling pathways leading to changes in transcrip-

tion of target genes or in the activity of proteins that do not

regulate transcription (see Figure 16-8).

r The JAICSTAT pathway operates downstream of all cy-

tokine receptors. STAI monomers bound to receptors are

phosphorylated by receptor-associated JAKs, then dimerize

and move to the nucleus, where they activate transcription
(see Figure 1,6-1'2). Signaling from cytokine receptors is ter-

minated by the phosphotyrosine phosphatase SHP1 and

several SOCS proteins (see Figure 1,6-1'4).

Receptor Tyrosine Kinases
'We 

now turn our attention to another large and important

class of cell-surface receptors-the receptor tyrosine kinases

(RTKs)-that regulate many aspects of cell proliferation and

differentiation, cell survival' and cellular metabolism. The

signaling molecules that activate RTKs are soluble or mem-

brane-bound peptide or protein hormones including many

that were initially identified as growth factors for specific

types of cells. These RTK ligands include nerve growth fac-

tor (NGF), platelet-derived growth factor (PDGF), fibroblast

growth factor (FGF), and epidermal growth factor (EGF).

Many RTKs and their ligands were identified in studies on

human cancers associated with mutant forms of growth-

factor receptors that stimulate proliferation even in the absence

of growth factor. Other RTKs have been uncovered during

analysis of developmental mutations that lead to blocks in

differentiation of certain cell types in C. elegans, Drosophila,

and the mouse.
Like cytokine receptors' RTKs signal through a protein

tyrosine kinase. However' unlike cytokine receptors, which

associate with a separate cytosolic kinase protein (a JAK)'
RTKs have an intrinsic kinase as part of their cytosolic do-

main. Ligand-induced dimerization and activation of an

RTK stimulates its tyrosine kinase activity' which triggers

several intracellular signal-transduction pathways (see Fig-

ure 1.6-2). In this section we discuss how ligand binding

leads to activation of the RTKs; subsequently we consider

how the numbers of cell-surface RTKs are controlled. In the

following section we examine one pathway that is triggered

by virtually every RTK' the Ras/MAP kinase pathway.
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Ligand Binding Leads to  Phosphory lat ion
and Act ivat ion of  In t r ins ic  Kinase in  RTKs
All RTKs have three essential components: an extracellular
domain containing a ligand-binding site, a single hydropho,
bic transmembrane cr helix, and a cytosolic domain that in-
cludes a region with protein tyrosine kinase activity. Most
RTKs are monomeric, and ligand binding to the extracellu-
lar domain induces formation of receptor dimers. Some
monomeric ligands for RTKs, including fibroblast growth
factor (FGF), bind tightly to heparan sulfate, a negatively
charged polysaccharide component of the extracellular ma-
trix (Chapter 19); this association enhances l igand binding
to the monomeric receptor and formation of a dimeric re-
ceptor-ligand complex (Figure 16-15). The ligands for some
RTKs are dimeric; their binding brings rwo recepror
monomers together directly. Yet other RTKs, such as the
insulin receptor, form disulfide-linked dimers even in the
absence of hormone; binding of ligand to this type of RTK

(a)  Side v iew

Membrane surface

(b) Top-down view

Heparan
su l fate

alters its conformation in such a way that the receptor be-
comes activated.

Regardless of the mechanism by which a ligand binds
and locks an RTK into a functional dimeric stare, the next
step is universal. In the resting, unstimulated state, the in-
trinsic kinase activity of an RTK is very low (Figure 16-16,
step n). In the ligand-bound dimeric receptor, however, the
kinase in one subunit phosphorylates one tyrosine residue in
the activation lip of the catalytic site in the other subunit
(step Z). This leads to a conformational change that facili-
tates binding of ATP in some receptors (e.g., insulin recep-
tor) and binding of protein substrates in other receptors
(e.g., FGF receptor). The resulting enhanced kinase activity
then phosphorylates additional tyrosine residues in the cy-
tosolic domain of the receptor (step B). This l igand-induced
activation of RTK kinase activity is analogous to rhe activa-
tion of the JAK kinases associated with cytokine receptors
(see Figure 16-10). The difference resides in the location of the
kinase catalytic site, which is within the cytosolic domain of
RTKs, but within a separate, associated, cytosolic JAK ki-
nase in the case of cytokine receptors.

Overexpression of HER2, a Receptor Tyrosine
Kinase,  Occurs in  Some Breast  Cancers
Four receptor tyrosine kinases (RTKs) participate in sig-
naling by the many members of the epidermal growth fac-
tor (EGF) family of signaling molecules. In humans, the
four members of the HER (Duman epidermal growth fac-
tor /eceptor) family are denoted HER1, 2,3, and 4. HERl
directly binds three EGF family members: EGF, heparin-
binding EGF (HB-EGF), and tumor-derived growth factor
alpha (TGF-cr). Binding of any of these ligands to the
extracellular domain of a HERl monomer leads to homo-
dimerization of the HER1 extracellular domain (Figure
16-17). Binding of EGF triggers a conformational change
in the receptor extracellular domain so that it "clamps"
down on the l igand. This pushes out a loop located be-
tween the two EGF-binding domains, and interactions be-
rween the two extended ("act ivated") loop segments a l low

< FIGURE 16-15 Structure of the fibroblast growth factor
(FGF) receptor, stabilized by heparan sulfate. Shown here are
side and top-down views of the complex comprising the extracellular
domains of two FGF receptor (FGFR) monomers (green and blue), two
bound FGF molecules (white), and two short heparan sulfate chains
(purple), which bind tightly to FGF (a) In the side view, the upper
domain of one receptor monomer (blue) is seen situated behind that
of the other (green); the plane of the plasma membrane is at the
bottom A small segment of the extracellular domain whose structure
rs not known connects to the membrane-spanning o-helical segment
of each of the two receptor monomers (not shown) that protrude
downwards into the membrane (b) In the top view, the neparan
sulfate chains are seen threading between and making numerous
contacts with the upper domains of both receptor monomers. These
interactions promote binding of the l igand to the receptor and recep-
tor dimerization. [Adapted from J Schlessinger et al , 2OOO, Mol Ceil G:743 ]

Heparan
su lfate
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bound l igand

  FIGURE 16-16 General structure and activation of receptor
tyrosine kinases (RTKs). The cytosolic domain of RTKs contains a
protein tyrosine kinase catalytic site In the absence of l igand
(tr), RTKs exist as monomers with poorly active kinases Ligand
binding causes a conformational change that promotes formation
of a functional dimerrc receptor, bringing together two poorly active

formation of the receptor dimer. Dimerization of HER1
leads to activation of the receptor's kinase activity through
phosphorylation of the activation l ip in the kinase cytoso-
lic domain (see Figure 16-16).

kinases that then phosphorylate each other on a tyrosine residue in the

activation l ip (E). Phosphorylation causes the l ip to move out of

the kinase catalytic site, thus allowing ATP or a protein substrate to

bind The activated kinase then phosphorylates other tyrosine residues

in the receptor's cytosolic domain (E). The resulting phosphotyrosines

function as docking sites for various signal-transduction proteins

Two other members of the EGF familS neuregulins 1 and

2 (NRG1 and NRG2) bind to both HER3 and HER4; HB-

EGF also binds to HER4. Importantly' HER2 does not di-

rectly bind a ligand, but exists on the membrane in a preac-

tivated conformation with the loop segment protruding

outward and the ligand-binding domains in close proximity

(Figure 16-18a). HER2 signals by forming heterocomplexes

with ligand-bound HER1, HER3, or HER4 and facilitates

signaling by all EGF family members (Figure 16-18b). HER3

l"ikr a functional kinase domain; after binding a ligand it

dimerizes with HER2 and becomes phosphorylated by the

HER2 kinase. This activates downstream signal-transduction

oathwavs.

< FIGURE 16-17 Ligand-induced dimerization of HER1, a human

receptor for epidermal growth factor (EGF). (a) Schematic depiction

of the extracellular and transmembrane domains of HER1, which is a

receptor tyrosine kinase. Binding of one EGF molecule to a monomeric

receptor causes an alteration in the structure of a loop located between

the two EGF-binding domains.  Dimer izat ion of  two ident ica l  l igand-

bound receptor monomers in the plane of the membrane occurs

primarily through interactions between the two "activated" loop

segments. (b) Structure of the dimeric HERl protein bound to

transforming growth factor cr (TGFct), a member of the EGF family'

The receotor's extracellular domains are shown in white (left) and

blue (right); the transmembrane domain is shown in red as an alpha

helix but its structure is not known in detail The two smaller TGFct

molecules are colored green. Note the interaction between the
"activated" loop segments in the two receptor monomers lPart (a)

adapted from J Schlessin ger, 2OO2' Cell 1'10:669 Part (b) from I Garrett

et al , 2002, Cell 11O:763 |

(a) Exterior

a
Dimer iza t ion  and
phosphorylat ion of
activation l ip tYrosines

E
Phosphorylat ion
of addit ional
tyrosine residues

( b )

Bound l igand

Active protein
tyrosine kinase
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A EGF
A HB-EGF
A tcF-a

HER1 HER1 HER1 HER2

  FIGURE 15-18 The HER family of receptors and their
l igands. Humans express four receptor tyrosine kinases-denoted
HER1, 2, 3, and 4-that bind epidermal growth factor (EGF) and
other EGF family members (a) As shown, the HER proteins
differentially bind EGF, heparin-binding EGf (le-f df), rumor-
derived growth factor alpha (TGFct), and neuregulins 1 and 2 (NRG1
and NRG2). Note that HER2, which does not directly bind a l igand,
exists in the plasma surface membrane in a pre-acttvated state

Normal epithelial cells express a small amount of
HER2 protein on their plasma membranes in a tissue-

A  N R G 1
A runcz
A He-ecr

HER4

A runcr
A runcz

A runcr
A runcz
A ua-ecr

HER3 HER2 HER4 HER2

indicated by red hook (b) Ligand-bound HERl can form acttvated
homodrmers bound together by loop segments (red hooks), as
deta i led  in  F igure  16-17 HER2 fo rms he terod imers  w i th  l igand-
bound HER1,  HER3,  and HER4 and fac i l i ta tes  s igna l ing  by  a l l  EGF
fami ly  members  HER3 lacks  a  func t iona l  k inase domain  and can
signal only when complexed wlth HER2 lAfter N E Hynes and H A Lane,
2005, Nature Rev. Cancer 5i341 (erratum in ivature Rer Cancer 5:5g0), and
A B Singh and R C Harris, 2005, Cell Signal 17(Oct.):1 I 83 l

specif ic for the HER2 protein. These have proven to be ef-
fect ive therapies for those breast cancer patients in which
HER2 is overexpressed, reducing recurrence by about 50%
in these patients. I

Conserved Domains Are lmpor tant
for  B inding Signal -Transduct ion prote ins
to Activated Receptors
As in signaling by cytokine receptors, certain phosphotyro-
sine residues in activated receptor tyrosine kinases (RTKs)
serve as docking sites for proteins involved in downstream
signal transduction. These phosphotyrosine residues bind
PTB domains as well as SH2 domains, which we encountered
in discussing the JAK/STAT pathway (see Figure 16-12) . Both
of these domains are present in a large arcay of intracellular
signal-transduction proteins that couple activated RTKs and

A rcr
A xa-ecr
A TGF-o

A  N R G l
A runcz

specific pattern. In tumor cells, errors in DNA replication
often result in multiple copies of a gene on a single chro-
mosome, an alteration known as gene amplif ication (Chap-
ter 25). Amplification of the HER2 gene occurs rn approx_
imately 25 percent of breast cancer patients, resulting in
overexpression of HER2 protein in the tumor cells. Breast
cancer patients with HER2 overexpression have a worse
prognosis, including shortened survival, than do patienrs
without this abnormality. As Figure 16-18 emplasizes,
overexpression of HER2 makes the tumor cells sensitive to
growth stimulation by low levels of any member of the
EGF family of growth facrors, levels that would not stimu-
late proliferation of cells with normal HER2 levels. Dis-
covery of the role of HER2 overexpression in certain breast
cancers led researchers to develop monoclonal antibodies
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cytokine receptors to downstream components of signal-
transduction pathways.

Once bound to an activated receptor, some signal-
transduction proteins are phosphorylated by the receptor-
associated kinase to achieve their active form. Many enzymes
that function in signal-transduction pathways are present in
the cytosol in unstimulated cells. Binding to an activated recep-
tor positions these enzymes near their substrates, which are
localized in the plasma membrane; the modified substrate
then triggers a downstream signal-transduction pathway.
Several cytokine receptors (e.g., the IL-4 receptor) and RTKs
(e.g., the insulin receptor) bind multidocking proteins, hke
IRS-1, via a PTB domain in the docking protein (Figure 1,6-19).
The activated receptor then phosphorylates the bound docking
protein, forming many phosphotyrosines that in turn serve
as docking sites for SH2-containing signaling proteins. Some
of these proteins in turn may also be phosphorylated by the
activated receptor.

As noted earlier, each SH2 domain binds to a distinct se-
quence of amino acids surrounding a phosphotyrosine
residue. The unique amino acid sequence of each SH2 do-
main determines which amino acid sequence containing a
phosphotyrosine it will bind. This specificity plays an im-
portant role in determining which signal-transduction pro-

teins bind to which receptors. The SH2 domain of the Src
tyrosine kinase for example, binds strongly to any peptide

Signal ing prote ins

A FIGURE 16-19 Recruitment of intracellular signal-transduction
proteins to the cell membrane by binding to phosphotyrosine
residues in receptors or receptor-associated proteins. Cytosolic
proteins with SH2 (purple) or PTB (maroon) domains can bind to
specific phosphotyrosine residues in activated RTKs (shown here) or
cytokrne receptors ln some cases, these srgnal-transduction proteins
then are phosphorylated by the receptors intrinsic or associated
protein tyrosine kinase, enhancing their activity Certain RTKs and
cytokine receptors uti l ize multidocking proteins such as IRS-1 to
increase the number of signaling proteins that are recruited and
activated Subsequent phosphorylation of a receptor-bound IRS-1
by the receptor kinase creates additional docking sites for SH2-
conta in ing s ignal ing prote ins

containing a critical four-residue core sequence: phosphoty-

rosine-glutamic acid-glutamic acid-isoleucine (see Fig-

ure 16-11). These four amino acids make intimate contact

with the peptide-binding site in the Src SH2 domain. Binding

resembles the insertion of a two-pronged "plug"-the phos-

photyrosine and isoleucine side chains of the peptide-into a

iwo-pronged "socket" in the SH2 domain. The two glutamic

acids fit snugly onto the surface of the SH2 domain between

the phosphotyrosine socket and the hydrophobic socket that

accepts the isoleucine residue. The binding specificity of SH2

domains is largely determined by residues C-terminal to the

phosphotyrosine in atargetpeptide. In contrast, the binding

ipecificity of PTB domains is determined by the specific

residues on the N-terminal side of a phosphotyrosine

residue. Sometimes a PTB domain binds to a target peptide

even if the tyrosine is not phosphorylated.

Down-regulat ion of  RTK Signal ing Occurs

by Endocytosis and Lysosomal Degradation

We have already seen several ways that signal-transduction

pathways are controlled. Intracellular proteins such as

Ski and SOCS negatively regulate their respective signal-

transduction pathways after their expression is induced by

TGFB or cytokines. Phosphorylation of receptors and

downstream signaling proteins is reversed by the carefully

controlled action of phosphatases. Here we discuss two re-

lated mechanisms by which RTK signaling is restrained:

ligand-induced endocytosis of surface receptor-l igand

complexes, and sorting of the internalized receptor or l ig-

and 1o the lysosome for degradation' Thus treatment of

cells with l igand for several hours reduces the number of

available cell-surface receptors such that they no longer

resoond to that concentration of hormone. This prevents

inappropriate prolonged receptor activity' but under these

conditions cells usually wil l respond if the hormone level is

increased further.
In the absence of epidermal growth factor (EGF), for in-

stance, cell-surface HER1 receptors for this ligand are rela-

tively long-lived, with an average half-life of 10 to 15 hours'

To a large measure this is because the unbound receptors are

internalized via clathrin-coated pits into endosomes at a rel-

atively slow rate, on average once every 30 minutes, and are

returned rapidly to the plasma membrane. Following bind-

ing of an EGF ligand, the rate of endocytosis of HER1 is

inireased :10 fold, and only about half of the internalized

receptors return to the plasma membrane, depending on the

cell type; the rest are degraded in lysosomes. Thus each time

a HERI-EGF complex is internalized, via the process

termed receptor-mediated endocytosis (see Figure 14-29),

the receptor has about a 50 percent chance of being de-

graded. E*pottt.. of a fibroblast cell to high levels of EGF

for several hours induces several rounds of endocytosis, re-

sulting in degradation of most cell-surface receptor mole-

cules and thus a reduction in the cell's sensitivity to EGF In

this way, prolonged treatment with EGF desensitizes the cell

to that level of hormone' though the cell may respond if the

level of EGF is increased further.

Activated RTK
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HER1 mutants that lack kinase activity do not undergo
accelerated endocytosis in the presence of ligand. It is likely
that ligand-induced activation of the kinase activity in nor-
mal HERl induces a conformational change in the cytosolic
tail, exposing a sorting motif that facilitates receptor recruir-
ment into clathrin-coated pits and subsequent internaliza-
tion of the receptor-ligand complex. Despite extensive study
of mutant HER1 cytosolic domains, the identity of these
"sorting motifs" is controversial, and most likely multiple
motifs function to enhance endocytosis. Interestinglg inter-
nalized receptors can continue to signal from endosomes or
other intracellular comparrments before their degradation as
evidenced by their binding to signaling proteins such as Grb-
2, and SOS, which are discussed in the next sectron.

After internalization, some cell-surface receptors (e.g.,
the LDL cholesterol receptor) are efficiently recycled to the
surface (see Figure 14-29). In contrast, the fraction of acti-
vated HER1 receptors that are sorted to lysosomes can vary
from 20 to 80 percent in different cell types. There is a
strong correlation between monoubiquitination of the
HERl cytosolic domain by c-Cbl, an E3 ubiquitin l igase (see
Figure 3-29), and HER1 degradation. c-Cbl contains an
EGFR-binding domain, which binds directly to phosphory-
lated EGF receptors, and a RING finger domain, which re-
cruits ubiquitin-conjugating enzymes and mediates transfer of
ubiquitin to the receptor. The ubiquitin functions as a,,tag,,
on the receptor that stimulates its incorporation from endo-
somes into multivesicular bodies (see Figure 14-33) that
ultimately are degraded inside lysosomes. A role for c-Cbl in
EGF receptor trafficking emerged from genetic studies in C.
elegans, which established that c-Cbl negatively regulates the
nematode EGF receptor (Let-23), probably by inducing its
degradation. Similarly knockout mice lacking c-Cbl show
hyperproliferation of mammary gland epithelia, consistent
with a role of c-Cbl as a negative regulator of EGF signaling.

Experiments with mutant cell lines demonstrate that in-
ternalization of RTKs plays an important role in regulating
cellular responses to EGF and other growth factors. For in-
stance, a mutation in the EGF receptor (HER1) that orevents
it from being incorporatcd into coared pits makes it resistant
to receptor-mediated (l igand-induced) endocytosis. As a re-
sult, this mutation leads to substantially above-normal num-
bers of EGF receptors on cells and thus increased sensitivity
of cells to EGF as a mitogenic signal. Such mutant cells are
prone to EGF-induced transformation into tumor cells. In-
terestingly, the other EGF family receptors-HER2, HER3,
and HER4-do not undergo ligand-induced internalization,
an observation that emphasizes how each receptor evolved
to be regulated in its own approprrare manner.

lation of the activation lip in the intrinsic protein tyrosine
kinases, enhancing their catalytic activity (see Figure 16-16).
The activated receptor also phosphorylates tyrosine residues
in the receptor cytosolic domain and in other protein
substrates.

r Humans express four RTKs that bind different members
of the epidermal growth factor family of signaling mole-
cules (see Figure 16-18). One of these receptors, HER2,
does not bind ligand; it forms active heterodimers with
ligand-bound monomers of the other three HER proreins.
Overexpression of HER2 is implicated in about 25 percent
of breast cancers.

r Short peptide sequences containing phosphotyrosine
residues are bound by SH2 and PTB domains, which are
found in many signal-transducing proteins. Such protein-
protein interactions are important in many signaling
pathways.

r Endocytosis of receptor-hormone complexes and their
degradation in lysosomes is a principal way of reducing the
number of receptor tyrosine kinases and cytokine receptors
on the cell surface, thus decreasing the sensitivity of cells to
many peptide hormones.

Activation of Ras and MAP
Kinase Pathways
Almost all receptor tyrosine kinases can activate the
Ras/MAP kinase pathway (see Figure 16-2c). The Ras pro-
tein, a monomeric (small) G protein, belongs to the GTpase
superfamily of intracellular switch proteins (see Figure 15-8).
Activated Ras promotes formation, at the membrane, of
signal-transduction complexes containing three sequentially
acting protein kinases. This kinase cascade culminates in ac-
tivation of certain members of the MAP kinase family, which
can translocate into the nucleus and phosphorylate many
different proteins. Among the target proteins for MAP ki-
nase are transcription factors that regulate expression of
proteins with important roles in the cell cycle and in differ-
entiation. Many cytokine receptors also can activate the
Ras/MAP kinase pathway (see Figure 16-2b). Moreover, dif-
ferent types of extracellular signals often activate different
signaling pathways that result in activation of different
members of the MAP kinase family.

Because an activating mutation in a RTK, Ras, or a pro-
tein in the MAP kinase cascade is found in almost all types
of human tumors, the RTI(Ras/MAP kinase pathway has
been subjected to extensive study and a great deal is known
about the components of this pathway. !7e begin our discus-
sion by reviewing how Ras cycles between rhe active and in-
active state. We then describe how Ras is activated and
passes a signal to the MAP kinase parhway. Finally we ex-
amine recent studies indicating that both yeasts and cells of
higher eukaryotes contain multiple MAP kinase pathways,
and consider the ways in which cells keep different MAp

Receptor Tyrosine Kinases

r Receptor tyrosine kinases (RTKs), which bind to peptide
and protein hormones, may exist as preformed dimers or
dimerize during binding to ligands. Ligand binding triggers
formation of functional dimeric receprors and phtsphory-
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kinase pathways separate from one another through the use
of scaffold proteins.

Ras, a GTPase Switch Protein, Cycles Between
Active and Inactive States

Like the Go subunits in trimeric G proteins, Ras alternates
between an active on state with a bound GTP and an inac-
tive off state with a bound GDP. As discussed in Chapter 15,
trimeric G proteins are directly linked to G protein-coupled
receptors (GPCRs) on the cell surface and transduce signals,
usually via the Go subunit, to various effectors such as
adenylyl cyclase. In contrast, Ras is not directly linked to
cell-surface receptors.

The activity of the Ras protein is regulated by several
factors. Ras activation is accelerated by a guanine
nucleotide-exchange factor (GEF), which binds to the
Ras'GDP complex, causing dissociation of the bound GDP
(see Figure 3-32). Because GTP is present in cells at a higher
concentration than GDR GTP binds spontaneously to
"empty" Ras molecules, with release of GEF and formation
of the active Ras'GTP. Subsequent hydrolysis of the bound
GTP to GDP deactivates Ras. Unlike the deactivation of
G*'GTR deactivation of Ras'GTP requires the assistance of
another protein, a GTPase-actiuating protein (GAPI. Bind-
ing of GAP to Ras'GTP accelerates the intrinsic GTPase ac-
tivity of Ras by more than a hundredfold. Thus the average
lifetime of a GTP bound to Ras is about 1 minute, which is
much longer than the average lifetime of a G.'GTP complex.
In cells, GAP binds to specific phosphotyrosines in activated
RTKs, bringing it close enough to membrane-bound
Ras'GTP to exert its accelerating effect on GTP hydrolysis.
The actual hydrolysis of GTP is catalyzed by amino acids
from both Ras and GAP. In particular, insertion of an argi-
nine side chain on GAP into the Ras active site stabilizes an
intermediate in the hydrolysis reaction.

Ras (-176 amino acids) is smaller than Go proteins
(:300 amino acids), but the GTP-binding domains of the
two proteins have a similar structure (see Figure 15-8).
Structural and biochemical studies show that Go also con-
tains a GAP domain that increases the rate of GTP hydroly-
sis by G.. Because this domain is not present in Ras, it has an
intrinsicallv slower rate of GTP hvdrolvsis.

Mammalian Ras proteins have been studied in great
detail because mutant Ras proteins are associated

with many types of human cancer. These mutant proteins,
which bind but cannot hydrolyze GTP, are permanently in
the "on" state and contribute to oncogenic transformation
(Chapter  25) .  Determinat ion of  the three-dimensional
structure of the Ras-GAP complex and tests of mutant
forms of Ras explained the puzzling observation that most
oncogenic, constitutively active Ras proteins (RasD) con-
tain a mutation at position 1,2. Replacement of the normal
glycine-12 with any other amino acid (except proline)
blocks the functional binding of GAP and in essence
"locks" Ras in the active GTP-bound state. I

Receptor Tyrosine Kinases Are Linked to Ras

by Adapter Proteins

The first indication that Ras functions downstream from

RTKs in a common signaling pathway came from experi-

ments in which cultured fibroblast cells were induced to pro-

liferate by treatment with a mixture of two protein hor-

mones: platelet-derived growth factor (PDGF) and epidermal

growth factor (EGF). Microinjection of anti-Ras antibodies

into these cells blocked cell proliferation' Conversely' injec-

tion of RasD, a constitutively active mutant Ras protein that

hydrolyzes GTP very inefficiently and thus persists in the ac-

tive state, caused the cells to proliferate in the absence of the

growth factors. These findings are consistent with studies

showing that addition of FGF to fibroblasts leads to a rapid

increase in the proportion of Ras present in the GTP-bound

active form.
However, an activated RTK (e.g', a ligand-bound EGF

receptor) cannot directly activate Ras' Rather, two cytosolic

proteins-GRB2 and Sos-must first be recruited to provide

a link between the receptor and Ras (Figure 1'6-20). An SH2

domain in GRB2 binds to a specific phosphotyrosine residue

in the activated receptor. GRB2 also contains two SH3 do-

mains, which bind to and activate Sos. GRB2 thus functions

as an adapter protein for many receptor tyrosine kinases. Sos

is a guanine nucleotide-exchange protein (GEF), which cat-

alyzes conversion of inactive GDP-bound Ras to the active

GTP-bound form.

Genetic Studies in Drosophila ldentif ied Key

Signal -Transducing Prote ins in  the Ras/MAP

Kinase Pathway

Our knowledge of the proteins involved in the RasiMAP ki-

nase pathway came principally from genetic analyses of mu-

tant fruit flies (Drosophila) and worms (C. elegans) which

were blocked at particular stages of differentiation' To illus-

trate the power of this experimental approach, we consider

development of a particular type of cell in the compound eye

ol DrosoPhila.
The compound eye of the fly is composed of some 800 in-

dividual eyes called ommatidia (Figure 1'6-21'a). Each omma-

tidium consists of 22 cells, eight of which are photosensitive

neurons called retinula, or R cells, designated R1-R8 (Fig-

ure 16-21.b). An RTK called Seuenless (Seu)specifically regu-

lates development of the R7 cell and is not essential for any

other known function. In flies with a mutant seuenless (seu)

gene, the R7 cell in each ommatidium does not form (Fig-

ure 1,6-21c). Since the R7 photoreceptor is necessary for flies

to see in ultraviolet light, mutants that lack functional R7 cells

but are otherwise normal are easily isolated. Therefore fly R7

cells are an ideal genetic system to study cell development.

During development of each ommatidium, a protein

called Boss (Bride of Seuenless) is expressed on the surface

of the R8 cell. This membrane-tethered protein is the l igand

for the Sev RTK on the surface of the neighboring R7 pre-

cursor cell, signaling it to develop into a photosensitive

ACTIVAT ION OF  Ras  AND MAP K INASE PATHWAYS



Sos promotes  d issoc ia t ion  o f  GDP
! tro- Ras; GTP binds and active

Ras dissociates from Sos

< FIGURE 16-20 Activation of Ras following l igand binding to
receptor tyrosine kinases (RTKs). The receptors for epidermal
growth factor (EGF) and many other growth factors are RTKs The
cytosolic adapter protein GRB2 binds to a specif ic phosphotyrosine
on an activated, l igand-bound receptor and to the cytosolic Sos
protein, bringing rt near rts substrate, the inactive Ras.GDP The
guanine nucleotide-exchange factor (GEF) activity of Sos then
promotes formation of active Ras.GTP Note that Ras is tethered to
the membrane by a hydrophobic farnesyl anchor (see Figure ' l  0-19)
[See J Schlessinger,  2000, Cel l  103:21 1,  and M A Simon, 2OOO, Cel l  j03:13 ]

neuron (Figure 16-22a).In mutant f l ies that do not express
a functional Boss protein or Sev RTK, interaction between
the Boss and Sev proteins cannot occur, and no R7 cells de-
velop (Figure 16-22b); this is the origin of the name "Sev-
enless" for the RTK in the R7 cells.

To identify intracellular signal-transducing proteins in
the Sev RTK pathway, investigators produced mutant flies
expressing a temperature-sensitive Sev protein. \Vhen these
flies were maintained at a permissive temperature, all their
ommatidia contained R7 cells; when they were maintained
at a nonpermissive temperature, no R7 cells developed. At a
particular intermediate temperature, however, just enough
of the Sev RTK was functional to mediate normal R7 devel-
opment. The investigarors reasoned that at this intermediate
temperature, the signaling pathway would become defective
(and thus no R7 cells would develop) if the level of another
protein involved in the pathway was reduced, thus reducing
the activity of the overall pathway below the level required
to form an R7 cell. A recessive mutarion affecting such a
protein would have this effect because, in diploid organisms
hke Drosophila, a heterozygote containing one wild-type
and one mutant allele of a gene will produce half the normal
amount of the gene product; hence, even if such a recessive
mutation is in an essential gene, the organism will usually be
viable. However. a fly carrying a temperature-sensirive mu-
tation in the seu gene and a second mutation affecting an-
other protein in the signaling pathway would be expected to
lack R7 cells at the intermediate temperature.

By use of this screen, researchers identified three genes
encoding important proteins in the Sev pathway: an SH2-
containing adapter protein exhibiting 64 percent amino acid
sequence identity to human GRB2; a guanine nucleotide--
exchange factor called Sos (Son of Sevenless) exhibit ing
45 percent identity with its mouse counterpart; and a Ras
protein exhibiting 80 percent identity with its mammalian
counterparts (see Figure 16-20). These three proteins later
were found to function in other signaling pathways initiated
by ligand binding to different RTKs and used at different
times and places in the developing fly.

In subsequent studies, researchers introduced a mutant
rasD gene into fly embryos carrying the sevenless mutation.
As noted earlier, the rasD gene encodes a constitutive Ras
protein that is present in the active GTP-bound form even in
the absence of a hormone signal. Although no functional Sev
RTK was expressed in these double-muta nts (seu ; rasD1.R7
cells formed normally, indicating that presence of an activated

G R 8 2

Active
E G F

d i m e r

Active
Ras

I
I

I

I
Sis

, T
P

\
t
\

n a l i n g

686 CHAPTER 15  |  cELL  S tGNAL |NG i l :  sTGNALTNG pATHWAys  rHAT  coNTRoL  GENE Ac l v t r y



( b )

R6

R

R4 R2
R3

Toward
eye
su rface

R2

  FfGURE 16-21 The compound eye of Drosophila melanogaster.
(a)  Scanning e lect ron micrograph showrng indiv idual  ommat idra that
comprise the fruit f ly eye (b) Longitudinal and cutaway views of a
s ingle ommat id ium Each of  these tubular  s t ructures conta ins e ight
photoreceptors,  designated R1-R8,  which are long,  cy l indr ica l ly
shaped light-sensitive cells. R1-R6 (yellow) extend throughout the
depth of the retina, whereas R7 (brown) is located toward the
surface of the eye, and R8 (blue) toward the backside where the
axons exit (c) Comparison of eyes from wild-type and seven/ess

Ras protein is sufficient for induction of R7-cell develop-
ment (Figure 16-22c). This finding, which is consistent with
the results with cultured fibroblasts described earlier, sup-
ports the conclusion that activation of Ras is a principal step
in intracellular signaling by most if not all RTKs.

Binding of  Sos Prote in to  Inact ive Ras Causes
a Conformat ional  Change That  Act ivates Ras

In addition to its SH2 domain that binds to activated RTKs,
the GRB2 adapter protein contains two SH3 domains,
which bind to Sos, the Ras guanine nucleotide-exchange fac-

mutant  f l ies v iewed by a specia l  technique that  can d is t inguish the
photoreceptors in an ommatidium. The plane of sectioning is indicated

by the blue arrows in (b), and the R8 cell is out of the plane of these
images The seven photoreceptors in this plane are easily seen in the
wild-type ommatidia (top), whereas only six are visible in the mutant
ommatidia bottom) Flies with the seven/ess mutation lack the R7

cell in their eyes [Part (a) from E Hafen and K Basler, 1991 , Development
1(suppl  ) :123 Part (b)adaptedfromR ReinkeandS L Zipursky,  1988'Cel l

55:321 Part (c) courtesy of U Banerjee l

tor (see Figure 16-20). Like phosphotyrosine-binding SH2

and PTB domains, SH3 domains are present in a large num-

ber of proteins involved in intracellular signaling. Although

the three-dimensional structures of various SH3 domains are

similar, their specific amino acid sequences differ. The SH3

domains in GRB2 selectively bind to proline-rich sequences

in Sos; different SH3 domains in other proteins bind to pro-

line-rich sequences distinct from those in Sos.

Proline residues play two roles in the interaction between

an SH3 domain in an adapter protein (e.g., GRB2) and a

proline-rich sequence in another protein (e.g., Sos). First' the

proline-rich sequence assumes an extended conformation

( a )  W i l d  t y p e

R7 precursor

I
l l n d u c t i o n
*

(b )  S ing le  mutant
(sev )

I
l N o
I  

induct ion
Y

(c )  Doub le  mutant
\sev ; t lasu)

< EXPERIMENTAL FIGURE 15-22 Genetic studies reveal that

activation of Ras induces development of R7 photoreceptors in

the Drosophila eye. (a) During larval development of wild-type fl ies,

the RB cell in each developing ommatidium expresses a cell-surface
protein, called Boss, that binds to the Sev RTK on the surface of its

neighboring R7 precursor cell This interaction induces changes in
gene expression that result in differentiation of the precursor cell into

a functional R7 neuron (b) In fly embryos with a mutation in the

seven/ess (sev) gene, R7 precursor cells cannot bind Boss and

therefore do not differentrate normally into R7 cells Rather the
precursor cell enters n alternative developmental pathway and

eventually becomes cone cell. (c) Double-mutant larvae (sev-, RasD)

express a constitutively active Ras (RasD) in the R7 precursor cell,

which induces differentiation of R7 precursor cells in the absence of

the Boss-mediated signal This finding shows that activated Ras is

suff icient to medrate induction of an R7 cell lsee M A Simon et al ,
1991, Celt 67:701, and M E Fortini et al , 1 992, Nature 355:559 l
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A FIGURE 16-23 Surface model of an SH3 domain bound to a
target peptide. The short, proline-rich target peptide is shown as
a space-fi l l ing model In this target pept de, two prolines (pro4 and
Pro7, dark blue) fit into binding pockets on the surface of the SH3
domain, Interactions involving an arginrne (Argl, red), two other
prolines (l ight blue), and other residues in the target peptide (green)
determine the specificity of binding [After H yu et al , 1994, Cett 76:9331

that permits extensive contacts with the SH3 domain,
thereby facil i tating interaction. Second, a subset of these
prolines fit into binding "pockets" on the surface of the SH3
domain (Figure 16-23). Several nonproline residues also in,
teract with the SH3 domain and are responsible for deter-
mining the binding specificity. Hence the binding of proteins
to SH3 and to SH2 domains follows a similar srraregy: cer-
tain residues provide the overall structural motif necessary

for binding, and neighboring residues confer specificity to
the binding.

Following activation of an RTK (e.g., Sevenless or the
EGF receptor), a complex containing the activated receptor,
GRB2, and Sos is formed on the cytosolic face of the plasma
membrane (see Figure 16-20). Complex formation depends
on the ability of GRB2 to bind simultaneowsly to the recep-
tor and to Sos. Thus receptor activation leads to relocaliza-
tion of Sos from the cytosol to the membrane, bringing Sos
near to its substrate, namely, membrane-bound Ras.GDP.
Binding of Sos to Ras.GDP leads to conformational changes
in the Switch I and Switch II segments of Ras, thereby open-
ing the binding pocket for GDP so it can diffuse out (Fig-
ure 16-24). GTP then binds to and activates Ras. Binding of
GTP to Ras, in turn, induces a specific conformation of
Switch I and Switch II that allows Ras.GTP ro activate the
first downstream protein kinase of the MAP kinase pathway.

Signals Pass from Activated Ras to a Cascade
of Protein Kinases
Biochemical and genetic studies in yeasr, C. elegans,
Drosophila, and mammals have revealed a highly conserved
cascade of protein kinases, culminating in MAP kinase, that
operates downstream from activated Ras. Although activa-
tion of the kinase cascade does not yield the same biological
results in all cells, a common set of sequentially acting ki-
nases defines the MAP kinase pathway, as outlined in Figure
16-25. Active Ras'GTP binds to the N-terminal regulatory
domain of Raf, a serine/threonine kinase, thereby activating
it (step [). Hydrolysis of Ras.GTP to Ras.GDP releases ac-
tive Raf (step B), which phosphorylates and thereby acti-
vates MEK (step 4). (A dual-specificity protein kinase,
MEK phosphorylates its target proteins on both tyrosine and
serine/threonine residues.) Active MEK then phosohorvlates

I s*itcr' t

! s*itcr' l

GTP o, B
phosphates

  FIGURE 15-24 Structures of Ras bound to GDB Sos protein,
and GTP. (a) In Ras.GDB the Switch | (green) and Switch i l (blue)
segments do not directly interact with GDp (b) One o helix (orange)
ln Sos binds to both switch regions of Ras.GDp, leading to a massive
conformational change in Ras, In effect, Sos pries Ras open by
displacing the Switch I region, thereby allowing GDp to diffuse out
(c) GTP is thought to bind to the Ras-Sos complex first through its

D
P

GTP.7
phosphate

base (guanine); subsequent binding of the GTp phosphates
completes the interaction, The resulting conformational change in
Switch I and Switch l l segments of Ras, allowing both to bind to the
GTP 1 phosphate, displaces Sos and promotes interaction of Ras.GTp
with its effectors (discussed later), See Figure 1 5-8 for another
deprction ot Ras.GDP and Ras.GTP lAdapted from p A Boriack-Sjodin
and.J Kuriyan, 1998, Nature394:341 I

SH3 domain

(a)  Ras.GDP (b)  Ras-Sos (c )  Ras .GTP
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Exterior

14-3-3/

A FIGURE 16-25 Ras/MAP kinase pathway. In unstimulated cells,
most  Ras rs in  the inact ive form wi th bound GDP; b inding of  a l igand
to its RTK or cytokine receptor leads to formation of the active
Ras'GTP complex (step [; see also Figure 16-20) Activated Ras
trrggers the downstream kinase cascade depicted in steps E-6,
culminat ing rn act ivat ion of  MAP k inase (MAPK) In unst imulated
cells, binding of the 14-3-3 protein to Raf stabil izes it in an inactive
conformation Interaction of the Raf N-terminal regulatory domain
with Ras.GTP relieves this inhibit ion, results in dephosphorylation of
one of the serines that bind Raf to 14-3-3, and leads to activation of
Raf kinase activity Note that in contrast to many other protein
kinases, activation of Raf does not depend on phosphorylation of the
activation l ip After inactive Ras.GDP dissociates from Raf, it
presumably can be reactivated by signals from activated receptors,
thereby recruiting additional Raf molecules to the membrane See the
text for details [See E Kerkhoff and U Rapp, 2001, Adv. Enzyme Regul
41:261, J Avruch et al , 200'1, Recent Prog Hormone Res 56:1 27; and M

Yip-Schneider et al ,  2000, Biochem / 351:1 51 l

and activates MAP kinase, another serine/threonine kinase

also known as ERK (step E). MAP kinase phosphorylates
many different proteins, including nuclear transcription fac-
tors, that mediate cellular responses (step 6).

Several types of experiments have demonstrated that
Raf. MEK. and MAP kinase lie downstream from Ras and
have revealed the sequential order of these proteins in the
pathway. For example, mutant Raf proteins missing the N-
terminal regulatory domain are constitutively active and in-
duce quiescent cultured cells to proliferate in the absence of
stimulation by growth factors. These mutant Raf proteins
were initially identified in tumor cells; like the constitutively
active RasD protein, such mutant Raf proteins are said to be
encoded by oncogenes, whose encoded proteins promote
transformation of the cells in which they are expressed
(Chapter 25). Converselg cultured mammalian cells that ex-
press a mutant, nonfunctional Raf protein cannot be stimu-
lated to proliferate uncontrollably by a constitutively active
RasD protein. This finding established a link between the

Raf and Ras proteins. In vitro binding studies further
showed that the purified Ras'GTP complex binds directly to
the N-terminal regulatory domain of Raf and activates its
catalytic activity.

tr/
Dimeric form of act ive MAP kinase

[xlx i rl:: :ffi ;' ;;";?:'' " " *'

That MAP kinase is activated in response to Ras activa-

tion was demonstrated in quiescent cultured cells expressing

a constitutively active RasD protein. In these cells activated

MAP kinase is generated in the absence of stimulation by

growth-promoting hormones. More importantly, R7 pho-

toreceptors develop normally in the developing eye of

Drosophila mutants that lack a functional Ras or Raf pro-

tein but express a constitutively active MAP kinase. This

finding indicates that activation of MAP kinase is sufficient

to transmit a proliferation or differentiation signal normally

initiated by ligand binding to a receptor tyrosine kinase such

as Sevenless (see Figure 1'6-221. Biochemical studies showed,

howeve! that Raf cannot directly phosphorylate MAP ki-

nase or otherwise activate its activity.
The final l ink in the kinase cascade activated by

Ras'GTP emerged from studies in which scientists fraction-

ated extracts of cultured cells searching for a kinase activity

that could phosphorylate MAP kinase and that was present

only in cells stimulated with growth factors, not quiescent

cells. This work led to identif ication of MEK, a kinase that

specifically phosphorylates one threonine and one tyrosine

residue on the activation lip of MAP kinase, thereby acti-

vating its catalytic activity. (The acronym MEK comes from

MAP and ERK kinase.) Later studies showed that MEK

binds to the C-terminal catalytic domain of Raf and is phos-

phorylated by the Raf serine/threonine kinase; this phos-

phorylation activates the catalytic activity of MEK. Hence,

activation of Ras induces a kinase cascade that includes

Raf, MEK, and MAP kinase: activated RTK -+ Ras -+ Raf
-+ MEK + MAP kinase'
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of Ras from Raf
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Activation of Raf Kinase The mechanism for activating Raf
differs from that used to activate many other protein kinases in-
cluding MEK and MAP kinase. In a resting cell prior to stimu-
Iation, Raf is present in the cytosol in a conformation in which
the N-terminal regulatory domain is bound to the kinase do-
main, thereby inhibiting its activity. This inactive conformarion
is stabilized by a dimer of the 14-3-3 protein, which binds phos-
phoserine residues in a number of important signaling proteins.
Each 1.4-3-3 monomer binds to a phosphoserine residue in Raf,
one to phosphoserine-2i9 in the N-terminal domain and the
other to phosphoserine-62L (seeFigure 16-25). These interac-
tions are thought to be essential for Raf to achieve a conforma-
tional state such that it can bind to activated Ras.

The binding of Ras.GTP, which is anchored ro the mem-
brane, to the N-terminal domain of Raf relieves the inhibition
of Raf's kinase activity and also induces a conformational
change in Raf that disrupts its associarion with 14-3-3. Raf
phosphoserin e-259 thenis dephosphorylated (by an unknown
phosphatase) and other serine or threonine residues on Raf
become phosphorylated by yet other kinases. These reactions
incrementally increase the Raf kinase activity by mechanisms
that are not fully understood.

Activation of MAP Kinase Biochemical and x-ray crystal-
lographic studies have provided a detailed picture of how
phosphorylation activates MAP kinase. As in JAK kinases
and receptor tyrosine kinases, the catalytic site in the inac-
tive, unphosphorylated form of MAP kinase is blocked by a
stretch of amino acids, the activation lip (Figure 16-26a).
Binding of MEK to MAP kinase destabilizes the lip struc-
ture, resulting in exposure of tyrosine-185, which is buried
in the inactive conformarion. Following phosphorylation of
this critical tyrosine, MEK phosphorylates the neighboring
threonine-1 83 (Figure 1,6-26b).

Both the phosphorylated tyrosine and the phosphory-
lated threonine residue in MAP kinase interact with addi-
tional amino acids, thereby conferring an altered confor-
mation to the lip region, which in turn permits binding of
ATP to the catalytic site. The phosphotyrosine residue
(pY185) also plays a key role in binding specific substrate
proteins to the surface of MAP kinase. phosphorylation
promotes not only the catalytic activity of MAp kinase but
also its dimerization. The dimeric form of MAp kinase (but
not the monomeric form) can be translocated to the nucleus,
where it regulates the activity of many nuclear transcription
factors.

MAP Kinase Regulates the Activity
of Many Transcript ion Factors Controi l ing
Early-Response Genes
Addition of a growth factor (e.g., EGF or PDGF) to quies-
cent cultured mammalian cells causes a rapid increase in the
expression of as many as 100 different genes. These are
called early-response genes because they are induced well be-
fore cells enter the S phase and replicate their DNA (see
Chapter 20). One important early-response gene encodes the
transcription factor c-Fos. Together with other transcription

A FIGURE 16-26 Structures of inactive, unphosphorylated
MAP kinase and the active, phosphorylated form. (a) ln inactive
MAP kinase the activation lip is not fully exposed. (b) Phosphorylation
by MEK at tyrosine-185 (Y185) and threonine-183 (T183) leads to a
marked conformational change in the activation lip. This activating
change promotes d imer izat ion of  MAP k inase and b inding of  i ts
substrates-ATP and its target proteins. A similar phosphorylation-
dependent mechanism activates JAK kinases, the intrinsic kinase
activity of RTKs, and MEK. [After B. J. Canagarajah er al , 1997, Ce// 90:859.]

factors, such as c-Jun, c-Fos induces expression of many
genes encoding proteins necessary for cells to progress
through the cell cycle. Most RTKs that bind growth factors
utilize the MAP kinase parhway to activate genes encoding
proteins like c-Fos that in turn propel the cell through the
cell cycle.

The enhancer that regulates the c-fos gene contains a
serum response element ('SRE/, so named because it is acti-
vated by many growth factors in serum. This complex en-
hancer contains DNA sequences that bind multiple tran-
scription factors. Some of these are activated by MAp
kinase; others by different protein kinases that function in
other signaling pathways. As depicted in Figure 16-27, ac-
tivated (phosphorylated) dimeric MAP kinase induces
transcription of the c-fos gene by direct activation of one
transcription factor, ternary complex factor (TCF), and in-
direct activation of another, seruln response factor (/SRF).
In the cytosol, MAP kinase phosphorylates and activates a
kinase called p90RSK, which translocates to the nucleus
where it phosphorylates a specific serine in SRF. After
translocating to the nucleus, MAP kinase directly phos-
phorylates specific serines in TCF. Association of phospho-
rylated TCF with two molecules of phosphorylated SRF
forms an active trimeric factor that binds strongly to the
SRE DNA segment.

As evidence for this model, abundant expression in cul-
tured mammalian cells of a mutant dominant-negative TCF
that lacks the serine residues phosphorylated by MAp kinase
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I l l l |  overview Animation: Extracellular Signaling

> FIGURE 16-27 Induction of gene transcription by MAP
kinase. Steps [-B: In the cytosol, MAP kinase phosphorylates and
activates the kinase pgo*t*, which then moves into the nucleus and
phosphorylates the SRF transcription factor Steps Zl and El: After
translocating into the nucleus, MAP kinase directly phosphorylates
the transcription factor TCF Step @: Phosphorylated TCF and SRF
act together to stimulate transcription of genes (e 9,, c-fos) that
contain an SRE sequence in their promoter See the text for details.
[See R Marais etal , 1993, Cell 73:381 , and V M Rivera et a1 ,1993, Mol
Cell Biol. 13:6260 l

blocks the ability of MAP kinase to activate gene expression
driven by the SRE enhancer. Moreover, biochemical studies
showed directly that phosphorylation of SRF by active
p90*t" increases the rate and affinity of its binding to SRE
sequences in DNA, accounting for the increase in the fre-
quency of transcription initiation. Thus both transcription
factors are required for maximal growth factor-induced
stimulation of gene expression via the MAP kinase pathway,
although only TCF is directly activated by MAP kinase.

G Protein-Coupled Receptors Transmit Signals
to MAP Kinase in Yeast Mating Pathways

Although many MAP kinase pathways are initiated by RTKs
or cytokine receptors, signaling from other receptors can ac-
tivate MAP kinase in different cell types of higher eukary-
otes. Moreover, yeasts and other single-celled eukaryotes,
which lack cytokine receptors or RTKs, do possess several
MAP kinase pathways. To illustrate, we consider the mating
pathway in S. cereuisiae, a well-studied example of a MAP
kinase cascade linked to G protein-coupled receptors
(GPCRs), in this case for two secreted peptide pheromones,
theaanda fac to rs .

As discussed in Chapter 21, these pheromones control
mating between haploid yeast cells of the opposite mating
type, a or cr. An a haploid cell secretes the a mating factor and
has cell-surface receptors for the cr factor; an ct cell secretes
the o. factor and has cell-surface receptors for the a factor (see
Figure 21-19). Thus each type of cell recognizes the mating
factor produced by the opposite type. Activation of the MAP
kinase pathway by either the a or o receptors induces tran-
scription of genes that inhibit progression of the cell cycle and
others that enable cells of opposite mating type to fuse to-
gether and ultimately form a diploid cell.

Ligand binding to either of the two yeast pheromone
GPCRs triggers the exchange of GTP for GDP on the Go
subunit and dissociation of G.'GTP from the G9" complex.
This activation process is identical to that for the GPCRs dis-
cussed in the previous chapter (see Figure 15-13). In many
mammalian GPCR-initiated pathways, the active Go trans-
duces the signal. In contrast, mutant studies have shown that
the dissociated Gs, complex mediates all the physiological
responses induced by activation of the yeast pheromone
receptors. For instance, in yeast cells that lack Go, the Gp,
subunit is always free. Such cells can mate in the absence of

c-fos gene

mating factors; that is, the mating response is constitutively

on. However, in cells defective for the GB or G" subunit' the

mating pathway cannot be induced at all. If dissociated G*

were the transducer, in these mutant cells the pathway would

be expected to be constitutively actlve.
In yeast mating pathways, Gg, functions by triggering a

kinase cascade that is analogous to the one downstream

from Ras. The components of this cascade were uncovered

mainly through analyses of mutants that possess functional

a and cr receptors and G proteins but are sterile (Sre)' or de-

fective in mating responses. The physical interactions between

the components were assessed through immunoprecipitation

experiments with extracts of yeast cells and other types of

studies. Based on these studies, scientists have proposed the

kinase cascade shown in Figure 16-28a. Free GB1, which is

tethered to the membrane via the lipid bound to the "y sub-

unit, binds the Ste5 protein, thus recruiting it and its bound

kinases to the plasma membrane. Ste5 has no obvious cat-

alytic function and acts as a scaffold for assembling other

components in the cascade (Ste11, Ste7, and Fus3). Next'

Ste20 protein kinase, a protein localized to the plasma mem-

brane, phosphorylates and activates Ste11, a serine/threo-

nine kinase analogous to Raf and other mammalian MEKK

proteins. Activated Ste11 then phosphorylates Ste7, a dual-

specificity MEK that then phosphorylates and activates

Cytosol

Nucleus

Active. dimeric MAP kinase

Transcript ion
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Podrast: Scaffold Proteins

(b) Osmoregulatory pathway

Yeast MAP Kinase Cascades
(a) Mating pathway
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inhibit ion of the Ste12 transcription factor, allowing it to bind to DNA
and init iate transcription of mating-type genes (b) Osmoregulatory
pathway:  Two plasma membrane prote ins,  Shol  and Msb1,  are
activated in an unknown manner by exposure of yeast cells to media
of high osmotic strength. Activated Shol recruits the Pbs2 scaffold
prote in,  which conta ins a MEK domain,  to  the p lasma membrane
At the plasma membrane, Ste20 phosphorylates and activates
Ste11,  in i t ia t ing a k inase cascade that  act ivates Hog1,  a MAP
kinase.  Af ter  t ranslocat ing to the nucleus,  Hogl  phosphory lates
the Hotl transcription factor, allowing it to promote transcription of
genes encoding proteins that catalyze synthesis of proteins required
for survival in high osmotic strength media lAfter M A Schwartz and
H D lvadhani, 2004, Ann Rev. Genet 38:-/25, and N Dard and t\,4 peter,
2006, BioEssays 28:146 l

Scaffold Proteins Separate Mult iple MAp Kinase
Pathways in Eukaryotic Cells

In addition to the MAP kinases discussed above, both yeasts
and higher eukaryotic cells contain other members of the
MAP kinase family. Mammalian MAP kinases include lun

a \

l 'otot . Fis?
t__/\_-/ \ )

l -
I

A FIGURE 16-28 Yeast MAP kinase cascades in the mating
and osmoregulatory pathways. In yeast, different receptors
activate multiple MAP kinase pathways, two of which are outl ined
here (a) Mating pathway: The receptors for yeast a and o mating
factors are coupled to the same trimeric G protein Following
ligand binding and dissociation of the G protein, the membrane-
tethered Gp" subunit binds the Ste5 scaffold to the plasma
membrane The resident Ste20 kinase then phosphorylates and
activates Stel 1, which is analogous to Raf and other mammalian
MEK kinase (MEKK) proteins This init iates a kinase cascade in
which the f  ina l  component ,  Fus3,  is  funct ional ly  equivalent  to
MAP kinase (N/APK) in higher eukaryotes Like other MAp kinases,
actrvated Fus3 then translocates into the nucleus There it
phosphorylates two proteins, Digl and Dig2, relieving their

Fus3, a serine/threonine kinase equivalent to MAp kinase.
After translocation to the nucleus, Fus3 phosphorylates rwo
proteins, Digl and Dig2, relieving their inhibit ion of the
Ste12 transcription factor. Activated Ste12 in turn induces
expression of proteins involved in mating-specific cellular
resDonses.

ki nase

MEK,
threonine/tyrosine
dua l-specif icity kinase

MAPK,
serine/th reoni ne
kinase
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N-terminal kinases //NKs/ and p38 kinases, which become
activated by various types of stresses; several members of the
MAP kinase family in yeasts are described below. All mem-
bers of the MAP kinase family are serine/threonine kinases
that are activated in the cytosol in response to specific extra-
cellular signals and then translocate to the nucleus. Activa-
tion of all known MAP kinases requires phosphorylation of
both a tyrosine and a threonine residue in the lip region by a
member of the MEK family of dual-specificity kinases (see
Figure 16-26). Thus in all eukaryotic cells, binding of a wide
variety of extracellular signaling molecules triggers highly
conserved kinase cascades culminating in activation of a par-
ticular MAP kinase.

Current genetic and biochemical studies in the mouse
and Drosophila are aimed at determining which MAP ki-
nases are required for mediating the response to which sig-
nals in higher eukaryotes. This has already been accom-
plished in large part for the simpler organism S. cereuisiae.
Each of the six MAP kinases encoded in the S. cereuisiae
genome has been assigned by genetic analyses to specific sig-
naling pathways triggered by various extracellular signals,
such as pheromones, high osmolarity, starvation, hypotonic
shock, and carbon/nitrogen deprivation. Each of these MAP
kinases mediates very specific cellular responses, as exempli-
f ied by Fus3 in the mating pathway and Hogl in the os-
moregulatory pathway (see Figure 16-28).

In both yeasts and higher eukaryotic cells, different
MAP kinase cascades share some common components.
For instance, Ste11 functions in the three yeast signaling
pathways that regulate mating, the response to high os-
motic strength conditions, and fi lamentous growth, which
is induced by starvation. Nevertheless, each pathway acti-
vates its own MAP kinase: Fus3 in the mating pathway,
Hogl in the osmoregulatory pathway, and Kssl in the fi la-
mentation pathway. Similarln in mammalian cells, com-
mon upstream signal-transducing proteins participate in
activating multiple JNK kinases.

Once the sharing of components among different MAP
kinase pathways was recognized, researchers wondered
how the specificity of the cellular responses to particular
signals could be achieved. Studies with yeast provided the
initial evidence that pathway-specific scaffold proteins en-
able the signal-transducing kinases in a particular pathway
to interact with one another but not with kinases in other
pathways. For example, the scaffold protein Ste5 stabil izes
a large complex that includes Ste11 and other kinases in
the mating pathway; similarly Pbs2 binds Ste11 and other
kinases in the osmoregulatory pathway (see Figure 16-28).
In each pathway in which Ste11 par t ic ipates,  i t  is  con-
strained within a large complex that forms in response to a
specific extracellular signal, and signaling downstream
from Ste11 is restricted to the complex in which it is local-
ized. As a result, exposure of yeast cells to mating factors
induces activation of a single MAP kinase, Fus3, whereas
exposure to a high osmolarity induces activation of a dif-
ferent MAP kinase, Hog1.

Scaf fo lds for  MAP k inase pathways are wel l  docu-
mented in yeast, f l5 and worm cells, but their presence in

mammalian cells has been diff icult to demonstrate. Per-

haps the best-documented scaffold protein is Ksr (frinase

suppressor of Ras), which binds both MEK and MAP ki-

nase. Loss of the Drosophila Ksr homolog blocks signal-

ing by a constitutively active Ras protein' suggesting a

positive role for Ksr in the Ras/MAP kinase pathway in fly

cells. Although knockout mice that lack Ksr are phenotyp-

ically normal, activation of MAP kinase by growth factors

or cytokines is lower than normal in several types of cells

in these animals. This finding suggests that Ksr functions

as a scaffold that enhances but is not essential for

Ras/MAP kinase signaling in mammalian cells. Other pro-

teins also have been found to bind to specific mammalian

MAP kinases. Thus the signal specificity of different MAP

kinases in animal cells may arise from their association

with various scaffold-l ike proteins, but much additional

research is needed to test this possibil i ty.

The Ras/MAP Kinase Pathway Can Induce
Diverse Cel lu lar  Responses

The Ras/MAP kinase pathway can be activated in many if

not all vertebrate cells by a wide variety of receptor tyrosine

kinases (RTKs). In particular, signaling through this path-

way is used repeatedly in the course of development' yet the

outcome in regard to cell-fate specification varies in different

tissues. \7hy does one cell respond by dividing, another by

differentiating, and sti l l  another by dying? If there is no

specificity beyond the ligand and receptor, an activated Ras

might substitute for any signal. In fact' activated Ras can do

so in many cell types. In one DNA microarray study of fi-

broblasts, for instance, the same set of genes was transcrip-

tionally induced by platelet-derived growth factor (PDGF)

and by fibroblast growth factor (FGF)' suggesting that expo-

sure to either signaling molecule had similar effects. The

PDGF receptor and the FGF receptor are both receptor tyro-

sine kinases, and the binding of ligand to either receptor can

activate Ras.
Although several mechanisms for producing diverse cel-

lular responses to a particular signaling molecule have been

uncovered, here we focus on two: (1) the strength or dura-

tion of the signal governs the nature of the response; and (2)

different intracellular pathways are activated by the same re-

ceptor in different cell types.

Differences in Signal Strength or Duration Evidence

supporting the use of the first mechanism comes from stud-

ies with PCL2 cells, a cultured cell line capable of differenti-

ating into adipocytes or neurons. Nerve growth factor

(NGF) promotes the formation of neurons, whereas epider-

mal growth factor (EGF) promotes the formation of

adipocytes. Strengthening the EGF signal by prolonging ex-

Dosure to it causes neuronal differentiation. Although both

NCp and EGF are RTK ligands, NGF is a much stronger ac-

tivator of the Ras/MAP kinase pathway than is EGF. The

EGF receptor can apparently activate this pathway only af-

ter prolonged stimulation.
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Differences in Downstream Pathways Signaling through
cell type-specific pathways downstream of an RTK has been
demonstrated in C. elegans. In worms, EGF signals induce at
least five distinct responses, each one in a different type of cell.
Four of the five responses are mediated by the common
Ras/MAP kinase pathway; the fifth, hermaphrodite ovulation,
employs a different downsrream pathway in which the second
messenger inositol 1,4,5-trisphosphate (IP3) is generated.
Binding of IP3 to its receptor, an IP3-gated Ca2* channel, in
the endoplasmic reticulum (ER) membrane leads to the release
of stored Ca2* from the ER (see Figure 15-30). The rise in cy-
tosolic Ca2* then triggers ovulation. This alternative pathway
was discovered with a genetic screen that implicated the IP3
receptor in EGF signaling-a good example of how a muta-
tion in an unexpected gene can lead to a discovery.

Activation of Ras and MAP Kinase Pathways

r Ras is an intracellular GTPase switch protein that acts
downstream from most RTKs. Like G., Ras cycles between
an inactive GDP-bound form and an acrive GTP-bound
form. Ras cycling requires the assistance of two proteins: a
guanine nucleotide-exchange factor (GEF) and a GTpase-
activating protein (GAP).

r RTKs are l inked indirectly to Ras via rwo proteins:
GRB2, an adapter protein, and Sos, which has GEF activ-
ity (see Figure 16-20).

r The SH2 domain in GRB2 binds to a phosphotyrosine in
activated RTKs, while its two SH3 domains bind Sos,
thereby bringing Sos close ro membrane-bound Ras.GDp
and activating its nucleotide-exchange activity.

r Binding of Sos to inactive Ras causes a large conforma-
tional change that permits release of GDP and binding of
GTP, forming active Ras (see Figure 16-24). GAP, which
accelerates GTP hydrolysis, is localized near Ras.GTp by
binding to activated RTKs.

r Activated Ras triggers a kinase cascade in which Raf.
MEK, and MAP kinase are sequentially phosphorylated
and thus activated. Activated MAP kinase dimerizes and
translocates to the nucleus (see Figure 16-25).

r Activation of MAP kinase following stimulation of a
growth factor receptor leads to phosphorylation and acti-
vation of two transcription factors, which associate into a
trimeric complex that promotes transcription of various
early-response genes (see Figure 16-27).

r Different extracellular signals induce activation of differ-
ent MAP kinase pathways, which regulate diverse cellular
processes.

r The upstream components of MAP kinase cascades as-
semble into large pathway-specific complexes stabilized by
scaffold proteins (see Figure 16-28). This assures that acti-
vation of one pathway by a particular extracellular signal
does not lead to activation of other pathways containing
shared components.

Phosphoinosit ides
as Signal Transducers
In previous sections, we have seen how signal transduction
from cytokine receptors and receptor tyrosine kinases
(RTKs) begins with formation of multiprotein complexes as-
sociated with the plasma membrane (see Figures 16-12 and
1,6-20). Here we discuss how these same receptors initiate
signaling pathways that involve membrane-bound phospho-
rylated inositol lipids, collectively referred to as phospho-
inositides. Many of these pathways have short-term effects
on cell metabolism and all have long-term effects on the pat-
tern of gene expression. We begin with the branch of the
phosphoinositide pathway that also is mediated by G pro-
tein-coupled receptors and then consider another branch
that is not shared with these receDtors.

Phospholipase Cr ls Activated by Some RTKs
and Cytokine Receptors
As discussed in Chapter 15, hormonal stimulation of some G
protein-coupled receptors leads to activation of phospholi-
pase C (PLC), specifically the B isoform (PLCB). This mem-
brane-associated enzyme then cleaves phosphatidylinositol
4,S-bisphosphate (PIP2) to generate two important second
messengers, l,2-diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). Signaling via the IP3/DAG pathway de-
scribed in Chapter 15 leads to an increase in cytosolic Ca2*
and to activation of protein kinase C (see Figure 15-30). This
pathway has both short-term effects on cell metabolism and
movement and long-term effects on gene expression.

Many RTKs and cytokine receptors also can initiate the
IP3/DAG pathway by activating another isoform of phos-
pholipase C, the 1 isoform (PLC"). The SH2 domains of
PLC" bind to specific phosphotyrosines on the activated re-
ceptors, thus positioning the enzyme close to its membrane-
bound substrate, phosphatidyl inositol 4,5-bisphosphate
(PIP2). In addition, the kinase activity associated with recep-
tor activation phosphorylates tyrosine residues on the bound
PLC", enhancing its hydrolase activity. Thus activated RTKs
and cytokine receptors promote PLC, activity in two ways:
by localizing the enzyme to the membrane and by phospho-
rylating it.

Recru i tment  of  P l -3 Kinase to  Hormone-
Stimulated Receptors Leads to Synthesis
of  Phosphory lated Phosphat idy l inos i to ls
Many activated RTKs and cytokine receptors initiate an-
other phosphoinositide pathway by recruiting the enzyme
phosphatidylinositol-3 (PI-3) kinase to the membrane. In
some cells, this P1-3 hinase pathway can trigger cell division
and prevent programmed cell death (apoptosis), thus assur-
ing cell survival. In other cells, this pathway induces specific
changes in cell metabolism.

PI-3 kinase was first identified in studies of the polyoma
virus, a DNA virus that transforms certain mammalian cells
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to uncontrolled growth. Transformation requires several
viral-encoded oncoproteins, including one termed "middle
T. " In an attempt to discover how middle T functions, inves-
tigators uncovered PI-3 kinase protein in partially purified
preparations of middle I suggesting a specific interaction
between the two. Then they set out to determine how PI-3
kinase might affect cell behavior.

'S7hen 
an inactive, dominant-negative version of PI-3 ki-

nase was expressed in polyoma virus-transformed cells, it
inhibited the uncontrolled cell proliferation characteristic of

virus-transformed cells. This finding suggested that the nor-

mal kinase is important in certain signaling pathways essen-

tial for cell proliferation or for the prevention of apoptosis.

Subsequent work showed that PI-3 kinases participate in

many signaling pathways related to cell growth and apopto-

sis. Of the nine PI-3 kinase homologs encoded by the human

genome, the best characterized contains a p1,10 subunit with

catalytic activity and a p85 subunit with an SH2 phosphoty-

rosine-binding domain.
PI-3 kinase is recruited to the plasma membrane by binding

of its SH2 domain to phosphotyrosines on the cytosolic do-

main of many activated RTKs and cytokine receptors. This

recruitment of PI-3 kinase to the plasma membrane positions

its catalytic domain near its phosphoinositide substrates on the

cytosolic face of the plasma membrane, leading to formation of

PI 3,4-bisphosphate or PI 3,4,5-trisphosphate (Figure 16-29)'

By acting as docking sites for various signal-transducing
proteins, these membrane-bound PI 3-phosphates in turn

transduce signals downstream in several important pathways.

Accumulation of Pl 3'PhosPhates
in the Plasma Membrane Leads
to Activation of Several Kinases

Many protein kinases become activated by binding to phos-

phatidyl inositol 3-phosphates in the plasma membrane. In

turn, these kinases affect the activity of many cellular pro-

teins. One important kinase that binds to PI 3-phosphates is

protein kinase B (PKB), a serine/threonine kinase that is also

called Akt. Besides its kinase domain, protein kinase B also

contains a PH domain that can tightly bind the 3-phosphate

in both PI 3,4-bisphosphate and PI 3,4,5-trisphosphate' In

unstimulated, resting cells, the level of both these compounds

is low, and protein kinase B is present in the cytosol in an in-

active form (Figure 16-30). Following hormone stimulation

and the resulting rise in PI 3-phosphates' protein kinase B

binds to them and becomes localized at the plasma mem-

brane. Binding of protein kinase B to PI 3-phosphates not

only recruits the enzyme to the plasma membrane but also

releases inhibition of the catalytic site by the PH domain.

Maximal activation of protein kinase B, however, depends on

recruitment of two other kinases: PDK1 and PDK2.

PDK1 is recruited to the plasma membrane via binding

of its own PH domain to PI 3-phosphates. Both membrane-

associated protein kinase B and PDK1 can diffuse in the

plane of the membrane, bringing them close enough that

PDK1 can phosphorylate protein kinase B on a crit ical

< FIGURE 16-29 Generation of phosphatidylinositol 3-
phosphates. The enzyme phosphatidylinositol-3 kinase (Pl-3 kinase)

is recruited to the membrane by many activated receptor tyrosine
kinases (RTKs) and cytokine receptors The 3-phosphate added by

this enzyme, to yield Pl 3,4-bisphosphate or Pl 3,4,5-trisphosphate, is

a binding site for various signal-transduction proteins, such as the PH

domain of protein kinase B. Pl 4,5-bisphosphate also is the substrate

of phospholipase C (see Figure 1 5-29) [See L Rameh and L C Cantlev,

1999, J Biol Chem 274:8347 |
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Video: Protein Dynamics in Response to cAMP Stimulation of a Dictyostelium Cell

Exterior Pl  3 ,4 -b isphosphate

Cytosol

P l -3  k inase

Pl  4 -phosphate

PH domain

Kinase
d o m a i n

  FIGURE 15-30 Recruitment and activation of protein
kinase B (PKB) in Pl-3 kinase pathways. In unstrmulated cells
(n), PKB is in the cytosol with its PH domain bound to the catalytic
krnase domain, inhibit ing its activity Hormone stimulation leads to
activation of Pl-3 kinase and subsequent formation of
phosphatidylinositol (Pl) 3-phosphates (see Figure 16-29) The

threonine residue in its activation lip-yet another example
of kinase activation by phosphorylation. Phosphorylation of
a second serine, not in the lip segment, by PDK2 is necessary
for maximal protein kinase B activity (see Figure 16-30).
Similar to the regulation of Raf activity (see Figure 16-25),
release of an inhibitory domain and phosphorylation by
other kinases regulate the activity of protein kinase B.

Activated Protein Kinase B Induces
Many Cel lu lar  Responses
Once fully activated, protein kinase B can dissociate from
the plasma membrane and phosphorylate its many rarger
proteins, which have a wide range of effects on cell behavior.
Although activation of PKB takes only 5-10 minutes, its
effects can last as long as several hours.

Promotion of Cell Survival In many cells activated protein
kinase B directly phosphorylates and inactivates pro-apoptotic
proteins such as Bad, a short-term effect that prevenrs acri-
vation of an apoptotic pathway leading to cell death (Chap-
ter 21). Activated protein kinase B also promotes survival of
many cultured cells by phosphorylating the Forkhead tran-
scription factor FOXO 3A on multiple serine/threonine
residues, thereby reducing its pro-apoptotic effect and con-
tributing to cell survival.

In the absence of growth facrors, FOXO 34 is unphospho-
rylated and mainly localizes to the nucleus, where it activates
transcription of several genes encoding pro-apoptotic proteins.
When growth factors are added to the cells, protein kinase B

PDK2

3-phosphate groups serve as docking sites on the plasma
membrane for the PH domain of PKB (E) and another kinase,
PDK1. Full activation of PKB requires phosphorylation both in the
activation l ip by PDKl and at the C-terminus by a second kinase,
PDK2 (B) [Adapted from A Toker and A Newton, 2000, Cetl103:185,
and S Sarbassov et al , 2005, Curr Opin Cell Biol. 17:5961

becomes active and phosphorylates FOXO 3A.. This allows the
cytosolic phosphoserine-binding protein 14-3-3 to bind FOXO
34 and thus sequester it in the cytosol. (Recall that 14-3-3 also
retains phosphorylated Raf protein in an inactive state in the
cytosol; see Figure 16-25.) \Tithdrawal of growth factor leads
to inactivation of protein kinase B and dephosphorylation of
FOXO 3A., thus favoring its accumulation in the nucleus and
transcription of apoptosis-inducing genes. A FOXO 34' mu-
tant in which the three serine target residues for protein kinase
B are mutated to alanines is "constitutively active" and initi-
ates apoptosis even in the presence of activated protein kinase
B. This finding demonstrates the importance of FOXO 34 and
protein kinase B in controlling apoptosis of cultured cells.
Deregulation of protein kinase B is implicated in the pathogen-
esis both of cancer and diabetes.

Promotion of Glucose Uptake and Storage by Insulin
As we learned in Chapter 15, insulin acts on muscle, liver,
and fat cells to lower the level of blood glucose by increasing
its uptake from the blood. In muscle and liver, insulin also
promotes storage of glucose as glycogen. The insulin receptor
is a dimeric receptor tyrosine kinase that triggers the Ras/MAP
kinase pathway, leading to changes in gene expression. In-
sulin stimulation also can init iate the PI-3 kinase/protein
kinase B pathway. The resultant, activated protein kinase B
exerts several short-term effects that lower blood glucose
and promote glycogen synthesis. The principal shorr-term
effect is increased import of glucose by fat and muscle cells.
The GLUT4 glucose transporter is normally retained in
intracellular membrane vesicles by a protein called AS160.

@ -
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Activated protein kinase B phosphorylates AS160; through
mechanisms that are not fully understood this causes move-
ment of GLUT4 to the cell surface (see Figure 15-34). The
resulting increased influx of glucose into these cells lowers
blood glucose levels.

In both liver and muscle, insulin stimulation also leads to
short-term activation of glycogen synthase (GS), which syn-
thesizes glycogen from UDP-glucose (see Figure 15-24). ln
resting cells (i.e., in the absence of insulin), glycogen syn-
thase kinase 3 (GSK3) is active and phosphorylates glycogen
synthase, thereby blocking its activity. In insulin-stimulated
cells, activated protein kinase B phosphorylates and thereby
inactivates GSK3, relieving the GSK3-mediated inhibition of
glycogen synthase and promoting glycogen synthesis. As a
result, the intracellular concentration of glucose and its
metabolites is reduced, stimulating glucose uptake from the
blood. This insulin-dependent effect represents another
mechanism for reducing the blood glucose level.

The Pl-3 Kinase Pathway ls Negatively
Regulated by PTEN Phosphatase

Like virtually all intracellular signaling events, phosphory-
lat ion by PI-3 k inase is  revers ib le.  The re levant  phos-
phatase, termed PTEN phosphatase, has an unusually
broad specificity. Although PTEN can remove phosphate
groups attached to serine, threonine, and tyrosine residues
in proteins, its abil ity to remove the 3-phosphate from PI
3,4,5-trisphosphate is thought to be its major function in
cel ls .  Overexpression of  PTEN in cul tured mammal ian
cells promotes apoptosis by reducing the level of PI 3,4,5-
trisphosphate and hence the activation and anti-apoptotic
effect of protein kinase B.

F:E In multiple types of advanced human cancers, the PTEN
I.| gene is deleted. The resulting loss of PTEN protein con-
tributes to the uncontrolled growth of cells. Indeed, cells lack-
ing PTEN have elevated levels of PI 3,4,5-trisphosphate and
PKB activity. Since protein kinase B exerts an anti-apoptotic
effect, loss of PTEN indirectly reduces the programmed cell
death that is the normal fate of many cells. In certain cells,
such as neuronal stem cells, absence of PTEN not only pre-
vents apoptosis but also leads to stimulation of cell-cycle
progression and an enhanced rate of proliferation. Knockout
mice lacking PTEN have big brains with excess numbers of
neurons, attesting to PTEN's importance in control of normal
develooment. I

Phosphoinositides as Signal Transducers

r Many RTKs and cytokine receptors can init iate the
IP3/DAG signaling pathway by activating phospholipase
C^y (PLCI), a different PLC isoform than the one activated
by G protein-coupled receptors.

r Activated RTKs and cytokine receptors also can initiate
another phosphoinositide pathway by binding PI-3 kinases,

thereby allowing the enzymes access to their membrane-

bound phosphoinositide substrates, which then become
phosphorylated at the 3 position (see Figure 1'6-29).

r  The PH domain in  var ious prote ins b inds to PI  3-
phosphates, forming signaling complexes associated with

the plasma membrane.

r Protein kinase B (PKB) becomes partially activated by

binding to PI 3-phosphates. Its full activation requires

phosphorylation by another kinase, PDK1' which also is

recruited to the membrane by binding to PI 3-phosphates

and by a second kinase, PDK2, (see Figure 16-30).

r Activated protein kinase B promotes survival of many

cells by directly phosphorylating and inactivating several

pro-apoptotic proteins and by phosphorylating and inacti-

vating a transcription factor that otherwise induces synthe-

sis of pro-apoptotic proteins.

r Activation of the insulin receptor, a receptor tyrosine

kinase, on fat and muscle cells init iates the PI-3 kinase

pathway. The resulting activated protein kinase B promotes

glucose uptake and glycogen synthesis.

r Signaling via the PI-3 kinase pathway is terminated by the

PTEN phosphatase, which hydrolyzes the 3-phosphate in PI

3-phosphates. Loss of PTEN, a common occurrence in hu-

man tumors, promotes cell survival and proliferatron.

Activation of Gene TranscriPtion
by Seven-Spanning Cell-surface
Receptors
Chapter 15 focused on intracellular signal-transduction
pathways initiated by ligand binding to G protein-coupled

receptors (GPCRs). These seven-spanning receptors often

have short-term (seconds to minutes) effects on cell metabo-

lism, primarily by modulating the activity of preexisting

enzymes or other proteins. However, GPCR signaling path-

ways also can have long-term effects (hours to days) owing

to activation or repression of gene transcription. \7e have al-

ready seen how yeast G protein-coupled receptors for mat-

ing factors activate a MAP kinase pathway leading to long-

term changes in gene expression (see Figure 16-28a).lnthe

first part of this section, we discuss two other ways that G

protein-coupled receptors affect gene expression. The first

mechanism operates through phosphorylation of transcrip-

tion factors by protein kinase A, which is activated down-

stream of G,-coupled receptors (see Figure 16-2d). The

second mechanism acts through binding of arrestin to many

ligand-occupied G protein-coupled receptors and subse-

quent binding of enzymes in the MAP kinase and other

pathways.
In the remainder of this section, we consider two other

classes of seven-spanning receptors-those that bind Wnt

and Hedgehog, two protein signals that play key roles in de-

velopment (see Figure 16-2e,f). Although similar in structure

to G protein-coupled receptors, the receptors for'S7nt and
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Overview Animation: Extracellular Signaling {l ltt

G. protein-coupled
receptor

Adenylyl
cyclase

< FIGURE 16-31 Activation of CREB transcription factor
following l igand binding to Gs protein-coupled receptors.
Receptor stimulation ([) leads to activation of protein kinase A,
PKA (U ) Catalytic subunits of PKA translocate to the nucleus (El)
and there phosphorylate and activate the CREB transcription factor
(@) Phosphorylated CREB associates with the co-activator
CBP/P300 (E) to stimulate various target genes controlled by the
CRE regulatory element See the text for details. [See K A Lee and
N Masson, 1993,Biochim.Biophys Acta1174:221 , andD parkeretal ,
1996, Mol Cell Biol 16(2):6941

For instance, in liver cells, protein kinase A induces expression
of several enzymes involved in converting three-carbon
compounds such as pyruvate (F igure 12-3)  to g lucose,
thus increasing the level of glucose in the blood.

AII genes regulated by protein kinase A contain a cis-
acting DNA sequence, the cAMP-response element (CRE),
that binds the phosphorylated form of a transcription factor
called CRE-binding (CREB) protein, which is found only in
the nucleus. As detailed in Chapter 15, binding of neuro-
transmitters and hormones to G, protein-coupled receptors
results in the release of the active catalytic subunit of protein
kinase A. Some of the catalytic subunits then translocate to
the nucleus and phosphorylate serine-133 on CREB protein.
Phosphorylated CREB protein binds to CRE-containing tar-
get genes and also binds to a co-actiuator termed CBP/300,
which links CREB to the basal transcriptional machinery,
thereby permitting CREB to stimulate transcription (Fig-
ure 1 5-3 1 ). As discussed in Chapter 7 , other signal-regulated
transcription factors rely on CBP/P300 to exert their activat-
ing effect. Thus this co-activator plays an important role in
integrating signals from multiple signaling pathways that
regulate gene transcription.

GPCR-Bound Arrestin Activates Several
Kinase Cascades
In higher organisms, activation of the MAP kinase pathway
is often triggered by G protein-coupled receptors (GPCRs).
As we discussed in Chapter 15, B-arrestin binds to phos-
phorylated serines in the cytosolic domain of activated G
protein-coupled receptors and desensitizes cells to further
hormone stimulation in two ways: by inhibit ing activation
of a Go protein and by promoting endocytosis of the
GPCR-arrestin complex. The GPCR-arrestin complex also
acts as a scaffold for binding and activating several cytosolic
kinases (see Figure 15-27). These include c-Src, a cytosolic
protein tyrosine kinase that activates the MAP kinase path-
way and other pathways leading to transcription of genes
needed for cell division. A complex of three arrestin-bound
proteins, including a Jun N-terminal kinase (JNK-1), iniriates
a kinase cascade that ultimately activates the c-Jun tran-
scription factor. Activated c*Jun promotes expression of
certain growth-promoting enzymes and other proteins that
help cells respond to stresses.

Hedgehog do not activate G proteins. These pathways have
been elucidated mainly through genetic analysis of develop-
mental mutants in Drosophila but are operative in humans
as well. Activation of these receptors leads to expression of
key genes required for a cell to acquire a new identify or fate.
In Chapter 22, we explore the roles of these receptors in sev-
eral key developmental pathways and also illustrate how
these signaling pathways interact with others, activated by
different receptors, to specify the precise fate of many cells
during development.

CREB Links cAMP and Prote in Kinase A
to Activation of Gene Transcript ion
In mammalian cells, an elevation in the cytosolic cAMp
Ievel results in activation of protein kinase A (pKA), lead-
ing to many different rypes of short-term responses in
different cell types (see Table 15-2). One of the most im-
portant short-term PKA-mediated effects is activation of
g lycogenolys is  in  l iver  and muscle,  increasing the level
of glucose in the blood (see Figure 15-25a). Activation of
protein kinase A also stimulates the expression of many
genes, Ieading to long-term effects on the cells that often
enhance the short-term effects of activated Drotein kinase A.

Transcr ipt ion
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Wnt Signals Trigger Release of a Transcript ion
Factor from Cytosolic Protein Complex
Like G protein-coupled receptors, the receptors for Wnt
proteins span the plasma membrane seven times, but there
the similarity ends. The first vertebrate Wnt gene ro be dis-
covered, the mouse Wnt-1 gene, attracted notice because it
was overexpressed in certain mammary cancers. Subsequent
work showed that overexpression was caused by insertion of
a mouse mammary tumor virus (MMTV) provirus near the
Wnt-l. gene. Hence $7nt-1 is a proto-oncogene, a normal
cellular gene whose inappropriate expression promotes the
onset of cancer (Chapter 25). The word -il/nt is an amalga-
mation of wingless, the corresponding fly gene, with int for
the retrovirus integration site in mouse.

Activation of the V/nt pathway controls numerous criri-
cal developmental events, such as brain development, limb
patterning, and organogenesis. A major role for'S7nt signal
ing in bone formation was revealed by the finding that mu-
tations in Wnt pathway components affect bone density in
humans. Wnt signaling is now known to control formation
of osteoblasts (bone-forming cells). AdditionallS Wnt sig-
nals are important in controlling stem cells (Chapter 21) and
in many other aspects of development (Chapter 22). Distur-
bances in signaling through the Wnt pathway are associated
with various human cancers, particularly colon cancer
(Chapter  25) .

Because of the conservation of the Wnt signaling path-
way in metazoan evolution, genetic studies rn Drosophila
and C. elegans, studies of mouse proto-oncogenes and tu-
mor-suppressor genes, and studies of cell- junction compo-
nents have all contributed to identifying various pathway
components. Wnt proteins, the extracellular signaling mole-
cules in the pathway, are modified by addition of a palmitate

group near their N termini. This hydrophobic group is
thought to tether'S7nt proteins to the plasma membrane of
'Wnt 

secreting cells, thus limiting their range of action to ad-
jacent cells. Wnt proteins act through two cell-surface recep-
tor proteins: Frizzled (Fz), which contains seven transmem-
brane o. helices and directly binds Wnt; and a co-receptor
designated LRP, which appears to associate with Frizzled in
a 

'$fnt 
signal-dependent manner (see Figure 1.6-2e1. Muta-

tions in the genes encoding Wnt proteins, Frizzled, or LRP
(called Arrow in Drosophila) all have similar effects on the
development of embryos.

According to a current model of the Wnt patbway, the
central player in intracellular Wnt signal transduction is
called p-catenin in vertebrates and Armadillo in Drosophila.
This multi-talented protein functions both as a transcrip-
tional activator and as a membrane-cytoskeleton l inker
protein (see Figure 1.9-1.2).In the absence of a'Wnt signal, B-
catenin is phosphorylated by a complex containing glycogen
synthase kinase 3 (GSK3), the same protein kinase that
functions in regulation of blood glucose (Section 16.5); the
adenomatosis polyposis coli (APC) protein, an important
human tumor suppressor; and Axin, a scaffold protein.
Phosphorylated B-catenin is then ubiquitinated and degraded
in proteasomes (Figure l6-32a).

In the presence of I7nt, Axin binds to the cytosolic do-
main of the LRP co-receptor. This binding disrupts the com-
plex containing GSK3 and B-catenin, prevents phosphory-
lation of B-catenin by GSK3, and stabil izes B-catenin in
the cytosol (Figure 16-22b). \fnt-induced stabil ization of

B-catenin also requires the Dishevelled (Dsh) protein, which
is bound to the cytosolic domain of the receptor Frizzled
(Fz). The freed B-catenin translocates to the nucleus where
it associates with the TCF transcription factor to control

( a ) - W n t

Exterior

Cytosol

Nucleus

(b )  +Wnt < FIGURE 16-32 Wnt signaling pathway.
(a) In the absence of Wnt, B-catenin is found in a
complex with Axin (a scaffold protein), APC, and
the kinase GSK3, which phosphorylates P-catenin,
leading to i ts  degradat ion The Axin-mediated
formation of this complex facil i tates phosphorylation
of B-catenin by GSK3 by an estimated factor of
>20,000 The TCF transcription factor in the nucleus
acts as a repressor of target genes unless altered by
Wnt signaling (b) Binding of Wnt to its receptor
Frizzled (Fz), triggers phosphorylation of the LRP
co-receptor by GSK3 and another kinase, and thus
allows subsequent binding of Axin This disrupts
the Axi n-APC-G5K3-B-catenin complex, preventi ng
phosphorylation of B-catenin by GSK3 and leads
to accumulat ion of  B-catenin in  the cel l  Af ter
translocation to the nucleus, B-catenin may act
with TCF to activate target genes or, alternatively,
cause the export of TCF from the nucleus and
possibly its activation in the cytosol. [After R Nusse,
2005, Nature 438i747; see also The Wnt Gene Homepage,
www stanford edu/-rnusse/wntwindow html l

\ Proteasoma,
degradation

Frizzled lFz\
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expression of particular target genes. (Recall that TCF also
functions in the MAP kinase pathway; see Figure 16-27.)
Among the Wnt target genes are many that also control
Wnt signaling, indicating a high degree of feedback regula-
tion. The importance of B-catenin stabil ity and location
means that Wnt signals affect a critical balance between the
three pools of B-catenin in the cell: the cytoskeleton, cy-
tosol, and nucleus.

\7nt signaling also requires binding to cell-surface pro-
teoglycans. A proteoglycan consists of a core protein bound
to glycosaminoglycan (GAG) chains such as heparin sulfate
and chondroitin sulfate (see Figure 19-29). Evidence for the
participation of proteoglycans in'Wnt signaling comes from
Drosophila sugarless /sgf mutants, which lack a key enzyme
needed to synthesize heparin and chondroitin sulfate. These
mutants have greatly depressed levels of Wingless, the fly
'!fnt 

protein, and exhibit other phenotypes associated with
defects in Wnt signaling. Mutations in two other fly genes,
dally and dally-like, both of which encode core proteins of
cell-surface proteoglycans, also are associated with defective'Wnt 

signaling in Drosophila. How proteoglycans facilitate
Wnt signaling is unknown, but perhaps binding of Wnt to
specific glycosaminoglycan chains is required for it to bind to
its receptor Fz or co-receptor LRP. This mechanism would be
analogous to the binding of fibroblast growth factor (FGF) to
heparan sulfate, which enhances binding of FGF to its recep-
tor tyrosine kinase (see Figure 16-15).

Hedgehog Signal ing Rel ieves Repress ion
of Target Genes
The Hedgehog (Hh) pathway is similar to the lfnt pathway in
that two membrane proteins, one with seven membrane-
spanning segments, are required to receive and transduce a
signal (see Figure 16-2f). The Hh pathway also involves disas-
sembly of an intracellular complex containing a transcription
factor, Iike the Sfnt pathway. However, in contrast to Wnt sig-
naling, the Hh protein, the extracellular signal in the pathway,
is synthesized as a precursor that is cleaved, and the two mem-
brane proteins involved in Hh signaling are thought to move
between the plasma membrane and intracellular vesicles.

Although Hedgehog is a secreted protein, it moves only a
short distance from a signaling cell, on the order of 1-20
cells, and is bound by receptors on receiving cells. Thus Hh
signals, like \fnt signals, have quite localized effects. As Hh
diffuses away from secreting cells, however, its concentra-
tion decreases. As we learn in Chapter 22, different Hh con-
centrations induce different fates in receiving cells: Cells that
receive a large amount of Hh turn on certain genes and form
certain structures; cells that receive a smaller amount turn on
different genes and thus form different structures. Signals
that induce different cell fates depending on their concentra-
tion are referred to as morphogens. During development, the
production of Hedgehog and other morphogens is tightly
regulated in time and space.

Hedgehog signaling, which is conserved throughout
the animal kingdom, functions in the formation of

many tissues and organs. Mutations in components of the
Hedgehog signaling pathway have been implicated in hu-
man birth defects such as cyclopia, a single eye resulting
from union of the right and left brain primordia, and in
multiple forms of cancer. I

Processing of Hh Precursor Protein Hedgehog is formed
from a precursor protein with autoproteolytic activity that en-
ables the protein to cut itself in half. The cleavage produces an
N-terminal fragment, which is subsequently secreted to signal
ro other cells, and a C-terminal fragment, which is degraded. As
shown in Figure 16-33, cleavage of the precursor is accompa-
nied by covalent addition of the lipid cholesterol to the new car-
boxyl terminus of the N-terminal fragment. The C-terminal do-
main of the precursor, which catalyzes this reaction, is found in

Hh precursor

I
I  Formation of thioester
*

O N Autocleavage

cft(cH2\1(
Palmitoyl

A FIGURE 16-33 Processing of Hedgehog (Hh) precursor
protein. Cells synthesize a 45-kDa Hh precursor, which undergoes a
nucleophil ic attack by the thiol side chain of cysteine 258 (Cys-258)
on the carbonyl carbon of the adjacent residue glycine 257 (Gly-257),
forming a high-energy thioester intermediate. An enzymic activity in
the C-terminal domain then catalyzes the formation of an ester bond
between the B-3 hydroxyl group of cholesterol and glycine 257,
cleaving the precursor into two fragments The N-terminal signaling
fragment (blue) retains the cholesterol moiety and is also modified by
the addition of a palmitoyl group to the N-terminus, This processing
is thought to occur mostly intracellularly The two hydrophobrc
anchors may tether the secreted, processed Hh protein to the plasma
membrane. lAdapted from J A Porter et al ,1996, Science2T4:2551
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other proteins and may promote the linkage of these proteins to
membranes by a similar autoproteolpic mechanism.

A second modification to Hedgehog, the addition of a
palmitoyl group to the N-terminus, makes the protein even
more hydrophobic. Together, the two attached hydrophobic
groups may cause secreted Hedgehog to bind nonspecifically
and reversibly to cell plasma membranes, thereby limiting its
diffusion and thus its range of action in tissues. Spatial re-
striction plays a crucial role in constraining the effects of
powerful inductive signals like Hh. Recall that the palmitoyl
group also is added to Wnt proteins and likely also causes
ril/nt to bind reversibly to cells, thereby restricting'Sfnt sig-
naling to cells adjacent to the signaling cell.

Hh Pathway in Drosophila Genetic studies inDrosophila tn-
dicate that two membrane proteins, Smoothened (Smo) and
Patched (Ptc), are required to receive and transduce a Hedgehog
signal to the cell interior. Smoothened has seven membrane-
spanning a helices and is related in sequence to the ITnt recep-
tor Fz. Patched is predicted to contain 12 transmembrane a he-
lices and is most similar structurally to the Niemann-Pick C1
(NPC1) protein, a member of the ABC superfamily of mem-

( a )  - H h

Exterior

Nucleus

A FIGURE 15-34 Hedgehog (Hh) signaling pathway. (a) In the
absence of Hh, Patched (Ptc) protein inhibits Smoothened (Smo),
which is present largely in the membrane of internal vesicles A
complex containing Fused (Fu), a kinase, Costal-2 (Cos2), a kinesin-
related motor protein, and Cubitis interruptus (Ci), a zinc-f inger
transcrrption factor, binds to microtubules Ci is phosphorylated in a
series of steps rnvolving protein kinase A (PKA), glycogen synthase
kinase 3 (GSK3),  and casein k inase 1 (CK1) The phosphory lated Ci  is
then proteolytically cleaved rn a process requiring the protein Slimb
and the ubiquitin/proteasome pathway, generating the fragment
Ci75, which f unctions as a transcriptional repressor of Hh-responsive

brane proteins (see Thble 11-3). The NPC1 protein, which
probably functions as an AlP-powered pump, is necessary for
normal intracellular movement of sterols and other substances
through vesicle-trafficking pathways. In humans, mutations in
the NPC1 gene cause a rar% autosomal recessive disorder
marked by defects in movements of late endosomes and in the
handling of cholesterol in endosomes and lysosomes. A related
protein, NPC1L1, is the major cholesterol uptake transporter in
the mammalian intestine. Patched likely evolved from a NPC1-
like ancestor, since NPC1 but not Patched is clearly present in
yeast. This may be an example of how a cell component needed
for fundamental cell metabolism was adapted as a component
of a developmental signaling pathway. Duplication of the npcl
gene would have been followed by divergent evolution of one of
the copies.

Figure 16-34 depicts a current model of the Hedgehog
(Hh) pathway, based largely on work in Drosophila. Evi-
dence supporting this model comes from study of fly em-
bryos with loss-of-function mutations in the hedgehog (hh)
or smoothened (smo) genes. Both types of mutant embryos
have very similar developmental phenotypes. Moreover, both
the bh ar'd smo genes are required to activate transcription

(b)  +Hh

Smo moves
to plasma
memDrane

genes (b) In the presence of Hh, Hh binds to Ptc, causing some Ptc
to move to internal compartments (not shown) and relieving the
inhibit ion of Smo Smo then moves to the plasma membrane, is
phosphorylated, binds Cos2, and is stabil ized from degradation
Both Fu and Cos2 become extensively phosphorylated, and most
importantly the Fu/Cos2lCi complex is dissociated from microtubules.
This leads to the stabil ization of a full- length, alternately modified Ci,
which functions as a transcriptional activator in conjunction with
CREB-binding protein (CBP) The exact membrane compartments in
which Ptc and Smo respond to Hh and function are unknown [After
lV A Price, 2006, Genes Dev.2Q:399 l

PKA
cK1
GSK3

Micro tubu les
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of the same target genes (e.g., patched and wingless) during
embryonic development. In contrast, loss-of-function muta-
tions in the patched (ptc) gene produce a quite different phe-
notype, one similar to the effect of flooding the embryo with
Hedgehog protein. Thus Patched appears to antagonize the
actions of Hedgehog and vice versat These findings suggest
that, in the absence of Hedgehog, Patched represses target
genes by inhibit ing a signaling pathway needed for gene
activation. The additional observation that Smoothened is
required for the transcription of target genes in mutants
Iacking patched function, places Smoothened downstream
of Patched in the Hh pathway. The evidence indicates that
Hedgehog binds directly to Patched and prevents Patched
from blocking Smoothened action, thus activating the tran-
scription of target genes.

Immunostaining of appropriate Drosophila embryonic
cells with antibodies to Hh, Ptc, and Smo has shown that in
the absence of Hedgehog, Patched is enriched in the plasma
membrane, but Smoothened is in internal vesicle mem-
branes. Following binding of Hedgehog to Patched, both
proteins move from the cell surface into internal vesicles,
while Smoothened moves from internal vesicles to the sur-
face. The similarity of Patched to transporter proteins sug-
gests that in the absence of Hh binding, it either pumps a
small-molecule inhibitor toward Smoothened or pumps an
activator away from it. This mechanism is supported by the
finding that a number of natural and synthetic small mole-
cules bind to and regulate Smo activity.

In the absence of the Hh signal, the cytosolic protein
complex in the Hh pathway consists of three proteins (see
Figure 16-34a): Fused (Fu), a serine-threonine kinase; Costal-
2 (Cos2), a microtubule-associated kinesin-like protein; and
Cubitis interruptus (Ci), a transcription factor. This complex
is bound to microtubules in the cytosol. Phosphorylation of
Ci by at least three kinases causes binding of the Slimb pro-
tein. Slimb in turn directs ubiquitination of Ci and its targer-
ing to proteasomes, where Ci undergoes proteolytic cleavage.
A resulting Ci fragment, designated Ci75, translocates to the
nucleus and represses expression of Hh target genes.

Binding of Hedgehog to Patched inhibits Ptc activity, per-
haps by blocking a pumping process, which relieves the inhi-
bit ion of Smoothened (see Figure 16-34b). Several responses
are triggered by Hh binding: Some Patched is internalizedby
the receiving cells; Smoothened is phosphorylated by two
protein kinases and moves to the plasma membrane; and
phosphorylation of Fu and Cos2 increases. In addition, the
complex of Fu, Cos2, and Ci dissociates from microtubules,
and Cos2 becomes associated with the C-terminal tail of
Smoothened. The resulting disruption of the Fus/Cos2iCi
complex causes a reduction in both phosphorylation and
cleavage of Ci. As a result, a modified form of full-length Ci
is generated and translocates to the nucleus where it binds to
the transcriptional co-activator CREB-binding protein
(CBP), promoting the expression of target genes.

Hh Pathway in Mammals The Hh signaling pathway in
mammals shares many features with the Drosophila pathway,
but there are also some striking differences. First. mammalian

genomes contain three hh genes and two ptc genes, which are
expressed differentially among various tissues. Second, mam-
mals express three Gli transcription factors that divide up the
roles of the single Ci proteininDrosophila.Thfud,there appears
to be no mammalian Cos2 ortholog, and the role of possible Fu
orthologs is unclear.

The most fascinating aspect of the mammalian Hh path-
way is the newly recognized involvement of intraflagellar
transport (IFT) proteins. IFT proteins are required to move
materials within flagella and cilia, long plasma membrane-
enveloped structures that protrude from the cell surface. The
roles of the abundant cilia in the trachea in moving materi-
als along the tracheal surface and of flagella in sperm loco-
motion are well known (Chapter 18). Most cells, however,
have a single immotile cilium called the primary cilium. The
function of a primary cilium has been rather mysterious, but
there is increasing evidence for its involvement in signal
transduction, especially in the mammalian Hh signaling
pathway. For example, mutations that eliminate IFT func-
tion cause induction of Hh pathway target genes, similar
to the effect of inactivating mutations in Patched. In addi-
tion, several components of the Hh pathway, including
Smoothened, are located, in part, in primary cil ia. The pri-
mary cil ium may be a signal-transduction center, and its
functions may substitute for the apparently missing Cos2
kinesin-l ike protein that is found in the Drosophila Hh
pathway. The absence of IFT proteins in Hh signaling in
Drosophila provides some support for this substitution
hypothesis.

'We 
have aheady seen examples of how intracellular traf-

ficking of many cell-surface receptors affects their level on
the plasma membrane and thus their signaling capabilities.
How Cos2 in flies and IFT proteins in mammals contribute
to trafficking of Smoothened is still unknown. Clearly, much
remains to be learned about the complex relationships be-
tween receptor signal transduction and protein trafficking
within cells.

Regulation of Hh Signaling Feedback control of the Hh
pathway is important because unrestrained Hh signaling can
cause cancerous overgrowth or formation of the wrong cell
types. In Drosophila, one of the genes induced by the Hh signal
is patched. The subsequent increase in expression of Patched
antagonizes the Hh signal in large measure by reducing the pool
of active Smoothened protein. Thus the system is buffered: If
during development too much Hh signal is made, a consequent
increase in Patched will compensate; if too little Hh signal is
made. the amount of Patched is decreased.

Activation of Gene Transcription by Seven-Spanning
Cell-Surface Receptors

r Downstream of activated G protein-coupled receptors,
signal-induced activation of protein kinase A (PKA) often
leads to phosphorylation of nuclear CREB protein, which
together with the CBP/300 co-activator stimulates tran-
scription of many target genes (see Figure 1,6-31,).
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r The GPCR-arrestin complex activates several cytosolic
kinases, init iating cascades that lead to transcriptional
activation of many genes controlling cell growth (see Fig-
ure 15-27).

r Both Hedgehog and lfnt signal proteins contain lipid
anchors that can tether them to cell membranes. thereby re-
ducing their signaling range.

r Wnt signals act through two cell-surface proteins, the re-
ceptor Fizzled and co-receptor Lrp, and an intracellular
complex containing B-catenin (see Figure 16-32). Binding
of \fnt promotes the stability and nuclear localization of

B-catenin, which either directly or indirectly promotes acri-
vation of the TCF transcription factor.

r The Hedgehog signal also acts through two cell-surface
proteins, Smoothened and Patched, and an intracellular
complex containing the Cubitis interruptus (Ci) transcrip-
tion factor (see Figure 16-34). An activating form of Ci is
generated in the presence of Hedgehog; a repressing Ci
fragment is generated in the absence of Hedgehog. Both
Patched and Smoothened change their subcellular location
in response to Hedgehog binding to Patched.

Pathways That Involve
Signal-lnduced Protein Cleavage
All the signaling pathways discussed so far are reversible and
thus can be turned off relatively quickly if the signal is re-
moved. In this section, we discuss several essentially irre-
versible pathways in which a component is proteolytically
cleaved. First we examine the NF-rB pathway in which an
inactive transcription factor is sequestered in the cytosol
bound to an inhibitor (see Figure 16-19l; several stress-
inducing conditions cause immediate degradation of the in-
hibitor enabling cells to respond immediately and vigorously
by activating gene transcription. Next we consider signaling
pathways involving protein cleavage outside of the cell by
members of the matrix metalloprotease (MMP) family. ln
the Notch/Delta pathway (see Figure 16-1h), for instance,
extracellular MMP cleavage of the receptor is followed by its
cleavage within the plasma membrane by a different pro-
tease. This pathway determines the fates of many types of
cells during development. Many growth factors, including
members of the epidermal growth factor (EGF) familS are
made as membrane-spanning precursors; cleavage of these
proteins by matrix metalloproteases releases the active
growth factor into the extracellular medium. This process
goes awry in many cancers and may lead to an often fatal en-
largement of the heart. Inappropriate MMP cleavage of yet
another membrane-spanning protein has been implicated in
the pathology of Alzheimer's disease. We conclude our dis-
cussion by describing the intramembrane cleavage of a tran-
scription factor precursor within the Golgi membrane in re-
sponse to low cholesterol levels. This pathway is essential for
maintaining the proper balance of cholesterol and phospho-
lipids for constructing cell membranes (Chapter 10).

Degradation of an Inhibitor Protein Activates
the NF-rB Transcript ion Factors

The examples in previous sections, like TGFB receptors and
MAP kinases, have demonstrated the importance of signal-
induced phosphorylation in modulating the activity of many
transcription factors. Another mechanism for regulating
transcription factor activity in response to extracellular sig-
nals was revealed in studies with both mammalian cells and
Drosophila. This mechanism, which involves phosphoryla-
tion and subsequent ubiquitin-mediated degradation of an
inhibitor protein, is exemplified by the NF-rB transcription
factor.

NF-rcB is rapidly activated in mammalian immune-system
cells in response to bacterial and viral infection, inflam-
mation, and a number of other stressful situations, such as
ionizing radiation. As we learn in Chapter 24, the NF-rcB
pathway is activated in some cells of the immune system
when components of bacterial or fungal cell walls bind to
certain Toll-like receptors on the cell surface. This pathway
is also activated by so-called inflammatory cytokines, such
as tumor necrosis factor alpha /TNFc/ and interleukin 1 (IL-

1), that are released by nearby cells in response to infection.
In all cases, binding of ligand to its receptor induces assem-
bly of a multiprotein complex in the cytosol. Formation of
this complex triggers a signaling pathway that results in ac-
tivation of the NF-rB transcription factor.

NF-rcB was originally discovered on the basis of its tran-
scriptional activation of the gene encoding the light chain of
antibodies (immunoglobulins) in B cells. It is now thought to
be the master transcriptional regulator of the immune sys-
tem in mammals. Although flies do not make antibodies,
NF-rB homologs in Drosophila induce synthesis of a large
number of secreted antimicrobial peptides in response to
bacterial and viral infection (Chapter 24). This phenomenon
indicates that the NF-rB regulatory system has been con-
served during evolution and is more than half a billion years

old.
Biochemical studies in mammalian cells and genetic stud-

ies in flies have provided important insights into the opera-
tion of the NF-rcB pathway. The two subunits of het-
erodimeric NF-rB (p65 and p50) share a region of homology

at their N-termini that is required for their dimerization and
binding to DNA. In cells that are not undergoing a stress or
responding to signs of an infection, NF-rB is sequestered in

an inactive state in the cytosol by direct binding to an in-
hibitor called l-rcB. A single molecule of I-rB binds to the
paired N-terminal domains of the p50/p65 heterodimer,
thereby masking their nuclear-localization signals. The pro-

tein kinase complex termed I-xB kinase is the point of con-
vergence of all of the extracellular signals that activate NF-
rcB. Within minutes of stimulation of the cell by an infectious

agent or inflammatory cytokine, I-rB kinase becomes acti-
vated and phosphorylates two N-terminal serine residues on
I-rcB (Figure L6-35, steps n and El). An E3 ubiquitin ligase

then binds to these phosphoserines and polyubiquitinates I-

rcB, triggering its immediate degradation by a proteasome
(steps S and Zl ). In cells expressing mutant forms of I-rcB in

PATHWAYS THAT  INVOLVE S IGNAL- INDUCED PROTEIN  CLEAVAGE 703



TNF-a TN,F-cr 'f 
't

receptor | |

Bacteria
and fung i

+l on iz ing
radiat ion

lL-1 receptor

Chemok ines

To l l - l i ke
receptor

Exterior

Cytosol

l-rB
ki nase

Adhes ion
p rotein s

  FIGURE 16-35 NF-rB signaling pathway. In resting cells, the
dimeric transcription factor NF-rB, composed of p50 and p65
subunits, is sequestered in the cytosol, bound to the inhibitor l-rBo
Step [: Activation of the trimeric l-rcB kinase is stimulated by many
agents inc luding v i rus in fect ion,  ion iz ing radiat ion,  b inding of  the
proinflammatory cytokines TNFa or lL-1 to their respective receptors,
or activation of any of several Toll-l ike receptors by components of
invading bacteria or fungi. Step [: l-rcB kinase then phosphorylates
the inhibitor l-rc8a, which then binds an E3 ubiquitin l igase Steps !

which these two serines have been changed to alanine, and
thus cannot be phosphorylated, NF-rcB is permanently inac-
tive, demonstrating that phosphorylation of I-rB is essential
for pathway activation.

The degradation of I-rB exposes the nuclear-localization
signals on NF-rB, which then translocates inro the nucleus
and activates transcription of a multitude of target genes (see
Figure 16-3 5 , steps I and 6 ) . Despite its activation by pro-
teolysis, NF-rB signaling eventually is turned off by a nega-
tive feedback loop, since one of the genes whose transcrip-
tion is immediately induced by NF-rcB encodes I-rcB. The
resulting increased levels of the I-rB protein bind active NF-
rB in the nucleus and return it to the cyrosol.

In many immune-system cells, NF-rcB stimulates tran-
scription of more than 150 genes, including those encoding
cytokines and chemokines; the latter attract other immune-
system cells and fibroblasts to sites of infection. NF-rB also
promotes expression of receptor proteins that enable neu-
trophils (a type of white blood cell) to migrate from the
blood into the underlying tissue (see Figure 19-36). In

and 4: Subsequent polyubiquitination of l-rB targets it for
degradation by proteasomes Step E: The removal of l-rB unmasks
the nuclear-localization signals (NLS) in both subunits of NF-rB,
allowing their translocation to the nucleus Step 6: In the nucleus,
NF-rcB activates transcription of numerous target genes, including the
gene encoding l-rBct, which acts to terminate signaling, and genes
encoding various inflammatory cytokines, which promote signaling
[See R Khush et al , 2001, Trends lmmunol 22:260, and J-L Luo et al , 2005,
J Clin lnvest 115:26251

addition, NF-rB stimulates expression of iNOS, the inducible
isoform of the enzyme that produces nitric oxide, which is
toxic to bacterial cells, as well as expression of several anti-
apoptotic proteins, which prevent cell death. Thus this single
transcription factor coordinates and activates the body's de-
fense either directly by responding to pathogens and stress or
indirectly by responding to signaling molecules released
from other infected or wounded tissues and cells.

Besides its roles in inflammation and immunity, NF-rB
plays a key role during mammalian development. For in-
stance, NF-rcB is essential for survival of developing liver
cells. Mouse embryos that cannot express one of the I-rcB ki-
nase subunits die at mid-gestation due to liver degeneration
caused by excessive apoptosis of cells that would normally
survive. As we wil l see in Chapter 20, phosphorylation-
dependent degradation of a cyclin kinase-dependent inhibitor
plays a central role in regulating progression through the cell
cycle in S. cereuisiae. It seems likely that phosphorylation-
dependent protein degradation may emerge as a common reg-
ulatory mechanism in many different cellular processes.
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Ligand-Activated Notch ls Cleaved Twice,
Releasing a Transcr ip t ion Factor
Both the receptor called Notch and its l igand Delta are sin-
gle-pass transmembrane proteins found on the cell surface.
Notch also has other l igands, including Serrate, but the mo-
lecular mechanisms of activation are the same with each lig-
and. Delta binds to Notch, activating Notch so that it un-
dergoes two cleavage events; these result in release of the
Notch cytosolic domain, which functions as a transcription
factor. For activation to occut Notch and Delta must be lo-
cated in the membranes of adiacent cells. Their location in
different cells is essential, because they participate in a highly
conserved and important differentiation process in both in-
vertebrates and vertebrates, called lateral inhibition. In this
process, adjacent and developmentally equivalent cells as-
sume completely different fates. In effect, one cell in a group
of equivalent cells instructs the others around it to choose a
different fate. This process, discussed in detail in Chapter 22,
is particularly important in preventing too many nerve pre-
cursor cells forming from an undifferentiated layer of ep-
ithelial cells.

Notch protein is synthesized as a monomeric membrane
protein in the endoplasmic reticulum. In the Golgi complex,

it undergoes a proteolytic cleavage that generates an extra-

cellular subunit and a transmembrane-cytosolic subunit; the
two subunits remain noncovalently associated with each

other in the absence of interaction with Delta residing on an-
other cell. Following binding of Delta, the Notch protein on
the responding cell undergoes two proteolytic cleavages in a
proscribed order (Figure 1'6-36). The first is catalyzed by
ADAM 10, a matrix metalloprotease. (The name ADAM

stands for A Disintegrin and Metalloprotease. Disintegrin
refers to an ADAM domain that binds integrins (Chapter 19)

and disrupts cell-matrix interactions.) The second cleavage
occurs within the hydrophobic membrane-spanning region

of Notch, and is catalyzedby a four-protein transmembrane
complex termed y-secretase. This cleavage releases the

Notch cytosolic segment, which immediately translocates to

the nucleus where it affects transcription of various target
genes. Such signal-induced regulated intramembrane prote-

olysis (RIP) also occurs in the response of cells to low cho-
lesterol (see below) and to the presence of unfolded proteins

in the endoplasmic reticulum (Chapter 13).
The 1-secretase complex contains a protein termed pre-

senilin 1 and three other essential subunits, aph-1, pen-2,

and nicastrin. Presenilin 1 (PS1) was first identified as the
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  FIGURE 16-36 Notch/Delta signaling pathway. In the absence
of Delta, the extracellular subunit of Notch on a responding cell is
noncovalently associated with its transmembrane-cytosolic subunit
When Notch b inds to i ts  l igand Del ta on an adjacent  s ignal ing cel l
(step tr), Notch is f irst cleaved by the matrix metalloprotease ADAM
10, which is  bound to the membrane,  re leasing the extracel lu lar
Notch segment (step El) 1-Secretase, a complex of four membrane
proteins including the presumed protease presenil in 1, then associates

with the remarning portion of Notch and catalyzes an intramembrane
cleavage that releases the cytosolic segment of Notch (step B)
Following translocation to the nucleus, this Notch segment interacts
with several transcription factors to affect expression of genes that in
turn influence the determination of cell fate during development
(step 4) [See M S Brown et al , 2000, Ce// 100:391, and D Seals and S
Courtneidge,  2003, Genes Dev.1721 |
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product of a gene that commonly is mutated in patients with
an early-onset autosomal dominant form of Alzheimer's
disease. Studies on cells lacking nicastrin revealed why t-
secretase can only cleave proteins that have first been cleaved
by an ADAM or other matrix metalloprotease. Nicastrin
binds to the N-terminal extracellular stumo of the mem-
brane protein that is generated by the firsi protease (see
Figure 16-36). Without this stump, nicastrin and thus the
entire T-secretase complex cannot interact with its target pro-
tein. Iil7e examine the role of ADAM proteins and ̂ y-secretase

in the development of Alzheimer's disease later.
ln Drosophila, the released intracellular segment of

Notch forms a complex with a DNA-binding protein called
Suppressor of Hairless, or Su(H). This complex stimulates
transcription of many genes whose net effect is to influence
the determination of cell fate during development. One of
the proteins increased in this manner is Notch itself, and
Delta production is correspondingly reduced (see Figure
22-42). As we see in Chapter 22, reciprocal regulation of the
receptor and ligand in this fashion is an essential feature of
the interaction between initially equivalent cells that causes
them to assume different cell fates.

Further studies have revealed several lines of evidence
that the Notch pathway is carefully tuned with many built-
in checks and balances. Genetic studies in Drosophila led to
the discovery of the Fringe (Fng) protein, a glycosyl trans-
ferase that influences the activity of Notch. ln the trans-
Golgi network (Chapter 14), Fringe adds fucose residues to
a region in the extracellular domain of Notch. This modifi-
cation biases Notch toward greater sensitivity to its Delta
Iigand than to its Serrate ligand. In vertebrates, three color-
fully named proteins that are related to Fringe (Lunatic
fringe, Manic fringe, and Radical fringe) alter the relative
sensitivity of Notch to its three ligands (Delta, Jaggedl, and
Jagged2).In flies and in mammais, the biases imposed by
Fng proteins influence developmental outcomes because Fng
modifies Notch in some cells but not others.

Matrix Metal loproteases Catalyze Cleavage
of Many Signaling Proteins from the Cell Surface
Many signaling molecules are synthesized as transmembrane
proteins whose signal domain extends into the extracellular
space. Such signaling proteins are often biologically acive bur
can signal only by binding ro receptors on adjacent cells. Delta
is a good example of such a membrane-bound signal that has
very localized effects. However, many growth factors and
other protein signals are synthesized as transmembrane pre-
cursors whose cleavage releases the soluble, active signaling
molecule into the extracellular space. The human genome en-
codes 19 metalloproteases in the ADAM family and many are
involved in cleaving the precursors of signaling proteins just
outside their transmembrane segment. This ADAM-mediated
proteolysis of such precursors is similar to the cleavage of
Notch by ADAM 10 (see Figure 16-36) except that the re-
Ieased extracellular segmenr has signaling activity. ADAM ac-
tivity and hence the release of active signaling proteins must be
tightly regulated by the cell, but how this happens is not yet

clear. A breakdown in the mechanisms for regulating ADAM
proteases can lead to abnormal cell proliferation.

Medically important examples of the regulated cleav-
age of signal protein precursors are members of the

EGF family, including EGR HB-EGF, TGF-a, NRG1, and
NRG2 (see Figure 16-18). The increased activity of one or
more ADAMs that is seen in many cancers can promote
cancer development in two ways. First, heightened ADAM
activity can lead to high levels of extracellular EGF family
growth factors that stimulate secreting cells (autocrine sig-
naling) or adjacent cells (paracrine signaling) to proliferate
inappropriately. Second, by destroying components of the
extracellular matrix, increased ADAM activity is thought
to facil i tate metastasis, the movement of tumor cells to
other sites in the body.

ADAM proteases also are an important factor in heart
disease. As we learned in the last chapter, activation by
adrenaline of B-adrenergic receptors in heart muscle causes
glycogenolysis and an increase in the rate of muscle con-
traction. Prolonged treatment of heart muscle cells with ep-
inephrine, however, leads to activation of ADAM 9 by an
unknown mechanism. This matrix metalloprotease cleaves
the transmembrane precursor of HB-EGF. The released
HB-EGF then binds to EGF receptors on rhe signaling heart
muscle cells and stimulates their inappropriate growth.
This excessive proliferation can lead to an enlarged but
weakened heart-a condition known as cardiac hyoertro-
phy, which may cause early death. I

Inappropriate Cleavage of Amyloid Precursor
Protein Can Lead to Alzheimer's Disease

Alzheimer's disease is another disorder marked by the
inappropriate activity of matrix metalloproteases. A

major pathologic change associated with Alzheimer's disease
is accumulation in the brain of amyloid plaques containing
aggregates of a small peptide containing 42 residues termed
ABa2. This peptide is derived by proteolytic cleavage of amy-
loid precursor protein (APP), a transmembrane cell-surface
protein of still mysterious function expressed by neurons.

Like Notch protein, APP undergoes one extracellular
cleavage and one intramembrane cleavage (Figure 16-37).
First, the extracellular domain is cleaved at one of two sites in
the extracellular domain: by ADAM 10 or ADAM 17 (often
collectively called a-secretase) or by another matrix metallo-
protease termed B-secretase. In either case, y-secretase then
catalyzes a second cleavage at the same intramembrane site,
releasing the same APP cytosolic domain but different small
peptides in the two pathways. The pathway initiated by o-
secretase generates a 26-residue peptide that apparently does
no harm. In contrast, the pathway initiated by B-secretase
generates the pathologic ABa2 peptide, which spontaneously
forms oligomers and then the larger amyloid plaques found
in the brain of patients with Alzheimer's disease.

APP was recognized as a major player in Alzheimer's
disease through a genetic analysis of the small percentage
of patients with a family history of the disease. Many had
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Cytosol

A FIGURE 15-37 Proteolytic cleavage of APP and Alzheimer's
disease. (leff) Sequential proteolytic cleavage by a-secretase (ADAM
10 or ADAM 17) (tr) and "y-secretase (Z) produces an innocuous
membrane-embedded peptide of 26 amino acids (Righf) Cleavage in
the extracellular domain by B-secretase (tr)followed by cleavage within
the membrane by 1-secretase (E) generates the 42-residue ABo2
peptide that spontaneously forms oligomers and then the larger amyloid

mutations in the APP protein, and intriguingly these muta-
tions are clustered around the cleavage sites of o-, B-, or 1-
secretase depicted in Figure 16-37. Other cases of familial
Alzheimer's disease involve missense mutations in prese-
nil in 1, a subunit of 1-secretase, that enhances the forma-
tion of the ABa2 peptide, leading to plaque formation and
eventually to the death of neurons. I

^y-Secretase catalyzes the regulated intramembrane cleav-
age of over 100 cell-surface proteins, including Notch (see
Figure 16-36). Evidence supporting the involvement of the
presenilin 1 subunit of ^y-secretase in Notch signaling came
from genetic studies in the roundworm C. elegans. Mutations
in the worm homolog of presenilin 1 caused developmental
defects similar to those caused by Notch mutations. Later
work showed that mammalian Notch does not undergo sig-
nal-induced intramembrane proteolysis in mouse neuronal
cells genetically missing presenilin 1. But whether presenilin
1 is the actual 1-secretase protease or an essential cofactor of
the "real" protease is not yet certain. 

'$Tithin 
its membrane-

spanning segments, presenilin t has two aspartate residues
in a configuration that resembles that of the two aspartates
in the active site of water-soluble "aspartyl proteases," and
mutation of either of these aspartate residues in presenilin 1
abolishes its ability to stimulate cleavage of Notch. Current
data are thus consistent with the notion that presenilin 1 is
the protease that cleaves Notch, APP, and many other pro-
teins within their transmembrane segments.

Regulated Intramembrane Proteolysis of SREBP
Releases a Trans€ription Factor That Acts to
Mainta in Phosphol ip id  and Cholestero l  Levels

A cell would soon face a crisis if it did not have enough lipids
to make adequate amounts of membranes or had so much
cholesterol that large crystals formed and damaged cellular
structures. To prevent such disastrous events, cells normally

plaques found in the brain of patients with Alzheimers disease. In
both pathways the cytosolic segment of APP is released into the
cytosol, but its function is not known. [See 5 Lichtenthaler and C. Haass,
2OO4, l Clin tnvest 113:1384, and V Wilquet and B De Stroopet 2004, Curr.
Opin Neurobiol 14:582 Inset O |SM/Phototakel

maintain appropriate lipid levels by regulating their supply

and utilization of lipids. Coordinate regulation of the me-

tabolism of phospholipids and cholesterol is necessary to

maintain the proper composition of membranes. Regulated
intramembrane proteolysis, which occurs in the Notch path-

way, also plays an important role in the cellular response to
low cholesterol levels.

As we learned in Chapter 1.4, low-density lipoprotein
(LDL) is rich in cholesterol and functions in transporting
cholesterol within the circulation (see Figure 1'4-27). Both

the cholesterol biosynthetic pathway (see Figure 1,0-26)

and cellular levels of LDL receptors are down-regulated
when cholesterol is in excess. Since LDL is imported into

cells via receptor-mediated endocytosis (see Figure 14-

29). a decrease in the number of LDL receptors leads to re-

duced cellular import of cholesterol. Both cholesterol

biosynthesis and import are regulated at the level of gene

transcription. For example, when cultured cells are in-

cubated with increasing concentrations of LDL, the level and

the activity of HMG-CoA reductase' the rate-controll ing

enzyme in cholesterol biosynthesis is suppressed, whereas

the activity of acyl:cholesterol acyl transferase (ACAT),

which converts cholesterol into the esterified storage form,

is increased.
Cholesterol-dependent transcriptional regulation often

depends on 1O-base-pair sterol regulatory elements /SREs),
or SRE half-sites, in the promoters of regulated target genes.
(These SREs differ from the serum response elements that

control many early-response genes' as discussed in Section

16.4.) The interaction of cholesterol-dependent transcrip-

tion factors called SRE-binding proteins (SREBPs) with

these response elements modulates the expression of the tar-

get genes. The SREBP-mediated pathway begins in the mem-

branes of the endoplasmic reticulum (ER) and includes at

least two other proteins besides SREBP'
'S7hen 

cells have adequate concentrations of cholesterol,

SREBP is found in the ER membrane complexed with SCAP
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  FIGURE 16-38 Cholesterol-sensit ive control of SREBP
activation. The cel lular pool of cholesterol is monitored by the
combined action of insig-1(2) and SCAB both transmembrane proteins
located in the ER membrane (a) When cholesterol levels are high,
insig-1(2) binds to the sterol-sensing domain in SCAB anchoring the
SCAP-SREBP complex in the ER membrane (b) The dissociat ion of
insig-1(2) from SCAP at low cholesterol levels al lows the SCAP-SREBp

(SREBP cleavage-activating protein), insig-1 (or its close ho-
molog insig-2), and perhaps other proteins (Figure 76-38a).
SREBP has three distinct domains: an N-terminal cytosolic
domain, containing a basic helix-loop-helix (bHLH) DNA-
binding motif (see Figure 7-26), that functions as a tran-
scription factor when cleaved from the rest of SREBP; a
central membrane-anchoring domain containing rwo trans-
membrane o helices; and a C-terminal cytosolic regulatory
domain. SCAP has eight transmembrane a helices and a
Iarge C-terminal cytosolic domain that interacts with the
regulatory domain of SREBP. Five of the transmembrane he-
lices in SCAP form a sterol-sensing domain similar to that in
HMG CoA reductase (see Section 10.3). When the sterol-
sensing domain in SCAP is bound to cholesterol, the protein
also binds to insig-1(2). When insig-1(2) is t ightly bound to
the SCAP-cholesterol complex, it blocks the binding of
SCAP to coat proteins on COPII vesicles, thereby preventing
incorporation of the SCAP/SREBP complex into ER-to-Golgi
transport vesicles (see Chapter 14). Thus the cholesterol-
dependent binding of insig to the SCAP-cholesterol-SREBP
complex traps that complex in the ER.

-il/hen cellular cholesterol levels drop. some of the cho-
lesterol bound to SCAP is released. Consequentl5 insig-1(2)
no longer binds to the cholesterol-free SCAR and the

Cytosol Golgi cisterna

complex to move to the Golgi complex by vesicular transport In the
Golgi,  the sequential cleavage of SREBP by the site 1 and site 2
proteases (S1B 52P) releases the N-terminal bHLH domain of SREBP
After this released domain, cal led nuclear SREBP (nSREBP), translocates
into the nucleus, i t  controls the transcript ion of genes containing sterol
regulatory elements (SREs) in their promoters. lAdapted from I F. Osborne,
2001, Genes Devel. 15:1873, see T. Yang et al , 2002, Ce// 110:489 l

SCAP-SREBP complex moves from the ER to the Golgi ap-
paratus via COPII vesicles (Figure 16-38b). In the Golgi,
SREBP is cleaved sequentially at two sites by two mem-
brane-bound proteases, S1P and 52P, additional examples of
regulated intramembrane proteolysis. The second cleavage
at site 2 releases the N-terminal bHlH-containing domain
into the cytosol. This fragment, called nSREBP (nwclear
SREBP/, is rapidly translocated into the nucleus. There it ac-
tivates transcription of genes containing sterol regulatory ele-
ments (SREs) in their promoters, such as those encoding the
LDL receptor and HMG-CoA reductase. Thus a reduction in
cellular cholesterol, by activating the insigl (2) /SCAP/SREBP
pathway, triggers expression of genes encoding proteins that
both import cholesterol into the cell (LDL receptor) and syn-
thesize cholesterol from small precursor molecules (HMG-
CoA reductase).

After cleavage of SREBP in the Golgi, SCAP apparently
recycles back to the ER where it can interacr with insig-1(2)
and another intact SREBP molecule. High-level transcription
of SRE-controlled genes requires the ongoing generation of
new nSREBP because it is degraded fairly rapidly by the
ubiquitin-mediated proteasomal pathway (Chapter 3). The
rapid generation and degradation of nSREBP help cells re-
spond quickly to changes in levels of intracellular cholesterol.

i .  O H

Cytosol ER lumen
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Under some circumstances (e.g., during cell growth),
cells need an increased supply of all the essential membrane
lipids and their fatty acid precursors (coordinate regulation).
But cells sometimes need greater amounts of some lipids,
such as cholesterol to make steroid hormones, than others,
such as phospholipids (differential regulation). The complex
regulation of lipid metabolism characteristic of higher eu-
karyotes depends in large part on abundant transcription
factors, including multiple SREBPs, that control the expres-
sion of proteins involved in lipid metabolism. For example,
various SREBPs regulate the transcription of genes encoding
many proteins participating in the cellular uptake of lipids
(e.g., the LDL receptor) and most enzymes in the pathways
for synthesizing cholesterol, fatty acids, triglycerides, and
phospholipids. Mammals express three known isoforms of
SREBP: SREBP-1a and SREBP-1c, which are generated from
alternatively spliced RNAs produced from the same gene,
and SREBP-2, which is encoded by a different gene. Together
these protease-regulated transcription factors control the
availability not only of cholesterol but also of fatty acids and
the triglycerides and phospholipids made from fatty acids. In
mammalian cells, SREBP-1a and SREBP-1c exert a greater
influence on fatty acid metabolism than on cholesterol me-
tabolism, whereas the reverse is the case for SREBP-2.

Because the risk for atherosclerotic disease is directly
proportional to the plasma levels of LDL cholesterol

( the so-cal led "bad" cholestero l )  and inversely  propor-
tional to those of HDL cholesterol, a major public health
goal has been to lower LDL and raise HDL cholesterol
levels. The most successful drugs for controll ing the
LDL:HDL ratio are the statins, which cause reductions in
plasma LDL. As discussed in Chapter 10, these drugs bind
to HMG-CoA reductase and directly inhibit its activitS
thereby lowering cholesterol biosynthesis and the pool of
cholesterol in the l iver. Activation of SREBP in response to
this cholesterol depletion promotes increased synthesis of
HMG-CoA reductase and the LDL receptor. Of greatest
importance here is the resulting increased numbers of he-
patic LDL receptors, which mediate increased import of
LDL cholesterol from the plasma and thus lower the level
of LDL cholesterol in the circulation. Statins also appear to
inhibit atherosclerosis by suppressing the inflammation
that triggers the process. Although the mechanism of this
inhibit ion is not well understood, it apparently contributes
to the atheroprotective effect of statins. I

Pathways That Involve Signal-lnduced
Protein Cleavage

r The NF-rcB transcription factor regulates many genes
that permit cells to respond to infection and inflammation.

r In unstimulated cells, NF-rcB is localized to the cytosol,
bound to the inhibitor protein I-rB. In response to many
types of extracellular signals, phosphorylation-dependent
ubiquitination and degradation of I-rB in proteasomes

releases active NF-rcB, which translocates to the nucleus
(see Figure 1,6-35).

r Upon binding to its ligand Delta on the surface of an ad-
jacent cell, the receptor Notch protein undergoes two pro-

teolytic cleavages (see Figure 15-36). The released Notch

cytosolic segment then translocates into the nucleus and

modulates transcription of target genes critical in deter-

mining cell fate during development.

r Cleavage of membrane-bound precursors of members of

the EGF family of signaling molecules is catalyzed by

ADAM proteases. Inappropriate cleavage of these precur-

sors can result in abnormal cell proliferation, potentially

leading to cancer, cardiac hypertrophy, and other diseases.

r 1-Secretase, which catalyzes the regulated intramem-

brane proteolysis of Notch, also participates in the cleav-

age of amyloid precursor protein (APP) into a peptide that

forms plaques characteristic of Alzheimer's disease (see Fig-

ure L6-37\ .

r In the insig-1(2)/SCAP/SREBP pathway, the active

nSREBP transcription factor is released from the Golgi

membrane by intramembrane proteolysis when cellular

cholesterol is low (see Figure 15-38). It then stimulates the

expression of genes encoding proteins that function in cho-

lesterol biosynthesis (e.g., HMG-CoA reductase) and cellu-

lar import of cholesterol (e.g., LDL receptor). When cho-

lesterol is high, SREBP is retained in the ER membrane

complexed with insig-1(2) and SCAP'

The confluence of genetics, biochemistry' and structural bi-

ology has given us an increasingly detailed view of how sig-

nals are transmitted from the cell surface and transduced

into changes in cellular behavior' The multitude of different

extracellular signals, receptors for them, and intracellular

signal-transduction pathways fall into a relatively small

number of classes, and one major goal is to understand how

similar signaling pathways often regulate very different cel-

lular processes. For instance, STATS activates very different

sets of genes in erythroid precursor cells, following stimula-

tion of the erythropoietin receptor' than in mammary epithe-

Iial cells, following stimulation of the prolactin receptor. Pre-

sumably STAT5 binds to different groups of transcription

factors in these and other cell types, but the nature of these

proteins and how they collaborate to induce cell-specific pat-

terns of gene expression remain to be uncovered.

Conversely activation of the same signal-transduction

component in the same cell through different receptors often

elicits different cellular responses. One commonly held view

is that the duration of activation of the MAP kinase and

other signaling pathways affects the pattern of gene expres-

sion. But how this specificity is determined remains an out-

standing question in signal transduction. Genetic and molec-

ular studies in flies, worms' and mice will contribute to our

understanding of the interplay between different pathway
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components and the underlying regulatory principles con-
trolling specificity in multicellular organisms.

Researchers have determined the three-dimensional struc-
tures of various signaling proteins during the past several
years, permitting more detailed analysis of several signal-
transduction pathways. The molecular structures of different
kinases, for example, exhibit striking similarities and impor-
tant variations that impart to them novel regulatory features.
The activity of several kinases, such as Raf and protein kinase
B (PKB), is controlled by inhibitory domains as well as by
multiple phosphorylations catalyzed by several other kinases.
Our understanding of how the activity of these and other
kinases is precisely regulated ro meet the cell 's needs wil l
require additional strucural and cell biological studies.

Abnormalities in signal rransduction underlie many differ-
ent diseases, including the majority of cancers and many in-
flammatory conditions. Detailed knowledge of the signaling
pathways involved and the strucrure of their protein compo-
nents will continue to provide important molecular clues for
the design of specific therapies. Deipite the close structural re-
Iationship between different signaling molecules (e.g., kinases),
recent studies suggest that inhibitors selective for specific sub-
classes can be designed. In many tumors of epithelial origin, the
EGF receptor has undergone a mutation that increases rts ac-
tivity. Remarkably a small-molecule drug (IressarM) inhibits the
kinase activity of the mutanr EGF receptor but has no effect on
the normal EGF receptor or other receprors. Thus the drug
slows cancer growth only in patients with this particular muta-
tion. Similarlg monoclonal antibodies or decoy receptors (sol-
uble proteins that conrain the ligand-binding domain of a re-
ceptor and thus sequester the ligand) that prevent
pro-inflammatory cytokines like IL-1 and TNFct from binding
to their cognate receptors are now being used in treatment of
several inflammatory diseases such as arthritis.
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Review the Concepts

L Binding of TGFB to its receptors can elicit a variery of re-
sponses in different cell types. For example, TGFB induces plas-
minogen activator inhibitor in epithelial cells and specific im-
munoglobulins in B cells. In both cell types, Smad3 is activated.
Given the conservation of the signaling pathway, what accounts
for the diversity of the response to TGFB in various cell types?
2. How is the signal generated by binding of TGFB to cell-
surface receptors transmitted to the nucleus where changes
in target gene expression occur?
3. Name three features common to the activation of cytokine
receptors and receptor tyrosine kinases. Name one difference
with respect to the enzymatic activity of these receptors.
4. The intracellular events that proceed when erythropoietin
binds to its cell-surface receptor are well-char acterized examples
of cell-signaling pathways that activate gene expression. What
molecule translocates from the cytosol to the nucleus after (a)

JAK2 activates STAT5 and (b) GRB2 binds to the Epo receptor?
5. Once an activated signaling pathway has elicited the proper
changes in target gene expression, the pathway must be inacti-
vated. Otherwise, pathologic consequences may result, as exem-
plified by persistent growth factor-initiated signaling in many
cancers. Many signaling pathways possess intrinsic negative
feedback by which a downstream event in a pathway turns off
an upstream event. Describe the negative feedback that down-
regulates signals induced by (a) TGFB and (b) erythropoietin.
6. Even though GRB2 lacks intrinsic enzymatic activity, it
is an essential component of the epidermal growth factor
(EGF) signaling pathway that activates MAP kinase.'What is
the function of GRB2? What role do the SH2 and SH3 do-
mains play in the function of GRB2? Many other signaling
proteins possess SH2 domains. What determines the speci-
ficity of SH2 interactions with other molecules?
7. A mutation in the Ras protein renders Ras constitutively
active (RasD). 'S7hat 

is constitutive activation? How is
constitutively active Ras cancer-promoting? What type of
mutation might render the following proteins constitutively
active: (a) Smad3; (b) MAP kinase; and (c) NF-rcB?
8. The enzyme Ste11 participates in several distinct MAP
kinase signaling pathways in the budding yeast S. cereuisiae.
What is the substrate for Ste11 in the mating factor signaling
pathway? -When a yeast cell is stimulated by mating factor,
what prevents induction of osmolytes required for survival
in high osmotic strength media since Ste11 also parricipates
in the MAP kinase pathway initiated by high osmolarity?
9. Describe the evenrs required for full activation of protein
kinase B. Name two effects of insulin mediated by protein ki-
nase B in muscle cells.
10. Describe the function of the PTEN phosphatase in the
PI-3 kinase signaling pathway. \Why is a loss-of-function mu-
tation in PTEN cancer-promoting? Predict the effect of con-
stitutively active PTEN on cell growth and survival.
11. Activation of protein kinase A (PKA) can have both
short- and long-term effects in cells. 

'What 
are some of the

long-term effects of activated PKA in liver cells? Sfhar path-
way mediates these effects?
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12. Similar to Wnt proteins, the extracellular signaling pro-
tein Hedgehog can remain anchored to cell memhranes.
!(hat modifications to Hedgehog enable it to be membrane-
bound? \Why is this property useful?

13. Intraflagellar transport (IFT) proteins are required to
move materials within cilia and flagella. Most cells have a
single immobile cilium called the primary cilium. What evi-
dence shows the primary cilium may be involved in signal
transduction?

14. 
'Why 

is the signaling pathway that activates NF-rB con-
sidered to be relatively irreversible compared with cytokine
or RTK signaling pathways? Nonetheless, NF-rcB signaling
must be down-regulated eventually. How is the NF-rcB sig-
naling pathway turned off?

15. What biochemical reaction is catalyzed by 1-secretase?
\fhat is the role of 1-secretase in transducing the signal in-
duced by the binding of Delta to its receptor, Notch? How are
mutations in presenilin 1, one of the subunits of 1-secretase,
thought to contribute to Alzheimer's disease?

Analyze the Data

G. Johnson and colleagues have analyzed the MAP kinase
cascade in which MEKK2 participates in mammalian cells.
By a yeast two-hybrid screen (see Chapter 7), MEKK2 was
found to bind MEK5, which can phosphorylate a MAP ki-
nase. To elucidate the signaling pathway transduced by
MEKK2 in vivo, the following studies were performed in hu-
man embryonic kidney (HEK293) cells in culture.

a. HEK293 cells were transfected with a plasmid encod-
ing recombinant, tagged MEKK2, along with a plasmid encod-
ing MEK5 or a control vector that did not encode a protein
(mock). Recombinant MEK5 was precipitated from the cell ex-
tract by absorption to a specific antibody. The immunoprecip-
itated material was then resolved by polyacrylamide gel elec-
trophoresis, transferred to a membrane, and examined by
Western blotting with an antibody that recognized tagged
MEKK2. The results are shown in part (a) of the figure below.
-il/hat information about this MAP kinase cascade do we learn
from this experiment? Do the data in part (a) of the figure
prove that MEKK2 activates MEK5, or vice versa?

(u) $oo ol'g$u

- +- MEKK2

o5e(6 o5e(Sts

( b ) ose( sr.."." ls"-" ;"**t 

*

b. ERK5 is a MAP kinase previously shown to be acti-

vated when phosphorylated by MEK5. Vhen ERK5 is phos-

phorylated by MEK5, its migration on a polyacrylamide gel

is retarded. In another experiment, HEK293 cells were trans-

fected with a plasmid encoding ERK5 along with plasmids

encoding MEK5, MEKK2, MEKK2 and MEK5, or MEKK2

and MEKSAA. MEKSAA is a mutant, inactive version of

MEK5 that functions as a dominant-negative. Expression of

MEKSAA in HEK293 cells prevents signaling through active'

endogenous MEK5. Lysates of transfected cells were ana-

lyzed by'Western blotting with an antibody against recombi-

nant ERK5. From the data in part (b) of the figure' what can

we conclude about the role of MEKK2 in the activation of

ERKS ? How do the data obtained when cells are cotrans-

fected with ERKS, MEKK2, and MEKSAA help to elucidate

the order of participants in this kinase cascade?
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Migrating cel l  stained with f luorescent phal loidin, a drug that

specif ical ly binds F-actin [Courtesy of K Rottner and J, V Small ]

I A fhen we look through a microscope at the wonder-

\n/ ful diversity of cells in nature, the variety of cell

V Y shapes and movements we can discern is astonish-
ing. At first wi may notice that some cells, such as vertebrate

sperm, ciliates such as Tetrahymena, or flagellates such as

Chlamydomonas swim rapidly, propelled by cilia and fla-
gella. Other cells, such as amebas and human macrophages,
move more sedatelS propelled not by external appendages
but by coordinated movement of the cell i tself. We also
might notice that some cells in tissues attach to one another,
forming a pavementlike sheet, whereas other cells-neurons'
for example-have long processes, up to 3 ft in length, and
make selective contacts between cells. Looking more closely

at the internal organization of cells, we see that organelles
have characteristic locations; for example, the Golgi appara-

tus is generally near the central nucleus. How is this diversity
of shape, cellular organization, and motility achieved? Why

is it important for cells to have a distinct shape and clear
internal organization? Let us first consider two examples of

cells with very different functions and organizations.
The epithelial cells that line the intestine form a tight, pave-

mentlike layer of brick-shaped cells, known as an epithelium
(Figure 1.7-|a,b). Their function is to import nutrients (such as

glucose) across the apical (top) plasma membrane and export

them across the basolateral (bottom-side) plasma membrane
into the bloodstream. To perform this directional transport, the

apical and basolateral plasma membranes of epithelial cells

must have different protein compositions. Epithelial cells are

attached and sealed together by cellular junctions (Chapter 19),

which also separate the apical and basolateral domains. This

CHAPTER

CELL ORGANIZATION
AND MOVEMENT I:
MICROFILAMENTS

separation allows the cell to place the correct transport pro-

teins in the plasma membranes of the two surfaces. In addition,

teins to the correct membrane surface.

Also consider macrophages' a type of white blood cell

whose iob it is to seek out infectious agents and destroy them

by phagocytosis. Bacteria release chemicals that attract the

-uitoph"g. and guide it to the infection. As the macrophage

crawls along the chemical gradient, twisting and turning to
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Cel l  junc t ions

Ap ica l
d o m a i n

Basolateral
domain

-  Mic ro f i laments
-  Mic ro tubu les
- Intermediate f i laments

Lead ing
edge

known as a lamellipodium) at the front can be seen, with the large
cell body behind it. (d) A migrating cell, such as a fibrobtast or a
macrophage, has morphologically distinct domains, with a leading
edge at the front Microfi laments are indicated in red, microtubules
in green, and intermediate fi laments in dark blue The position of the
nucleus (l ight blue oval) is also shown lpart (a). Courtesy of Mark
Mooseker; Part (b), Courtesy of Science photo Library l

the cytoskeleton. The cytoskeleton extends throughout the
cell and is attached to the plasma membrane and internal
organelles, so providing a framework for cellular organi-
zatton. The term cytoskeleton does not imply a fixed
structure l ike a skeleton. In fact, the cytoskeleton can be
very dynamic, with components capable of reorganization
in less than a minute, or it can be quite stable for several
hours. As a result, the lengths and dynamics of f i laments
can vary greatly, filaments can be assembled into diverse
types of structures, and they can be regulated locally in the
cel l .

The cytoskeleton is composed of three major filament sys-
tems (Figure 17-2), aIl of which are organized and regulated in
time and space. Each filament sysrem is composed of a polymer

A FIGURE 17-1 Overview of the cytoskeletons of an epithelial
cell and a migrating cell. (a) Transmrssion electron micrograph of a
thin section of an epithelial cell from the small intestine. (b) Epithelial
cells are highly polarized, with distinct apical and basolateral domains.
An intestinal epithelial cell transport nutrients into the cell through
the apical domain and out across the basolateral domain. (c) Scanning
electron micrograph of a migrating cell. The thin leading edge (also

get to the bacteria and phagocytose them, it has to constantly
reorganize its cell locomotion machinery. As we will see, its
internal motile machinery must be oriented in one direction
as it crawls (Figure 17-1c, d).

cell division and then set up the machinery ro segregare
their organelles along that axis.

. A _cell 's shape and its functional polarity are provided
by a three-dimensional f i lamentous protein network called

Microv i l l i

Extracel lular matrix

Direction of migration
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A FfGURE 17-2 The components of the cytoskeleton. Each
filament type is assembled from specific subunits in a reversible
process so that cells can assemble and disassemble fi laments as
needed. Bottom panels show localization of the three fi lament

of assembled subunits. The subunits that make up the fila-
ments undergo regulated assembly and disassembly, giving the
cell the flexibility to lay down or disassemble different types of
structures as needed. Microfilaments are polymers of the pro-

tein actin organized into functional bundles and networks by
actin-binding proteins. Microfilaments are especially impor-
tant in the organization of the plasma membrane, including
surface structures such as microvilli. Microfilaments can func-
tion on their own or serve as tracks for ATP-powered myosin
motor proteins, which provide a contractile function (as in
muscle) or ferry cargo along microfilaments. Microtubules are
long tubes formed by the protein tubulin and organized by mi-

crotubule-associated proteins. They often extend throughout
the cell, providing an organizational framework for associated
organelles and structural support to cilia and flagella. They

also make up the structure of the mitotic spindle, the machine
for separating duplicated chromosomes at mitosis. Molecular
motors called kinesins and dyneins transport cargo along
microtubules and are also powered by ATP hydrolysis. Inter-
mediate filaments are tissue-specific filamentous structures
providing a number of different functions, including struc-
tural support to the nuclear membrane, structural integrity
to cells in tissues, and structural and barrier functions in

skin, hair, and nails. No known motors use intermediate fil-

aments as tracks.
As we can see in Figure 17-1, cells can construct very differ-

ent arrangements of their cytoskeletons. To establish these
arrangements, cells must sense signals----either from soluble fac-

tors bathing the cell, adjacent cells, or the extracellular matrix-

and interpret them (Figure 17-3). These signals are detected by

cell-surface receptors that activate signal transduction pathways

that converge on factors that regulate cytoskeletal organization.

l o n m $

systems in the same cultured cell as seen by immunofluorescence
microscopy of actin, tubulin, and an intermediate fi lament protein,

respectively. [Courtesy of J V Small ]
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The importance of the cytoskeleton for normal cell func-

tion and motility is evident when a defect in a cytoskeletal

component-or in cytoskeletal regulation-causes a disease.

For example, about 1 in 500 people has a defect that affects

Signals from soluble factors,
other cel ls, the extracel lular matrix

t l \
I t l

{+ l
Plasma membrane
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Signa l  t ransduc t ion

pathways
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Organ iza t ion
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and movement movemenr,
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A FIGURE 17-3 Cell signaling regulates cytoskeleton function'

Cells use cell-surface receptors to sense external signals from the

extracellular matrix, other cells, or soluble factors. These signals are

transmitted across the plasma membrane and activate specific

cytosolic signaling pathways. Signals-often integrated from more

than one receptor-lead to the organization of the cytoskeleton to

provide cells with their shape, as well as to determine organelle

distribution and movement. In the absence of external signals, cells

sti l l  organize their internal structure, but not in a polarized manner
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the contracti le apparatus of the heart, which results in car-
diomyopathies varying in degree of severity. Many diseases
of the red blood cell affect the cytoskeletal components
that support these cells'plasma membrane. Metastatic can-
cer cells exhibit unregulated motil i ty, breaking away from
their t issue of origin and migrating to new locations to
form new colonies of uncontrolled growth.

In this and the following chapter, we discuss the structure,
function, and regulation of the cytoskeleton. Ve will see how
a cell arranges its cytoskeleton ro determine cell shape and po-
larity, to provide organization and motility to its organelles,
and to be the structural framework for such processes as cell
swimming and cell crawling. We will discuss how cells assem-
ble the three different filament systems and how signal-trans-
duction pathways regulate these structures both locally and
globally. Our focus in this chapter is on microfilaments and
actin-based structures. Although we initially examine the cy-
toskeletal systems separately, in the next chapter we will see
that microfilaments cooperate with microtubules and interme-
diate filaments in the normal functioning of cells.

Microfi laments and
Actin Structures
Microfilaments can assemble into many different types of
structures within a cell (Figure 1,7-4). Each of these struc-
tures underlies particular cellular functions. Microfi laments
can exist as a tight bundle of filaments making up the core

of slender, fingerlike cell-surface projections called microvilli
but can also be in a less-ordered network, known as the cell
cortex, beneath the plasma membrane, where they provide
support and organization. In epithelial cells, microfilaments
form a contractile band around the cell, the adberens beh,
that is intimately associated with adherens junctions (Chap-
ter 19) to provide strength to the epithelium. In migrating
cells, a network of microfilaments is found at the front of
the cell in the leading edge, or lamellipodium, which can
also have protruding bundles of filaments called filopodia.
Many cells have contractile microfilaments called stress
fibers, which attach to the substratum through specialized
regions called focal adhesions or focal contacts. At a late
stage of cell division, after all the organelles have been du-
plicated and segregated, a contractile ring forms and
constricts to generate two daughter cells in a process known
as cytokinesis. The electron micrograph in Figure 17-4b
shows microfilaments in microvilli. Different arrangemenrs
of microfilaments can coexist within a single cell, as shown
in Figure 17-4c,in this case a migrating fibroblast.

The basic building block of microfilaments is actin, a
protein that has the remarkable property of being able to re-
versibly assemble into a polarized filament with functionally
distinct ends. These filaments are then molded into various
structures by actin-binding proteins. Cells use actin fi la-
ments ln many ways: in a structural role, by harnessing the
power of actin polymerization to do work, or as tracks for
myosin motors. In this section, we look at the actin protein
itself and the filaments into which it assembles.

Microv i l l i Cel l  cortex Adherens belt

F i lopod ia Cell  cortexLamel l ipod ium/
lead ing  edge

A FIGURE 17-4 Examples of microf i lament-based structures.
(a) In each panel, microf i laments are depicted in red (b) Electron
micrograph of the apical region of a polarized epithel ial cel l ,  showino
the bundles of act in f i laments that make up the cores of the microvi i i i

(c) A cel l  moving to the top, stained for act in with f luorescent
phalloidin, a drug that specif ical ly binds F-actin Note how many
different organizations can exist in one cel l  tpart (b), courtesy of
N Hirokawa; Part (c) courtesy of J V Small l

Stress f ibers Cont rac t i le  r ing
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Act in  ls  Ancient ,  Abundant ,  and
Highly  Conserved

Actin is an abundant intracellular protein in eukaryotic cells. In
muscle cells, for example, actin comprises 10 percent by weight
of the total cell protein; even in nonmuscle cells, actin makes
up 1-5 percent ofthe cellular protein. The cytosolic concentra-
tion of actin in nonmuscle cells ranges from 0.1 to 0.5 mM; in
special structures such as microvilli, however, the local actin
concentration can be as high as 5 mM. To grasp how much
actin cells contain, consider a typical liver cell, which has 2 x
10a insulin receptor molecules but approximately 5 X 108, or
half a billion, actin molecules. Because they form structures
that extend across large parts of the cell interior, cytoskeletal
proteins are among the most abundant proteins in a cell.

A moderate-sized protein with a molecular weight of
43,000, actin is encoded by a large, highly conserved gene
family. Actin arose from an ancestral bacterial gene, which
then evolved as eukaryotic cells became specialized. Some sin-
gle-celled organisms, such as rod-shaped bacteria, yeasts, and
amebas, have one or two ancestral actin genes, whereas mul-
ticellular organisms often contain multiple actin genes. For in-
stance, humans have six actin genes, which encode isoforms of
the protein, and some plants have more than 60 actin genes,

although most are pseudogenes, which do not encode func-
tional actin proteins. In vertebrates, four actin isoforms are
present in various muscle cells, and two isoforms, B-actin and

y-actin,are found in nonmuscle cells. These six isoforms differ

at only about 25 of the 375 residues in the complete protein.

Although these differences among isoforms seem minor, the

isoforms have different functions: a-actin is associated with

contractile structures, y-actifi accounts for filaments in stress

fibers, and B-actin is enriched in the cell cortex and leading

edge of motile cells. Sequencing of actins from different sources

has revealed that they are among the most conserved proteins

in a cell, comparable with histones, the structural proteins of

chromatin (Chapter 6). The protein sequences of actins from

amebas and from animals are identical at 80 percent of the

amino acid positions despite about a billion years of evolution.

G-Actin Monomers Assemble into Long,
Helical F-Actin PolYmers

Actin exists as a globular monomer called G-actin and as a

filamentous polymer called F-actin, which is a linear chain of

G-actin subunits. (The microfilaments visualized in a cell by

electron microscopy are F-actin filaments plus any bound

proteins.) Each actin molecule contains a Mg'- ion com-

plexed with either ATP or ADP' The importance of the inter-

ionrrersion between the ATP and the ADP forms of actin in

the assembly of the cytoskeleton is discussed later.

Although G-actin appears globular in the electron mi-

croscope, x-ray crystallographic analysis reveals that it is

separated into two lobes by a deep cleft (Figure 17-5a). The

ATP-
b ind ing

cleft

N - t e rm inus

  FIGURE 17-5 Structures of monomeric G-actin and F-actin
f i laments.  (a)  Model  of  act in  monomer(measur ing 5.5 x 5 5 x 3 5
nm) shows it is divided by a central cleft into two approximately
equally sized lobes and four subdomains, numbered l-lV ATP (red)

binds at the bottom of the cleft and contacts both lobes (the yellow
bal l  represents Mg2*)  The N- and C-termin i  l ie  in  subdomain I
(b) An actin fi lament appears as two strands of subunits One
repeating unit consists of 28 subunits (14 in each strand, rndicated by
* for one strand), covering a distance of 72 nm The ATP-binding

(+)  end

cleft is oriented in the same direction (top) in all actin subunits in the

fi lament. The end of a fi lament with an exposed binding cleft is the
(-) end; the opposite end is the (+) end (c) In the electron

microscope, negatively stained actin frlaments appear as long,

flexible, and twisted strands of beaded subunits Because of the

twist, the fi lament appears alternately thinner (7-nm diameter) and

thicker (9-nm diameter) (arrows) [Part(a)adaptedfrom C E Schutt

et al , 1 993, Nature 365:81 O; courtesy of M Rozycki Part (c) courtesy

o I  K  L ra rq  l

(c )( b )

1
36 nm
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lobes and the cleft compose the ATPase fold, the site where
ATP and Mg2* are bound. In actin, rhe floor of the cleft acts
as a hinge that allows the lobes to flex relative to each other.
When ATP or ADP is bound ro G,acrin, the nucleotide
affects the conformation of the molecule; in fact, without a
bound nucleotide, G-actin denatures very quickly. The ad-
dition of cations-Mg'*, K*, or Na+-to a solution of G-
actin will induce the polymerizatton of G-actin into F-actin
fi laments. The process is reversible: F-actin depolymerizes
into G-actin when the ionic strength of the solution is low-
ered. The F-actin filaments that form in vitro are indistin-
guishable from microfi laments isolated from cells, indicat-
ing that actin alone makes up the filamentous structure of
microfilaments.

When negatively stained with uranyl acetate for electron
microscopy F-actin appears as a twisted string whose diam-
eter varies berween 7 and 9 nm (Figure 77-5c). From the re-
sults of x-ray diffraction studies of actin filaments and from
the actin monomer structure shown in Figure 17-5a, scien-
tists have produced a model of an actin filament in which the
subunits are organized in a helical structure (Figure 17-Sb).
In this arrangement, the filament can be considered as two
helical strands wound around each other. Each subunit in
the structure contacts one subunit above, one beloq and
two on the side in the other strand. The subunits in a single
strand wind around the back of the other strand and repeat
after 72 nm or 14 actin subunits. Since there ,.. i*o
strands, the actin filamenr appears ro repeat every 36 nm
(Figure 17-5b).

F-Act in  Has Structura l  and Funct ional  po lar i ty

All subunits in an actin fi lament point toward the same
end of the fi lament. Consequently, a fi lament exhibits po-
larity; that is, one end differs from the other. As we wil l
see, one end of the fi lament is favored for the addition of
act in  subuni ts  and is  designated the (+)  end,  whereas the
other  end is  favored for  d issociat ion,  designated the ( - )
end. At the (+) end, the ATP-bindine cleft of the terminal
actin subunit contacrs the neighboring subunit, whereas
on the (-) end, the cleft is exposed ro the surrounding so-
l u t i o n  ( F i g u r e  l 7 - 5 b ) .

Without the atomic resolution afforded by x-ray crys-
tallography, the cleft in an actin subunit and therefore the
polarity of a fi lament are not detectable. However. the oo-
larity of actin fi laments can be demonstrated by electron

< EXPERIMENTAL FIGURE 17-5 Decoration
demonstrates the polarity of an actin fi lament. Myosin
S1 head domains b ind to act in  subuni ts  in  a par t icu lar
or ientat ion When bound to a l l  the subuni ts  in  a f i lament ,

(+)end S1 appears to spi ra l  around the f i lament .  This  coat ing of
myosin heads produces a series of arrowheadlike
decorations (arrows), most easily seen at the wide views of
the fi lament The polarity in decoration defines a pointed
(*) end and a barbed (+) end; the former corresponds to
the top of the model in Figure 17-5 [Courtesyof R Craig ]

microscopy in "decoration" experiments, which exploit
the abil ity of the protein myosin to bind specifically to
actin fi laments. In this type of experiment, an excess of
myosin S1,  the act in-b inding g lobular  head domain of
myosin, is mixed with actin fi laments and binding is per-
mitted to take place. Myosin attaches to the sides of a fi l-
ament with a slight t i l t. When all the actin subunirs are
bound by myosin,  the f i lament  appears coated ( ' .deco-
rated") with arrowheads that all point toward one end of
the f i lament  (F igure 17-6) .

The ability of the myosin 51 head to bind and decorate
F-actin is very useful experimentally-it has allowed re-
searchers to identify the polarity of actin filaments, both in
vitro and in cells. The arrowhead points to the (-) end, and
so the (-) end is often called the "pointed" end of an actin
fi lament; the (+ ) end is known as the "barbed" end. Because
myosin binds to actin filaments and not to microtubules or
intermediate filaments, arrowhead decoration is one crite-
rion by which actin filaments can be definitively identified
among the other cytoskeletal fibers in electron micrographs
of thin-sectioned cells.

Microf i laments and Actin Structures

r Microfi laments can be assembled into diverse struc-
tures, many associated with the plasma membrane (see
Figtre 17-4).

r Actin, the basic building block of microfilamenrs, is a
major protein of eukaryotic cells and is highly conserved.

r Actin can reversibly assemble into filaments that consist
of two helices of actin subunits.

r The actin subunits in a filament are all oriented in the
same direction, with the nucleotide-binding site exposed on
the (-) end (see Figure 17-5).

Dynamics of Actin Filaments
The actin cytoskeleton is not a static, unchanging structure
consisting of bundles and networks of filaments. Although
microfilaments may be relatively static in some structures, in
others they are shrinking or growing in length. These changes
in the organization ol actin filaments can generate forces that
cause large changes in the shape of a cell or drive intracellular
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movements. In this section, we consider the mechanism and
regulation of actin polymerization, which is largely responsi-
ble for the dynamic nature of the cytoskeleton-

Actin Polymerization in Vitro
Proceeds in Three Steps

The in vitro polymerization of G-actin (for Globular, or
monomeric actin) to form F-actin filaments can be monitored
by viscometry sedimentation, fluorescence spectroscopy, or flu-
orescence microscopy (Chapter 9). When actin filaments be-
come long enough to become entangled, the viscosity of the so-
lution increases, which is measured as a decrease in its flow rate
in a viscometer. The basis of the sedimentation assay is the abil-
ity of ultracentrifugation (100,0009 for 30 minutes) to sedi-
ment F-actin but not G-actin. The third assay makes use of G-
actin covalently labeled with a fluorescent dye; the fluorescence
spectrum of the labeled G-actin monomer changes when it is
polymerized into F-actin. Finallg growth of the fluorescently

labeled filaments can be imaged with fluorescence video mi-

croscopy. These assays are useful for kinetic studies of actin

polymerization and for characterization of actin-binding pro-

teins to determine how they affect actin dynamics or how they

crossJink actin filaments.
The mechanism of actin assembly has been studied exten-

sively. Remarkably, one can purify G-actin at a high protein

concentration without it forming filaments-provided it is

maintained in a buffer with ATP and low levels of cations.

However. as we saw above, if the cation level is increased
(e.g., to 100 mM K+ and 2 mM Mg'*), G-actin will poly-

merize, with the kinetics of the reaction depending on the

starting concentration of G-actin. The polymerization of pure

G-actin in vitro proceeds in three sequential phases (Figure

17-7a). The first, nucleation phase is marked by alag period

in which G-actin subunits combine into short, unstable

oligomers. When the oligomer reaches three subunits in

length, it can act as a stable seed, or nucleus' which in the sec-

ond, elongation phase rapidly increases in filament length by

llll+ Animation: Actin Polymerization
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A FIGURE 17-7 Polymerization of G-actin in vitro occurs in
three phases. (a) In the init ial nucleation phase, ATP-G-actin
monomers (red) slowly form stable complexes of actin (purple)
These nuclei are rapidly elongated rn the second phase by the
addition of subunits to both ends of the fi lament In the third phase,
the ends of actin fi laments are in a steadv state with monomeric

i lme

G-actin. (b) Time course of the in vitro polymerization reaction

reveals the init ial lag period associated with nucleation, the

elongation phase, and steady state. (c) lf some short stable actin

f i lament f ragments are added at the start of the reaction to act as

nuclei, elongation proceeds immediately without any lag period'
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C c Total act in concentrat ion
(monomer  and f i laments )

  FIGURE 17-8 Concentrat ion of act in determines f i lament
formation. The cri t ical concentrat ion (C.) is the concentrat ion of
G-ac t in  monomers  in  equ i l ib r ium wi th  ac t in  f i laments  A t  monomer
concentrat ions below the C., no polymerization takes place When
polymerization is induced at monomer concentrat ions above the C.,
f i laments assemble unti l  steady state is reached and the monomer
concentrat ion fal ls to C.

the addition of actin monomers to both of its ends. As F-actin
fi laments groq the concentration of G-acun monomers
decreases unti l equil ibrium is reached berween fi laments
and monomers. In this third, steady-state phase, G-actin
monomers exchange with subunits at the fi lament ends, but
there is no net change in the total mass of f i laments. The ki-
netrc curves in Figure 17-7c show that the lag period is due
to nucleation since it can be eliminated by the addition of a
small number of F-actin nuclei to the solution of G-actin.

How much G,actin is needed to spontaneously form a
filament? If ATP-G-actin at various concentrations is placed
under polymerizing conditions, below a certain concentrarion,
filaments do not assemble (Figure 17-8). Above this concen-
tration, filaments are formed, and when steady state is
reached, the addition of free subunits is balanced by the disso-
ciation of subunits from filament ends to yield a mixture of fil-
aments and monomers. The concentration at which filaments
are formed is known as the overall critical concentration, C,.
Below C., filaments will not form; above C., filaments form.
At steady state, the concentration of monomeric actin remains
at the critical concentration (Figure 17-8).

Act in  F i laments Grow Faster  a t  (+)  Ends
Than  a t  ( - )  Ends
S7e saw earlier that myosin S1 head decoration expenmenrs
reveal an inherent structural polarity of F-actin (see Figure 17-
6).lf free AfP-G-actin is added to a preexisting myosin-dec,
orated filament, the two ends grow at very different rates
(Figure 17-9).ln fact, for a given free ATp-G-actin concen-
tration, the rate of addition of ATP-G-actin is nearly 10 times
faster at one end, the (+) end, than at the (-) end. The rate of
addition is, of course, determined by the concentration of free
ATP-G-actin. Kinetic experiments have shown that the rate

  EXPERIMENTAL FIGURE 17-9 The two ends of a myosin-
decorated actin fi lament grow unequally. When short actin
fi laments are decorated with a myosin S'1 head and then used to
nucleate actin polymerization, the resulting actin subunjts add much
more efficiently to the (+) end than the (-) end of the nucleating
fi lament This result indicates that G-actin monomers are added much
faster atthe (+) end than at the (-) end [Courtesyof I pollard ]

of addition at the (+ ) end is about 12 yt"M-r s-1 and at the (- )
end about 1.3 pM-1s-t lFigure 17-I0a). This means that if
1 pM free ATP-G-actin is added to preformed filaments, on
average 12 subunits will be added to the (+) end every second,
whereas only 1.3 wil l be added at the (-) end every second.
What about the rate of loss of subunits from each end? By
contrast, the rates of dissociation of ATP-G-actin subunits
from the two ends are quite similar, about 1.4 s- 1 from the ( + )
end and 0.8 s-l from the (-) end. Since this dissociation is
simply the rate at which subunits leave ends, it does not de-
pend on the free ATP-G-actin concentration.

\fhat implications does this have for actin dynamics?
First let's consider just one end, the (+) end. As we noted
above, the rate of addition depends on rhe free ATP- G-actin
concentration, whereas the rate of loss of subunits does not.
Thus subunits wil l be added at high free ATP-G-actin con-
centrations, but as the concentration is lowered, a point will
be reached at which the rate of addition is balanced by the
rate of loss and no net growth occurs at that end. This is
called the critical concentratio n C* , for the ( + ) end, and we
can calculate it by setting the rate of assembly equal to the
rate of disassembly. Thus at the critical concentration, the
rate of assembly is C+. times the measured rate of addition
of 12 pM-1 s-r, whereas the rate of disassembly is independ-
ent of the free actin concentration, namely 1.4 s-1. Setting
these equal ro each other yields a C*. of 0.12 pM for the (+ )
end. Above this free ATP-G-actin concentration, subunits
add to the (+ ) end and net growth occurs, whereas below it,
there is a net loss of subunits and shrinkage occurs.

Now let's consider just the (- ) end. Because the rate of ad-
dition is much lower, 1.3 pM-l s-1, yet the rate of dissociation
is about the same,0.8 s-1, the crit ical concentration C-. at
the (-) end is calculated to be about 0.8 s-1/1.3 pM-t s-1,
that is, 0.6 pM. Thus at less than 0.6 pM free ATP-G-actin,
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(a ) ( + l e n d

12 PM-t  5- t
+
1.4  s -1

ATP-actin
<------->

ADP-P1-actin ADP-actin
( - l  end

1.3 pM-t 5-t
<------->
0.8 s-1

C*"  =  0 .12  PM C-" = 0.60 PM

(b)

( + l  ( - l

-l

A FIGURE 17-10 ATP-actin subunits add faster at the (+) end
than the (-) end, resulting in a lower critical concentration
and treadmilling at steady state. (a) The rate of addition of
ATP-G-actin is much faster at the (+) end than at the (-) end,
whereas the rate of dissociation of G-actin is similar. This difference
results in a lower crit ical concentration atthe (+) end. At steadv

say,0.3pM, the (-) end wil l lose subunits. But at this con-
centration, the (+) end will grow, since 0.3 pM is above
C*.. Because the critical concentrations are different, at
steady state the free ATP-G-actin will be intermediate be-
tween C*" and C=", so the (+ ) end will grow and the (- ) end
will lose subunits. This phenomenon is known as tread-
milling (see Figure 1.7-1.0b).

The ability of actin filaments to treadmill is powered by
hydrolysis of ATP.'When ATP-G-actin binds to a (*) end,
ATP is hydrolyzed to ADP and P;. The P1 is slowly released
from the subunits in the filament, so that the filament be-
comes asymmetric, with ATP-actin subunits at the (+) end
of the filament followed by a region with ADP-P1-actin and
ADP-actin subunits toward the (-) end (Figure 17-1'0a),
During hydrolysis of ATP and subsequent release of P1
from subunits in a filament, actin undergoes a conforma-
tional change that is responsible for the different associa-
tion and dissociation rates at the two ends. Here we have
considered only the kinetics of ATP-G-actin, but in reality
it is ADP-G-actin that dissociates from the (-) end. Our
analysis also relies on a plentiful supply of ATP-G-actin,
which, as we wil l see, turns out to be the case in vivo. Thus
actin can use the power generated by hydrolysis of ATP to
treadmill and treadmilling filaments can do work in vivo,
as we will see later.

Actin Fi lament Treadmil l ing ls Accelerated by
Prof i l in  and Cof i l in
Measurements of the rate of actin treadmilling in vivo show
that it can be several times higher than can be achieved with

state, ATP-actin is added preferentially at the (+) end, giving rise
to a short region of the fi lament containing ATP-actin and regions
containing ADP-P1-actin and ADP-actin toward the (-) end. (b) At

steady state, ATP-G-actin subunits add preferentially to the (+) end,
while ADP-actin subunits disassemble from the (-) end, giving rise to

treadmill ing of subunits

pure actin in vitro under physiological conditions. Consistent

with a treadmilling model, growth of actin filaments in vivo

only ever occurs at the (+) end. How is enhanced tread-

milling achieved, and how does the cell recharge the ADP-

actin dissociating from the (- ) end to ATP-actin for assembly

at the (*) end? Two different actin-binding proteins make

important contributions to these processes.
The first is profilin, a small protein that binds G-actin on

the side opposite to the nucleotide-binding cleft. When profilin

binds ADP-actin, it opens the cleft and greatly enhances the

loss of ADP, which is replaced by the more abundant cellular

AIP, yielding a profilin-ATP-actin complex. This complex can-

not bind to the (- ) end because profilin blocks the sites on G-

actin for (- ) end assembly. However, the profilin-AT?-actin

complex can bind efficiently to the (+) end' and then profilin

dissociates after the new actin subunit is bound (Figure t7-1'1'),

This does not enhance treadmilling but provides a supply of

ATP-actin from released ADP-actin; as a consequence, essen-

tially all the G-actin in a cell has bound ATP'

Profilin has another important property: it can bind pro-

teins with sequences rich in proline residues at the same time

as binding actin. \We will see later (Figure 1'7-1'4) how this

property is important in actin filament assembly'

Cofilin is also a small protein, but it binds specifically to

F-actin in which the subunits contain ADP, which are the

older subunits in the filament toward the (-) end. Cofilin

binds by bridging two actin monomers and inducing a small

change in the twist of the filament. This small twist destabi-

lizes the filament, breaking it into short pieces' By breaking

the filament in this way, cofilin generates many more free

(- ) ends and therefore greatly enhances the disassembly of
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( - )  end

Actin-ADP

ATP

in such a way that it inhibits addition of the actin subunit
to either end of the fi lament. Thymosin-F+ can be very
plentiful; for example, in human blood platelets. These
discoid-shaped cell fragments are very abundant in the
blood, and when activated during blood clotting, they un-
dergo a burst of actin assembly. Platelets are rich in actin:
they are estimated to have a total concentration of about
550 pM actin, of which about 220 pM is in the unpoly-
merized form. They also contain about 500 pM thymosin-
Ba, which sequesters much of the free actin. However, as
in any protein-protein interaction, free actin and free thy-
mosin-Ba are in a dynamic equilibrium with the actin-thy-
mosin-Ba. If some of the free actin is used up for polymer-
ization, more actin-thymosin-Ba will dissociate, providing
more free actin for polymerization (see Figure 1,7-1,1).
Thus thymosin-Ba behaves as a buffer of unpolymerized
actin for when it is needed.

Capping Prote ins Block Assembly and
Disassembly at  Act in  F i lament  Ends
The treadmilling and dynamics of actin filaments are regu-
lated in cells by capping proteins that specifically bind to the
ends of the filaments. If this were not the case, actin fila-
ments would continue to grow and disassemble in an uncon-
trolled manner. As one might expect, two classes of proteins
have been discovered: ones that bind the (+) end and ones
that bind the (-) end (Figure 1,7-1,2).

A protein known as CapZ, consisting of two closely
related subunits, binds with a very high affinity (-0.1 nM)
to the (+ ) end of actin fi laments, thereby inhibit ing subunit
addition or loss. The concentration of CapZ in cells is sen-
era l ly  suf f ic ient  ro rapid ly  cap any ne* ly  formed (+)  e;ds.
So how can fi laments grow at their (+) ends? At least two
mechanisms regulate the activity of CapZ. First, the cap-
ping activity of CapZ is inhibited by the regulatory lipid

( + l e n d

--------\ 
C; = O.O pVt

Tropomodu l in

A FIGURE 17-12 Capping proteins block assembly and
disassembly at f i lament ends. CapZ blocks the (+) end, which is
where fi laments normally grow, so its function is to l imit growth at
the (+) end, A capping protein such as tropomodulin blocks (-) ends,
where fi lament disassembly normally occurs; thus the major function
of tropomodulin is to stabil ize fi laments.
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ADP-actin

ATP-actin

V Pro f i l i n

@ Cof i l in

Thymosin-Ba

A FIGURE 17-11 Actin-binding proteins regulate the rate of
assembly and disassembly as well as the availabil ity of G-actin
for polymerization. ln the profi l in cycle (tr), profi l in binds ADp-
G-actin and catalyzes the exchange of ADp for ATp The ATP-G-
actin-profi l in complex can either deliver actin to the (+) end of a
fi lament or dissociate. ln the cofi l in cycle (Z), cofi l in binds
preferentially to fi laments containing ADp-actin, inducing them to
fragment and thus enhancing depolymerization by making more
fi lament ends In the thymosin-B+ cycle (B), G-actin is bound by
thymosin-Ba, sequestering it from polymerization As the free G-actin
concentration is lowered by polymerization, G-actin-thymosin-B4
dissociates to make available free G-actin for polvmerization.

the (-) end of the filament (see Figure 1,7-11). The released
ADP-actin subunits are then recharged by profilin and added
to the (+)end as described above. In this wa5 profi l in and
cofilin can enhance treadmilling in vitro more than tenfold,
up to levels seen in vivo.

Thymosin-pa Provides a Reservoir of Actin for
Polymer izat ion

It has long been known that cells often have a very large
pool of unpolymerized actin, sometimes as much as half
the actin in the cell. Since cellular actin levels can be as high
as 100-400 pM, this means that there can be 50-200 pM
unpolymerized actin in cells. Since the crit ical concen-
tration in vitro is about 0.2 pM, why doesn't all this actin
polymerize? The answer l ies, at least in part, in the pres-
ence of actin monomer sequestering proteins. One of these
is thymosin-Ba, a small prorein that binds to ATp-G-actin

Thymosin-po

ADP

( - ) e n d
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PI(4,5,)P2, found in the plasma membrane (Chapter 16).
Second, recent work has shown that certain regulatory
proteins are able to bind the (+) end and simultaneously
protect it from CapZ while sti l l  allowing assembly there.
Thus cells have evolved an elaborate mechanism to block
assembly of actin fi laments at their (+ ) ends except when
and where assembly is needed.

Another protein, called tropomodwlin, binds to the (-)
end of actin filaments, also inhibiting assembly and disassem-
bly. This protein is found predominantly in cells in which actin
filaments need to be highly stabilized. Two examples we will
encounter later in this chapter are the short actin filaments in
the cortex of the red blood cell and the actin filaments in mus-
cle. As we will see, in both cases tropomodulin works with
another protein, tropomyosin, that lies along the filament to
stabilize it. Tropomodulin binds to both tropomyosin and
actin at the (- ) end to greatly stabilize the filament.

In addition to CapZ, another class of proteins can cap the
(+ ) ends of actin filaments. These proteins also can sever actrn
filaments. One member of this family, gelsolin, is regulated by
increased levels of Ca2*. On binding Ca2+, gelsolin undergoes
a conformational change that allows it to bind to the side of
an actin filament and then insert itself between subunits of the
helix, thereby breaking the filament. It then remains bound to
the (+)end, generating a new (-) end that can disassemble.
Actin cross-linking proteins can turn a solution of filaments
into a gel, and under conditions of elevated Ca2+, gelsolin can
break the filaments and turn it into a sol; hence rts name.

Dynamics of Actin Filaments

r The rate-limiting step in actin assembly is the formation of
a short actin oligomer (nucleus) that can then be elongated
into filaments.

r The critical concentration (C.) is the concentration of
free G-actin at which the assembly onto a filament end is
balanced by loss from that end.

r I7hen the concentration of G-actin is above the C., the
filament end will grow; when it is less than the C., the fila-
ment wil l shrink (see Figure 17-8).

r AIP-G-actin adds much faster at the (+ ) end than the (- )
end, resulting in a lower critical concentration at the (* )
end than at the (-) end.

r At steady state, actin subunits treadmill through a fila-
ment. ATP-actin is added at the (+) end, ATP is then hy-
drolyzed to ADP and P;, P; is lost, and ADP-actin dissociates
from the ( - )end.

r The length and rate of turnover of actin filaments is
regulated by specialized actin-binding proteins (see Figure 17-
11). Profilin enhances the exchange of ADP for AIP on G-
actin; cofilin enhances the rate of loss of ADP-actin from the
filament (-) end, and thymosin-Ba binds G-actin to provide
reserve actin when it is needed. Capping proteins bind to fil-
ament ends, blocking assembly and disassembly.

Mechanisms of Actin
Filament Assembly
The rate-limiting step of actin polymerization in vitro is the

formation of an initial actin nucleus from which a filament

can grow (see Figure 17-7a). In cells, this inherent property

of actin is used as a control point to determine where actin

filaments are assembled-this is how the different actin as-

semblies within a single cell are generated (see Figures 17-1

and 17-4). Two classes of actin nucleating proteins, the

formin protein family and the Arp2/3 complex, nucleate

actin assembly under the control of signal-transduction
pathways. Moreover, they nucleate the assembly of different

actin organizations: formins lead to the assembly of long

actin filaments, whereas the Arp2l3 complex leads to

branched networks. Ve will discuss each separately and see

how the power of actin polymerization can power motile

processes in a cell.

Formins Assemble Unbranched Fi laments

Formins are found in essentially all eukaryotic cells as quite

a diverse family of proteins: seven different classes are

present in vertebrates. Although diverse, all formin family

members have two adjacent domains in common, the so-

called FH1 and FH2 domains (formin-homology domains

l and2). Two FH2 domains, which provide the basic nu-

cleating function of formins, associate to form a doughnut-

shaped complex (Figure 17-13a). This complex has the

abil ity to nucleate actin assembly by binding two actin sub-

units, holding them so that the (+)end is toward the FH2

domains. The nascent f i lament can now grow at the (+)

end while the FH2 domain dimer remains attached. How

can it do this? As we saw earlier, an actin fi lament can be

thought of as two intertwined strands of subunits. The

FH2 dimer can bind to the two terminal subunits. It then

probably rocks between the two end subunits, letting go of

one to allow addition of a new subunit and then binding

the newly added subunit and freeing up space for the addi-

tion of another subunit to the other strand. In this way,

rocking between the two subunits on the end, it can remain

aftached while simultaneously allowing growth at the (+ )
end (see Figure 17-1 '3a) .

The FH1 domain adjacent to the FH2 domain also

makes an important contribution to actin filament growth
(Figure 1,7-14). This domain is rich in proline residues that

are sites for the binding of several profilin molecules.'We dis-

cussed earlier how profilin can exchange the ADP nucleotide

on G-actin to generate profilin-ATP-actin. The FH1 domain

behaves as a landing site to increase the local concentratron

of profilin-G-actin-ATP complexes. In a way that is not yet

completely understood, these complexes are provided to the

FH2 domain to add actin to the (+) end of the filament,

thereby allowing rapid assembly to occur between the FH2

domain dimer on the growing filament (Figure 17-14). Since

the formin allows addition of actin subunits to the (+) end,

long filaments with a formin at their (+ ) end are generated

(see Figure t7-13b).In this manner' formins nucleate actin
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Animation: Elongation of Actin Fi lament by Formin FH2 Dimer { l l t l

Exterior

fo rmin  FH2 domain

P lasma membrane

< FIGURE 17-13 Actin nucleation by the formin FH2 domain.
(a)  Formins have a domain,  ca l led FH2,  that  can form a d imer and
nucleate assembly The d imer b inds two act in  subuni ts  ( t r ) ,  and,  by
rocking back and for th (E-4) ,  can a l low inser t ion of  addi t ional
subuni ts  between the FH2 domain and the (+)  end of  the growing
f i lament ,  The FH2 domain protects the (+)  f rom capping by capping
prote ins (b)  The FH2 domain of  a formin was labeled wi th col lo idal
gold (b lack dot)  and used to nucleate assembly of  an act in  f i lament
The resulting fi lament was visualized by electron microscopy after
staining with uranyl acetate Formins assemble long unbranched
filaments [Part (b) from D Pruyne et al , 2007, Science 297.612 ]

assembly and have the remarkable abil ity to remain bound
to the (+) end while also allowing rapid assembly there. To
ensure the continued growth of the filament, formins bind to
the (+ ) end in such a way that precludes binding of a (+ ) end
capping protein such as CapZ, which would normally termi-
nate assembly.

Formin act iv i ty  has to be regulated.  At  least  some
formins exist in a folded inactive conformation as a result
of an interaction between the first half of the protein and
the C-terminal  ta i l .  These formins are act ivated by
membrane-bound Rho-GTP, a Ras-related small GTPase
(Figure 17-14). Thus when Rho is switched from the inac-
tive Rho-GDP form into its activated Rho-GTP state, it
can bind and activate the formin.

Recent studies have shown that formins are responsible for
the assembly of long actin filaments such as those found in
stress fibers and in the contractile ring during cytokinesis (see
Ftgure 17-4). The actin-nucleating role of formins was only
discovered recently, so the roles performed by this diverse pro-
tein family are only now being uncovered. Since there are many
different formin classes in animals, it is likely that formins will
be found to assemble additional actin-based strucrures.

The Arp2l3 Complex Nucleates Branched
Fi lament  Assembly
The Arp2l3 complex is a protein machine consisting of
seven subunits, two of which are actin-related proteins

Cytosol

Formin  pro te in" 
i""'-- a/

e=: RBD F z/Activation
l t_
H@@ 

ArP-actin

  FIGURE 17-14 Regulat ion of formins by an intramolecular
interaction. At least one of the seven formin classes found in
vertebrates is regulated by an intramolecular interaction The inactive
formin is act ivated by binding membrane-bound active Rho-GTp to
i ts  Rho b ind ing  domain  (RBD) ,  resu l t ing  in  exposure  o f  the  FH2
domain ,  wh ich  can then nuc lea te  the  assembly  o f  a  new f i lament ,  A l l
fo rmins  have an  FH1 domain  ad jacent  to  the  FH2 domarn :  tne
prol ine-r ich FH1 domain is a site for recruitment of prof i l in-ATp-G-
actin complexes that can then be "fed" into the growing (+) end
For  s imp l ic i t y  o f  representa t ion ,  a  s ing le  fo rmin  pro te in  i s  shown,  bu t
as  shown in  F igure  . l  

7 -13 ,  the  pro te in  func t ions  as  a  0 tmer  to
nucleate actin assembly
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("Arp"), explaining its name. It is found in essentially all
eukaryotes, including plants, yeasts, and animal cells. The
Arp2/3 complex alone is a very poor nucleator when added
into an actin assembly assay. To be active, Arp2l3 needs to
bind both a regulatory protein, an example of which is
WASp (Viskott-Aldrich syndrome protein), and a pre-
formed actin filament (Figure 17-15]l. Thus if you add into
an actin assembly assay activated rVASp and preformed
actin filaments, Arp2l3 is a potent nucleator. How does the
Arp2l3 complex nucleate filaments? When it binds to the
side of F-actin in the presence of an activator, it changes
conformation so that the two actin-related proteins, Arp2
and Arp3, resemble the (+ ) end of an actin fi lament (Figure
1.7-1.5a). This provides a template for the assembly of a new
filament with a free (+) end. This new (+) end then grows
as long as ATP-G-actin is available or until it is capped by
a (+ ) end-capping protein such as CapZ. The angle between

the old filament and the new one is 70' (Figure 17-1.5b).
This is also the angle observed experimentally in branched
filaments at the leading edge of motile cells, which is be-
lieved to be formed by the action of the activated Arp2l3

complex (Figure 1'7-1'5c). As we discuss in the next section,
the Arp2l3 complex can be used to drive actin polymeriza-

tion to power intracellular motility.
Actin nucleation by the Arp2l3 complex is exquisitely

controlled, and the WASp protein is part of that regulatory
process. WASp exists in a folded inactive conformation, so

that the Arp2l3 activation domain at the carboxy-terminal
end of the protein is not available (Figure 17-1'6). One mech-

anism to activate the protein involves the small Ras-related

GTP-binding protein Cdc42 (Figure 17-1'6; Section 17.7),

which in the GTP state binds to and opens SfASp, making the

acidic activation domain accessible to Arp2l3. \fASp also has

an actin-monomer-binding site adjacent to the C-terminal

Video: Direct Observation of Actin Filament Branching Mediated Activated ArpZl3

( a )

Conformational

*f ns"

WASp
activation
domain

A FIGURE 17-15 Actin nucleation by the Arp2l3 complex. (a) To
nucleate actin assembly efficiently, the Arp2l3 complex binds to the
side of an actin fi lament (tr) and to an activator such as the
C-terminal domain of the WASp protein (U ) This induces a
conformational change in Arp2/3 so that the complex can now bind
two actin subunits in a conformation corresponding to a free (+) end
(E), and assembly occurs The Arp2l3 branch makes a

characteristic 70" angle between the fi laments. (b) Averaged
rmage compiled from several electron micrographs of Arp2l3 at an
actin branch. (c) lmage of actin fi laments in the leading edge, with

a magnification and coloring of individual branched fi laments. lPart
(a) adaptedfromA E Kelleyetal ,2006, J Biol.Chem 281:10589 Part(b)
from C Egile et al , 2006, PLoS Biol.3:e383 Part (c) from T M Svitkina

and G G Borisy, 1999, J Cell Biol 145:1009 l

( - l  end
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Exterior by the Arp2l3 complex. Second, it can hold on to the end of
the newly formed filament. Third, it can protect the (+ ) end of
the growing filament from capping by CapZ. The assembling
fi lament then pushes on the bacterium. Since the fi lament
is embedded in the cytoskeletal matrix of the cell, i t is
stationary, and so the bacterial cell moves forward (ahead
of the polymerizing actin). Researchers have reconstituted
Listeria motility in the test tube using purified proteins to
see what the minimal requirements for Listeria motility are.
Remarkably, the bacteria will move when just four proteins
are added: ATP-G-actin, the Arp2l3 complex, CapZ, and
cofil in (Figure 17-17b, c). We have discussed the role of actin
and Arp2l3, but for what are CapZ and cofilin needed? As
we have seen earlier, CapZ rapidly caps the free (+) end of
actin filaments, so when a growing filament no longer con-
tributes to bacterial movement, it is rapidly capped and in-
hibited from further elongation. In this way, assembly occurs
only adjacent to the bacterium where ActA is stimulating the
kp2l3 complex. Cofilin is necessary to accelerate the disas-
sembly of the (-) end of the actin filament to regenerate acrin
to keep the polymerization cycle going (see Figure 17-11).
This minimal rate of motility can be increased by the pres-
ence of other proteins, such as VASP and profilin, as men-
tioned above.

To move inside cells, the Listeria bacterium, as well as
other opportunistic pathogens such as the Shigella species
that cause dysentery, has hijacked a normal, regulated cellu-
Iar process involved in cell locomotion. As we discuss in
more detail later (Section 17.7), moving cells have a thin
sheet of cytoplasm that protrudes from the front of the cell
called the leading edge (see Figure 17-4 and 17-15c). This
thin sheet of cytoplasm consists of a dense meshwork of
actin filaments that are continually elongating at the front of
the cell to push the membrane forward. Factors in the lead-
ing edge membrane activate the Arp2l3 complex to nucleate
these filaments. Thus the power of actin assembly pushes the
membrane forward to contribute to cell locomotron.

The power of actin assembly is also used during endocy-
tosis. As we discussed in Chapter 14, endocytosis involves
the pinching in of the plasma membrane to make an endo-
cytic vesicle that is transported into the cell. Recent studies
have shown that after clathrin-coated vesicles pinch off from
the membrane, they are driven into the cytoplasm, powered
by a rapid and very short-lived burst (a few seconds in dura-
tion) of actin polymerization, in a manner very similar to
Listeria motility.

Toxins That Perturb the Pool of Actin Monomers
Are Useful for Studying Actin Dynamics
Certain fungi and sponges have developed toxins that target
the polymerization cycle of actin and are therefore toxic to
animal cells. Two types of toxins have been characterized.
The first class is represented by two unrelated toxins,
cytochalasin D and latrunculin, which promote the depoly-
merization of filaments, though by different mechanisms.
Cytochalasin D, a fungal alkaloid, depolymerizes actin fila-
ments by binding to the (+ ) end of F-actin, where it blocks

Plasma membrane

( - )  end

A FIGURE 17-16 Regulation of the Arp2l3 complex by WASp.
The WASp is inactive due to an intramolecular interaction, thereby
masking the activation domain. On binding the membrane-bound
active small G-protein Cdc42-GTP (a member of the Rho family)
through the Rho binding domain (RBD), the intermolecular interaction
is relieved, exposing the acidic domain (purple) for activation of the
Arp2l3 complex WASp also has a G-actin binding region (brown) that
aids in actin nucleation of the activated Arp2l3 complex

Arp2/3 activation domain that facilitates the first sreps in nu-
cleation of a new filament (Figure 17-76).

In t racel lu lar  Movements Can Be Powered by
Actin Polymerization
How can actin polymerization be harnessed to do work?
As we have seen, actin polymerization involves the hydrol-
ysis of actin-MP to actin-ADR which allows actin ro grow
preferent ia l ly  at  the (+)  end and d isassemble at  the ( - )
end. If an actin fi lament were to become fixed in the mesh-
work of the cytoskeleton and you could bind and ride on
the assembling (+) end, you would be transported across
the cell. This is just what the intracellular bacterial parasite
Listeria monocytogenes does. The study of Listeria motil-
ity was, in fact, the way the function of the Arp2l3 protein
was discovered.

Listeria is a food-borne pathogen that causes mild gas-
trointestinal symptoms in most adults but can be fatal to the
elderly or immunocompromised individuals. Ir can enter an-
imal cells and divide in the cytoplasm. To move from one cell
to another in the animal, it moves around the cell by poly-
merizing actin into a comet tail l ike the plume behind a
rocket (Figure 1,7-17a, b), and when it runs into the plasma
membrane, it pushes its way into the adjacent cell to infect it.
How does it recruit the host cell actin to move around?
Listeria has on its surface a protein called ActA, which can
bind and activate the Arp2/3 complex (Figure 17-17c).The
ActA protein also binds a protein known as VASP, which has
three important properties. First, VASP has a proline-rich
region that can bind profilin-ATP-actin for enhancing ATp-
actin assembly into the newly formed barbed end generated
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  EXPERIMENTAL FIGURE 17-17 Listeria uti l izes the powerof
actin polymerization for intracellular movement. (a) Fluorescence
microscopy of a cultured cell stained with an antibody to the bacterial
surface protein (red) and f luorescent phalloidin to localize F-actin
(green) Behind each bacterium is an actin "comet tail" that propels
the bacterium forward by actin polymerization When the bacterium
runs into the plasma membrane, it pushes the membrane out into a
structure l ike a f i lopodium, which protrudes into a neighboring cell
(b) Listeria motil i ty can be reconstituted in vitro with bacteria and lust
four proteins: ATP-G-actin, Arp2l3 complex, CapZ, and cofi l in, The

further addition of subunits. Latrunculin, a toxin secreted by
sponges, binds and sequesters G-actin, inhibit ing it from
adding to a fi lament end. Exposure to either toxin thus in-
creases the monomer pool. When cytochalasin or latrunculin
is added to l ive cells, the actin cytoskeleton disassembles and
cell movements such as locomotion and cytokinesis are
inhibited. These observations were among the first to impli-
cate actin fi laments in cell motil i ty. Latrunculin is especially

Arp213

Actin Oi. o
disassembl \)
( - )  end

- a

phase micrograph shows bacteria (black), behind which are the

phase-dense actin tai ls (c) A model of how Ltsferia moves using JUSI
four proteins The ActA protein on the cel l  surface activates the

Arp2l3 complex to nucleate new f i lament assembly from preexist ing

fi laments Fi laments grow at their (+) end unti l  capped by CapZ

Actin is recycled through the action of cofi l in, which enhances

depolymerization at the (-) end of the f i laments ln this way,

polymerization is confined to the back of the bacterium, which

propels i t  forward [Part (a) courtesy of J Theriot and I Michison Part (b)

from T P Loisel et al ,  1999, Nature 401'613 l

useful because it binds actin monomers and prevents any

new actin assembly. Thus if you add latrunculin to a cell, the

rate at which actin-based structures disappear reflects their

normal rate of turnover. This has revealed that some struc-

tures have half-times of much less than a minute, whereas

others are much more stable. For example, it has been found

that the leading edge of motile cells turns over every 30-180

seconds, whereas stress fibers turn over every 5-10 minutes.
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In contrast, the monomer-polymer equil ibrium is
shifted in the direction of f i laments by jasplakinolide, an-
other sponge toxin, and by phalloidin, which is isolated
from Amanita phalloides (the "angel of death" mush-
room). Jasplakinolide enhances nucleation by binding and
stabil izing actin dimers and thereby lowering the crit ical
concentration. Phalloidin poisons a cell by binding at the
interface between subunits in F-actin, locking adjacent
subunits together and preventing actin fi laments from de-
polymerizing. Even when actin is diluted below its crit ical
concentration, phalloidin-stabil ized fi laments wil l not de-
polymerize. Fluorescent-labeled phalloidin, which binds
only to F-actin, is commonly used to stain actin fi laments
for l ight microscopy (see Figure 17-4).

Mechanisms of Actin Filament Assembly

r Actin assembly is nucleated by two classes of proteins:
formins nucleate the assembly of unbranched filaments (see
Figure 77-13), whereas the Arp2l3 complex nucleates the
assembly of branched actin nerworks (see Figure 17-15).
The activities of formins and Arp2l3 are regulated by sig-
nal-transduction pathways.

r  Funct ional ly  d i f ferent  act in-based st ructures are
assembled by formins and Arp2l3 nucleators. Formins
drive the assembly of stress fibers and the contracti le
r ing,  whereas Arp2l3 nucleates the assembly of
branched actin fi laments found in the leading edge of
motile cells.

r The power of actin polymerization can be harnessed to
do work, as is seen in the Arp2l3-dependent intracellular
movement of pathogenic bacteria (see Figure 17-17) and
inward movement of endocytic vesicles.

r Several toxins affect the dynamics of actin polymeriza-
tionl some, such as latrunculin, bind and sequester actin
monomers, whereas others, such as phalloidin, stabilize fil-
amentous actin. Fluorescently Iabeled phalloidin is useful
for staining actin filaments.

Organization of Actin-Based
Cellular Structures
So far in this chapter, we have seen that actin filaments can be
assembled into a wide variery of different arrangements and
how many associated proteins nucleate actin assembly and reg-
ulate filament turnover. Dozens of proteins in a vertebrate cell
organize these filaments into diverse functional structures.
Here we discuss just a few of these proteins, giving examples of
typical types of actin crosslinking proteins found in cells, and
also discuss the proteins involved in making functional links
between actin and membrane proteins. Onetscinating prob-
lem, about which very little is known, is how cells assemble dif-

ferent actin-based structures within the same cytoplasm of a
cell. Some of this organization must be due to local regulation,
a topic we come to at the end of the chapter.

Cross-L ink ing Prote ins Organize Act in  F i laments
into Bundles or Networks
\7hen one assembles actin fi laments in a test tube, they
form a tangled network. However, in cells, actin filaments
are found in a variety of structures, such as the highly or-
dered filament bundles in microvilli or the meshwork char*
acteristic of the leading edge (see Figure 17-4a). These dif-
ferent organizations are determined by the presence of actin
cross-linking proteins. To be able to organize actin, an actin
cross-linking protein must have two F-actin-binding sites
(Figure 17-18).

Cross- l ink ing of  F-act in  can be achieved by having
two act in-b inding s i tes wi th in a s ingle polypept ide,  as
with fimbrin, a protein found in microvil l i  to build bun-
dles of f i laments all having rhe same polarity. Other actin
cross-linking proteins have a single actin-binding site in a
polypeptide chain and then associate to form dimers to
bring together two actin-binding sites. These dimeric
cross-linking proteins can assemble to have a rigid rod
connecting the two binding sites, as happens with a-actinin,
which a lso holds paral le l  act in  f i laments but  far ther
apart than fimbrin. Another protein, called spectrin, is a
tetramer with two actin-binding sites; spectrin spans an
even greater distance between actin fi laments and makes
networks under the plasma membrane (see Figure 17-19).
Other types of cross-linking proteins, such as fi lamin,
have a highly flexible region between the two binding
sites, functioning l ike a molecular leaf spring, so they can
make stabil izing cross-links between fi laments in a mesh-
work (F igure 17-1.8) ,  as is  found in the leading edge of
motile cells. The Arp2l3 complex, which we discussed in
terms of its abil ity to nucleate actin fi lament assembly, is
also an important cross-linking protein, attaching the (- )
end of one fi lament to the side of another fi lament (see
Figure 17-1,5) .

Adaptor  Prote ins L ink Act in  F i laments
to Membranes
To contribute to the structure of cells and also harness the
power of actin polymerization, actin filaments are attached
to membranes or are associated with intracellular structures.
Actin filaments are especially abundant in the cell cortex un-
derlying the plasma membrane, to which they give support.
Actin filaments can interact with membranes either laterally
or at their end.

Our first example of actin fi laments attached to mem-
branes is the human erythrocyte-the red blood cell. The
erythrocyte consists essentially of plasma membrane en-
closing a high concentration of the protein hemoglobin to
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cell-surface structures such as microvil l i  and membrane
ruffles. If we think of a microvil lus, it is clear that it must
have an end-on attachment at the tip and lateral attach-
ments down its length. 

'What 
is the orientation of actin fil-

aments in microvil l i? Decoration of microvil lar f i laments
by the 51 fragment of myosin show that it is the (* ) end at
the tip (Figure 17-19c). Moreover, when fluorescent actin
is added to a cell, i t is incorporated at the tip of a microvil-
lus, showing that not only is the (+) end there but that
actin fi lament assembly occurs there. At presenr it is not
known how actin fi laments are attached at the microvil lus
tip, but a l ikely candidate is a formin protein. This (+ ) end
orientation of actin fi laments with respect to the plasma
membrane is almost universally found-not just in mi-
crovil l i  but also, for example, in the leading edge of motile
cells. The lateral attachments to the plasma membrane are
believed to be provided, at least in part, by the ERM (ezrin-
radixin-moesin) family of proteins. These are regulated
proteins that exist in a folded, inactive form. 

'When 
acti-

vated, often by the membrane-bound regulatory l ipid PIP2
(phosphatidylinositol (4,5)P2) and subsequent phosphory-
lation, F-actin and membrane-protein-binding sites of the
ERM protein are exposed to provide a lateral l inkage to
actin fi laments (Figure 17-19d). At the plasma membrane,
ERM proteins can link the actin fi laments directly or indi-
rectly through scaffolding proteins to the cytoplasmic
domain of  membrane prote ins.

The two types of actin membrane linkages we have dis-
cussed do not involve areas of the plasma membrane di-
rectly attached to other cells or the extracellular matrix. In
contrast, highly specialized regions of the plasma mem-
brane of epithelial cells, called adherens junctions, make
contacts between cells (see Figure 1,7-1,b). Other specialized
regions of association, called focal adhesions, mediate at-
tachment of cells to the extracellular matrix. These special-
ized types of attachments in turn connect to the cytoskele-
ton and are described in more detail when we discuss cell
migration (Section 17.7) and cells in the context of t issues
(Chapter  19) .

Muscular dystrophies are genetic diseases often
characterized by the progressive weakening of skele-

tal muscle. One of these genetic diseases, Duchenne mus-
cular dystrophy, affects the protein dystrophin, whose
gene is located on the X-chromosome, and so the disease
is much more prevalent in males . Dystrophin is a modular
protein whose function is to l ink the cortical actin net-
work of muscle cells to a complex of membrane proteins
that l ink to the extracellular matrix. Thus dystrophin has
an N-terminal actin-binding domain, followed by a series
of spectrinlike repeats and terminating in a domain that
binds the transmembrane dystroglycan complex to the
extracellular matrix protein laminin (see Figure 17-18a).
In the absence of dystrophin, the plasma membrane of
muscle cells becomes weakened by cycles of muscle con-
traction and eventually ruptures, resulting in death of the
muscle myofibri l. I

Organization of Actin-Based Cellular Structures

r Actin filaments are organized by cross-linking proteins
that have two F-actin-binding sites. Actin cross-linking
proteins can be long or short, rigid or flexible, depending
on the type of structure involved (see Figure 1,7-1'8).

r Actin filaments are attached laterally to the plasma mem-
brane by specific classes of proteins, such as are seen in the
red blood cell or in cell-surface structures such as microvilli
(see Figure 17-19).

r The (* ) end of actin filaments can also be attached to
membranes, with assembly mediated between the filament
end and the membrane.

r Several diseases have been traced to defects in the micro-
fi lament-based cortical cytoskeleton that underlies the
olasma membrane.

Myosins: Actin-Based
Motor Proteins
We have discussed how actin polymerization nucleated by the
Lrp2l3 complex can be harnessed to do work. In addition to
actin-polymerization-based motility, cells have a large family
of motor proteins, called myosins, that can move along actin
filaments powered by ATP hydrolysis. The first myosin dis-
covered, myosin II, was isolated from skeletal muscle. For a
long time, biologists thought that this was the only type of
myosin found in nature. However, they then discovered other
types of myosins and began to ask how many different func-
tional classes might exist. Today we know that there are sev-
eral different classes of myosins, in addition to the myosin II

of skeletal muscle, that provide a motor function. The other
classes of myosin provide a myriad of functions, such as mov-
ing organelles and other structures around cells as well as

contributing to cell migration. Indeed, with the discovery and
analysis of all these actin-based motors and the correspon-
ding microtubule-based motors described in the next chapter,
the former relatively static view of a cell has been replaced

with the realization that it is incredibly dynamic-more like

an organized but busy freeway system with motors busily fer-

rying components around.
To begin to understand myosins, we first discuss their

general domain organization. Armed with this information,
we explore the diversity of myosins in different organisms

and describe in more detail some of those that are common
in eukaryotes. Myosins have the amaztng ability to convert

the energy released by ATP hydrolysis into mechanical work.

All myosins convert ATP hydrolysis into work, yet different
myosins can perform very different types of functions. For

example, many molecules of myosin II pull together on actin

fi laments to bring about muscle contraction, whereas
myosin V binds to vesicular cargo to transport it along actin

filaments. To understand how such diverse functions can be
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  FIGURE 17-20 Structure of myosin l l. (a) Organization of
myosin l l rn fi laments isolated from skeletal muscle Myosin l l assembles
into bipolar f i laments in which the tails form the shaft of the fi lament
with heads exposed. Extraction of bipolar f i laments wrth high salt and
ATP disassembles the fi lament into individual myosin l l molecules
(b) Myosin l l molecules consist of two identical heavy chains (lrght blue)
and four l ight chains (green and blue) The tail of the heavy chains
forms a coiled-coil to dimerize; the neck region of each heavy chain has
two light chains associated with it. Limited proteolytic cleavage of

discuss how this system works in a later section, but here we
investigate the properties of the myosin itself.

It is possible to dissolve the myosin thick filament in a
solution of ATP and high salt. The resulting soluble myosin II
protein consists of six polypeptides-two associated heavy
chains and four light chains. Two light chains associate with
the "neck" region of each heavy chain (Figure 1.7-20b).The
soluble myosin has ATPase activity, reflecting its ability to
power movements by hydrolysis of ATP. But which domain
of myosin is responsible for this activity? To identify func-
tional domains in a protein, a standard approach is to cleave
it into fragments with specific proteases and ask which
fragments have the activity. Soluble myosin II can be cleaved
into two pieces by gentle treatment with the protease
chymotrypsin to yield two fragments, one called heavy
mero-myosin (HMM: mero means "Dart of") and the other

accommodated by one type of motor mechanism, we will in-
vestigate the basic mechanism of how the energy released by
ATP hydrolysis is converted into work and then see how this
mechanism is modified to tailor the properties of specific
myosin classes for their specific functions.

Myosins Have Head,  Neck,  and Tai l  Domains
wi th Dis t inct  Funct ions
Much of what we know about myosins comes from studies
of myosin II from skeletal muscle. In skeletal muscle, myosin
II is assembled into so-called bipolar thick fi laments con-
taining hundreds of individual myosin II proteins (Figure
1.7-20a) with opposite orientations in each half of the bipo-
lar filament. These myosin filaments interdigitate with actin
thin filaments to bring about muscle contraction. We will

( a )

(b )  Myos in  l l

Head Neck

(c )  Head and neck  domain

Regu la to ry
l i g h t  c h a i n

Ta i l

Nuc leo t ide-
b ind ing  s i te

Regulatory
l igh t  cha in

myosin l l  generates tai l  fragments-LMM and S2-and the S'1 motor
domain (c) Three-dimensional model of a single S'1 head domain shows
that lt has a curved, elongated shape and is bisected by a cleft. The
nucleotide-binding pocket l ies on one side of this cleft ,  and the actin-
binding site l ies on the other side near the t ip of the head Wrapped
around the shaft of the ct-hel ical neck are two l ight chains These chains
stiffen the neck so that it can act as a lever arm for the head Shown
here is the ADP-bound conformation

Essent ia l  Heavy  cha ins
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l l l l+ Animation: In Vitro Motil i ty Myosin Assay

51 head of
myosrn

l ight meromyosin (LMM) (Figure 17-20b). The heavy
meromyosin can be further cleaved with the prorease papain
to yield subfragment 1 (S1) and subfragment 2 (52). By ana-
lyzing the properties of the various fragments-S1, 52, and
LMM-it was found that the intrinsic ATPase activity of
myosin resides in the 51 fragment, as does an F-actin-binding
site. Moreover, it was found that the MPase activity of the 51
fragment was greatly enhanced by the presence of filamen-
tous actin, so it is said to have an actin-actiuated ATPase
actiuity, which is a hallmark of all myosins. The 51 fragment
of myosin II consists of the head and neck domains, whereas
the 52 and LMM regions make up the tail domain (Figure 17-
20b). X-ray crystallographic analysis of the head and neck
domains revealed its shape, the positions of the light chains,
and the locations of the ATP-binding and actin-binding sites.
The elongated myosin head is attached at one end to the a-
helical neck (Figure 17-20c1. Two light-chain molecules lie at
the base of the head, wrapped around the neck like C-clamps.
In this position, the light chains stiffen the neck region.

How much of myosin II is necessary and sufficient for
"motor" activity? To answer this question, one needs a sim-
ple in vitro motility assay. In one such assay, the sliding-

filament assay, myosin molecules are tethered to a coverslip
to which is added stabilized fluorescence-labeled actin fila-
ments. Because the myosin molecules are tethered, they can-
not slide; thus any force generated by interaction of myosin
heads with actin filaments forces the filaments to move rela-
tive to the myosin (Figure 17-21a).If ATP is present, added
actin filaments can be seen to glide along the surface of the
coverslip; if ATP is absent, no fi lament movement is
observed. Using this assay, one can show that the 51 head of
myosin II is sufficient to bring about movement of actin
filaments. This movement is caused by the tethered myosin
51 fragments (bound to the coverslip) trying to "move" to-
ward the (+ ) end of a filament; thus the filaments move with

< EXPERIMENTAL FIGURE 17-21 Sliding-fi lament assay is
used to detect myosin-powered movement. (a) After myosin
molecules are adsorbed onto the surface of a glass coverslip, excess
unbound myosin is removed; the coverslip then is placed myosin-side
down on a glass slide to form a chamber through which solutions
can flow. A solution of actin fi laments, made visible and stable by
staining with rhodamine-labeled phalloidin, is allowed to flow into
the chamber. (The coverslip in the diagram is shown inverted from its
orientation on the flow chamber to make it easier to see the
positions of the molecules ) In the presence of ATB the myosin heads
walk toward the (+) end of f i laments by the mechanism il lustrated in
Figure 17-24 Because myosin tails are immobilized, walking of the
heads causes sliding of the fi laments. Movement of individual
fi laments can be observed in a fluorescence light microscope.
(b) These photographs show the positions of three actin fi laments
(numbered 1,2, 3) at 3O-second intervals recorded by video
microscopy. The rate of f i lament movement can be determined from
such recordings lPart (b) courtesy of M Footer and S Kron ]

the (-) end leading. The rate at which myosin moves an
actin filament can be determined from video camera record-
ings of sliding-filament assays (Figure 1'7-21'b).

All myosins have a domain related to the 51 domain of
myosin II, which is responsible for their motor activity. The

tail domain does not contribute to motility but rather defines
what is moved by the S1-related domain. Thus, as might be
expected, the tail domains can be very different and are tai-
lored to bind specific cargoes.

Myosins Make Up a Large Fami ly  of
Mechanochemical Motor Proteins

Since all myosins have related S1-motor domains with con-

siderable similarity in primary amino acid sequence, it is

possible to determine how many myosin genes, and how

many different classes of myosins, exist in a sequenced
genome. There are about 40 myosin genes in the human
genome (Figure 1,7-22), nine in Drosophila, and five in the

budding yeast. Computer analysis of the sequence relation-

ships between the myosin head domains suggests that about

20 distinct classes of myosins have evolved in eukaryotes'
with greater sequence similarity within a class than between'

As indicated in Figure 17-22, the genetic basis for some dis-

eases has been traced to genes encoding myosins. All myosin

head domains convert ATP hydrolysis into mechanical work

using the same general mechanism. However, as we will see,

subtle differences in this mechanism can have profound

effects on the functional properties of different classes of

myosin. How do these different classes relate to tail domains?
Amazingly if one takes just the protein sequences of the tail

domains of the myosins and uses this information to place

them in classes, they fall into the same groupings as the

motor domains. This implies that motor domains with spe-

cific properties have co-evolved with specific classes of tail
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domains, which makes a lot of sense, suggesting that each
class of myosin has evolved to carry out a specific function.

In every case that has been tested so far, myosins move
toward the (+ ) end of an acrin filament-with one exception,
myosin VI. This remarkable myosin has an insert in its head

< FIGURE 17-22 The myosin superfamily in humans. Computer
analysis of the relatedness of S1 head domains of all of the
approximately 40 myosins encoded by the human genome Each
myosin is indicated by a l ine, with the length of the l ine indicating
phylogenetic distance relationships Thus myosins connected by short
l ines are closely related, whereas those separated by longer l ines are
more distantly related Among these myosins are three classes-
myosins l, l l , and V-widely represented among eukaryotes, with
others having more specialized functions Indicated are examples in
which loss of a specific myosin causes a disease [Redrawn and modified
f rom R E Cheney,2001, Mol  Bio l  Cel l  12. l8Ol

domain to make it work in the opposite direction, and so
motility is toward the (-) end of an actin filament. Myosin VI
in animal cells is believed to contribute to endocytosis by mov-
ing the endocytic vesicles along actin filaments away from the
plasma membrane. Recall that membrane-associated actin fil-
aments have their (+ ) ends toward the membrane, so a motor
directed toward the (- ) end would take them away from the
membrane toward the center of the cell.

Among all these different classes of myosins are three
especially well-studied ones, which are commonly found in
animals and fungi: the so-called myosin I, myosin 1l and
myosin V families (Figure 17-23). In humans, eight genes
encode heavy chains for the myosin I family, 

'14 
for the

myosin II family, and three for the myosin V family.
The myosin II class assembles into bipolar f i laments,

which is important for its involvement in contractile func-
tions; indeed, this is the only class of myosins involved in
contractile functions. The laree number of members in this

Step size

1 0 - 1 4  n m

Function

Membrane
associat ion,
endocytosis

5-10  nm Contraction

Vesicle

i:)

  FIGURE 17-23 Three common classes of myosin. Myosin I
consist of a head domain with a variable number of l ight chains
associated with the neck domain Members of the myosin I class are
the only myosins to have a single head domain Some of these
myosins are bel ieved to associate direct ly with membranes through
lipid interactions. Myosin l ls have two head domains and two l iqht

Organe l le
transport

chains per neck and are the only class that can assemble into bipolar
fi laments. Myosin Vs have two head domains and six l ight chains per
neck They bind specific receptors (brown box) on organelles, which
they transport, All myosins in these three classes move toward the
(+) end of actin fi laments
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(a )  Th ick  F i lament

Coiled-coi l  rod /
Myosin

Actin thin f i lament

rt
!f eod."rt: Myosin Movement Against Actin Filaments

Animation: Myosin-Actin Cross'Bridge Cycle

[ "Powerstroke":
Release of I and p
e las t icenergy  ' i c

straightens myosin;

i , l : r r i r :  , . l l r r r l l

< Ff GURE 17-24 The myosin head uses ATP to pull on an actin
filament. (a) In the absence of ATB the myosin head is firmly attached
to the actin fi lament. Although this state is very short-l ived in l iving
muscle, it is the state responsible for muscle stiffness in death (rigor

mortis) Step (tr): On binding ATB the myosin head releases from the
actin fi lament. Step (Z): The head hydrolyzes the ATP to ADP and P,
which induces a rotation in the head with respect to the neck This
"cocked state" stores the energy released by ATP hydrolysis as elastic
energy, like a stretched spring Step (B): Myosin in the "cocked" state
binds actin Step (4): When bound to actin the myosin head couples
release of P; with release of the elastic energy to move the actin
fi lament This is known as the "power stroke" as it involves moving the
actin fi lament with respect to the end of the myosin neck domain. Step
(E): The head remains tightly bound to the fi lament as ADP is released
and before fresh ATP is bound by the head. (b) Molecular models of
the conformational changes in the myosin head involved in "cocking"

the head (upper panel) and during the power stroke (lower panel) The
myosin l ight chains are shown in dark blue and green; the rest of the
myosin head and neck are colored in light blue, and actin is red lpart (a)

adaptedfrom R D Vale and R A Mi l l igan,  2OO2,Science288:88 Part(b)  based

on Geeves and Holmes 2005 (unpubl ished) l

(b )

moves actin filament left

Il einas ntB ATp

I  Hydrolysis of
ATP to ADP + P,,
myosin head rotates
into "cocked" state

p Myos in  head b inds
actin f i lament

E ADP released, ADP -l '

ATP bound; ArPr\r
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class reflects the need for myosin IIs with the slightly differ-
ent contracti le properties seen in different muscles (e.g.,
skeletal, cardiac, and various types of smooth muscle) as
well as in nonmuscle cells.

The myosin II class is the only one that assembles into
bipolar filaments. All myosin II members have a relatively
short neck domain, with two light chains per heavy chain. The
myosin I class is quite large, has a variable number of light
chains associated with the neck region, and is the only one in
which heavy chains are not associated through their tail do-
mains and so are single-headed. The large size and diversity of
the myosin I class suggests that these myosins perform many
functions, most of which remain to be determined, but some
members of this family connect actin filaments to membranes,
and others are implicated in endocytosis. Members of the
myosin V class have two heavy chains, giving a motor with
two heads, long neck regions with six light chains each, and
tail regions that dimerize and terminate in domains that bind
to specific organelles to be transported.

Conformational Changes in the Myosin Head
Couple ATP Hydrolysis to Movement
The results of studies of muscle contraction provided the first
evidence that myosin heads slide or walk along actin filaments.
Unraveling the mechanism of muscle contraction was greatly
aided by the development of in vitro motility assays and single-
molecule force measurements. On the basis of information
obtained with these techniques and the three-dimensional
structure of the myosin head, researchers developed a general
model for how myosin harnesses the energy released by ATP
hydrolysis to move along an actin filament (Figure 1,7-24 on
page735). Because all myosins are thought to use the same ba-
sic mechanism to generate movement, we will ignore whether
the myosin tail is bound to a vesicle or is part of a thick fila-
ment, as it is in muscle. One important aspect of this model is
that the hydrolysis of a single ATP molecule is coupled to each
step taken by a myosin molecule along an actin filament.

A question that has intrigued biologists is how myosin
can convert the chemical energy released by ATP hydrolysis
into mechanical work. It has been known for a long time that
the 51 head of myosin is an AIPase, having the ability to hy-
drolyze ATP into ADP and P;. Biochemical analysis reveals
how this works (Figure 17-24a).In the absence of ATp, the
head of myosin binds very tightly to F-actin. When ATp
binds, the affinity of the head for F-actin is greatly reduced
and releases from actin. The myosin head then hydrolyzes the
ATP, and the hydrolysis products, ADP and P1, remain
bound. The energy provided by the hydrolysis of ATP induces
a conformation change in the head that results in the head
domain rotating with respect to the neck. This is known as
the "cocked" position of the head (Figure 17-24b).In the ab-
sence of F-actin, release of P; is exceptionally slow, the slow-
est part of the ATPase cycle. However, in the presence of
actin, the head binds F-actin tightly, inducing both release of
P; and rotation of the head back to its original position, thus
moving the actin filament relative to the neck domain (Figure
17-24b).In this way, binding to F-actin induces the move-

  EXPERIMENTAL FIGURE 17-25 The length of the myosin tl
neck domain determines the rate of movement. To test the lever-
arm model of myosin movement, investigators used recombinant DNA
techniques to make myosin heads attached to different-length neck
domains The rate at which they move on actin fi laments was
determined. The longer the lever arm, the faster the myosin moves,
supporting the proposed mechanism. [Redrawn from K A Ruppel and J
A Spudich, 1996, Annu Reu Cell Mol. Biol. 12:543-5731

ment of the head and release of Pi, thereby coupling the two
processes. This step is known as the power stroke. The head
remains bound until the ADP leaves and a fresh ATP binds
the head, releasing it from the filament. The cycle then re-
peats, and the myosin can move again against the filament.

How is hydrolysis of ATP in the nucleotide-binding
pocket converted into force? The results of structural
studies of myosin in the presence of nucleotides, and nu-
cleotide analogs that mimic the various steps in the cycle,
indicate that the binding and hydrolysis of a nucleoride
cause a small conformational change in the head domain.
This small movement is amplified by a "converter" region
at the base of the head acting like a fulcrum and causing
the leverlike neck to rotate. This rotation is amplified by the
rodlike lever arm, which constitutes the neck domain, so the
actin fi lament moves by a few nanometers (Figure 17-24b).

This model makes a strong prediction: the distance a
myosin head moves actin during hydrolysis of one ATP-the
myosin step size-should be proportional to the length of
the neck domain. To test this, mutant myosin molecules were
constructed with different-length neck domains and the rate
at which they moved down an actin filament was deter-
mined. Remarkably there is an excellent correspondence
between the length of the neck domain and the rate of move-
ment (Figure 17-25).

Myosin Heads Take Discrete Steps Along
Act in  F i laments
The most critical feature of myosin is its ability ro generare a
force that powers movements. Researchers have used optical
traps to measure the forces generated by single myosin
molecules (Figure 17-26). In this approach, myosin is
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immobilized on beads at a low density. An actin filament, held
between two optical traps, is lowered toward the bead until
it contacts the myosin molecule. When ATP is added, the
myosin pulls on the actin filament. Using a mechanical feed-
back mechanism controlled by a computer, one can measure
the distance pulled and the forces and duration of the move-
ment (Figure 17-26). The results of optical trap studies show
that myosin II does not interact with the actin filament con-
tinuously but rather binds, moves, and releases it. In fact,
myosin II spends on average only about 10 percent of each
ATPase cycle in contact with F-actin-it is said to have a
duty ratio of 10 percent. This will be important later when
we consider that in muscle, hundreds of myosin heads pull
on actin filaments, so that at any one time, 10 percent of the
heads are engaged to provide a smooth contraction.

'When 
myosin II does contact F-actin, it takes discrete

steps, approximately 5-15 nm long (Figure 1.7-27), and gen-
erates 3-5 piconewtons (pN) of force, approximately the
same force as that exerted by gravity on a single bacterium.

If we now look at a similar optical trap experiment
with myosin V, the curves look completely different (Fig-
ure 1,7-27). Now we can easily discern clear steps of about
35 nm in length. This larger step size reflects the longer neck
domain-the lever arm-of myosin V. Moreover, we see that
the motor takes many sequential steps without releasing
from the actin-it is said to move processiuely. This is be-
cause its ATPase cycle is modified to have a much higher
duty ratio (>70 percent) by slowing the rate of ADP release;
thus the head remains in contact with the actin filament for
a much larger percentage of the cycle. Since a single myosin
V molecule has two heads, a duty ratio of )50 percent en-
sures that one head is in contact at all times as it moves
down an actin filament so that it does not fall off.

A FIGURE 17-25 Optical trap determines the step size and
force generated by a single myosin molecule. In an optical trap,
the beam of an infrared laser is focused by a l ight microscope on a
Iatex bead (or any other object that does not absorb infrared l ight),
which captures and holds the bead in the center of the beam The
strength of the force holding the bead is adjusted by increasing or
decreasing the rntensity of the laser beam ln this experiment, an
actin fi lament is held between two ootrcal traps The actin fi lament is
then lowered onto another bead with a dilute concentration of
myosin molecules attached to it l f the actin fi lament encounters a
myosin molecule in the presence of ATB the myostn wil l pull on the
actin fi lament, which allows the investigators to measure both the
force generated and the step size the myosin takes

0.5
Time (s)

o 0.2 0.4 0.6 0.8
Time (s)

  EXPERIMENTAL FIGURE 17-27 Measuring the step size and
processivity of myosins. Using an optical trap setup similar to the

one described in Figure 1 7-26, investigators have analyzed the
behavior of myosin l l (top trace) and myosin V (bottom trace). As
shown by the peaks in the trace, myosin l l takes erratic small steps
(5-1 5 nm), which means it binds the actin fi lament, moves, and then
lets go lt is therefore a nonprocessive motor. By contrast, myosin V

takes clear 36-nm steps one after the other, so it has a step size of
36 nm and is highly processive-that is, it does not let 90 of the

actin fi lament IPart (a) from Finer et al ,1994, Nature 368:113 Part (b) from

M Riefetal,20OO, Proc Nat' l Acad Sci.USA97:94821

Myosin V Walks Hand Over  Hand Down
an Act in  F i lament

The next question is, how do the two heads of myosin

V work together to move down a filament? One model

proposes that the two heads walk down a filament hand

over hand with alternately leading heads (Figure'J-7-28a).

An alternative possibility is an inchworm model, in which

the leading head takes a step' the second head is pulled up

behind it, and then the leading head takes another step (Fig-

ure 1,7-28b). How can one distinguish between these mod-

els? In the inchworm model, each individual head takes

36-nm steps, whereas in the walking model' each takes 72-nm

steps. Scientists have managed to attach a fluorescent probe

to just one neck region of myosin V and watch it walk down

an actin filament: it takes 72-nm steps (Figure \7-28c), and

so it walks hand over hand down a filament (72 nm is the
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on neck

(a) Hand over hand

(b) Inchworm

Label on n

0 1 0 2 0 3 0 4 0 5 0 6 0

Time (s)

A EXPERIMENTAT FTGURE 17-28 Myosin V has a step size of
36 nm, yet each head moves in 72-nm steps, so it moves hand
over hand. Two models for myosin V movement down a filament
have been suggested. (a) In the hand-over-hand model, one head
binds an actin fi lament, and the other then swings around and binds
a site 72 nm ahead. (b) In the inchworm model, the leading head
moves 36 nm, then the lagging head moves up behind it, allowing
the leading head to take another 36-nm step. (c) Myosin V labeled
with a fluorescent tag on just one head can be seen to have a step
size of 72 nm. Thus myosrn V walks hand over hand. [Adapted from A
Yildiz et al , 2003, Science 300:2061 l

step size for each head; the step size for the double-headed
motor is 35 nm). IThy is the step size of myosin V so large?
If we compare its step size of 35 nm to the structure of ihe
actin filament, we see that it is the same as the length be-
tween helical repeats in the filament (see Figures 17-5 and
17-28a), so myosin V steps between equivalent binding sites
as it walks down one side of an acin filament. Myosin V
has presumably evolved to take large steps the size of the
helical repeat of actin and to do this very processively so it
rarely dissociates from an actin filament. These are exactly

the properties one would expect for a motor designed to
transport cargo along an actin filament.

Myosins: Actin-Based Motor Proteins

r Myosins are actin-based motors powered by ATP hy-
drolysis.

r Myosins have a motor head domain, a lever-arm neck do-
main, and a cargo-binding tail domain (see Figure 17-20).

r There are many classes of myosin, with three classes
present in many eukaryotes: myosin I has a single head
domain, myosin II has two heads and assembles into bipo-
lar filaments, and myosin V has two heads and does not as-
semble in filaments (see Figure 17-23).

r Myosins convert ATP hydrolysis to mechanical work by
amplifying a small conformational change in their head
through their neck domain when the head is bound to
F-actin (see Figure 1,7-24).

r Myosin heads take discrete steps along an actin filament,
which can be small (5-15 nm) and nonprocessive in the case
of myosin II or large (36 nm) and processive for myosin V.

Myosi n-Powered Movements
We have akeady discussed how myosins have head and neck
domains responsible for their motor properties. 

'We 
now

come to the tail regions, which define the cargoes that
myosins move. The function of many of the newly discov-
ered classes of myosins found in metazoans is not yet
known. Below, we give just two examples where we have a
good idea of what myosins do. Our first example is skeletal
muscle, which is where myosin II was discovered. In muscle,
many myosin II heads joined together in bipolar filaments,
each with a short duty cycle, work together to bring about
contraction. Similarly organized contractile machineries
function in the contraction of smooth muscle and in stress
fibers and the contractile ring during cytokinesis. We then
turn to the myosin V class, which has a long duty cycle to
allow these myosins to transport cargoes over relatively long
distances without dissociating from actin filaments.

Myosin Thick Fi laments and Actin Thin
Filaments in Skeletal Muscle Slide Past One
Another During Contraction
Muscle cells have evolved to carry out one highly specialized
function-contraction. Muscle contractions must occur
quickly and repetitivelg and they must occur through long
distances and with enough force to move large loads. A typi-
cal skeletal muscle cell is cylindrical, large (140 mm in length
and 10-50 trr,m in width), and multinucleated (containing as
many as 100 nuclei) (Figure 17-29a). Within the muscle cell
are many myofibrils consisting of a regular repeating array of
a specialized structure called a sarcomere (Figure 77-Z9b). A
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Musc les

I
Z  d isk

A band ---------------><- | band -

< FIGURE 17-29 Structure of the skeletal muscle sarcomere.
(a) Skeletal muscles consist of muscle fibers made of bundles of
multinucleated cells. Each cell contains a bundle of myofibri ls, which

consist of thousands of repeating contracti le structures called
sarcomeres. (b) Electron micrograph of mouse striated muscle in
longitudinal section, showing one sarcomere. On either side of the Z

disks are the l ightly stained I bands, composed entirely of actin thin
fi laments These thin fi laments extend from both sides of the Z disk
to interdigitate with the dark-stained myosin thick fi laments in the A

band. (c) Diagram of the arrangement of myosin and actin fi laments

in a sarcomere [Part (b) courtesy of S P Dadoune ]

The thick filaments are composed of myosin II bipolar fila-

ments, in which the heads on each half of the filament have

opposite orientations (see Figure 1'7-20a). The thin actin fila-

ments are assembled with their ( + ) ends embedded in a densely

staining structure known as the Z disk (Figute 1'7-29b), so that

the rwo sets of actin filaments in a sarcomere have opposite ori-

entations (Figure 17-30). To understand how a muscle con-

tracts, consider the interactions between one myosin head

(among the hundreds in a thick filament) and a thin (actin) fil-

ament, as diagrammed in Figure 1'7-24'Duting these cyclical

interactions, also called the cross-bridge cycle,the hydrolysis of

ATP is coupled to the movement of a myosin head toward the

Z disk, which corresponds to the (+ ) end of the thin filament.

Because the thick filament is bipolar, the action of the myosin

heads at opposite ends of the thick filament draws the thin

filaments toward the center of the thick filament and there-

fore toward the center of the sarcomere (Figure 17-30). This

movement shortens the sarcomere until the ends of the thick

filaments abut the Z disk. Contraction of an intact muscle re-

sults from the activity of hundreds of myosin heads on a single

Relaxed
Actin Myos in Actin

Z d isk

Contracted

A FIGURE 17-30 The sliding-fi lament model of contraction in

striated muscle. The arrangement of thick myosin and thin actin

fi laments in the relaxed state is shown in the top diagram. In the

presence of ATP and Ca2*, the myosin heads extending from the

thick fi laments walk toward the (+) ends of the thin fi laments

Because the thin fi laments are anchored at the Z disks (purple),

movement of myosin pulls the actin fi laments toward the center of

the sarcomere, shortening its length in the contracted state, as

shown rn the bottom diagram

Myofibri l

Bund le  o f
musc le  f ibers

Mul t inuc lea ted
musc le  ce l l
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sarcomere, which is about2 pm long in resting muscle, short-

ens by about 70 percent of its length during contraction. EIec-

tron microscopy and biochemical analysis have shown that
each sarcomere contains two major types of frlaments: tbick

filaments, composed of myosin II, and thin filaments, contain-
ing actin and associated proteins (Figure 17-29c).

f 
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thick filament, amplified by the hundreds of thick and thin fil-
aments in a sarcomere and thousands of sarcomeres in a mus-
cle fiber. \We can now see why myosin II is both nonprocessive
and needs to have a short duty cycle (see Figure 17-27): each
head pulls a short distance on the actin filament and then lets
go to allow other heads to pull, and so many heads working
together allow the smooth contraction of the sarcomere.

The heart is an amazing contractile organ-it contracts
without interruption about 3 million times a year, or a

fifth of a billion times in a lifetime. The muscle cells of the heart
contain contractile machinery very similar to that of skeletal
muscle except that they are mono- and bi-nucleated cells. In
each cell, the end sarcomeres insert into structures at the olasma
membrane called intercalated disks, which link the cells into a
contractile chain. Since heart muscle cells are only generated
early in human life, they cannot be replaced in response to dam-
age, such as occurs during a heart attack. Many different muta-
tions in proteins of the heart contractile machinery give rise to
hyp ertrop h i c cardiomy op ath ies-thickening of the heart wall
muscle, which compromises its function. For example, many

mutations in other comoonents of
including actin, myosin light chains,
and structural components such as t

Skeleta l  Muscle ls  St ructured by Stabi l iz ing and
Scaffolding Proteins
The structure of the sarcomere is maintained by a number of
accessory proteins (Figure 17-31). The actin filaments are sta-
bilized on their (+) ends by CapZ and on their (-) ends by
tropomodulin. A giant protein known as nebulin extends
along the thin actin filament all the way from the Z disk to
tropomodulin, to which it binds. Nebulin consists of repeating
domains that bind ro the actin in the filament, and it is believed
that the number of actin binding repeats, and therefore the
length of nebulin, determines the length of the thin filaments.
Another giant protein, called titin (becauseit is so large), has its
head associated with the Z disk and extends to the middle of
the thick filament, where another titin molecule extends to the
subsequent Z disk. Titin is believed to be an elastic molecule
that holds the thick filaments in the middle of the sarcomere
and also prevents overstretching to ensure that the thick fila-
ments remain interdigitated between the thin filaments.

Contraction of Skeletal Muscle ls Regulated by
Ca2* and Actin-Binding proteins

Like many cellular processes, skeletal muscle contraction is ini-
tiated by an increase in the cytosolic Ca2* concentration. As de-
scribed in Chapter 11, the Ca2* concentration of the cytosol is
normally kept low, below 0.1 ir.M. In skeletal muscle cells, a low

A FIGURE 17-31 Accessory proteins found in skeletal muscle.
To stabil ize the actin fi laments, CapZ caps the (+) end of the thin
fi laments at the Z disk, whereas tropomodulin caps the (-) end The
giant protein tit in extends through the thick fi laments and attaches
to the Z disk. Nebulin binds actin subunits and determines the lenqth
of  the th in f i lament .

cytosolic Ca2* level is maintained primarily by a unique Ca2*
AT?ase that continually pumps Ca2* ions from the cytosol con-
taining the myofibrils into the sarcoplasmic reticulum (SR), a
specialized endoplasmic reticulum of the muscle cells (Figure
1,7-32). This activiry establishes a reservoir of Ca2* in the SR.

The arrival of a nerve impulse (or action potential; see
Chapter 23) at a neuromuscular junction triggers an action
potential in the muscle-cell plasma membrane (also known
as the sarcolemma). The action potential travels down in-
vaginations of the plasma membrane known as transuerse
tubules, which penetrate the cell to lie around each myofib-
ril (Figure 17-32). The arrival of the action potential in the
transverse tubules stimulates the opening of voltage-gated
Ca2* channels in the SR membran., ard th. ensuing ..l.ur.
of Caz* from the SR raises the cytosolic Ca2* concJntration
in the myofibrils. This elevated Ca2* concentrarion induces
a change in two accessory proteins, tropomyosin and tro-
ponin, which are bound to the actin thin filaments and nor-
mally block myosin binding. The change in position of these
proteins on the thin filaments in turn permits the myosin-
actin interactions and hence contraction. This type of regu-
lation is very rapid and is known as thin filament regulation.

Tropomyosin (TM) is a ropelike molecule, about 40 nm
in length, that binds ro seven actin subunits in an actin flla-
ment. TM molecules are strung together head to tail, forming
a continuous chain along each side of the actin thin filament
(Figure 17-33a, b). Associated with each tropomyosin is /ro-
ponin (TN), a complex of three subunits, TN-l TN-I, and
TN-C. Troponin-C is the calcium-binding subunit of tro-
ponin. TN-C controls the position of TM on the surface of an
actin filament through the TN-I and TN-T subunits.

Under the control of Ca2* and TN, TM can occupy rwo
positions on a thin filament-switching from a state of muscle
relaxation to contraction. In the absence of Ca2* (the relaxed
state), TM blocks myosin's interaction with F-actin and the
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( a )

Nuc leus Myofibri ls

Sarcolemma

A FfGURE 17-32 The sarcoplasmic reticulum regulates the
level of free Ca2* in myofibri ls. (a) When a nerve impulse
stimulates a muscle cell, the action potential is transmitted down a
transverse tubule (yellow), which is continuous with the plasma
membrane (sarcolemma), leading to release of Ca2* from the

muscle is relaxed. Binding of Ca2* ions to TN-C triggers
movement of TM to a new site on the filament, thereby expos-
ing the myosin-binding sites on actin (Figure 17-33b). Thus, at

Ca2* concentrations greater than 1 pM, the inhibition exerted
bv the TM-TN complex is relieved and contraction occurs' The

iat*-d.pe.rd.n, .y.ling between relaxation and contraction
states in skeletal muscle is summarized in Figure 17-33c.

Act in  and Myosin l l  Form Contract i le  Bundles
in Nonmuscle Cel ls

In skeletal muscle, actin thin filaments and myosin II thick
filaments can assemble into contractile structures. Nonmus-

Tropon in  (TN)

Tropomyos in
(TM)

  FIGURE 17-33 Ca2+-dependent thin-fi lament regulation of
skeletal muscle contraction. (a) Model of the tropomyosin-
troponin regulatory complex on a thin frlament Troponin is a clublike
protern complex that is bound to the long a-helical tropomyosin
molecule (b) Three-dimensional electron-microscopic reconstructions
of the tropomyosin helix (yellow) on a thin fi lament from scallop
muscle Tropomyosin in the relaxed state (/eft) shifts to a new

adjacent sarcoplasmic reticulum into the myofibri ls (b) Thin-section

electron micrograph of skeletal muscle, showing the intimate
relationship of the sarcoplasmic reticulum to the muscle f ibers lPart (b)

from Porter KR, Franzini-Armstrong C ASCB lmage & Video Library August

2006:FND- l  4 Avai lable at :  ht tp: / /cel l images ascb orglu ?/p404 1 col l  1,83 : l

cle cells contain several types of related contractile bundles

composed of actin and myosin II filaments' which are similar

to skeletal muscle fibers but much less well organized. More-

over, they lack the troponin regulatory system and are instead

regulated by myosin phosphorylation, as we will discuss later'

In epithelial cells, contractile bundles are most commonly

found as an adherens belt, which encircles the inner surface of

the cell at the level of the adherens iunction (see Figure 1'7-4a),

and are important in maintaining the integrity of the epithe-

lium. Stress fibers, which are seen along the lower surfaces of

cells cultured on artificial (glass or plastic) surfaces or in extra-

cellular matrices, are a second type of contractile bundle (see

Figure 17-4a, c) important in cell adhesion, especially on

(c) Skeletal muscle

Contraction

A c t i n . T M . T N - C a 2 +

4g1 ;no l l v l  oTN

Relaxation

position (arrow) in the state inducing contraction (nElht) when the

Ca2* concentration increases This movement exposes myosin-

binding sites (red) on actin. (Troponin is not shown in this

representation but remalns bound to tropomyosin in both states')
(c) Summary of the regulation of skeletal muscle contraction by Ca2*

binding to troponin [Part (b) adapted from W Lehman, R Craig, and P

Vibert, 1993, Nature 123:313;courtesy of P Vibert l

( b )( a )
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ChromosomeContracti le
f lng

A EXPERIMENTAL FTGURE 17-34 Fluorescentantibodies reveal
the localization of myosin I and myosin l l during cytokinesis.
(a) Diagram of a cell going through cytokinesis, showing the mitotic
spindle (microtubules green, chromosomes blue) and the contracti le
ring with actin fi laments (red) (b) Fluorescence micrograph of a

deformable substrates. The ends of stress fibers terminate ar
integrin-containing focal adhesions, special structures that
aftach a cell to the underlying substratum (see Figure 17-39).
Circumferential belts and stress fibers contain several proteins
found in the contractile apparatus of smooth muscle and exhibit
some organizational features resembling those of muscle sar-
comeres. A third type of contractile bundle, referred to as a con-
tractile ring, is a transient structure that assembles at rhe eaua-
tor of a dividing cell, encircling the cell midway berween rhe
poles of the mitotic spindle (Figure I7-34a). As division of the
cltoplasm (cytokinesis) proceeds, the diameter of the contractile
ring decreases, and so the cell is pinched into two parts by a
deepening cleavage furrow. Dividing cells stained with antibod-
ies against myosin I and myosin II show thar myosin II is local-
ized to the contractile ring, whereas myosin I is at the distal
regions, where it links the actin cortex to the plasma membrane
(Figure 17-34b). This localization indicates that myosin II, but
not myosin I, takes part in cytokinesis. Cells in which the
myosin II gene has been deleted are unable to undergo cytoki-
nesis. Instead, these cells form a multinucleated syncytium be-
cause cytokinesis, but not nuclear division, is inhibited.

Myosin-Dependent  Mechanisms Regulate
Contract ion in  Smooth Muscle and
Nonmuscle Cel ls

contains large, loosely aligned conrractile bundles thar resem_
ble the contracile bundles in epithelial cells. The contractile

Dictyostelium ameba during cytokinesis reveals that myosin ll (red) is
concentrated in the cleavage furrow, whereas myosin | (green) is
localized at the poles of the cell The cell was stained with antibodies
specific for myosin I and myosin l l, with each antibody preparation
linked to a different fluorescent dye [Courtesy of y Fukui ]

the contraction-inducing state in the presence of Ca2* and
the relaxed state in its absence. In contrast, smooth muscle
contraction is regulated by the cycling of myosin II between
on and off states. Myosin II cycling, and thus contraction o{
smooth muscle and nonmuscle cells, is regulated in response
to many extracellular signaling molecules.

Contraction of vertebrate smooth muscle is regulated pri-
marily by a pathway in which the myosin regulatory light
chain (LC) associated with the myosin II neck domain (see
Figure 17 -20b) undergoes phosphorylation and dephosphory-
lation. \fhen the regulatory light chain is not phosphorylated,
the myosin II ATPase cycle is inactive. The smooth muscle
contracts when the regulatory LC is phosphorylated by the en-

Fig^ure 3-31). Calcium first binds to calmodulin, and the
Ca'* lcalmodulin complex then binds to myosin LC kinase
and activates it. This mode of regulation relies on the diffusion
of Caz* over greater distances than in sarcomeres and on the
action of protein kinases, so contraction is much slower in
smooth muscle than in skeletal muscle. Because this regulation
involves myosin, it is known as thick filament regulation.

The role of activated myosin LC kinase can be demon-
strated by microinjecting a kinase inhibitor into smooth
muscle cells. Even though the inhibitor does not block the
rise in the cytosolic Ca2* level that follows the arrival of a
nerve impulse, injected cells cannot contract.

Unlike skeletal muscle, which is stimulated to contract
solely by nerve impulses, smooth muscle cells and nonmus-
cle cells are regulated by many types of external signals in
addition to nervous stimuli. For example, norepinephrine,
angiotensin, endothelin, histamine, and other signaling mol-
ecules can modulate or induce the contraction of smooth
muscle or elicit changes in the shape and adhesion of non-
muscle cells by triggering various signal-transduction
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Gontraction

MLC phosphatase

Relaxation

A FIGURE 17-35 Myosin phosphorylation mechanism for
regulating smooth muscle contraction. In vertebrate smooth
muscle, phosphorylation of the myosin regulatory l ight chain (LC) by
Ca2*-dependent myosin LC kinase activates contraction. At Ca2*

pathways. Some of these pathways lead to an increase in the

cytosolic Ca2* level; as previously described, this increase

can stimulate myosin activity by activating myosin LC ki-

nase (see Figure 17-35). As we will discuss beloq other
pathways activate Rho kinase, which is also able to activate

myosin activity by phosphorylating the regulatory light

chain, although in a Ca2*-independent manner.

Myosin-V-Bound Vesicles Are Carried Along
Actin Fi laments

In contrast to the contractile functions of myosin II fila-

ments, the myosin V family of proteins are the most proces-

sive myosin motors known and transport car9o down actin

ca2* I
MLC kinase-CaM-Ca2+ s s MLC kinase + CaM

Ca2 ' I

(act ive) ( i  nactive)

concentrations <10-6 M, the myosin LC kinase is inactive, and a

myosin LC phosphatase, which is not dependent on Ca2* for activity,

dephosphorylates the myosin LC, causing muscle relaxation'

filaments. In the next chapter we discuss how they can work

together with microtubule motors to bring about transport

of organelles. Although not a lot is known about their func-

tions in mammalian cells, myosin V motors are not unim-

portant: defects in a specific myosin V protein can cause se-

vere diseases, such as seizures (see Figure 17-22)'

Much more is known about myosin V motors in more

l l i l+ Animation: Movement of Multiple Cargoes by MyosinV in Yeast

Bud
< FIGURE 17-36 Myosin Vs carry many different cargoes in

budding yeast. (a) The yeast Saccharomyces cerevisiae (used in

making bread, beer, and wine) grows by budding. Secretory

vesicles are transported into the bud, which swells to about the

size of the mother cell. The cells then 9o through cytokinesis and

each divide again (b) Diagram of a medium-sized bud showing

how myosin Vs transport secretory vesicles (5V) down actin cables

nucleated by formins (purple) located at the bud tip and bud

neck Myosins Vs are also used to segregate organelles, sucn as

the vacuole (the yeast equivalent of a lysosome), peroxisomes,

endoplasmic reticulum (ER), trans-Golgi network (TGN), and even

selected mRNAs into the bud Myosin V also binds the end of

cytoplasmic microtubules to orient the nucleus in preparation for

mitosis. lAdapted from D Pruyne el al ,2OO4, Ann' Rev' Cell Biol'

20:559 l

' . :
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Actin f i laments

Ch lorop las t

A FIGURE 17-37 Cytoplasmic streaming in cylindrical giant algae.
(a) The center of a Nitella cell is filled with a single large water-filled
vacuole, which is surrounded by a layer of moving cytoplasm (blue
arrows). A nonmoving layer of cortical cytoplasm filled with chloroplasts
lies just under the plasma membrane (enlarged in bottom figure). On
the inner side of this layer are bundles of stationary actin fi laments (red),
all oriented with the same polarity A motor protein (blue), a plant

all the organelles have to be distributed between the mother
and daughter cells. RemarkablS myosin Vs in yeast provide
the transport system for segregation of many organelles,
including peroxisomes, lysosomes (also known as vacuoles).
endoplasmic reticulum, and the trans-Golgi network and
even transport the ends of microtubules and some specific
messenger RNAs into the bud (Figure I7-36b).Ifhereas
budding yeast uses myosin V and polari zed actinfilaments in
the transport of many organellei, animal cells, which are
much larger, employ microtubules and their morors ro rrans-
port many of these organelles over relatively long distances.
We discuss these transport mechanisms in the next chapter.

Perhaps the most dramatic use of myosin Vs is seen in
the giant green algae, such as Nitella and Chara. In these

_Close inspection of objects caught in the flowing cytosol,
such as the endoplasmic reticulum (ER) and other membrane_
bounded vesicles, shows that the velocity of streaming in-
creases from the cell center (zero velocity) to the cell periphery.
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myosin V, carries parts of the endoplasmic reticulum (ER) along the actin
filaments The movement of the ER network propels the enttre vtscous
cytoplasm, including organelles that are enmeshed in the ER network.
(b) Electron micrograph of the cortical cytoplasm showing a large vesicle
connected to an underlying bundle of actin filaments This vesicle, which
is part of the ER network, contacts the stationary actin filaments and
moves along them by a myosin motor protein lpart (b) from B Kachar.]

This gradient in the rate of flow is most easily explained if the
motor generating the flow lies at the membrane. In electron
micrographs, bundles of actin filaments can be seen aligned
along the length of the cell, lying across chloroplasts embedded
at the membrane. Attached to the actin bundles are vesicles of
the ER network. The bulk cytosol is propelled by myosin at-
tached to parts of the ER adjacent to the actin filaments. The
flow rare of the cytosolinNitella is at least 15 times as fast as
the movement produced by any other known myosin.

Myosin-Powered Movements

In skeletal muscle, contractile myofibrils are composed of
ousands of repeating units called sarcomeres. Each sar-

comere consists of two interdigitating filament types: myosln
thick filaments and actin thin filaments (see Figure 17-29).

Skeletal muscle contraction involves the ATp-dependent
iding of myosin thick fi laments along acin thin fi la-

ments to shorten the sarcomere and hence the myofibri l
(see Figure 17-30).

r The ends of the actin thin filaments in skeletal muscle are
stabil ized by CapZ at the (+) end and by tropomodulin at

M  I C R O F I L A M  E N T S



#' viU"o: Mechanisms of Fish Keratinocyte Migration
Video: Actin Filaments in the Lamellipodium of a Fish Keratinocyte

> FIGURE 17-38 Steps in cell movement. Movement begins with
the extension of one or more lamellipodia from the leading edge of
the cell (n); some lamellipodia adhere to the substratum by focal
adhesions (El). Then the bulk of the cytoplasm in the cell body flows
forward due to contraction at the rear of the cell (B) The trail ing
edge of the cell remains attached to the substratum until the tail
eventually detaches and retracts into the cell body During this
cytoskeleton-based cycle, the endocytic cycle internalizes membrane
and integrins at the rear of the cell and transports them to the front
of the cell (arrows) for reuse in makinq new adhesions (4)

the (-) end. Two large proteins, nebulin associated with

the thin filaments and titin with the thick filaments, also

contribute to skeletal muscle organization.

r Skeletal muscle contraction is subject to thin filament

regulation. At low levels of free Ca", the muscle is re-

laxed and tropomyosin blocks the interaction of myosin and

F-actin. At elevated levels of free Caz* ,the troponin complex

associated with tropomyosin binds Ca'* and moves the

tropomyosin to uncover the myosin-binding sites on actin,

allowing contraction (see Figure 1'7-33).

r Smooth and nonmuscle cells have contractile bundles of

actin and myosin filaments, with a similar organization to

skeletal muscle but less well ordered.

r Contractile bundles are subject to thick filament regula-

tion. A myosin light chain is phosphorylated by myosin

light-chain kinase, which activates myosin and hence in-

duces contraction. The myosin light-chain kinase is acti-

vated by binding Ca2*-calmodulin when the free Ca2*

concentration rises (see Figure 17-35).

r Myosin V transports cargo by walking processively

along actin filaments.

Cell Migration: Signaling
and Chemotaxis
'We 

have now examined the different mechanisms used by cells

to create movement-from the assembly of actin filaments and

the formation of actin-filament bundles and networks to the

contraction of bundles of actin and myosin and the transport

of organelles by myosin molecules along actin filaments. Some

of these mechanisms constitute the major processes whereby

cells generate the forces needed to migrate. Cell migration

results from the coordination of motions generated in different

parts of a cell, integrated with a directed endocytic cycle.

The study of cell migration is imponant to many fields of

biology and medicine. For example, an essential feature of

animal development is the migration of specific cells along

predetermined paths. Epithelial cells in an adult animal mi-

grate to heal a wound, and white blood cells migrate to sites

of infection. Less obvious are the continual slow migration

of intestinal epithelial cells along the villi in the intestine and

Focal
adhes ion

Direction of movement .€

I Extension

@ Adrresion

New adhesion

E Translocation Cell  body movement +

! l  De-adhesion and endocytic recycl ing

Old  adhes ion

Lamel l ipod ium

the slow but constant migration of endothelial cells that Iine

the blood vessels. The inappropriate migration of cancer

cells away from their normal tissue results in metastasis'

Cell migration is initiated by the formation of a large,

broad membrane protrusion at the leading edge of a cell'

Video microscopy reveals that a maior feature of this move-

ment is the polymerization of actin at the membrane' Actin

filaments ai the leading edge are rapidly cross-linked into

bundles and networks in a protruding region, called a lamel-

at how cells employ the various force-generating processes

to move 
".ror, " 

surface. \7e also consider the role of sig-

naling pathways in coordinating and integrating the actions

of the -ytoskeleton, a maior focus of current research'

Cell Migration Coordinates Force Generation

wi th Cel l  Adhesion and Membrane Recycl ing
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  FIGURE 17-39 Actin-based structures involved in cell
locomotion. (a) Localization of actin in a fibroblast expresstng
GFP-actin. (b) Diagram of the classes of microfi laments involved in cell
migration. The meshwork of actin fi laments in the leading edge
advances the cell forward. contracti le f ibers in the cell conex squeeze
the cell body forward, and stress fibers terminating in focal adhesions
also pull the bulk of the cell body up as the rear adhesions are released.

Video: Actin Dynamics in a Migrating Fibroblast

(c) The structure of focal adhesions involves the attachment of the
ends of stress fibers through integrins to the underlying extracellular
matrix Focal adhesions also contain many signaling molecules
important for cell locomotion (d) The dynamic actin meshwork in
the leading edge is nucleated by the Arp2l3 complex and employs
the same set of factors that control assembly and disassemblv of
actin filaments in the Lsten'a tail (see Fiqure 17-17).

New membrane at the leading edge is probably supplied by
exocytosis of membrane internalized by endocytosis at the
rear, as diagrammed in Figure 17-39, step E.

Cell-Substrate Adhesions rWhen the membrane has been
extended and the cytoskeleton has been assembled, the
plasma membrane becomes firmly attached to the substra-
tum. Time-lapse microscopy shows that actin bundles in
the leading edge become anchored to structures known as
focal adhesions (Figure 17-39c). The attachmenr serves two
purposes: it prevents the leading lamella from retracting, and
it attaches the cell to the substratum, allowing the cell to
move forward. Given the importance of focal adhesions and
their regulation during cell locomotion, it is nor surprising
that they have been found to be very rich in moieculei

M ICROFILAM ENTS

( b )

Membrane Extension The network of actin filaments at
the leading edge is a type of cellular engine that pushes the
membrane forward by an actin-polymerization-based mech-

spect to the substratum, the front membrane is pushed out as
the filaments elongate. SimilarlS the Listeria iride" on rhe
polymerizing actin tail, which is also fixed within the cyto_
plasm, by nucleating actin assembly. Actin turnover, and
thus treadmilling, is mediated, as it is in the comet tails of
Listeria, by the action of profilin and cofilin (Figure 17-39d).
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involved in signal-transduction pathways. Focal adhesions

are discussed in more detail in Chapter 19' when we discuss

cel l -matr ix  in teract ions.
The membrane proteins involved in attachments are

called integrins, the cell-adhesion molecules that mediate

most cell-matrix interactions. These proteins have an exter-

nal domain that binds to specific components of the extra-

cellular matrix, such as fibronectin and collagen, and a cyto-

plasmic domain that l inks them to the actin cytoskeleton
(Figure L7-39 and Chapter 19). The cell makes attachments

at the front, and as the cell migrates forward, the adhesions

eventually assume positions toward the back. \7hen they

reach the back of the cell, the integrins are internalized by

endocytosis and transported, using both the microfilament

and microtubule cytoskeletons (Chapter 18) to the front of

the cell to make new adhesions (see Figure 1'7-38, step 4).
This cycle of adhesion molecules in a migrating cell resem-

bles the way a tank uses its treads to move forward.

Cell-Body Translocation After the forward attachments

have been made. the bulk contents of the cell body are

translocated forward (see Figure 1'7-38)' It is believed that

the nucleus and the other organelles embedded in the

cytoskeleton are moved forward by myosin-dependent corti-

cal contraction in the rear part of the cell, like squeezing the

lower half of a tube of toothpaste. Consistent with this

model, myosin II is localized to the rear cell cortex.

Breaking Cell Attachments Finally, in the last step of

movement (de-adhesion), the focal adhesions at the rear of

the cell are broken, the integrins recycled, and the freed tail

brought forward. In the light microscope, the tail is seen to

"snap" loose from its connections-perhaps by the contrac-

tion of stress fibers in the tail or by elastic tension-and it

sometimes leaves a little bit of its membrane behind, still

firmly attached to the substratum.
The ability of a cell to move corresponds to a balance be-

tween the mechanical forces generated by the cytoskeleton

and the resisting forces generated by cell adhesions. Cells

cannot move if they are either too strongly attached or not

attached to a surface. This relation can be demonstrated by

measuring the rate of movement in cells that express varying

levels of integrins. Such measurements show that the fastest

migration occurs at an intermediate level of adhesion, with

the rate of movement falling off at high and low levels of

adhesion. Cell locomotion thus results from traction forces

exerted by the cell on the underlying substratum.

The Small GTP-Binding Proteins Cdc42, Rac, and

Rho Contro l  Act in  Organizat ion

A striking feature of a moving cell is its polarity: a cell has a

front and a back. When a cell makes a turn' a new leading

edge forms in the new direction. If these extensions formed in

all directions at once, the cell would be unable to pick a new

direction of movement. To sustain movement in a particular

direction, a cell requires signals to coordinate events at the

front of the cell with events at the back and, indeed, signals tcr

tell the cell where its front is. Understanding how this coordi-

nation occurs emerged from studies with growth factors'

Growth factors, such as epidermal growth factor (EGF)

and platelet-derived growth factor (PDGF), bind to specific

cell-surface receptors (Chapter 1'6) and stimulate cells to move

and then to divide. For example, in a wound' blood platelets

become activated by being exposed to collagen in the extracel-

lular matrix at the wound edge, which helps the blood to clot'

tists knew that growth factors bind to very specific receptors

on the cell surface and induce a signal-transduction pathway

on the inner surface of the plasma membrane (Chapter 15)' but

how that linked up to the actin machinery was mysterious' The

scientists then found that the signal-transduction pathway acti-

vates Rac, a member of the small GTPase superfamily of Ras-

related proteins (Chapter 15)' Rac is one member of a family of

proteins that regulate microfilament organizations; tvvo others

ire Cdc42 and Rho. Unfortunatel5 due to the history of their

discovery, this family of proteins also has been collectively

named ';Rho proteins," of which Cdc42, Rac, and Rho are

members. To understand how these proteins work' we have to

first recall the way small GTP-binding proteins function'

Like all small GTPases of the Ras superfamily, Cdc42, Rac,

and Rho act as molecular switches, inactive in the GDP-bound

state and active in the GTP-bound state (Figure 17-40)' In their

GDP-bound state, they exist free in the cytoplasm in an inactive

Ext race l lu la r  s igna l

Exterior

  FIGURE 17-40 The Rho family of small GTPases are molecular

switches regulated by accessory proteins. Rho proteins exist in the

Rho-GDP bound form complexed with a protein known as GDI

(guanine nucleotide displaceme inhibitor), which retains them in an

inactive state in the cytosol. Me brane-bound signaling pathways

lAdapted from S Etienne-Manneville and A Hall, 2002, Nature 42O 6791
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  EXPERIMENTAL FTGURE 17-41 Dominant-active Rac, Rho,
and Cdc42 induce different actin-containing structures. To look
at the effects of constitutively active Rac, Rho, and Cdc42, growth-
factor-starved fibroblasts were microinjected with plasmros ro express
dominant-active versions of the three proteins. The cells were then
treated with fluorescent phalloidin, which stains fi lamentous actin
Dominant-active Rac induces the formation of peripheral membrane
ruff les, whereas dominant-active Rho induces abundant contracti ie
stress fibers and dominant active Cdc42 induces f i lopodia [From A
Hall, 1998, Science 279 509-514 l

form bound to a protein known as guanine nucleotide dis_
placement inhibitor (GDI). Growth factors can bind and acti-

!]n is hvdrolyzed to GDp, which is stimulated by specific
GTPase-activating proteins (GAps). An important approach to
unraveling the functions ofRho proteins has been to introduce
into cells mutant proteins that are either locked in the active_
Rho-GTP-state or in the inactive-Rho-GDp-stare. A mu_
tant small GTPase that is locked in the active state is said to be
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transduction pathway, so one can now assess what processes
are blocked.

Cdc42, Rac, and Rho were implicated in regulation of mi-
crofilament organizations because introduction of dominant-
active mutants had dramatic effects on the actin cytoskeleton,
even in the absence of growth factors. It was discovered that
dominant-active Cdc42 resulted in the appearance of filopodia,
dominant-active Rac resulted in the appearance of -.-b.".r.
ruffles, and dominant-active Rho resulted in the formation of
stress fibers that then contracted (Figure 17-41). How can
one tell if dominant-active Rac and growth factor stimula-
tion, both of which stimulate membrane ruffle formation,
operate in the same signal-transduction pathway? If growth
factor stimulation leads to Rac activation, introduction of a
dominant-negative Rac protein into a cell should block the
ability of a growth factor to induce membrane ruffling. This
is precisely what is found. Using this and many other bio-
chemical strategies, scienrists have identified signaling path-
ways involvingCdc42, Rac, and Rho (Figure 17-42).

Some of the pathways thar these proteins regulate con-
tain proteins we are familiar with. Thus activation of
Cdc42 stimulates actin assembly by Arp2/3 through activa-
tion of 'JfASp, resulting in the formation of filopodia. Acti-
vation of Rac also induces Arp2/3 but through the I7AVE
complex, leading to the assembly of branched actin fi la-
ments in the leading edge (Figure 17-42). Activation of
Rho has at least two effects: it can activate assembly of un-
branched F-actin through a formin pathway or induce acti-
vation of nonmuscle myosin II by catalyzing, through a
Rho-activated protein kinase, the phosphorylation of the
myosin l ight chain and the phosphorylation and inhibit ion
of the myosin l ight-chain phosphatase. Both actions of Rho

Cell Migration Involves the Coordinate
Regulation of Cdc42, Rac, and Rho
How do each of these small GTp-binding prorelns con_
tribute to the regulation of cell migration? To answer this

a needle to remove a swath of cells to generate a ,,wound,'

Using this system, researchers have introduced dominant_
negative Rac into cells on the wound edge and asked how it

M ICROFILAM ENTS
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  FIGURE 17-42 Summary of signal-induced changes in the
actin cytoskeleton. Specific signals are detected by cell-surface
receptors Detection leads to the activation of the small GTP-binding

affects the ability of the cells to migrate and fill the wound'

Since Rac is needed for activation of the Arp2l3 complex to

form the lamellipodium, it is not surprising that the cells

failed to form this structure and did not migrate' and so the

wound did not close (Figure 1.7-43c). A very interesting re-

sult is obtained when dominant-negative Cdc42 is intro-

duced into the cells at the wound edge: they can form a lead-

ing edge but do not orient in the correct direction-in fact,

they try to migrate in random directions. This suggests that

Cdc42 is critical for regulating the overall polarity of the

cell. Studies from yeast (where Cdc42 was first described),

wounded-cell monolayers, epithelial cells, and neurons re-

veal that Cdc42 is a master regulator of polarity in many dif-

ferent systems. Part of this regulation in animals involves its

binding to its effector,Par-6, a polarity protein that func-

tions in nematodes (where it was first discovered), neurons'

and epithelial cells.
Studies such as these suggest a general model of how cell

migration is controlled (Figure 1'7-44)' Signals from the en-

r,ironment are transmitted to Cdc42, which orients the cell.

The oriented cell has high Rac activity at the front to induce

the formation of the leading edge; Rho activity is high in the

rear to assemble contracti le structures and activate the

myosin-Il-based contracti le machinery. It is important to

notice that different regions of the cell can have different lev-

els of active Cdc42, Rac, or Rho, so these regulators are con-

trolled locally within the cell. Part of this spatial regulation

occurs because some small G proteins can work antagonisti-

cally. For example, active Rho can stimulate pathways that

proteins, which then interact with effectors to bring about

cytoskeletal changes as indicated

Conf luent  cel ls Move into wound
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Dominant negat ive Rac

Dominant negat ive Cdc42

Dominant negat ive Rho

Control

25 50  75  100
Percent wound closure

a EXPERIMENTAL FIGURE 17-43 The wounded-

cell monolayer assay can be used to dissect signaling

pathways in directed cell movement. (a) A confluent layer of cells

is scratched to remove a swath of about three cells wide to generate

a free cell border The cells detect the free space and newly exposed

extracellular matrix and over a period of hours fi l l  the area (b)

Localization of actin in a wounded monolayer 5 minutes and 3 hours

after scratching; the cells have migrated into the wounded area (c)

Effect of introducing dominant-negative Cdc42, Rac, and Rho into

cells at the wound edge; all affect wound closure IParts (b) and (c) from

C D, Nooes and A Hall, 1999, J Cell Biol 144 1235-12441
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Back:
Rho activation

Lead ing  to  myos in  l l
act ivat ion

f i laments in both stress
fibers and cell cortex

A FIGURE 17-rl4 Contribution of Cdc42, Rac, and Rho to cell
movement. The overall polarity of a migrating cell is controlled by
Cdc42, which is activated at the front of a cell. Cdc42 activation
leads to active Rac in the front of the cell, which qenerates the
leading edge, and active Rho at the back of the c;l l, which causes
myosin l l activation and contraction Active Rho inhibits Rac
activation, ensuring the asymmetry of the two active G-proteins

lead to the inactivation of Rac. This might help ensure no
leading edge structures form at the rear of the cell.

Migrat ing Cel ls  Are Steered by
Chemotact ic  Molecules
Under certain conditions, extracellular chemical cues guide
the locomotion of a cell in a particular direction. In some
cases, the movement is guided by insoluble molecules in the
underlying substratum, as in the wound-healing assay de-
scribed above. In other cases, the cell senses soluble mole-
cules and follows them, along a concentration gradient, to
their source-a process known as chemotaxis. For example,
leukocytes (white blood cells) are guided toward an infeciion
by a tripeptide secreted by many bacterial cells. In another
example, during the development of skeletal muscle, a se-
creted protein signal called scatter factor guides the migra_
tion of myoblasts to the proper locations in l imb buds
(Chapter 22). One of the best-studied examples of chemo_
taxis is the migration of Dictyosteliwm amebas along an in_
creasrng concentration of cAMp, which is an extracellular
chemotactic agent in this organism (Figure 17-45a). Follow_
ing cAMP to its source, the amebas aggregate into a slug and
then differentiate inro a fruiting body.

Despite the variety of different chemotactic molecules_
sugars, peptides, cell metabolites, cell-wall or membrane
lipids-they all work through a common and familiar mecha-

the front and back of the cell is sufficient to induce directed
cell migration. Equally amazingis the finding that the internal
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signal-transduction pathways used in chemotaxis have been
conserved between Dictyostelium amebas and human leuko-
cytes despite almost a billion years of evolution.

Chemotactic Gradients Induce Altered
Phosphoinosit ide Levels Between the Front
and Back of  a  Cel l
To investigatehow Dictyostelium amebas sense a chemotactic
gradient, investigators have studied the cell-surface receptors
for extracellular cAMP and downstream signaling pathways
in the expectation that these must somehow sense the concen-
tration gradient. Before we discuss the details, let's consider
how such a system might work. If a cell can sense a 2 percent
difference in concentration across its length, it is unlikely that
simply activating actin assembly 2 percent more at the front
than at the back could lead to directed movement. Rather.
there must be some mechanism that amplifies this small exter-
nal signal difference into a large internal biochemical
difference. One way to do this would be for the cell to subtract
the common signal from the front and back and only respond
to a difference in signal. This is believed to be how it works.
To try to understand this, investigators have looked at the
concentration of active components of the signaling pathway
to see where the amplification occurs.

Micrographs of cAMP receprors tagged with green fluo-
rescent protein (GFP) show that the receptors are distributed
uniformly on the surface of an ameba cell (Figure l7-45b):
therefore an internal gradient must be established by another
component of the signaling pathway. Because cAMp recep-
tors signal through trimeric G proteins (Chapter 16), a sub-
unit of the trimeric G protein and other downstream signaling
proteins were tagged with GFP to look at their distributions.
Fluorescence micrographs show that the concentration of
trimeric G proteins is also rather uniform. Downstream of the
trimeric G proteins is PI-3 kinase, an enzyme that phosphory-
lates membrane-bound inositol phospholipids (phosphoinosi-
tides), such as Pl4,S-biphosphate [PI(4,5)p2] to the signaling
lipid Pl3,4,5-triphosphate [PI(3,4,5)p:] (see Figure 16-29).
RemarkablS the enzyme PI-3 kinase is highly enriched at the
front of a migrating cell, as are its products. The phosphatase,

a bit more at the front than the back. This results in slightly
higher levels of the signaling phospholipid at the front. The
association of the phosphatase PTEN with the membrane is
very sensitive to the level of the newly formed pI(3,4,5)p3_
so it is preferentially depleted from the front. Since it is less
effective at dephosphorylating the pI(3,4,5)p3 at the front
and more effective at dephosphorylating pI(3,4,5)p3 at the
rear, a strong asymmetry of PI(3,4,5)p3 results. Thus the
phosphatase PTEN contributes to the background subtrac-
tion necessary for a cell to sense a shallow gradient of
chemoattractant.
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@' vid"o: Chemotaxis of a Single Dictyostelium Cellto cAMP

Dic tyos te l ium Human
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A EXPERIMENTAL FIGURE 17-45 Chemotaxis involves

"AWP:4Receptors

G-protein
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elevated levels of signaling phosphoinositides, which signal
to the actin cytoskeleton. (a) Dictyosteliurn cells migrate toward
a pipet of cAMP (/eft), and human neutrophils (a type of leukocyte)
migrate toward a pipet of fMLP (formylated Met-Leu-Phe), a
chemotactic peptide produced by bacteria (right) ln the lower two
panels are individual chemotaxing Dictyostelium and neutrophil
cells that look remarkably similar, despite about 800 mill ion years
of evolution separating them (b) Summary of results of studies
explorrng the concentration of components of signaling pathways

The difference in local PI(3,4,5)P3 concentratron now

signals to the actin cytoskeleton to assemble a leading

edge at the front and contraction at the rear (Figure 1'7-45b),

and the cell is on its way to the source of chemoattrac-

tant. This cell polarization is not stable in the absence of the

chemotactic gradient, so if the gradient changes, as might

happen with a moving bacterium, the cell will also change its

direction and follow the sradient to its source.

Cel l  Migrat ion:  Signal ing and Chemotaxis

r Cell migration involves the extension of an actin-rich

leading edge at the front of the cell, the formation of adhe-

sive contacts that move backward with respect to the cell,

and their subsequent release, combined with rear contrac-

tion to push the cell forward (see Figure 17-38).

r The assembly and function of actin filaments is controlled

by signaling pathways through small GTP-binding proteins

of the Rho family. Cdc42 regulates overall polarity and the

formation of filopodia, Rac regulates actin meshwork for-

mation through the ArpZl3 complex, and Rho regulates

both actin filament formation by formins as well as contrac-

tion through regulation of myosin II (see Figure t7-42\'

r Chemotaxis, the directed movement toward an attrac-

tant, involves signaling pathways that establish differences

in phosphoinositides between the front and rear of the cell,

which in turn regulate the actin cytoskeleton and direction

of cell migration (see Figure 17-45).

(green) in Dictyostelium cells undergoing chemotaxis toward cAMP

Also shown are the concentration of actin and myosin (red).

(c) The enzyme Pl3 kinase, which generates Pl(3,4,5)P3, is

enriched at the front of chemotaxing cells, whereas PTEN, the
phosphatase that hydrolyses Pl(3,4,5)B is enriched at the back

These distributions result in elevated Pl(3,4,5)P3 at the front of the

cells, which signals the polarity for movement lPart (a) from C

Parent, 2004, Curr Opin Cell Biol 16 4-13 Part (c) from M li1ima et al ,
2002, Dev. Cell 3.469-478 |

In this chapter, we have seen that cells have intricate mecha-

nisms for the spatial and temporal assembly, turnover' and at-

tachment of microfilaments to membranes. Biochemical

teractions and the location of many of the key signaling path-

ways suggest that rapid progress will be made in this area'

The protein inventories provided by genomic sequences

have also documented the large number of myosin families, yet

the biochemical properties of many of these motors, or their

biological functions, remain to be elucidated. Again, recent

technical developments' including the ability to tag motors

with fluorescent tracers such as GFP, or knocking down their

lease it at the destination-little is known about how these

different events are coordinated or how these types of myosin-

based motors are returned to pick up new cargo'

PERSPECTIVES FOR THE FUTURE 75' l



Arp2l3 complex 723
capprng protern 722
cnemotaxls ,/.) (/

colrlrn / z I

contractile bundles 7 41
critical concentration , C,720
cross-linking protein 7 28
duty ratio 737

l-actn / I /

rrcpoola / 16

focal adhesionlfocal
contact 7L5

Iormrn / 23

\r-actln / I /

GTPase superfamlly 747
integrin 747

intermediate filaments 71 .l
lamellipodium 715
leading edge 716

Review the Concepts

microfi laments 715

microtubules 215

mrcrovilli 716

motor protein 215

myot lbnt  /Jd

myosin head domain 233
myosin LCkinase 742
myosin tarl domain 733
nucleation 719

potarlty / 16

profllin 721

sarcomere 730

sliding-fi lament assay 733
stress fibers 71 5

thick filaments 739

thin filaments 739

thymosin 94722
treadmrlling 721

Finally, although we have generally discussed microfila-

tissue-specific expression of actin-binding proteins or myosins.

Key Terms

6. Actin filaments at the leading edge of a crawling cell are
believed to undergo treadmilling. \il/hat is treadmilling, and
what accounts for this assembly behavior?
7. Although purified actin can reversibly assemble in vitro,
various actin-binding proteins regulate the assembly of actin
filaments in the cell. Predict the effect on a cell's actin cy-
toskeleton if function-blocking antibodies against each of
the following were independently microinjected into cells:
profilin, thymosin-Ba , CapZ, and the Arp}l3 complex.
8. There are at least 20 different types of myosin. What
properties do all types share, and what makes them different?
9. The ability of myosin to walk along an actin filament
may be observed with the aid of an appropriately equipped
microscope. Describe how such assays are typically per-
formed. \Why is ATP required in these assays? How can such
assays be used to determine the direction of myosin move-
ment or the force produced by myosin?
10. Contractile bundles occur in nonmuscle cells, although
the structures are less organized than the sarcomeres of muscle
cells. rWhat is the purpose of nonmuscle contractile bundles?
11. How does myosin convert the chemical energy released
by ATP hydrolysis into mechanical work?
12. Myosin II has a duty ratio of 10 percent, and its step size
is about 5-15 nm. In contrast, myosin V has a much higher
duty ratio (about 70 percent) and takes 36-nm steps as it
walks down an actin filament. \fhat differences between
myosin II and myosin V account for their different properties?
How do the different srructures and properties of myosin II
and myosin V reflect their different functions in cells?
13. Contraction of both skeletal and smooth muscle is trig-
gered by an increase in cytosolic Ca2*. Compare rhe mecha-
nisms by which each type of muscle converts a rise in Ca2*
rnto contraction.

14. Several types of cells utilize the actin cytoskeleton to
power locomotion across surfaces. How are different assem-
blies of actin filaments involved in locomotion?
15. To move in a specific direction, migrating cells must utilize
extracellular cues to establish which portion of the cell will act
as the front and which will act as the back. Describe how G-
proteins appear to be involved in the signaling pathways used
by migrating cells to determine direction of movement.
16. Cell motility has been described as like the motion of
tank treads. At the leading edge, actin filaments form rapidly
into bundles and networks that make protrusions and move
the cell forward. At the rear, cell attachments are broken and
the tail end of the cell is brought forward. N7hat provides the
traction for moving cells? How does cell-body translocarion
happen? How are cell attachments released as cells move
forward?

Analyze the Data

7. Three systems of cytoskeletal f i laments exist in mosr
eukaryotic cells. Compare them in terms of composition,
function, and structure.
2. Actin filamenrs have a defined polarity. \fhat is filament
polarity? How is it generated at the subunit level? How is fi l-
amenr polarity detectable?
3. In cells, actin filaments form bundles and./or networks. How
do cells form such structures, and what specifically determines
whether actin filaments will form a bundle or a network?
4. Much of our undersranding of acrin assembly in the cell
is derived from experiments using purified actin in vitro.
\fhat techniques can be used to study actin assembly in
vitro? Explain how each of these rechniques works.
5. The predominant forms of actin inside a cell are ATP-G-
actin and ADP-F-actin. Explain how the interconversion of

Myosin V is an abundant nonmuscle myosin that is respon-
sible for the transport of cargo such as organelles in many
cell types. Structurally, it consists of two identical polypep-
tide chains that dimerize to form a homodimer. The motor
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domains reside at the N-terminus of each chain and contain
both ATP- and actin-binding sites. The rnotor domain is fol-
lowed by a neck region containing six "IQ" motifs, each of
which binds calmodulin, a Ca2*-binding protein. The neck
domain is followed by a region capable of forming coiled
coils, via which the two chains dimerize. The final 400
amino acid residues form a globular tail domain (GTD), to
which cargo binds. Myosin V would consume large amounts
of ATP if its motor domain were always active, and a num-
ber of studies have been conducted to understand how this
motor is regulated.

a. The rate of ATP hydrolysis (i.e., ATP molecules hy-
drolyzed per second per myosin V) was measured in the
presence of increasing amounts of free Ca"'. The concentra-
i ion of  cytosol ic  f ree Ca2'  is  normal ly  less than t0-6 M but
can be elevated in localized areas of the cell and is often ele-
vated in response to a signaling event. \fhat do these data
suggest about myosin V regulation?

0

a
o o o

o

a

a

a

O
a

a .  a . O  a a

10 -8  10  6  1O-4

lca2*1, M

b. In additional studies, the ATPase activity of myosin
V was measured in the presence of increasing amounts of F

actin in the presence or absence of 10-6 M free Ca2*. What
additional information about myosin V regulation do these

data provide?

+Ca2+

0 5 1 0 1 5 2 0
lActinl, PM

c. Next, the behavior of truncated myosin V' which

lacks yust its C-terminal globular tail, was examined and

compared to the behavior of intact myosin V. From this ex-
periment, what can you deduce about the mechanism by

which myosin V is regulated?
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LOOKING AT MUSCLE CONTRACTION
H. Huxfey and J. Hanson, 1954, Nature 173:973-976

The contraction and relaxation of stri-
ated muscles allow us to perform all of
our daily tasks. How does this hap-
pen? Scientists have long looked to
see how muscle cells, containing many
myofibrils, differ from other cells that
cannot perform powerful movement.
In 1,954, Jean Hanson and Hugh
Huxley published their microscopy
studies on muscle contraction, which
demonstrated the mechanism by which
rt occurs.

Background
The ability of muscles to perform work
has long been a fascrnatrng process.
Voluntary muscle contractron ls per-
formed by striated muscles, which are
named for their appearance when
viewed under the microscope. By the
1950s, biologists studying the my-
ofibri ls in muscle cells had named
many of the structures they could ob-
serve under the microscope. The my-
ofibrils were seen to be made up of
a repeatlng contractive unit, the sar-
comere, that consists of two main re-
gions called the A band, and the I band.
The A band contains two darkly colored
thick striations and one thin striation.
The I band is made up primarily of
light-colored striations, which are di-
vided by a darkly colored line known as
the Z disk. Although these structures
had been characterized, their role in
muscle contraction remained unclear.
At the same time, biochemists also tried
to tackle this problem by looking for
proteins that are more abundant in
muscle cells than in non-muscle cells.
They found muscles to contain Iarge
amounts of the structural proteins actin
and myosin in a complex with each
other. Actin and myosin form polymers
that can shorten when treated with
adenosine triphosphate (ATP).

With these observations in mind,
Hanson and Huxley began their study
of cross striations in muscle. In a few
short years, they united the biochemi-
cal data with the microscopy observa-
tions and developed a model for mus-
cle contraction that holds true today.

The Experiment
Hanson and Huxley primarily used
phase-contrast microscopy in their
studies of striated muscles that they iso-
Iated from rabbits. The technique al-
Iowed them to obtain clear pictures of
the sarcomere and to take careful meas-
urements of the A and the I bands. By
treating the muscles with a variety of
chemicals, then studying them under
the phase-contrast microscope, they
were able to successfully combine bio-
chemistry with microscopy to describe
muscle structure as well as the mecha-
nism of contraction.

In their first set of studies, Hanson
and Huxley employed chemicals that
are known to specifically extract either
myosin or actin from myofibrils. First,
they treated myofibrils with a chemical
that specifically removes myosin from
muscle. They used phase-contrast mi-

croscopy to compare untreated my-
ofibrils to myosin-extracted myofib-
rils. In the untreated muscle, theY
observed the previously identified sar-
comeric structure, including the darkly
colored A band. lfhen they looked at
the myosin-extracted cells, however,
the darkly colored A band was not

observed. Next, they extracted actin
from the myosin-extracted muscle
cells. When they extracted both
myosin and actin from the myofibril,
they could see no identifiable structure
to the cell under phase-contrast mi-

croscopy. From these experiments,
they concluded that myosin was located

primarily in the A band, whereas actin
is found throughout the myofibril.

'Sfith 
a better understanding of the

biochemical nature of muscle struc-
tures, Huxley and Hanson went on to

study the mechanism of muscle con-
traction. They isolated individual my-
ofibrils from muscle tissue and treated
them with ATP, causing them to con-
tract at a slow rate. Using this tech-
nique, they could take pictures of
various stages of muscle contraction
observed using phase-contrast  mi-

croscopy. They could also mechani-

cally induce stretching by manipulat-
ing the coverslip, which allowed them

to also observe the relaxation process.

With these techniques in hand, they
examined how the structure of the my-

ofibril changes during contraction and
stretch.

First, Huxley and Hanson treated
myofibrils with AIP, then photographed

the images they observed under phase-

contrast microscopy. These pictures

allowed them to measure the lengths of

both the A band and the I band atvar-
ious stages of contraction' When they
looked at myofibrils freely contracting'
they noticed a consistent shortening of

the lightly colored I band, whereas the

length of the A band remained con-

stant (Figure 1). rifithin the A band,

they observed the formation of an in-

creasingly dense area throughout the

contractron.
Next, the two scientists examined

how the myofibril structure changes
during a simulated muscle stretch.

They stretched isolated myofibrils
mounted on glass slides by manipulat-
ing the coverslip. They again Pho-
tographed phase-contrast microscopy
images and measured the lengths of the

A and the I bands. During stretch the
length of the I band increased, rather

than shortened, as it had in contraction.
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Once again, the length of the A band
remained unchanged. The dense zone
that formed in the A band during
contraction became less dense during
stretch.

From their observations, Hanson
and Huxley developed a model for
muscle contraction and stretch (Figure
1). In their model, the actin filaments
in the I band are drawn up into the A
during contraction, and thus the I
band becomes shorter. This allows for
increased interaction between the
myosin located in the A band and the

actin filaments. As the muscle stretches,
the actin filaments withdraw from
the A band. From these data, Hanson
and Huxley proposed that muscle con-
traction is driven by actin filaments
moving in and out of a mass of sta-
tionary myosin filaments.

Discussion
By combining microscopic observa-
tions with known biochemical treat-
ments of muscle fibers, Hanson and
Huxley were able to describe the bio-

chemical nature of muscle structures
and outline a mechanism for muscle
contraction. A large body of research
continues to focus on understanding
the process of muscle contraction. Sci-
entists now know that muscles con-
tract by ATP hydrolysis, driving a con-
formational change in myosin that
allows it to pull on actin. Researchers
are continuing to uncover the molecu-
lar details of this process, whereas the
mechanism of contraction proposed by
Hanson and Huxley remains in place.

- | band ______)(__ A band __________)(__ | band _ < FIGURE 1 Schematic diagram of muscle
contraction and stretch observed by Hanson and

S 2.81t Huxley. The lengths of the sarcomere (S), the A band
4 l.stt (A), and the I band (l) were measured in muscle samples
I 1'3trt contracted 60 percent in length relative to the relaxed

muscle (bottom) or stretched to 120 percent (top). The
S 2.31t lengths of the sarcomere, the I band, and the A band
A 1.51t are noted on the right. Notice that from 120 percent
I 0.81t stretch to 60 percent contraction the A bano ooes

not change in length. However, the length of the I
S 2.Ou band can stretch to 1 3 microns, and at 60 percent
A 1.51t contraction, it disappears as the sarcomere shortens to
I 0'51t the overall length of the A band. [Adapted from J Hanson

and H E Huxley, 1955, Symp Soc Exp Biol Fibrous Proteins
1.Btt and Their Biological Signif icance 9:249 l
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CHAPTER

CELL ORGANIZATION
AND MOVEMENT II:
MICROTUBULES AND
INTERMEDIATE
FILAMENTS

microfilaments and microtubules, so it is not surprising that

there are no known motor proteins that use intermediate fila-

ments as tracks. Although we discuss microtubules and inter-

mediate filaments together in this chapter-and their localiza-

tion in the cytoplasm can look superficially quite similar-we

will see their dynamics and functions are very different. A

summary of the similarities and differences among the three

cytoskeletal systems is presented in Figure 18-1.

Newt lung cell in mitosis stained for centrosomes (magenta),
microtubules (green), chromosomes (blue), keratin intermediate
filaments (red) lCourtesy o{ A Khodjakor, from Nafure 4O8:423-424
(2ooo) l

fhree types of f i laments make up the animal-cell cy-

I toskeleton: microfi laments, microtubules, and inter-
I mediate fi laments. Why have these three distinct types

of f i laments evolved? It seems likely that their physical
properties are suited to different functions. In Chapter 17
we described how actin fi laments are often cross-linked
into networks of bundles to form flexible and dynamic
structures and to serve as tracks for the many different
classes of myosin motors. Microtubules are stiff tubes that
can exist as a single structure extending up to 20 pm in
cells or as the bundled structures as seen in cil ia and fla-
gella. A consequence of their tubular design is the abil ity
of microtubules to generate pull ing and pushing forces
without buckling, a property that allows single tubules to
extend large distances within a cell and bundles to slide
past each other, as occurs in flagella and in the mitotic
spindle. Microtubules' abil ity to extend long distances in
the cell, together with their intrinsic polarity, is exploited
by microtubule-dependent motors, which use micro-
tubules as tracks for long-range transport of organelles.
Microtubules can be highly dynamic-being assembled
and disassembled from their ends-providing the cell with
the flexibil i ty to reorganize microtubule organization as
needed.

In contrast to microfi laments and microtubules, inter-
mediate fi laments have great tensile strength and have
evolved to withstand much larger stresses and strains.
With properties akin to strong molecular ropes, they are
ideally suited to endow both cells and tissues with struc-
tural integrity and contribute to cellular organization. In-
termediate fi laments do not have an intrinsic polaritv l ike
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This chapter covers four main topics. First, we discuss the
structure and dynamics of microtubules and their motor pro-
teins. Second, we examine how microtubules and their
motors contribute to the movement of the specialized struc-
tures cilia and flagella. Third, we discuss the role of micro-
tubules in the mitotic spindle-a molecular machine that
accurately segregates duplicated chromosomes. Finally, we
explore the roles of the different classes of intermediate fila-
ments that provide structure to the nuclear envelope as well
as strength and organization to cells and tissues. Although we
consider microtubules, microfi laments, and intermediate fi la-
ments individually, the three cytoskeletal systems do not act
independently of one another, and we consider some exam-
ples of this interdependence in the last section of the chapter.

< FIcURE 18-1 Overview of the physical
properties and functions of the three
cytoskeletal systems in animal cells.
(a)  Biophysical  and b iochemical  propert ies
(orange) and biological properties (green) are
shown for each fi lament type The micrographs
show examples of  each f i lament  type in a
par t icu lar  ce l lu lar  context ,  but  note that
microtubules also make up other structures,
and intermediate f i laments a lso l ine the inner
surface of the nucleus, (b) Well-spread cultured
cel ls  s ta ined for  act in  (green) and s i tes of
act in  at tachment  to the substratum (red)
(c)  Local izat ion of  microtubules (green) and
the Golgi apparatus (yellow) Notice the central
location of the Golgi apparatus, which is
collected there by transport along microtubules
(d) Localization of cytokeratins (red), a type
of  in termediate f  i lament ,  and a component
of  desmosomes (green) in  epi thel ia l  ce l ls
Cytokerat ins f rom indiv idual  ce l ls  are at tached
to each other through the desmosomes lpart
(b) courtesy or K Burridge Parl (c) courtesy of
W Brown Part (d) courtesy of E Fuchs l

and flagella (Figure 18-2a, b). A careful examination of all
the microtubules seen in transverse section indicated that
they were made up of  13 longi tudinal  repeat ing uni rs
(Figure 18-2c), now called protofi lamezfs, suggesting they
all had a common structure. Microtubules purif ied from
brain were then found to consist of a major protein, tubu-
lin, and associated proteins, microtubule-associated pro-
teins (MAPs). Purif ied tubulin alone can assemble inro a
microtubule under favorable conditions, proving that it is
the structural component of the microtubule wall. MAPs
modify the assembly and dynamics of the microtubules as-
sembled f rom tubul in .

Microtubule Wal ls  Are Polar ized Structures Bui l t
from crB-Tubulin Dimers
Pur i f ied soluble tubul in  is  a d imer consist ing of  two
closely re lated subuni ts  of  about  55,000 dal tons,  c t -  and p,
tubulin. Genomic analyses reveal that genes encoding both
cr- and B-tubulins are present in all eukaryotes, with con-
siderable expansion in the number of genes in multicellu-
lar organisms. For example, budding yeast has two genes
specifying o-tubulin and one for p-tubulin, whereas the
soil nematode Caenorhabditis elegans has nine genes

nin Microtubule Structure and
Organization
In the early days of electron microscopy, cells biologists
noted long tubules in  the cytoplasm that  they cal led mi-
crotubules.  Morphological ly  s imi lar  microtubules were
seen making up the f ibers of  the mi tot ic  sp indle,  as com-
ponents of  axons,  and as the st ructura l  e lements in  c i l ia
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  FIGURE 18-2 Microtubules are found in many different
locations, and all have similar structures. (a) Surface of the
cil iated epithelium lining a rabbit oviduct viewed in a scanning
electron microscope Beating cil ia, which have a core of microtubules,
propel an egg down the oviduct (b) Microtubules and intermediate
fi laments in a quick-frozen and deep-etched frog axon visualized in a

encoding ct-tubulin and six for B-tubulin. In addition to cr-
and B-tubulin, all these organisms also have genes specify-
ing a third tubulin, 1-tubulin, which serves a regulatory
function. Additional isoforms of tubulin have also been
discovered that are present only in organisms that have
centrioles and basal bodies, suggesting they are important
for those structures.

Each subunit of the tubulin dimer can bind one molecule
of GTP (Figure 18-3a). The GTP in the o-tubulin subunit is
never hydrolyzed and is trapped by the interface between the
cr- and B-subunits. By contrast, the B-subunit has a GTP-
binding site in the dimer that is exchangeable with free GTP,
and this bound GTP can be hydrolyzed.

Microtubules consist of 13 laterally associated protofila-
ments forming a tubule whose external diameter is about
25 nm (Figure 18-3b). Each protofi lament is made up of ctB-
tubulin dimers, so that the subunits alternate down a
protofilament, with each subunit type repeating each 8 nm.

transmissron electron microscope. (c) High-magnif icat ion view of a

single microtubule showing 13 repeating units known as

protofilaments lPart (a) from R G Kessels and R H Kardon, 1975, Ilssues

and Organs, W H Freeman and Company. Part (b) from N Hirokawa, 1982, ,/

Cell Biol 94:129; courtesy of N Hirokawa Part (c) courtesy C Bouchet-

Marquis, 2007 , Biology of the Cell 99:451

Because the protofilament is made up of tubulin dimers' each

protofilament has an a-subunit at one end and a B-subunit at

the other-so the protofilaments have an intrinsic polarity.

In a microtubule, all the laterally associated protofilaments

have the same polarity, so the microtubule also has an over-

all polarity. The (+ ) end of the microtubule favored for poly-

merization is the end with exposed B-subunits, whereas the
(-) end has exposed a-subunits. In microtubules, the het-

erodimers in adiacent protofilaments are staggered slightly,

forming tilted rows of o- and B-tubulin monomers in the

microtubule wall. If you follow a row of B-subunits, for ex-

ample, spiraling around a microtubule for one full turn, you

will end up precisely three subunits up the protofilament'

abutting an cr-subunit. Thus all microtubules have a single

longitudinal seam, where an ct-subunit in one protofilament

meets a B-subunit in the next protofilament.
Most microtubules in a cell consist of a simple tube, a

singlet microtubule, built from 13 protofilaments' In rare
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cases, singlet microtubules contain more or fewer protofi la-
ments; for example, certain microtubules in the neurons of
nematode worms contain 11 or 15 protofi laments. In addi-
tion to the simple singlet structure, doublet or triplet
microtubules are found in specialized structures such as cilia
and flagella (doublet microtubules) and centrioles and basal
bodies (triplet microtubules), structures we discuss in more
detail below. Each doublet or triplet contains one complete
13-protofi lament microtubule (A tubule) and one or two ad-
ditional tubules (B and C) consisting of 10 protofi laments
each (Figure 18-4) .

Microtubules Are Assembled f rom MTOCs to
Generate Diverse Organizat ions
With the identif ication of tubulin as the maior structural
component of microtubules, antibodies to tubulin could be

< FIGURE 18-3 Structure of tubulin dimers and their
organization into microtubules. (a) Ribbon diagram of the
tubul in  d imer The GTP (red)  bound to the ct - tubul in  monomer is
nonexchangeable,  whereas the GDP (b lue)  bound to the B- tubul in
monomer is exchangeable with free GTP Taxol, a drug that stabil izes
microtubules and is used to treat some cancers, binds to another
par t  of  the B-subuni t  (b)  The organizat ion of  tubul in  subuni ts  in  a
microtubule The dimers are aligned end to end into protofi laments,
which pack side by side to form the wall of the microtubule. The

bL, r protof  i laments are s l ight ly  s taggered so that  c t - tubul in  in  one
protof i lament  is  in  contact  wi th o- tubul in  in  the neighbor ing
protofi laments, except at the seam, where an ct-subunit contacts a
B-subuni t  The microtubule d isp lays a st ructura l  polar i ty  in  that
subuni ts  are added preferent ia l ly  at  the end,  designated the (+)
end, at which B-tubulin monomers are exposed, Ipart (a) modified
f rom E Nogales et  a l  ,  1 998,  Nature 391i199;  courtesy of  E Nogales l

generated and used in immunofluorescence microscopy to
localize microtubules in cells (Figure 18-5a, b). This ap-
proach, coupled with the description of microtubules seen
by electron microscopy, showed that microtubules are as-
sembled from specific sites to generate many different types
of organization (Figure 18-5).

The nucleation phase of microtubule assembly is such an
unfavorable reaction that spontaneous nucleation does not
play a significant role in microtubule assembly in vivo.
Rather, all microtubules are nucleated from structures known
as microtubule-organizing centers, or MTOCs. In most cases
the (- ) end of the microtubule stays anchored in the MTOC.
In non-mitotic cells, also known as interphase cells, the
MTOC is known as the centrosome and is generally located
near the nucleus, producing a radial array of microtubules
with their (+) ends toward the cell periphery (Figure 18-5c).
This radial display provides tracks for microtubule-based

Triplet
(basa l  bod ies ,  cen t r io les)

( b )

S ing le t Doub le t
(c i l ia ,  f lage l la )

A FIGUREl8-4 Singlet ,doublet ,andtr ip letmicrotubules.  ln  of  as inglet (A)  microtubule At tachmentof  another l0protof i laments
cross sectton, a typical microtubule, a singlet, is a simple tube built to the (B) tubule of a doublet microtubule creates a (C) tubule and a
from 13 protofi laments ln a doublet microtubule, an additional set triplet structure
of 10 protofi laments forms a second tubule (B) by f usinq to the wall

GTP Taxol

D i m e r

2 5  n m
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A FIGURE 18-5 Microtubules are assembled from microtubule
organizing centers (MTOCs). The distribution of microtubules in
cultured cells as seen by immunofluorescence microscopy using
ant ibodies to tubul in  in  an in terphase cel l  (a)  and a cel l  in  mi tos is  (b)
(c-f) Diagrams of the distribution of microtubules in cells and
structures, all of which are assembled from distinct MTOCs In an
interphase cell (c), the MTOC is called a centrosome (the nucleus is
indicated by a blue oval); in a mitotic cell (d), the two MTOCs are

motor proteins to organize and transport membrane-bound
compartments, such as those comprising the secretory and en-
docytic pathways. During mitosis, cells completely reorgan-
ize their microtubules to form a bipolar spindle, assembled
from two MTOCs called the spindle poles, to accurately seg-
regate copies of the duplicated chromosomes (Figure 18-5d).
In another example, neurons have long processes called ax-
ons, in which organelles are transported in both directions
along microtubules (Figure 18-5e). The microtubules in
axons, which can be as long as L meter in length, are not
continuous and have been released from the MTOC but nev-
ertheless are all of the same polarity. In the same cells, the
microtubules in the dendrites have mixed polarity, although
the functional significance of this is not clear. In cilia and fla-
gella (Figure 18-5f), microtubules are assembled from an
MTOC called a basal body.

In interphase cells microtubules are assembled from the
centrosome. Electron microscopy shows that centrosomes
in animal cells consist of a pair of orthogonally arranged
cylindrical centriolessurrounded by apparently amorphous
material called pericentriolar material (Figure 18-6a, ar-
rowheads). Centrioles, which are about 0.5 pm long and
0.2 pm in diameter, are highly organized and stable struc-
tures that consist of nine sets of triplet microtubules and
are closely related in structure to basal bodies, found at the
base of cil ia and flagella. Centrosomes are crit ical for nu-

called spindle poles (the chromosomes are shown in blue); in a
neuron (e), microtubules in both axons and dendrites are assembled
from an MTOC in the cell body and then released from it; the
microtubules that make up the shaft of a cil ium or flagellum (f) are
assembled from an MTOC known as a basal body The polarity of
microtubules is indicted by (+) and (-). Ipart (a) courtesy of A Bretscher
Part (b) courtesv of T. Wittmann l

cleating microtubule assembly in the cytoplasm. It is not

the centrioles themselves that nucleate the cytoplasmic mi-

crotubule array but factors in the pericentriolar material '

An important component is the y-tubwlin ring cotnplex (y-

TURC)(Figures 18-6b and 18-7) '  This  prote in complex is

located in the pericentriolar material and consists of many

copies of 1-tubulin, a form of tubulin distinct from o- and

B-tubulin, associated with several other proteins. It is cur-

rently believed that 1-TURC acts l ike a split-washer tem-

plate to bind crB-tubulin dimers for the formation of a new

microtubule (Figure 18-7b).In addition to nucleating the

assembly of microtubules, centrosomes anchor and regu-

late the dynamics of the (- ) end of the microtubules, which

are located there.
Basal bodies have a structure similar to each centriole

and arc the MTOC found at the base of cilia and flagella.

The A and B tubules of their triplet microtubules provide a

template for the assembly of the microtubules that make up

the core structure of cilia and flagella'

Microtubule Structure and Organization

r Tubulin is the major structural component of micro-

tubules and, together with microtubule-associated proteins

(MAPs), makes up microtubules (see Figure 18-3).
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  FIGURE 18-6 Structure of centrosomes. (a) Thin section of an
animal-cel l  centrosome showing the two centr io les at  r ight  angles
to each other surrounded by pericentiolar material (arrows)
(b) Diagram of a centrosome showing the two centrioles, each of
which consists  of  n ine l inked outer  t r ip let  microtubules embedded in
pericentriolar material that contains yTURC nucleating structures

y-TURC

, t  y  o
Tubul in

A FIGURE 18-7 The "y-tubulin ring complex (1-TURC), which
nucleates microtubule assembly. (a) An immunofluorescence
micrograph of in vitro assembled microtubules is labeled green and a
component of the 1-TURC is labeled red, showing that it is located
specifically at one end of the microtubule (b) Model of how 1-TURC
may nucleate assembly of a microtubule by forming a template
corresponding to the (-) end of a microtubule lpart (a) Modified from
I J Keating and G G Borisy, 2000, Nature Cell Biol 2:352; courtesy of T. .J
Kea t i ngandG G  Bo r i sy l

(c) lmmunofluorescence microscopy showing the microtubule display
(green)  in  a  cu l tu red  an imal  ce l l  and  the  loca t ion  o f  the  MTOC,
using an antibody to a centrosomal protein (yel low) [parts (a) and (b)
from G Sluder, 2005, Nature Rev. Mol Cell Biol 6i-143 ParI(c) courtesv of
R Kuriyama l

r Free tubulin exists as an crB-dimer, with the a-subunit
binding a trapped and nonhydrolyzable GTP and the B-
subunit binding an exchangeable and hydrolyzable GTP.

r aB-tubulin assembles into microtubules having 13 laterally
associated protofilaments, with an a-subunit exposed at the
(- ) end and a B-subunit at the (+ ) end of each protofilament.

r In cil ia and flagella, centrioles and basal bodies, doublet
or triplet microtubules exist in which the additional micro-
tubules have 10 protofi laments (see Figure 18-4).

r All microtubules are nucleated from microtubule-organ-
izing centers (MTOCs), and many remain anchored with
their (- ) end there. Thus the end away from the MTOC is
always the (+) end.

r The centrosome is the MTOC that nucleates the radial
array of microtubules in nonmitotic cells, spindle poles are
the MTOCs that nucleate the microtubules of the mitotic
spindle, and basal bodies are the MTOCs that assemble
microtubules of cil ia and flagella (see Figure 18-5).

r Centrosomes consist of two centrioles and the oericen-
triolar material that contains the ̂ y-TURC microtubule nu-
cleating complex (see Figure 18-6).

ItllFl Microtubule Dynamics
Microtubules are dynamic structures due to assembly and
disassembly at their ends. The degree of dynamics can vary
enormously, with an average microtubule lifetime of less
than 1 minute for cells in mitosis and about 5-10 minutes

M I C R O T U B U L E S  A N D  I N T E R M E D I A T E  F I L A M E N T S
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for the microtubules that make up the radial array seen rn
nonmitotic cells. Microtubule lifetime is longer in axons and
much longer in cil ia and flagella. To elucidate how these
differences occur, we first discuss polymerization properties
of microtubule protein and the dynamic behavior of the ends
of assembled microtubules.

Microtubules Are Dynamic Structures Due to
Kinet ic  Di f ferences at  Thei r  Ends
Microtubules assemble by the polymerization of dimeric
oB-tubulin in a process that is greatly catalyzed by the
presence of microtubule-associated proteins (MAPs). Mi-
crotubules assembled from a mixture of aB-tubulin and
MAPs, collectively called microtwbular protein, disassem-
ble when chil led to 4 'C and then reassemble into micro-
tubules again on warming to 37 "C. This property allowed
investigators to purify microtubular protein and to ex-
plore the mechanism of microtubule assembly and dynam-
ics when a solut ion of  microtubule prote in is  warmed
f rom 4  'C  to  37 'C .

Analysis of the bulk polymerization properties of a so-
lution of microtubule protein reveals that it has several fea-
tures in common with the polymerization of actin. How-
ever, since the assembly properties of microtubules are
heavily influenced by the specific MAPs in the reaction
mixture with crB-tubulin, only a few general features wil l
be highlighted here. First, a time course of polymerization
reveals a slow nucleation phase, followed by a rapid elon-
gation phase, and then a steady state phase in which
assembly is balanced by disassemblg just l ike the assembly
of  act in  in to f i laments (see Figure 17-7) .  Second,  for
assembly to occur, the aB-tubulin concentration must be
above the crit ical concentration (C.). Above this con-
centration, dimers polymerize into microtubules, whereas
at concentrations below the C., microtubules depoly-
merize, similar to the behavior of G-actin and F-actin
(F igu re  18 -8a ) .

Third, at oB-tubulin concentrations higher than the C.
for polymerizatton, dimers add faster to one end (Figure
18-9) .  By analogy wi th F-act in  assembly,  the preferred
end for  assembly is  designated the (+ )  end,  which is  the
end wi th B- tubul in  exposed (see Figure 18-8b) .  Four th,
the crit ical concentration is lower at the (* ) end than at
the ( - )end.  As a resul t  o f  th is  property ,  at  s teady state the
free crB-tubulin concentration is higher than the crit ical
concentrat ion at  the (+)  end but  lower than at  the ( - )
end,  so subuni ts  are added to the (+)end and subuni ts  d is-
sociate f rom the ( - )end.  This resul ts  in  net  addi t ion to the
(+)  end and loss f rom the ( - )end,  so subuni ts  appear to
move down a microtubule in a process known as tredd-
mill ing (see Figure 18-8c), similar to that seen for actin
(see Figure 17-10b).  Because the in t racel lu lar  concentra-
tion of tubulin (10-20 pM) is much higher than the crit i-
ca l  concentrat ion (C.)  for  assembly (0.03 pM),  polymer-
ization is highly favored in a cell. However, mechanisms
exist  in  cel ls  to  regulate where and when microtubules
oolvmerize.

cc

Tota l  tubu l in  concent ra t ion  (d imers  and mic ro tubu les)

( b )

oos =oo

A FIGURE 18-8 Microtubule treadmill ing. (a) crB-tubulin dimers
assemble in to microtubules only when present  above the cr i t ica l
concentration (C.) Above C., microtubules at steady state
are in  equi l ibr ium wi th f ree oB-tubul in  d imers.  (b)  The cr i t ica l
concentrations for ctB-tubulin dimers (with bound GTP) at the two
ends is  d i f ferent  s ince the rate of  addi t ion is  h igher  at  the (+)  end.
(c) At steady state, crp-tubulin dimers add preferentially to the
(+)  end and are lost  f rom the ( - )  end,  so that  subuni ts  in  the
microtubule (yel low) appear to move down the microtubule,  or
" t r eadmi l l .  "

Ind iv idual  Microtubules Exhib i t  Dynamic
Instabi l i ty
The properties of microtubule assembly are similar to those
of the assembly of actin into filaments when one considers a
population of growing microtubules. However, researchers
found an additional phenomenon when they examined the
behavior of individual microtubules within a population.
They did a very simple experiment. Microtubules were as-

sembled in vitro and then sheared to break them into
shorter pieces whose length could be analyzed. Under these
conditions, one would expect the short microtubules to

( a )

a
a
o
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A EXPERIMENTAL FIGURE 18-9 Microtubules grow
preferentially at the (+) end. Fragment of a microtubule bundle
from a flagellum was used as a nucleus for the in vitro addition of
oB-tubul in  The nucleat ing f lagel lar  f ragment  is  the th ick bundle seen
in this electron micrograph, with the newly formed microtubules
(MT) radiating from its ends The greater length of the microtubules
at  one end,  the (+)  end,  ind icates that  tubul in  subuni ts  are added
preferentially to this end [Courresy of G Borisy]

treadmill. However, the researchers found that some of the
microtubules grew in length, whereas others shortened
very rapidly-thus indicating two distinct populations of
microtubules. Further studies showed that individual
microtubules could grow and then suddenly undergo a
catastrophe to a shrinking phase. Moreover, sometimes a
depolymerizing microtubule end could go through a rescue
and begin growing again (Figure 18-10). Although this phe-
nomenon was first seen in vitro, analysis of f luorescently
labeled tubulin microinjected into l ive cells showed that
microtubules in cells also undergo periods of growth and
shrinkage (Figure 18-11). This process of alternating be-
tween growing and shrinking states is known as dynamic
instability. Thus dynamic instability is a feature of individ-
ual microtubule ends distinct from the abil ity of micro-
tubules to treadmill by dimer addition at the (+ ) end and
Ioss at  the ( - )  end.

T ime  (m in )

A FIGURE 18-10 Dynamic instabil ity of microtubules in vitro.
Individual microtubules can be observed in the l ight microscope and
their lengths plotted at different t imes during assembly and
disassembly. Assembly and disassembly each proceed at uniform
rates, but there is a big difference between the rate of assembly and
that of disassembly, as seen in the different slopes of the l ines
Shortening of a microtubule is much more rapid (7 pm/min) than
growth (1 pm/min), Notice the abrupt transitions to the shrinkage
stage (catastrophe) and to the elongation stage (rescue) [Adapted
from P M Bayley, K K Sharma, and S R Martin, 1994, in Microtubules,
Wi ley-L iss,  p 118l

'Sfhat 
is the molecular basis of dynamic instability? If

you look carefully by electron microscopy at the ends of
growing and shrinking microtubules, you can see they are
quite different. A growing microtubule has a blunt end,
whereas a depolymerizing end has protofilaments peeling off
like ram's horns (Figure 18-12).

Recent studies have provided a simple structural expla-
nation for the two classes of microtubule ends. As we noted
above, the B-subunit of the ctB-tubulin dimer is exposed on
the (+) end of each protofi lament. Using GTP and GDP
analogs, researchers have found that artificially made single
protofilaments-where there are no lateral interactions-
made up of repeating ctB-tubulin dimers containing GDP-B-
tubulin are curved, like a ram's horn. However, artificially
made single protofilaments made up of crB-tubulin dimers
with GTP-B-tubulin are straight. Thus growing micro-
tubules with blunt ends terminate in GTP-B-tubulin,
whereas shrinking ones with curled ends terminate in GDP-

B-tubulin. Therefore if the GTP in the terminal B-tubulins of
a microtubule become hydrolyzed, as will inevitably happen in
a random manner, a formerly blunt-end growing microtubule
will curl and a catastrophe ensue. These relationships are
summarized in Figure 1,8-1,2.

These results have an additional implication. For this
we have to consider in more detail a growing microtubule.
The addition of another dimer to the protofi lament (+ )
end of a growing microtubule involves an interaction
between the new o.-subunit and the terminal B-subunit.
This interaction stimulates the hydrolysis of the GTP to
GDP in the former terminal B-subunir. However, the B-
tubulin in the newly added dimer contains GTP. Thus a
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€* Video: Cytoplasmic Assembly of Microtubules in Cultured Cells

" 1 ,

growing microtubule protofi lament has GDP-B-tubulin
down its length and is capped by GTP-B'tubulin. As we
ment ioned above,  an iso lated protof i lament  conta in ing
GDP-B-tubulin is curved along its length, so when it is
present in a microtubule, why doesn't it break out and peel

< EXPERIMENTAL FIGURE 18-11 Fluores€ence
microscopy reveals growth and shrinkage of individual
microtubules in  v ivo.  F luorescent ly  labeled tubul in  was
micro in jected in to cul tured human f ibroblasts The cel ls
were chi l led to depolymer ize preexis t ing microtubules in to
tubul in  d imers and were then incubated at  37 "C to a l low
repolymer izat ion,  thus incorporat ing the f luorescent  tubul in
into a l l  the cel l 's  microtubules.  A region of  the cel l  per iphery
was v iewed in the f luorescence microscope at  0 second,  27
seconds later ,  and 3 minutes,  51 seconds later  ( le f t  to  r ight
panels)  In  th is  per iod,  several  microtubules e longate and
shorten,  The let ters and whi te dots mark the posi t ion of
ends of  three microtubules lModi f  ied f  rom P J Sammak and
G Borisy, 1988, Nature 332:.1241

away? The lateral protofi lament-protofi lament interac-
tions in the B-tubulin-GTP cap are sufficiently tight that
they do not allow the microtubule to unpeel at its end-
and so the protofi laments behind the GTP-B-tubulin cap
are constrained from unpeeling (see Figure 1'8-1,2). The en-
ergy released by GTP hydrolysis of the subunits behind the
cap is stored within the lattice as structural strain waiting
to be released when the GTP-B-tubulin is lost. If the GTP-

B-tubulin is lost, the stored energy can do work if some
structure, such as a chromosome, is attached to the disas-
sembling microtubule end.

Thus we see that the ability of B-tubulin to bind and hy-
drolyze GTP has three important consequences for micro-
tubule biology:

r Distinct critical concentrations at the two ends give rise

to treadmilling

The (+) end is subject to dynamic instability

Microtubules can store torsional energy to do work

< FIGURE 18-12 Dynamic instabil ity depends on the presence
or absence of a GTP-p-tubulin cap. lmages taken in the electron
microscope of f rozen samples of a growing microtubule (upper) and a
shrinking microtubule (lowed Notice that the end of the growing
microtubule has a blunt end, whereas the shrinking one has curls l ike a
ram's horns The diagram shows that a microtubule with GTP-B-tubulin
on the end of each protofilament is strongly favored to grow. However,
a microtubule with GDP-B-tubulin at the end of the protofi laments
forms a curved structure and wil l undergo rapid disassembly Switching
between growing and shrinking, called rescues and catastrophes, can
occur, and the rate of switching is regulated by associated proteins.

[lmages from E-M Mandelkow et al , 1991, J Cell Biol. 114:.977 Diagram
modif iedfromA Desai andT,J Mitchison, 1997,Annu ReuCell  Dev.Biol.
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Localized Assembly and "search-and-Capture"
Help Organize Microtubules
'We 

have now presented two concepts relating to micro-
tubule organization and (+ ) end dynamics: microtubules are
assembled from localized sites known as MTOCs, and individ-
ual microtubules can undergo dynamic instability. Together
these two processes contribute to the distribution of micro-
tubules in cells.

In an interphase cell growing in culture, microtubules
are constantly being nucleated from the centrosome and
spreading out randomly "searching" the cytoplasmic space.
The frequency of catastrophes and rescues, together with
growth and shrinkage rates, determines the length of each
microtubule-if the microtubule is subject to a high catas-
trophe frequency and low rescue, it will shrink back to the
cell center and disappear, whereas if it has few catastrophes
and is readily rescued, it will continue to grow. If the search-
ing microtubule encounters a structure or organelle that
stabil izes its (+) end to protect it from catastrophes-
thereby "capturing" it-the microtubule end will remain at-
tached to the structure, whereas unattached microtubules
will have a greater frequency of being disassembled. So the
dynamics of the microtubule end is a very important deter-
minant of microtubule life cycle and function. "search and
capture" is part of the mechanism determining the overall
organization of microtubules in a cell. Moreover, by chang-
ing the rate of nucleation or local microtubule dynamics

A EXPERIMENTAL FIGURE 18-13 Microtubules grow from the
MTOC. To investigate from where microtubules assemble in vivo,
a cultured fibroblast was treated with colchicine unti l almost all
the cytoplasmic microtubules were disassembled. The cel was
then sta ined wi th ant ibodies to tubul in  and v iewed by
immunofluorescence microscopy (panel [a]) The colchicine was then
washed out to allow the reassembly of microtubules Panel (b) shows
the first stages of reassembly, revealing microtubules growing
from a central region above the nucleus (dark areas). Note in panel
(a) the remaining primary cil ium (arrowhead) associated with the
centrosome that is not depolymerized by colchicine treatment under
these conditions Note also the f luorescence from the cytoplasm,
which is from unpolymerized oB-tubulin dimers. [From M Osborn and
K Weber, 1976, Proc Natl Acad !ci. USA73:867-8711

and capture sites, a cell can rapidly change its overall mi-
crotubule distribution.

Drugs Affecting Tubulin Polymerization Are
Useful Experimental ly and to Treat Diseases

The conserved nature of tubulins and their essential
involvement in crit ical Drocesses such as mitosis

make them prime targets for both naturally occurring and
synthetic drugs that affect polymerization or depolymeriza-
tion. Historically, the first known such drug was colchicine,
present in extracts of the meadow saffron, which binds
tubulin dimers so thar they cannot polymerize into a mi-
crotubule. Since most microtubules are in a dynamic state
between dimers and polymers, the addition of colchicine
sequesters all free dimers in the cytoplasm, resulting in
loss of microtubules due to their natural turnover. Treat-
ment of cultured cells with colchicine for a short t ime
results in the depolymerization of all the cytoplasmic mi-
crotubules, leaving the more stable tubulin-containing
centrosome (Figure 18-13a).  Also seen af ter  co lchic ine
treatment is the primary cil ium, a solitary cil ium on the
surface of the cell that is assembled from one of the cen-
trioles acting as its basal body (discussed below). 

'Sfhen

the colchicine is washed out to allow regrowth of the mi-
crotubules, they can be seen to grow from the centrosome,
revealing its abil ity to nucleate new microtubule assembly
(F igu re  18 -13b ) .

Colchicine has been used for hundreds of years to relieve
the joint pain of acute gout-a famous patient was King
Henry VIII of England, who was treated with colchicine to
relieve this ailment. A low level of colchicine relieves the
inflammation caused in gout by reducing the microtubule
dynamics of white blood cells, rendering them unable to
migrate efficiently to the site of inflammation.

In addition to colchicine, a number of other drugs bind
the tubulin dimer and restrain it from forming polymers.
These include podophyllotoxin (from juniper) and nocoda-
zole (a synthetic drug).

Taxol, a plant alkaloid from the Pacific yew tree, binds
and stabilizes microtubules against depolymerization. Be-
cause taxol stops cells from dividing by inhibiting mitosis, it
has been used to treat some cancers, such as those of the
breast and ovarS where the cells are especially sensitive to
the drug. I

Microtubule Dynamics

r Microtubules can treadmill using the energy of GTP
hydrolysis (see Figure 18-8).

r Individual microtubule (+ ) ends can undergo dynamic
instabilitS with alternating periods of growth or rapid
shrinkage (see Figure 18-10).

r The B-tubulin in all microtubules binds primarily GDP.
However, growing microtubules (* ) ends are capped by

766 CHAPTER 18  I  CELL  ORGANIZAT ION AND MOVEMENT I I : M I C R O T U B U L E S  A N D  I N T E R M E D I A T E  F I L A M E N T S



GTP-B-tubulin and have blunt ends, whereas shrinking
microtubules have lost  the GTP-B-tubul in  cap and the
protofi laments peel outward and disassemble (see Figure
18-1,2) .

r Growing microtubules store the energy from GTP hy-
drolysis in the microtubule lattice, so they have the poten-
tial to do work when disassembling.

r Microtubules assembled from the centrosome and ex-
hibit ing dynamic instabil ity can "search" the cytoplasm
and become "captured" by structures or organelles that
stabil ize their (+) end. In this way assembly coupled with
"search and capture" can contribute to the overall distri-
bution of microtubules in a cell.

fl!|F Regulation of Microtubule
Structure and Dynamics
Although the wall of microtubules is built from ctB-tubulin
dimers, highly purif ied crB-tubulin wil l assemble in vitro into
microtubules only under special unphysiological conditions.
Assembly of microtubules in vitro under physiological con-
ditions requires the presence of stabil izing microtubule asso-
ciated proteins, or MAPs. Stabil izing MAPs represent just
one class of protein that interacts with tubulin in micro-
tubules; other classes modify the growth properties of mi-
crotubules or destabil ize them. 

'Sfe 
discuss the various

classes separately.

Microtubules Are Stabi l ized by Side-  and End-
Binding Prote ins

Several different classes of proteins stabil ize microtubules,
many of them showing cell-type-specific expression. Among
the best studied are the tau family of proteins, which includes
tau itself, MAP2, and MAP4. These proteins have a modular
design, with 18-residue positively charged sequences, re-
peated three to four times, that binds to the negatively
charged tubulin surface and a domain that projects from the
microtubule wall (Figure 18-14). Tau proteins are believed to
stabil ize microtubules and also to act as spacers between
them (Figure 18-14). MAP2 is found only in dendrites, where
it forms fibrous cross-bridges between microtubules and links
microtubules to intermediate filaments. Tau, which is much
smaller than most other MAPs, is present in both axons and
dendrites. The basis for this selectivity is still a mystery.

Vhen stabil izing MAPs coat the outer wall of a micro-
tubule, they can increase the growth rate of microtubules or
suppress the catastrophe frequency. In many cases, the activ-
ity of the MAPs is regulated by the reversible phosphoryla-
tion of their projection domain. Phosphorylated MAPs are
unable to bind to microtubules; thus phosphorylation pro-
motes microtubule disassembly. For example, microtubule-
affinity-regulating kinase (MARK/Par-1) is a key modulator
of tau proteins. Some MAPs are also phosphorylated by a

( a )

300 nm

Micro tubu le

2 5  n m

TauMAP

2 5  n m

a EXPERIMENTAL FIGURE 18-14 Spacing of  microtubules
depends on the length of the projection domain of
microtubule-associated proteins. Insect cells transfected to
express MAP2, which has a long arm, or  to  express Tau prote in,
which has a shor t  arm, grow long axonl ike processes (a)  Electron
micrographs of  cross sect ions through the processes induced by
the expression of MAP2 (/eft) or fau @ght) in transfected cells
Note that  the spacing between microtubules (MTs) in  MAP2-
conta in ing cel ls  is  larger  than in Tau-conta in ing cel ls  Both cel l
types conta in approximately  the same number of  microtubules,
but  the ef fect  of  MAP2 is  to enlarge the cal iber  of  the axonl ike
process (b)  Diagrams of  associat ion between microtubules and
MAPs Note the d i f ference in the lengths of  the pro ject ion arms in
MAP2 and Tau lPar t  (a)  f rom.J Chen et  a l  ,1992,  Nature360t674)

cyclin-dependent kinase (CDK) that plays a maior role in

controlling the activities of proteins in the course of the cell

cycle (Chapter 20).
Some MAPs have recently been found to have the sur-

prising abil ity to associate with the (+) ends of micro-

tubules and in some cases only the (+ ) ends of growing, not

shr ink ing ones (F igure 18-15) .  This  c lass of  prote ins is

known as *TIPs, and they perform varied functions when

present at the microtubule tip. Some +TIPs selectively sta-

bil ize the (+) end against a catastrophe or enhance the fre-

quency of rescues, thus promoting the continued growth of

the microtubule. Other +TIPs are attachment proteins, so

that when the growing microtubule encounters a structure

or organelle, it can become attached to it. For example, mi-

crotubules extending into the leading edge of a migrating
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Video: In Vivo Visualization of Microtubule Ends GFP-EB1 '(CI
< EXPERIMENTAL FIGURE 18-15 The +TlP prote in EB1
associates with the (+) ends of microtubules. (a) A cultured cell
stained with antibodies to tubulin (green) and the + TIP protein EB1
(red) EB1 is enriched in the region of the microtubule (+) end. (b)
ln  v i t ro s tudies have shown that  EB1 binds speci f ica l ly  to  the
microtubule seam, as seen in the enhanced electron micrograph and
model ,  but  how th is  b inding leads to enr ichment  at  the (+)  end is
not yet known [Part (a) courtesy of T Wittmann, part (b) modified from
Sandblad et al 2006 Cell 121:1415 I

cell can become attached and stabil ized by binding compo-
nents there.

Microtubules Are Disassembled by End Binding
and Severing Proteins

Just as for microfilaments, mechanisms exist for enhancing
the disassembly of microtubules. Although most of the regu-
lation of microtubule dynamics appears to happen at the (+ )
end, in some situations, such as in mitosis, it can occur at
both ends.

Three mechanisms for microtubule destabilization arc
known. One of these involves the kinesin-13 family of pro-
teins (Figure 18-16). The kinesin-13 proteins bind and curve
the end of the tubulin protofi laments into the GDP-

B-tubulin conformation. They then facilitate the removal of
terminal tubulin dimers, thereby greatly enhancing the fre-
quency of catastrophes. They act catalytically in the sense
that they need to hydrolyze ATP to sequentially remove ter-
minal tubulin dimers (Figure 18-16).

Another protein, known as Op18/stathmin, was origi-
nally identif ied as a protein highly overexpressed in cer-
ta in cancers;  hence par t  of  i ts  name (Oncoprote in 18) .  I t
is  a smal l  prote in that  b inds two tubul in  d imers in  a
curved, GDP-B-tubulin-l ike conformation, which also en-
hances the rate of catastrophes. It may work by enhanc-
ing the hydrolysis of the GTP in the terminal tubulin
dimer and aiding in its dissociation from the end of the
microtubule. As might be expected for a regulator of mi-
crotubule ends,  i t  is  subject  to  negat ive regulat ion by
phosphorylation by a large variety of kinases. In fact, it
has been found that  Op1S/stathmin is  inact ivated by
phosphory lat ion near the leading edge of  mot i le  cel ls ,
which contributes to preferential growth of microtubules
toward the front of the cell.

A third mechanism for destabil izing microtubules is
through the action of a protein known as katanin (from the
Japanese for "sword"). Katanin plays a role in MTOCs,
where it severs and releases anchored microtubules.

qo

.Ld

A FIGURE 18-16 Proteins that destabil ize the ends of
microtubules. (a) A member of the kinesin-13 family enriched at
microtubule ends can enhance the disassembly of that end These
proteins are ATPases, and ATP enhances their activity by dissociating
them from the oB-tubulin dimer (b) Stathmin binds selectively to
curved protofi laments and enhances their dissociation from a
microtubule end Stathmin's activity is inhibited by phosphorylation
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r Microtubules can be stabilized by side-bindins micro-
tubule-associated proteins (MAPs) (see Figure 18-14).
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r Some MAPs, called +TIPs, bind selectively to the (+)
end of microtubules and can alter the dynamic properties
of the microtubule or localize components to the searching
(+)  end of  the microtubule (see Figure 18-15) .

r Microtubule ends can be destabil ized by some proteins,
such as the kinesin-13 family of proteins and stathmin, to
enhance the frequency of catastrophes (see Figure 18-16).

I [ [  Kinesins and Dyneins:
M icrotu bu le-Based Motor Protei ns
Organelles in cells are frequently transported distances of
many micrometers along well-defined routes in the cytosol
and delivered to particular intracellular locations. Diffu-
sion alone cannot account for the rate, directionality, and
destinations of such transport processes. Findings from
early experirnents with fish-scale pigment cells and nerve
cells f irst demonstrated that microtubules function as
tracks in the intracellular transport of various types of
"cargo.  "

As already discussed, polymerization and depolymer-
ization of microtubules can do work using the energy pro-
vided by GTP hydrolysis. In addition, motor proteins move
along microtubules powered by ATP hydrolysis. Two main
families of motor proteins-kinesins and dyneins-are
known to mediate transport along microtubules. In this
section we discuss how these motor proteins work and the
functions they perform in interphase cells. In subsequent
sections, we discuss their functions in cil ia and flagella and
ln mltosls.

Organel les in  Axons Are Transpor ted Along
Microtubules in  Both Di rect ions
A neuron must  constant ly  supply new mater ia ls-pro-
teins and membranes-to an axon terminal to replenish
those lost in the exocytosis of neurotransmitters at the
junct ion (synapse) wi th another  cel l  (Chapter  23) .
Because prote ins and membranes are pr imar i ly  synthe-
sized in the cell body, these materials must be transported
down the axon,  which can be as much as a meter  in
length, to the synaptic region. This movement of materi-
a ls  is  accompl ished on microtubules,  which are a l l  or i -
ented wi th thei r  (+)  ends toward the axon terminal  (see
F igu re  18 -5e ) .

The results of classic pulse-chase experiments in which
radioactive precursors were microinjected into the dorsal-
root ganglia near the spinal cord and then tracked along
their nerve axons showed that axonal transport occurs in
both directions. Anterograde transport proceeds from the
cell body to the synaptic terminals and is associated with ax-
onal growth and the delivery of synaptic vesicles. In the op-
posite, retrograde, direction, "old" membranes from the
synaptic terminals move along the axon rapidly toward the
cell body, where they wil l be degraded in lysosomes. Find-
ings from such experiments also revealed that different

Dorsa l  gang l ion  y
Dorsal root

Sp ina l  cord

segments

Iv
I'olXu,,t;,l, I 3'I,?li"' ",

  EXPERIMENTAL FIGURE 18-17 The rate of axonal transport
in vivo can be determined by radiolabeling and gel
electrophoresis. The cell bodies of neurons in the sciatic nerve are
located in  dorsal - root  gangl ia  (near  the spinal  cord)  Radioact ive
amino acids in jected in to these gangl ia  in  exper imenta l  animals are
incorporated in to newly synthesized prote ins,  which are then
transported down the axon to the synapse Animals are sacr i f iced
at  var ious t imes af ter  in ject ion and the d issected sc iat ic  nerve is
cut  in to smal l  segments to see how far  radioact ive ly  labeled
proteins have been transported; these proteins can be identif ied
af ter  gel  e lect rophoresis  and autoradiography The red,  b lue,  and
purple dots represent  groups of  prote ins that  are t ransported
down the axon at different rates, red most rapidly, purple least
rapid ly

materials move at different speeds (Figure 18-17). The

fastest-moving material, consisting of membrane-limited
vesicles, has a velocity of about 3 pm/s, or 250 mm/day-
requiring about four days to travel from a cell body in your

back down an axon that terminates in your big toe. The

slowest-moving material, comprising tubulin subunits and

neurofi laments (the intermediate fi laments found in neu-

rons), moves only a fraction of a mill imeter per day. Or-

ganelles such as mitochondria move down the axon at an

intermediate rate.
Axonal transport can be directly observed by video

microscopy of  cytoplasm extruded f rom a squid g iant

axon. The movement of vesicles along microtubules in this

cell-free system requires ATP, its rate is similar to that of

fast axonal transport in intact cells, and it can proceed in

I
#4

1 2 3 4

rad io labe led
amino ac ids
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both the anterograde and the retrograde directions (Figure
18-18a).  Electron microscopy of  the same region of  the
axon cytoplasm reveals organelles attached to individual
microtubules (F igure 18-18b).  These p ioneer ing in  v i t ro
experiments established definit ively that organelles move
along individual microtubules and that their movemenr re-
quires ATP.

Findings from experiments in which neurofi laments
tagged with green fluorescent protein (GFP) were injected
into cultured cells suggest that neurofi laments pause fre-
quently as they move down an axon. Although the peak ve-
locity of neurofi laments is similar to that of fast-moving
vesicles, their numerous pauses lower the average rate of
transport. These findings suggest that there is no fundamen-

tal difference between fast and slow axonal transport, al-
though why neurofilament transport stops periodically is
unknown.

Kinesin-1 Powers Anterograde Transport of
Vesicles Down Axons Toward the (+) End of
Microtubules
The protein responsible for anterograde organelle transport
was first purified from axonal extracts. Researchers found
that by mixing three components-purified organelles from
squid axons, an organelle-free cytoplasmic axonal extract,
and taxol-stabil ized microtubules-organelles could be seen
moving on the microtubules in an MP-dependent manner.

Video: OrganelleMovement Along Microtubules in a Squid Axon
z/^\
\\'///

i

k 'a

A EXPERIMENTAL FIGURE 18-18 DIC microscopy demonstrates
microtubule-based vesicle transport in vitro. (a) The cytoplasm
was squeezed from a squid giant axon with a rol ler onto a glass
coversl ip After buffer containing ATP was added to the preparation,
i t  was viewed by dif ferential interference contrast (DlC) mrcroscopy,
and the images were recorded on videotape In the sequential
images shown, the two organelles indicated by open and sol id
tr iangles move in opposite direct ions ( indicated by colored arrows)
along the same f i lament, pass each other, and continue in their

Organe l les

ol 
"i

original direct ions Elapsed t ime in seconds appears at the upper-r ight
corner of each video frame (b) A region of cytoplasm similar to that
shown in part (a) was freeze-dried, rotary shadowed with plat inum,
and viewed in the electron microscope. Two large structures attached
to one microtubule are visible; these structures presumably are small
vesicles that were moving along the microtubule when the
prepara t ionwasf rozen [SeeB J  Schnappeta l  ,1985,  Ce l l  4O:455;
c o u r t e s y o f B . J  S c h n a p p , R  D  V a l e , M  P S h e e t z , a n d T . S  R e e s e l

ui
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MT-binding sites

However, if they omitted the axonal extract, the organelles
neither bound nor moved along the microtubules, suggest-
ing that the extract contributes a motor protein. The strat-
egy for purifying the motor protein was based on additional
observations of organelles moving on microtubules. It was
known that if ATP was hydrolyzed to ADP, the organelles
fell off the microtubules. However, if the nonhydrolyzable
ATP analog AMPPNP was added, organelles remained
associated with microtubules but did not move. This sug-
gested that the motor linked the organelles to the micro-
tubules yery tightly in AMPPNP but then was released from
the microtubule when the AMPPNP was replaced by ATP
and its subsequent hydrolysis to ADP. Researchers used this
clue to purify the motor.

Kinesin-1 isolated from squid giant axons is a dimer of
two heavy chains, each associated with a l ight chain, with
a total molecular weight of about 380,000. The molecule
comprises a pair of globular head domains connected by a
short flexible linker domain to a long central stalk and ter-
minating in a pair of small globular tail domains, which
associate with the l ight chains (Figure 18-19). Each do-
main carries out a particular function: the head domain,
which binds microtubules and ATP, is responsible for the
motor activity of kinesin; the linker domain is critical for
forward motil i ty; the stalk domain is involved in dimer-
ization of the two heavy chains; and the tail domain is re-
sponsible for binding to receptors on the membrane of
cargoes.

Kinesin-1-dependent movement of vesicles can be
tracked by in vitro motility assays similar to those used to
study myosin-dependent movements (see Figure 1.7-21).In
one type of assay, a vesicle or a plastic bead coated with ki-
nesin-1 is added to a glass slide along with a preparation of
stabilized microtubules. In the presence of ATP, the beads
can be observed microscopically to move along a micro-
tubule in one direction. Researchers found that the beads
coated with kinesin-1 always moved from the (-) to the
(+) end of a microtubule (Figure 18-20). Thus kinesin-1 is

< FIGURE 18-19 Structure of kinesin-l. (a) Representation
of kinesin-1, with its two heavy chains each with a motor
domain and associated l ight chains Each head is attached to
the coiled-coil stalk by a flexible l inker domain. (b) X-ray
structure of the kinesin heads with the microtubule and
nucleotide binding sites indicated. [Part (a) modified from R D Vale,
2003, Cell 112:467 Part (b) courtesy of E Mandelkow and E. M.
Mandelkow adapted from M Thormahlen et al ,1998, J Struc Biol
122:301

a (+ ) end-directed microtubule motor protein, and addi-
tional evidence shows that it mediates anterograde axonal

transport.

Kinesins Form a Large Protein Family with
Diverse Functions

Following the discovery of kinesin-1, a number of proteins

with kinesin-related motor domains were identified both in

genetic screens and using molecular biology approaches.
There are now 14 known classes of kinesins in animals, de-

fined as sharing amino acid sequence homology with the

motor domain of kinesin-1. The family of kinesin-related
proteins is encoded by about 45 genes in the human genome.

Although the function of all of these proteins has not yet

(+) end

Video: Kinesin-1 -Driven Transport of
Vesicles Along Microtubules in Vitro

Vesicle

K ines in
receptor

K ines in

(-) end

Stationary microtubu le

A FIGURE 18-20 Model of kinesin-l-catalyzed vesicle
transport. Kinesin-1 molecules, attached to receptors on the
vesicle surface, transport the vesicles from the (-) end to the (+)

end of a stationary microtubule. ATP is required for movement.

lAdapted from R D. Vale et al ,1985, Cell 4O:559, and I Schroer et al ,

1988. J Cell Biol 1O7:1185 I

K INESINS  AND DYNEINS :  M ICROTUBULE-BASED MOTOR PROTEINS 771



been elucidated, some of the best-studied kinesins are in-
volved in processes such as organelle, mRNA, and chromo,
some transport and microtubule sliding and microtubule
depolymerization.

As with the different classes of myosin motors, the ki-
nesin-related motor domain is fused to a variety of class-
specific nonmotor domains (Figure t8-21). Whereas kinesin-1
has two heavy and two light chains, members of the kinesin-
2 famrly, also involved in organelle transport, have two dif-
ferent related heavy-chain motor domains and a third
polypeptide that associates with the tail and binds cargo.
Members of the bipolar kinesin-S family have four heavy
chains, forming bipolar morors that can pull on antiparallel
microtubules toward the (+ ) ends. The kinesin-14 motors are
the only known class to move toward the (-) end of a mi-
crotubule; this class functions in mitosis. Yet another type,
the kinesin-13 family have two subunits but with the kinesin-
related domain in the middle of the polypeptide. Kinesin-13
proteins do not have motor activity, but recall that these are

special ATP-hydrolyzing proteins that can enhance the de-
polymerization of microtubule ends (see Figure 18-16).

Kinesin-1 ls  a  Highly  Processive Motor
How does kinesin-1 move down a microtubule? Optical trap
and fluorescent-labeling techniques similar to those used to
characterize myosin (see Figures 17-26,77-27, and 17-28)
have been used to study how kinesin-1 moves down a mi-
crotubule and how ATP hydrolysis is converted into me-
chanical work. Such experiments demonstrate that it is a
very processive motor-taking hundreds of steps walking
hand over hand down a microtubule without dissociating.
During this process, the double-headed molecule takes 8-nm
steps from one B-tubulin subunit to the next, tracking down
the same protofilament in the microtubule. This entails each
indiuidwal head taking 16-nm steps. The two heads work in
a highly coordinated manner so rhat one is always attached
to the microtubule.

- 1 3  ( K i n l )

A FIGURE 18-21 Structure and function of selected members
o f  the  k ines in  super fami ly .  K ines in -1 ,  wh ich  inc ludes  the  or ig ina l
k ines in  i so la ted  f rom squ id  axons ,  i s  a  (+ )  end-d i rec ted  mic ro tubu le
motor involved in organelle transport The kinesin-2 family have two
different, but closely related, heavy chains, and a third cargo binding
subunit;  this class also transports organelles in a (+) end-directed
manner  The k ines in -5  fami ly  have four  heavy  cha ins  assembled  in  a
bipolar manner to interact with two antiparal lel  microtubules and

a lso  move toward  the  (+)  end K ines in -13  fami ly  members  have the
motor  domain  in  the  midd le  o f  the i r  heavy  cha ins  and do  no t  have
motor act ivi ty but destabi l ize microtubule ends Addit ional kinesin
family members are mentioned in the text Different kinesins have
been given many dif ferent names, some of which are shown in
parentheses We use here the unif ied nomenclature described in C J
Lawrence et al ,  2004, J Cell  Biol 167.19-22 [Diagrams modif ied from
R D Vale, 2003, Ceil 112:467 I

K ines in

K ines in -2  (he tero t r imer ic )

K ines in -5  (b ipo la r )
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.*;
ff i  Podcast: Kinesin Movement Along a Microtubule
i l l l *  anirnat ion:  Kinesin-Microtubule Stepping Cycle

Coi led-co i l  s ta lk

Motor head

Micro tubu le

I Forward motor binds Btubulin,
,  .  re leas ing  ADP

! l  Forward head binds ATP

p Conformat iona l  change in
neck  l inker  causes  rear
head to swing forward

I t t te* forward head releases ADB
.  t ra i l ing  head hydro lyzesATP

and re leases  P

The ATP cycle of kinesin-1 movement is most easily
viewed by starting with the leading head in a nucleotide-free
state, under which conditions it is strongly bound to a B-subunit
of a protofilament, and with the trailing head in a weakly
bound state containing ADP (Figure 18-221. The energy as-
sociated with binding ATP to the leading head induces a for-
ward motion of the linker domain of that head that then
physically docks into the core head domain. This movement
results in the linker domain pointing forward and physically
swinging the trailing head-like throwing a ballet dancer-

< FIGURE 18-22 Kinesin-1 uses ATP to "walk" down a
microtubule. (a) The cycle is shown with ADP bound to each of
the two k inesin-1 heads Binding of  one head to a B- tubul in
subunit in the microtubule induces the loss of ADB giving rise to a
nucleotide-free state and strong binding of that head to the
microtubule (step tr) The leading head then binds ATP (step Z),
which induces a conformattonal change causing the l inker reglon to
point forward, dock into the head domain, and so thrust the
trail ing head forward (step g;. The leading head binds the
microtubule and releases ADB which induces the trail ing head to
hydrolyze ATP to ADP and P (step 4) Pi is released, and the trail ing
head can now dissociate from the microtuble, and the cycle repeat.
(b) Structural model of two kinesin heads (purple) bound to B-
subunits of a protofi lament in a microtubule The trail ing head, at
left, has bound ATP and has thrust the other head into the leading
position Notice how the l inker domain (yellow) is docked into the
trail ing head, whereas the l inker domain (red) of the leading head is
sti l l  free [Part (a) modified from R D Vale and R A Mill igan, 2000,
Science 288:88 Part (b) based on E P Sablin and R J Fletterick,2004, J Biol

Chem 279:15707-1O I

into a position where it becomes the leading head. The new

leading head finds the next B-tubulin subunit, which induces

dissociation of the ADP and tight binding. Importantly, this

step also induces the now trailing head to hydrolyze ATP to

ADP and release P1 and be converted into a weakly bound

state. The leading head is now ready to bind AIP and swing

the trailing head in front of it to repeat the cycle. Because this

cycle requires one head to always be firmly attached to a

B-tubulin subunit in a protofilament, kinesin-1 is exception-

allv orocessive as it moves down a microtubule.
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Myosin

Lever arm

When the x-ray structure of the kinesin head was de-
termined, it revealed a major surprise-the catalytic core
has the same overall structure as myosin's (Figure 18-23)l
This occurs despite no amino acid sequence conservation,
arguing strongly for convergent evolution to make a fold
that can utilize the hydrolysis of ATP ro generate work.
Moreover, the same type of three-dimensional structure is
seen in small GTP-binding proteins, such as Ras, that un-
dergo a conformational change on GTP hydrolysis (see
Figure 15-8) .

Dynein Motors Transport Organelles Toward the
(- )  End of  Microtubules
In addition to kinesin motors, which primarily mediate an-
terograde (+) end directed transport of organelles, cells use
another motor, cytoplasmic dynein, to transport organelles
in a retrograde fashion toward the (- ) end of micro-
tubules. This motor protein is very large, consisting of two
Iarge (>500 kDa), two intermediate. and two small sub-
units. It is responsible for the ATP-dependent retrograde
transport of organelles toward the (-) ends of micro-
tubules in axons, as well as many other functions we
consider in the next sections. Compared to myosins and
kinesins, the family of dynein-related proteins is not very
diverse.

Like kinesin-1, cytoplasmic dynein is a two-headed mol-
ecule, built around two identical or nearly identical heavy
chains. However, because of the enormous size of the motor
domain, dynein has been less well characterized in terms of
its mechanochemical acivity. A single dynein heavy chain
consists of a stem and a round head domain containing the
ATPase activity, from which protrudes a stalk (Figure 18-
24). At the end of the stalk is a microtubule-binding site.
Electron microscopy suggests that the power stroke of

Kinesin < FIGURE 18.23
Convergent structural
evolution of the ATP-
binding core of myosin
head and kinesin. The
common catalytic cores of
myosin and kinesin are
shown in yellow, the
nucleotide in red, and the
lever arm (for myosin-l l) and
l inker  domain ( for  k inesin-1)
in l ight purple IModified from
R D Vale and R. A Mi l l igan,

2000, Sclence 288:88 l

Nucleotide

dynein involves the rotation of the round head domain
(Figure 18-25).

Unlike kinesin-1, dynein cannot mediate cargo trans-
port by itself. Rather, dynein-related transport requires dy-
nactin, a large protein complex that both links dynein to its
cargo and regulates its activity (Figure 1,8-26). Dynactin
consists of 11 subunits, functionally organized into two
domains. One domain is built around eight copies of the
actin-related protein Arp1, which assembles into a short
fi lament. The end corresponding to the (+ ) end of an actin
fi lament is capped by capping protein; a number of sub-
units are associated with the (-) end. This Arp-related do-
main is responsible for binding cargo. The second domain
of dynactin consists of a long protein called p150cl"'d,

Micro tubu le
b ind ing
domain

Stem Head Stalk

  FIGURE 18-24 The domain structure of cytoplasmic dynein.
Each ATPase head domain of dynein consists of seven repeated
motifs l ike petals on a flower. Emerglng from this is a coiled-coil
domain with a microtubule binding site at the end At left is shown a
number of additional subunits that are associated with the heavy
chains and link dynein to cargo through dynactin. [Modified from R D
Vale, 2003, Cell 112:467 I

MICROTUBULES AND INTERMEDIATE  F ILAMENTS

talyt ic core
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Pre-stroke Post-stroke

  FIGURE 18-25 The power stroke of dynein. (a) Mult iple

images of puri f ied single-headed dynein molecules in their prestroke

and poststroke states were recorded in an electron microscope and

then averaged The left  image shows dynein in the ADP-P; state,
which represents the prestroke state, and the r ight image in a
nucleotide-free poststroke state (b) A comparison of the images

shows that the force-generation mechanism involves a change in

orientat ion of the head relat ive to the stem, causing a movement of

the mrcrotubule-binding stalk Ipart(a) modif ied from S A Burgess et al,

2003, Nature 421:715; courtesy of S A Burgess l

P150G lueo

which contains the dynein binding site and has a micro-

tubule binding site at one end. Holding the two dynactin

domains together is a protein called dynamitin-so named

because when it is overexpressed, it dissociates (or "blows

apart") the two domains, making a nonfunctional com-
plex. This feature has been very useful experimentally be-

cause it has allowed researchers to identify processes that

are dependent on dynein-dynactin, which do not occur in

dynamitin-overexpressing cells.

Kinesins and Dyneins Cooperate in  the
Transpor t  o f  Organel les Throughout  the Cel l

Both dynein and kinesin family members play important

roles in the microtubule-dependent organization of or-

ganelles in cells (Figure 1'8-27). Because the orientation of

microtubules is f ixed by the MTOC, the direction of

transport-toward or away from the cell center-depends

on the motor protein. For example' the Golgi apparatus

collects in the vicinity of the centrosome, where the (-)

ends of microtubules l ie, and is driven there by dynein-

dynactin. In addition, secretory cargo emerging from the

endoplasmic reticulum is transported to the Golgi by

dynein-dynactin. Conversely, the endoplasmic reticulum is

spread throughout the cytoplasm and is transported there

by kinesin-1, which moves toward the peripheral (+) ends

of microtubules. Some organelles of the endocytic pathway

are also associated with dynein-dynactin, including late en-

dosomes and lysosomes. Kinesins have also been shown to

transport mitochondria, as well as nonmembranous cargo

such as specific mRNAs encoding proteins that need to be

localized during development.
We have seen how kinesin-1 transports organelles in an

anterograde fashion down axons. 
'$7hat 

happens to the

motor when it gets to the end of the axon? The answer is

that it is carried back in a retrograde fashion on organelles

< FIGURE 18-26 The dynactin complex
linking dynein to cargo. (a) One domarn of
the complex b inds cargo and is  bui l t  around a
short  f i lament  made up of  about  e ight  subuni ts
of the actrn-related protein Arpl capped by
CapZ. Another  domain consists  of  the prote in
p1 5Ostu"o,  which has a microtubule b inding
site on its distal end and is involved in attaching
cytoplasmic dynein to the complex Dynamit in
holds the two par ts  of  the dynact in complex
together  (b)  Electron micrograph of  a metal
replica of the dynactin complex isolated from
brain The Arpl  min i f i lament  (purp le)  and the
dynamit in /p1 50sl ' "d s ide arm (b lue)  are
highl iqhted IPar t  (a)  modi f  ied f  rom T A Schroer ,
2004, Annu Rev. Cell Dev. Biol 20:759 Part (b)

f rom D M Eckley et  a l  ,  1999, J Cel l  Bio l

147:307 l

( 4 ,

Micro tubu le
-  b i n d i n g

CapZ

Cargob i n d i n g
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Video: Transport of Secretory Vesicles Down Microtubules
Video: Transport of Vesicles Down Microtubules from the Endoplasmic Reticulum to the Golgi

$ Cytop lasmic  dyne in

S K ines in  fami ly  member

A FIGURE 18-27 Organelle transport by microtubule
motors. Cytoplasmic dyneins (red) mediate retrograde transport
of organelles toward the (-) end of microtubules (cell center);
kinesins (purple) mediate anterograde transport toward the (+)
end (cell periphery) Most organelles have one or more

transported by cytoplasmic dynein. Thus kinesin-1 and
dynein can associate with the same organelle and a mecha-
nism must exist that turns one motor off while activating
the other, although such mechanisms are not yet fully
understood.

Much of what we know about the regulation of micro-
tubule-based organelle transport comes from studies using
fish (e.g., angelfish) or frog melanophores. Melanophores
are cells of the vertebrate skin that conrain hundreds of
dark melanin-fi l led pigment granules called melanosomes.
Melanophores either have their pigment granules dispersed,
in which case they make the skin darker, or aggregated at
the center, which makes the skin paler (Figure 18-28). These
changes in skin color, mediated by neurotransmitters in the
fish and regulated by hormones in the frog, serve in either
camouflage in the case of the fish or enhance social interac-
tions in the frog. The movement of the granules is mediated
by changes in intracellular cAMp and is dependent on
microtubules. Studies investigating which motors are
involved have shown that pigment granule dispersion re-
quires kinesin-2, whereas aggregation requires cytoplasmic
dynein/dynactin. The first hints of how these activit ies

microtubule-based motors associated with them lt should be noted
that the association of motors with organelles varies by cell type, so
some of these associations may not exist in all cells, whereas others
not shown here also exist ERGIC: ER-to-Golqi intermeotare
comoartment

might be coordinated came from the finding that overex-
pression of dynamitin inhibited granule transporr in both
directions. This surprising result was explained when it was
found that dynactin binds not only to cyroplasmic dynein
but also to kinesin-2-and may coordinate the activity of
the two motors.

The association of dynein and kinesin-2 with the same
organelle is not limited to melanosomes; it has recently been
suggested that these motors may cooperate to localize late
endosomes/lysosomes and mitochondria appropriately in
some cells. Thus the concept that organelles can have a num-
ber of distinct motors associated with them is not the excep-
tion but an emerging theme.

Kinesins and Dyneins: Microtubule-Based Motor
Proteins

r Kinesin-1 is a microtubule (+) end-directed ATP-
dependent motor that transports membrane-bounil or-
ganelles (see Figure 18-20).
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@ ViU"o: Aggregation and Dispersion of Pigment Granules in Fish Melanophores

Low
cAMP
+{-

High
cAMP

< FIGURE 18-28 Movement of pigment granules in frog
melanophores. (a) Diagram of the microtubule-based
reorganization of melanosomes according to the level of cAMP
Melanosomes are aggregated by cytoplasmic dynein and
dispersed by kinesin-2. (b) Visualization of melanosomes in the
dispersed state as seen by immunofluorescence microscopy for
microtubules (green), the DNA in the nucleus (blue), and pigment
granules (red) Ipart (a) modified from V Gelfand and S Rogers,
http://www proweb orglkinesin/Pigment-aggregation html

Part (b) from 5 Rogers, www itg uiuc edu/exhibitVgallery4

r Kinesin-1 consists of two heavy chains, each with an N-
terminal motor domain and two light chains that associate
with cargo (see Figure 18-1,9).

r The kinesin superfamily includes motors that function in
interphase and mitotic cells, transporting organelles, and
sliding antiparallel microtubules and even includes one
class that is not motile but destabilizes microtubule ends
(see Figure 18-21).

r Kinesin-1 is a highly processive motor because it coordi-
nates ATP hydrolysis between its two heads so that one head
is always firmly bound to a microtubule (see Figure L8-22).

r Cytoplasmic dynein is a microtubule (-) end-directed
ATP-dependent motor that associates with the dynactin
complex to transport cargo (see Figure 1'8-25).

r Kinesins and dyneins associate with many different or-
ganelles to organize their location in cells (see Figure 18-27).

lTlE{ Cilia and Flagella: Microtubule-
Based Surface Structures
Cilia and flagella are related microtubule-based and membrane-
bound extensions that proiect from many protozoa and
most animal cells. Abundant motile cilia are found on the

surface of specific epithelia, such as those that line the tra-
chea, where they beat in an orchestrated wavelike fashion to
move fluids. Animal-cell flagella, which are longer but have

a very similar structure, can propel a cell, such as sperm'

through liquid. Cilia and flagella contain many different

microtubule-based motors: axonemal dyneins are responsi-

ble for the beating of flagella and cilia, whereas kinesin-2

and cytoplasmic dynein are responsible for flagella and cilia

assembly and turnover.

Eukaryot ic  Ci l ia  and Flagel la  Conta in Long

Doublet  Microtubules Br idged by Dynein

Motors

Cilia and flagella range in length from a few micrometers to

more than 2 mm for some insect sperm flagella. They possess

a central bundle of microtubules' called the axoneme, which

consists of a so-called 9 r 2 arcangement of nine doublet mi-

crotubules surrounding a central pair of singlet, yet ultra-

structurally distinct, microtubules (Figure 18-29a, b). Each

of the nine outer doublets consists of an A microtubule with

13 protofilaments and a B microtubule with 10 protofila-

ments. All the microtubules in cilia and flagella have the

same polarity: the (+ ) ends are located at the tip. At its point

of attachment in the cell, the axoneme connects with the

basal body, a complicated structure containing nine triplet

microtubules (see Figure 1'8-29a).
The structure of the axoneme is held together by three

blets toward the central Pair.
The major motor protein present in cilia and flagella is

axonemal dynein, alarge, multisubunit protein related to cy-

toplasmic dynein. Two rows of dynein motors are attached

peiiodically down the length of each A tubule of the outer

doublet microtubules; these are called the inner-arm and

outer-arm dyneins (see Figure 1'8-29b).It is these dynein mo-

tors interacting with the adjacent B tubule that bring about

c i l ia  and f lagel la  bending.
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  FIGURE 18-29 Structural organization of ci l ia and f lagel la.
(a) Ci l ia and f lagel la are assembled from a basal body, a srructure
bu i l t  a round n ine  l inked t r ip le t  m ic ro tubu les  Cont inuous  w i th  the  A
and B microtubules of the basal body are the A and B tubules of the
axoneme-the membrane-bound core of the ci l ium or f lagel lum
Between the basal body and axoneme is the transit ional zone The
diagram and accompanying transverse sections of the basal body,
transit ional zone, and axoneme show their intr icate srrucrures
(b) Thin section of a transverse section of a ci l ium (with plasma
membrane removed) with a diagram to show the identi ty of the
structures. IPart (a) modified from S K Dutcher, 2OO1 , Curr. Opin Celt Biot
13:49-54; courtesy of 5 Dutcher part (b) courtesy of L Tilney l

Ci l iary  and Flagel lar  Beat ing Are produced by
Contro l led Sl id ing of  Outer  Doublet
Microtubules

Cilia and flagella are motile structures because activation o{
the axonemal dynein motors induces bending in them. A close
examination of this motility using video microscopy reveals

Doub le t  mic ro tubu le

that a bend starts at the base of a cilium or flagellum and then
propagates along the structure (Figure 18-30). A clue to how
this occurs came from studies of isolated axonemes. In classic
experlments, axonemes were treated with a protease that
cleaves the nexin links. rWhen ATP was added to the treated
axonemes, the doublet microtubules slid past one another as
dynein, attached to the A tubule of one doublet, ,,walked"

Nex in

50 nm

Cent ra l  pa i r
o f  s ing le t
mic ro tubu les

Rad ia l  spoke head

V
,,\, ', '"

B tubu le
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down the B tubule of the adiacent doublet (Figure 18-31b, c).

In an axoneme with intact nexin links, the action of dynein

induces flagellar bending as the microtubule doublets are con-

nected to one another (Figure 18-31a). How specific subsets

of dynein are activated and how a wave of activation is prop-

agated down the axoneme are not yet understood.

In t ra f lagel lar  Transpor t  Moves Mater ia l  Up and

Down Ci l ia  and Flagel la

Although axonemal dynein is involved in bending flagella,

another type of motil i ty has been more recently observed.

< EXPERIMENTAL FIGURE 18-30 Video microscopy shows

ffagef far movements that propel sperm and Chlamydomonas

forward. In both cases, the cells are moving to the left. (a) In the

typical  sperm f  lagel lum, successive waves of  bending or ig inate at

the base and are propagated out toward the tip; these waves push

against the water and propel the cell forward. Captured in this

multiple-exposure sequence, a bend at the base of the sperm in

the first (top) frame has moved distally halfway along the

f lagel lum by the last  f rame A pai r  of  gold beads on the f lagel lum

are seen to s l ide apart  as the bend moves through thei r  region '
(b) Beating of the two flagella on Chlamydomonas occurs in two

stages, called the effective stroke (top three frames) and the

recovery stroke (remarning f rames). The effective stroke pulls the

organism through tlre water. During the recovery stroke, a

different wave of bending moves outward from the bases of the

f lagel la ,  pushing the f lagel la  a long the sur face of  the cel l  unt i l  they

reach the position to init iate another effective stroke Beating

commonly occurs 5-10 times per second. IPart (a) from C Brokaw,

1991, J Cett Biol 114(6): cover photograph; courtesy of C Brokaw Part (b)

courtesy of S Goldstein l

Careful examination of f lagella on the biflagellate green

microscopy revealed that the particles moved between the

outer doublet microtubules and the plasma membrane

(Figure 1.8-32). Analysis of algal mutants demonstrated

thai the anterograde movement is powered by kinesin-2

and that retrograde movement is powered by cytoplasmic

dynein.
\fhat is the function of IFT? Because all the microtubules

have their growing (+ ) ends at the flagella tip, this is the site

at which new tubulin subunits are added' In cells defective

cific to IFT.
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a- tunute2
A-tubule.-: . ,_

< FIGURE 18-31 Cil ia and flagella bending mediated by
axonemal dynein. (a) Axonemal dynein attached to an A tubule
of  an outer  doublet  pul ls  on the B tubule of  the adjacent  tubule
t ry ing to move to the ( - )  end Because the adjacent  tubules are
tethered by nexin,  the force generated by dynein bends the c i l ium
or f lagel lum, (b)  Exper imenta l  ev idence for  the model  in  (a) .  When
the nexin l inks are c leaved wi th a protease and ATp added to
induce dynein act iv i ty ,  the microtubule doublets s l ide past  one
another  (c)  Electron micrograph of  two doublet  microtubules in  a
protease-treated axoneme incubated with ATp In the absence of
cross- l ink ing prote ins,  doublet  microtubules s l ide excessively  The
dynein arms can be seen pro ject ing f rom A tubules and interact ing
with B tubules of the left microtubule doublet. Ipart (c) courtesv of
P Sat i r  l

Axonemal  
'  . :  l l

dyne in

Motor walks
towards (-) end,
constrained by
nex in  l inks

Activation of dynein bends
micro tubu le  doub le ts

I
I
V

(b) Nexin l inks removed by protease

sembled from the centrosome, with one of the centrioles func-
tioning as its basal body, Clues to the function of the primary
cilium came from the discovery that loss of a mammalian ho-
molog of a Chlamydomonas IFT protein results in defects in
the primary cilium and causes autosomal recessive polycystic
kidney disease (ADPKD). It is believed that the primarv cilia
on the epithelial cells of the kidney collecting rubule act as
mechanochemical sensors to measure the rate of fluid flow by
the degree to which they are bent.

Primary cilia are also involved in other sensory roles. The
sense of smell is due to reception of odorants by the odorant
receptors located in the primary cilium of olfactory sensory
neurons in the nose. In another example, the rod and cone

this transport cause retinal degeneration. Given these roles
for primary cilia in sensory detection, it is not surprising that
defects in primary cilia can have wide,ranging consequences.
For example, patienrs with Bardet-Biedl syndrome, which
affects basal bodies and cilia, have retinal degeneration and
cannot sme as well as several other disorders, suggesting
that primar cilia are involved in many processes yet to be
uncovered.

Activation of dynein causes
micro tubu les  to  s l ide  pas l
one another

Figure 18-13), which lacks both
tubules and the dynein side arms.

the central pair of micro-
The primary cilium is as-

pair of
doubletDefects  in  In t raf lagel lar  Transpor t  Cause

Disease by Af fect ing Sensory pr imary Ci l ia

Cilia and Flagella: Microtubule-Based Surface
Structures

and flagella are microtubule-based cell-
surface structures with a characteristic central
singlet microtubules and nine sets of ourer
microtubules (see Figure 18-29).

r All cilia and flagella grow from basal bodies, srrucrures
with nine sets of outer triplet microtubules and closely re-
lated to centrioles.

\'lost vertebrate cells contain a solitary nonmotile cil_
ri ' 'r, known as the plimary cil ium (Frgure lg-33; see

Axonemal dynein

780 C H A P T E R  1 8  |  C E L L  O R G A N T Z A T T O N  A N D  M O V E M E N T  l l M I C R O T U B U L E S  A N D  I N T E R M E D I A T E  F I L A M E N T S



L8LstsolttA

ereA; .rsner ro (Parlalop lou ualJo sI lI osef, q)ll{.A UI) Ieqlol
eq JJqtre ueJ eurosoruoJqJ e Jo ureS Jo ssol-esrf,eJd .,(Je^
oq o1 spq ssaford srrJJ 'sller rerqSnPP oqr or per€8or3os erE
seurosoruorqr patellldnp eqr qllq^\ lq ssarord aqt 'slsolllu

reruo pur' (7 deB ro;) z3 pa11ec por rad e q8norqr ssed uaql
sllrJ allf 'sutsaqo) pelier surelorci dq qr8ual rraqr 8uole
.raqteSot plal{ cre .{aqt 'patecrldnp are setuosoluorgr len
-pl^lpul eqt eruo '(aseqd srsagtu.(s ro;) aseqd S se u^\ou{
porrad e iiurrnp acuo dlastrard sauosourorql rlel{l arerryd
-np sllar 'g7 .rardeq3 ur possn)srp ssacord pateln8ar ̂tq8tq
e 'oyr,tlr;: JVI Surrnq 'uotsIAIp 

l]al LIJea lE soluosotu
-orqr rreql ete8a.r8as ,(11nyqrre; uaqt pue arerrldnp .{laternc
-rE ot sllar ;o drrlrqe eqt sr Ierlllrl tsoru aIJl sdeq.red 't1l 

Jo
uortuntad;ad pue eruatsrxa eql lrurad IEI{] stue^e eqt II€ JO

srsolrlN EEL

pue erlrJ ;o qfual pue uoltluny aqr sareln8ar trodsuerl
srql 'urau.{p crruseldotdc dq aseq agl ot lleg drl aqt ruor;
pue Z-ursourl dq drl eqt ol sal]euB8ro trodsuert o] 'lrod

-sue.lt .re11e3e11e.rlut 'tustupqf,atu e e^eq e11e3eg pue €IIIJ r

[ 928-€ L8:€
A5olotg p7 )qDapry sMatAaA aJnleN '9697 'ueLu]lM I 9 pue Lunequasou

I I uror+ (q) ueal ujnlle6el; seuowopt{welq) e lo uol})as e ur selltyed

lll sMoqs qder6orrtur uor])olo uotl)as-uttlf (q) ureu{p :tuseldoy{l

[8Lt-601:l.St lotS ilD t 'o0oz'lP]arnozPd D u.rorll asnou-l luelnul aq]
ur sqnls uoqs ore q)rqM 'erlr) fuer-urrd aq] o] ]ulod sMorrv salllued

-Lll oq] +o lueuoduot e ur a^lilalop esnou luelnul e pue 0la/) asnoLu

ad{t-plrna e uror+ alnqn} 6urlta1lol e +o slla) lerleqtrda io sqde-r6orltu.t
uor])ola 6utuuet5 'app.red 11l oql;o sluauodtuor 6ut1re1

sluelnu asnou ut unlll) {.reu;.td a^l})o+aq €€-81 lgngll V

ol raqlouE to Olnqnl
-nop euo uo oFqnl v

'BIIObelJ pue PIIrI Pusq
g ar{l qll,\\ lrerelul eFqnlorrlul lelg
aql or pol{relle sureudp lerueuoxv r

{q palerpauL st aseq oq} prennol podsuel} seolotlM 'Z-ulsaul)

uo iuepuadap sr dr1 eqt o1 sellt;red eql ,Lo podsuel salnqnlor]ltll

Ialqnop ralno aq] pue ouerqLUau euseld eql uoaMiaq papodsuetl

aie sal)tued (e) 'uodsue.rt.re;;e6e;1el1u1 Z€-81 lUnglJ V

eseq un;lebe;1
(-)(-)

ureu,{p cruse;doil3 s

7-ulseur; ffi
tuu 00|,

euerquJet!:e11abe1g

ol nqnlorcr ur
lolqnop ralno

elcrueo lJl

al nqnlorcr ur
lalqnop .r

ureuAp
cruseldoy\c
Iq pera^ od
luauo^or.rJ

pelcer I p-oseE

sol nq nlorcr ur
lalqnop rolno

alnq nlorcrur
lelluoS

uteulp
crurse;do1A3

solcrueo Ill

z-ursour)

auelquiol.!
eurseld

tuelnlAad^] plrM

euelquoul le11ebe13- L

d11 un1;ebe11(e)



srNSt lv'llJ llvlclt uSl-Nl cNV st'tngnJ-ou)[ t :il rN]rAl^ow cNV NotrvztNvguo 'l'lt) 
I gr urravg:Z8L

urpuroJ sprleuoJrll Jolsrs o.,ta.l er{l alaql\ ,uor8e; JrJer.uoJl
-uer aqt lE ldeJxe paper8ep are ,eBels srqt le pa11er are daql
sE sPrleuoJrlJ Jetsrs ;o 'raqta80t eruosoruoJr.lf parerrldnp
aqr Surploq surseqoJ .asuapuor ol ur8aq souosotuorr{f, pup
u.^Aop s1eerg snloolrnu aql ,snaJcnu Jr{t ul .lleJ popunor
e ol asrJ e,nrB ol pa8uerreer dlleraua8 sr uortezruB8ro
tueruelrJorrru eqr pue ,porleq arB srsoldroxa pue srsollc
-opua 'uortrppe uI 'pelquessesrp sr .salnqnlo.rrru 

;o .,(erre
oseqdralur oql uo ruapuadap dyleurou ,suatsds souerqrueru
to JopJo leuJalur orlt pue ,sdots srsaqtu,{s urelord ,puocag
'seruosouroJqc saleredas rEql ernlf,nJts paseq-elnqnloJJ
-nu oqt 'alpurds rrlouru aqr ;o salod o^\l eql ouroleq IIr^\
pue snelJnu er{r Jo seprs atrsoddo ol eloru ueql srolse o^\1
0I{I 'srelse se u.AAouI selnqntorf,rru crureudp ;o dlqurasse

to selrs o.^a] seprloJcl srql 'uorl?ellnu elnqnlorf,rru ur e^rl
-re erorrl aruoJeq (^\oloq eas) sauosortuor paleolldnp aql
sr pareldar sr selngnlortnu to der-re aseqdtelur eql ,ts.rrg
'slua^e f,IlEtuPrP puE PoleurProot Jo requnu e dg paleu
-8rs sr 'eseqdord pa11er 'srsolnu;o e8els rsrrJ eqJ 'ssacord

snonurJuor e sr lr dtrlear ur rng .(Ett-g1 arn8r4) uortdrrcsap

Jo esea ro; se8els lpra^os olur dn pepl^lp urrq seg srsolrtr J
seseqd xts olur pap!^!c ag ue) stsoltl l

',(Soyorq ur sasselo.rd
eleJnfre tsoru eqt Jo euo tr se>letu r{Jlr{r1\ ,suorsr,rrp

IIal 000'00I d.rale satuosoruol.lJ 9I s]l to auo sate8er8as
-sttu dyuo lsead 1eq1 petErurlsa sl rI 'suorlEcrldtuoc

I uupur]]rM 1lo {sapnot slldplbollur (e) Uedl
solnqnlor)tur oloq)olaur) oq] ol sluoulqleue so)eLU q)tqM ,sullo]

0ror.])ol0ur) oq] alaqM e]rs eq] osle st alaulollua) aqf olauolluo)
0ql polle) uot6at peltulsuo) e ]e sursaqo) Iq laqlo6o] ploq

'(xaldnp ypq paletrldet el6uls e q]lM q)eo) sptleLuolql relsrs onn]
seq auJosoulotqt peletr;dnp eql stso]tul ut aulosouJolql pesuapuo)

e +o s].led (q) uotldu)sop +o osea rol seOels olut papt^tp uaoq
Ildtrrs seq 1r pue'sse>o.rd snonutluo) e st slso]ttyulaq] ul rn))o ]eq]

sluona oLl] pue se6e1s ]uole++tp aq] Moqs suer6erp ramol utlnqn]
ro1 ueetb pue VNC lo] anlq poutels sllo) Z;11d parn]lnl ur se6e1s

nnoqs slaued roddn (p) .stsoltru 
;o se6e1s orll t€-gl lunglJ V

e1e;d aseqdelaut
aql le pau6r;e saulosoutolqO

lotenbo alpurds aq1
ol lqOnoiq pue patuouo-tq

'par nloec soulosoulol qc
'uMop)eerq odolanuo leelcnN

uorlesuapuoc oulosoulol qc
'uorleJedas lalse cllot!l l

'srolse crloilr.! Aq luoLuoceldel
s1r pue Ie;dsrp olnqnlorctt!

aseqdlolut lo uA op)eoJg

sprleuorqc rolsts

uorlectlonp eurosoJluas
'uotsoqoc pue

uorlecr ldnp olrlosotuol LIC

aseqdlalul aseqdord

lllll> s!solrl l :uolleturuv



APC/C activated and
cohes ins  degraded
Anaphase A: Chromosome
movement to poles
Anaohase B:
Sp ind le  po le  separa t ion

attached by cohesins (Figure 18-34b). As discussed in more
detail in Chapter 20, all these events are coordinated by a
rapid increase in the activity of the mitotic cyclin-CDK
complex, which is a kinase that phosphorylates multiple
protelns.

The next stage of mitosis, prometaphase, is init iated by
the breakdown of the nuclear envelope and the nuclear
pores and disassembly of the lamin-based nuclear lamina.
Microtubules assembled from the spindle poles search and
"capture" chromosome pairs at specialized structures
called kinetochores. Each chromatid has a kinetochore, so
sister chromatids have two kinetochores, each of which
becomes attached to opposite spindle poles during
prometaphase. lfhen they are attached to both spindle
poles, sister chromatids align equidistant from the two

spindle poles in a process known as congression. Prometaphase
continues unti l all chromosomes have congressed, at which
point the cell enters the next stage, metaphase, defined as
the stage when all the chromosomes are aligned at the
metaphase plate.

The next stage, anaphase, is induced by activation of
the anaphase-promot ing complex/cyc losome (APC/C).

The activated APC/C leads to the destruction of the co-
hesins, proteins holding the sister chromatids together, so
that now each separated chromosome can be pulled to its
respective pole by the microtubules attached to its kineto-
chore. This movement is known as anaphase A. A separate

and distinct movement also occurs: the movement of the

spindle poles far ther  apar t  in  a process known as

inapbase B. Now that the chromosomes have separated'

the cell enters telophase, when the nuclear envelope re-

forms, the chromosomes decondense, and the cell is

pinched into two daughter cells by the contracti le ring

during cytokinesis.

Centrosomes Dupl icate Ear ly  in  the Cel l  Cyc le in

Preparation for Mitosis

In order to separate the chromosomes at mitosis, cells du-

plicate their MTOCs-their centrosomes-coordinately

with the duplication of their chromosomes in S phase (Fig-

ure 18-35). The duplicated centrosomes separate and be-

come the two MTOCs-the spindle poles-of the mitotic

spindle. The number of centrosomes in animal cells has to

bi . ' ..y carefully controlled. In fact, many tumor cells

have more than two centrosomes, which contribute to

genetic instabil ity resulting in missegregation of chromo-

somes a.td hence aneuploidy (unequal numbers of chro-

mosomes).
As cells enter mitosis, the activity of the two MTOCs-

their ability to nucleate microtubules-increases greatly as

they accumulate more pericentriolar material. Because the

microtubules radiating from these two MTOCs now resem-

ble stars, they are often called mitotic asters.

Nuclear envelope reassembly,
Assembly of contracti le r ing

Reformation of interphase microtubule array,
Contracti le r ing forms cleavage furrow
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  FIGURE 18-35 Relation of centrosome duplication to the cell
cycle. After the pair of parent centrioles (green) separates slightly, a
daughter  centr io le (b lue)  buds f rom each and e longates By Gr,
growth of the daughter centrioles is complete, but the two pairs
remain wi th in a s ingle centrosomal  complex Ear ly  in  mi tos is ,  the
centrosome splits, and each centriole pair migrates to opposite sides
of the nucleus The amount of pericentriolar material and the activity
to nucleate microtubule assembly increases greatly in mitosis In
mi tos is ,  these MTOCs are cal led spindle ooles

The Mi tot ic  Spindle Conta ins Three Classes of
Microtubules
Before we discuss the mechanisms involved in this remarkable
process, it is important to understand the three distinct classes
of microtubules that emanare from the spindle poles, which is
where all their (-) ends are embedded. The first class is the

( a )

astral microtubules, which extend from the spindle poles to the
cell cortex (Figure 18-36). By interacting with the cortex, the
astral microtubules perform the critical function of orienting
the spindle with the axis of cell division. The second set link the
spindle poles to the kinetochores on the chromosomes and are
therefore called kinetochore microtubules. This set of micro-
tubules first finds the chromosomes, then attaches them
through the two kinetochores to both spindle poles and at
anaphase A transports them to the poles. The third set of mi-
crotubules extend from each spindle pole body toward the op-
posite one and interact together in an antiparallel manner; these
are called polar miuotubules.These microtubules are responsi-
ble initially for pushing the duplicated centrosomes apart dur-
ing prophase, then for maintaining the srructure of the spindle,
and then for pushing the spindle poles apart in anaphase B.

Note that all the microtubules in each half of the sym-
metrical spindle have the same orientation except for some
polar microtubules, which extend beyond the midpoint and
interdigitate with polar microtubules from the opposite pole.

Microtubule Dynamics Increases Dramat ica l ly  in
Mi tos is

Although we have drawn static images of the stages of mi-
tosis, microtubules in all stages of mitosis are highly dy-
namic. As we saw above, as cells enter mitosis, the abil ity of
their centrosomes to nucleate assembly of microtubules
increases s igni f icant ly  (see Figure 18-35) .  In  addi t ion,
microtubules become much more dynamic. How was this de-
termined? In principle, you could watch microtubules and

(b )

A FIGURE 18-36 Mitot ic spindles have three dist inct classes of
microtubules. (a) In this high-voltage electron micrograph,
mic ro tubu les  were  s ta ined w i th  b io t in - tagged an t i - tubu l in  an t ibod ies
to increase their size The large cyl indrical objects are chromosomes,
(b) Schematic diagram corresponding to the metaphase cel l  in (a)
Three sets of microtubules (MTs) make up the mitot ic apparatus Al l

Zone of interd i  gitat ion

K i n e t o c h o r e M T  r -  ' l
Ki netochore

Po le
(centrosome)

Polar MTs Chromosome

the microtubules have their (-) ends at the poles. Astral microtubules
project toward the cortex and are l inked to it Kinetochore
microtubules are connected to chromosomes polar microtubules
prolect toward the cell center with their distal (+) ends overlapping
The spindle pole and associated microtubules is also known as a
mrtotrc aster [Part (a) courtesy of J R Mclntosh I
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follow their individual behaviors. However, in general, there
are too many microtubules in a mitotic spindle to do this. To
get an average value for how dynamic microtubules are, re-
searchers have introduced fluorescent labeled tubulin into
cells, which becomes incorporated randomly into all micro-
tubules. They then bleach the fluorescent label in a small re-
gion of the mitotic spindle and measure the rate at which flu-
orescence comes back in a technique known as fluorescence
recouery after photobleaching (FRAP) (see Figure 1,0-1,2).
Since the recovery of fluorescence is due to assembly of new
microtubules from soluble fluorescent tubulin dimers. this
represents the average rate at which microtubules turn over. In
a mitotic spindle, their half-life is about 15 seconds, whereas
in an interphase cell, it is about 5 minutes. It should be noted
that these are bulk measurements and individual populations
of microtubules can be more stable. as we will see.

What makes microtubules more dynamic in mitosis? Dy-
namic instability is a measure of relative contributions of
growth rates, shrinkage rates, catastrophes, and rescues.
Analysis of microtubule dynamics in vivo shows that the en-
hanced dynamics of individual microtubules in mitosis is
mostly generated by increased catastrophes and fewer rescues,
with little change in rates of growth (i.e., lengthening) or
shrinkage (i.e., shortening). Studies with extracts from frog
oocytes have suggested that the main factor enhancing catas-
trophes in both interphase and mitotic extracts is depolymer-
izing by kinesin-13 proteins. This can be seen in an in vitro

assay where microtubule assembly from pure tubulin is nucle-

ated from purified centrosomes (Figure 1'8-37a).If kinesin-13

is added into the assay, many fewer microtubules are formed.

However, if the stabilizing microtubule-associated protein

called XMAP215 is added with the kinesin-13, many micro-

tubules are formed due to a dramatic reduction in catastrophe

frequency. It turns out that the activity of kinesin-13 does not

change significantly during the cell cycle, whereas the activity

of XMAP215 is inhibited by its phosphorylation during mito-

sis (Figure 1,8-37b). This results in much more unstable mi-

crotubules as the cell enters mitosis (Figure 1'8-37c).

Microtubules Treadmi l l  Dur ing Mi tos is

In addition to being highly dynamic in terms of assembly and

disassembly microtubules in the mitotic spindle are tread-

milling-that is, constantly adding dimers at the microtubule

(+ ) end and losing them at the (- ) end. Treadmilling can be re-

vealed by expressing small amounts of GFP-tubulin in mitotic

cells, which is incorporated randomly into microtubules, giv-

ing rise to fluorescent speckles where the concentration of in-

corporated GFP-tubulin happens to be higher. These speckles

orovide a marker on the microtubules, so by following them in

" 
liuing cell, one can determine if the microtubules are station-

ary with respect to spindle poles or moving (Figure 18-38). Ex-

periments such as these show that microtubules are constantly

treadmilling in prometaphase, metaphase' and anaphase.

Tubu l in  a lone Tubu l in  +
k i  nes in -1  3

Tubu l in  +
k ines i  n -1  3

+ XMAP215

< EXPERIMENTAT FIGURE 18-37
Microtubule dynamics increases in mitosis
due to loss of a stabil izing MAP. (a) These
three panels reveal the abil ity of centrosomes
to assemble microtubules from pure tubulin
(/eft); tubulin and the destabil izing protein
k inesin-13 (middle) :  or  tubul in ,  k inesin-13,  and
the stabil izing protein XMAP2 15 (Xenopus

MAP of 215kD) (ngrht). Further analysis shows
that the major effect of XMAP21 5 is to
suppress catastrophes induced by kinesin-1 3
(b) The increased dynamics of microtubules in
mitosis is due to the inactivation of XMAP21 5
by phosphorylation (c) Diagram relating the
dfferent stabil it ies of microtubules in
interphase and mitosis. Note that in addition
to differential stability between interphase and
mitosis, the abil ity of MTOCs lo nucleate
microtubules also increases dramatically in
mitosis (see Figure 18-35). [Part (a) from Kinoshita
et al , 2001, Science2g4:]340-1343 Part (b) from
Kinoshita et al . 2002, Trends Cell Biol 12t267-2731
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  EXPERIMENTAL FTGURE 18-38 Microtubules in  mi tos is
treadmill toward the spindle poles. (a) A small amount of GFp-
tubulin was expressed in cultured ptKl cells to visualize microtubules
and generate "speckles" along them due to random uneven
incorporation of GFP-tubulin (b) By following speckles in time, the

The Kinetochore Captures and Helps Transpor t
Chromosomes
To attach to microtubules, each chromosome has a special-
ized structure called a kinetochore. It is located at the
centromere, a constricted region of the condensed chromo-
some defined by centromeric DNA. Cenrromeric DNA can
vary enormously in size; in budding yeast it is about 125 bp,
whereas in humans it is on the order of 1 Mbp. Kinetochoris
contarn many protein complexes to l ink the centromeric
DNA eventually to microtubules. In animal cells, the kineto-
chore consists of an inner centromere and inner and outer

oo'
0.2 0.4 0.6 0.8 1.0

Flux velocity (pm/min)

direction and rate of movement of microtubules can be determined,
color-coded according to the rate shown in (c) This analysis shows
that  microtubules t readmi l l  (or  " f lux")  in  these cel ls  at  about  0 7
pm/min toward the poles [From L A Cameron, 2006, J Cett Biol 173:
173-179 l

kinetochore layers, with the (+ ) ends of the kinetochore mi-
crotubules terminating in the outer layer (Figure 18-39).
Yeast kinetochores are attached by a single microtubule to
their pole, human kinetochores are attached by about 30,
and plant chromosomes by hundreds.

How does a kinetochore become attached to microtubules
in prometaphase? Microtubules nucleated from the spindle
poles are very dynamic, and when they contact the kineto-
chore, either laterally or at their end, this can lead to chromo-
somal attachment (Figure 1.8-40a, steps IE and IIil).
Microtubules "captured" by kinetochores are selectively

1 .2

  FIGURE 18-39 The structure of a mammalian kinetochore.
Diagram and electron micrograph of a mammalian kinetochore

[Modified from B McEwen et al , i 998, Chromosoma 107i366: courtesv of B
McEwen l
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stabil ized by reducing the level of catastrophes, thereby pro-
moting the chance that the attachment will persist.

Recent studies have uncovered a mechanism involving
the small Ran GTPase that enhances the chance that micro-
tubules wil l encounter kinetochores. Recall that the Ran
GTPase cycle is involved in transport of proteins in and out
of the nucleus through nuclear pores (Chapter 13; see Figure
1.3-36). During mitosis, when the nuclear membrane and
pores have disassembled, an exchange factor for the Ran
GTPase is bound to chromosomes, thereby generating a
higher local concentration of Ran-GTP. Because the enzyme
that stimulates GTP hydrolysis on Ran-Ran GAP-is
evenly distributed in the cytosol, this generates a gradient of
Ran-GTP centered on the chromosomes. Ran-GTP induces

the release of factors that promote the growth of micro-

tubules, in this way biasing growth of microtubules nucle-

ated from spindle poles toward chromosomes.
Once attached to microtubules, the motor protein

dynein/dynactin located at the kinetochore moves the

chromosome pair down the microtubule toward the spin-

dle pole (Figure 18-40a, step Z). In this orientation, the

unoccupied kinetochore on the opposite side is pointing

toward the distal spindle pole, and eventually a microtubule

from the distal pole wil l capture the free kinetochore. The

chromosome pair is now said to be bi-oriented (Figwe

78-40a, step B).\7ith the two kinetochores attached to

opposite poles, the duplicated chromosome is now under

tension, being pulled in both directions.

5&
Tethered dynacti  n-dynei n

complex

Attachment by kinesin-7;
mic ro tubu le  assembly

K ines in -4

+
Force from dynein and
micro tubu les  depo lymer iza t ion
by  k ines in -13 ,  and bY k ines in -4
on cnromosome arms

Kines in -13

->
Chromosome

movement

  FIGURE 18-40 Chromosome Gapture and congression in
prometaphase. (a) In the first stage of prometaphase, chromosomes
become attached, either to the end of a microtubule (IE) or to the

side of a microtubule (IE) The duplicated chromosome is then drawn
toward the spindle pole by kinetochore-associated dynein/dynactin as

this motor moves toward the (-) end of a microtubule (E). Eventual ly,

a microtubule from the opoosite oole f inds and becomes attached

to the free kinetochore. and the chromosome is now said to be bi-
oriented (!) The bi-oriented chromosomes then move to a central
point between the spindle poles in a process known as chromosome
congression Note that during these steps, chromosome arms point

away from the closest spindle pole: this is due to chromokinesin/kinesin-
4 motors on the chromosome arms moving toward the (+) ends of the
polar microtubules (b) Congressron involves bidirectional oscil lations of

chromosomes, with one set of kinetochore microtubules shortening on

one side and the other set lengthening on the other. On the shortening
side. a kinesin-'1 3 protein stimulates microtubule disassembly and a

dynein/dynactin complex moves the chromosome toward the pole On

the side with lengthening microtubules, a CENP-E/kinesin-7 protein

holds on to the growing microtubule The kinetochore also contains

many additional protein complexes not shown here lModified from

Cleveland et al , Ce// 112:407-421 l
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This tension is a key part of the mechanism whereby a cell
properly segregates its chromosomes.'When the chromosome
is correctly bi-oriented, the cell senses the tension produced,
and the attachments are stabilized. What happens if both
kinetochores accidentally become attached to the same pole?
In this situation, there is very little tension on the kinetochore
microtubules, and turnover of kinetochore microtubules is
enhanced. Exactly how the cell senses tension is unclear.

Dupl icated Chromosomes Are Al igned by
Motors and Treadmi l l ing Microtubules
During prometaphase, the chromosomes come to lie at the
midpoint between the two spindle poles, in a process known as
chromosome congression. During this process, chromosome
pairs often oscillate backward and forward before arriving at
the midpoint. Chromosome congression involves the coordi-
nated activity of several microtubule-based motors together
with microtubule treadmilling (Figure 18-40b). The oscillating

A FIGURE 18-41 Chromosome movement and spindle pole
separation in anaphase. Anaphase A movement is powered by
microtubule-shortening kinesin-13 proteins at the kinetochore (E[)
and at  the spindle pole (EE) Note that  the chromosome arms st i l l
point away from the spindle poles due to associated chromokinesin/
kinesin-4 members, so the depolymerization force has to be able

behavior involves lengthening of microtubules attached to one
kinetochore and shortening microtubules attached to the other
kinetochore, all without losing their attachments. In meta-
zoans, several microtubule-based motors contribute to this
process. First, dynein/dynactin provides the strongest force
pulling the chromosome pair toward the more distant pole.
This movement requires simultaneous shortening of the micro-
tubule, which is enhanced by kinetochore-localized kinesin-13.
The microtubules associated with the other kinetochore have
to grow as the chromosome moves. Anchored at this kineto-
chore is a kinesin-related motor. kinesin-7. that holds on to the
growing (+ ) end of the lengthening microtubule. Contributing
to congression is also another kinesin, kinesin-4, associated
with the chromosome arms. Kinesin-4, a (+l end-directed mo-
tor, interacts with the polar microtubules to pull the chromo-
somes toward the center of the spindle. rWhen the chromo-
somes have congressed to the metaphase plate, dynein/
dynactin is released from the kinetochores and streams down
the kinetochore microtubules to the poles. These different

';Hn"nnun"

(-)

+-q,
S l i d i n g

--+

to overcome the force pull ing the arms toward the center of the
spindle Anaphase B a lso has two components:  s l id ing of  ant ipara l le l
polar microtubules powered by a kinesin-5 (+) end-directed motor
(E[) and by dynein/dynactin located at the cell cortex pull ing on
astral microtubules (EE). [Modif ied from Cleveland er at , Cett 112:40j421 I
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activities and opposing forces work together to bring all the
chromosomes to the metaphase plate, and when successfully
there, the cell is ready for anaphase. As we discuss in Chapter
20, the cell has a mechanism-the spindle checkpoint-to en-
sure that anaphase does not proceed until all the chromosomes
have arrived at the metaphase plate.

Anaphase A Moves Chromosomes to Poles by
M icrotubu le  Shor tening

The onset of anaphase A is one of the most dramatic move-
ments that can be observed in the light microscope. SuddenlS
the two sister chromatids separate from each other and are
drawn to their respective poles. This appears to work so fast
because the kinetochore microtubules are under tension, and
as soon as the cohesin attachments between chromosomes
are released, the chromosomes are free to move.

Experiments with isolated metaphase chromosomes have
shown that anaphase A movement can be powered by mi-
crotubule shortening, utilizing the stored structural strain re-
leased by removing the GTP cap. This can be nicely demon-
strated in vitro. lfhen metaphase chromosomes are added to
purif ied microtubules, they bind preferentially to the (+)
ends of the microtubules. Dilution of the mixture to reduce
the concentration of free tubulin dimers results in the move-
ment of the chromosomes toward the (-) ends by micro-
tubule depolymerization at the chromosome-bound (+ ) end.
Recent experiments have shown that in Drosophila two
kinesin-13 proteins, a class of microtubule depolymerizing
proteins (see Figure 1,8-1,6), contribute to chromosome
movement in anaphase A. One of the kinesin-13 proteins is
localized at the kinetochore and enhances disassembly there
(Figure 1.8-41, E[), and the other is localized at the spindle
pole, enhancing depolymerization there (Figure 18-41, Eg).
Thus, at least in the fly, anaphase A is powered in part by
kinesin-13 proteins specifically localized at the kinetochore
and spindle pole to shorten the kinetochore microtubules at
both their (+ ) and (- ) ends to draw the chromosomes to the
poles.

Anaphase B Separates Poles by the Combined
Act ion of  K ines ins and Dynein

The second part of anaphase involves separation of the spin-

dle poles in a process known as anaphase B' A maior con-

tributor to this movement is the involvement of the bipolar

kinesin-5 proteins (Figure 1.8-41, EE). These motors associ-

ate with the overlapping polar microtubules, and since they

are (+) end-directed motors, they push the poles apart.

While this is happening, the polar microtubules have to

grow to accommodate the increased distance between the

spindle poles-at the same time as the kinetochore micro-

tubules are shortening for anaphase A! Another motor-the

microtubule (- ) end-directed motor cytoplasmic dynein,

localized and anchored on the cell cortex-pulls on the as-

tral microtubules and thus helps separate the spindle poles
(Figure 18-41.,8f|).

Addi t ional  Mechanisms Contr ibute to  Spindle
Format ion
There are a number of cases in vivo where spindles form in

the absence of centrosomes. This implies that nucleation of

microtubules from centrosomes is not the only way a spin-

dle can form. Studies exploiting mitotic extracts from frog

eggs-extracts that  do not  conta in centrosomes-show

that the addition of beads covered with DNA is sufficient

to assemble a relatively normal mitotic spindle (Figure 18-

42\. In this system, the beads recruit preformed micro-

tubules, and factors in the extract cooperate to make a

spindle. One of the factors necessary for this reaction is cy-

toplasmic dynein, which is proposed to bind to two micro-

tubules and migrate to their (-) ends and thereby draw

them together.

Cytokinesis Spli ts the Duplicated Cell in Two

During late anaphase and telophase in animal cells, the cell

assembles a microfilament-based contractile ring attached to

Xenopus
egg extracts

Add f luorescent
tubu l in  and

DNA-covered
beads

  EXPERIMENTAL FIGURE 18-42 Mitotic spindles can form in
the absence of centrosomes. Centrosome-free extracts can be
isolated from frog oocytes arrested in mitosis by centrifuging eggs to
separate a soluble material from the organelles and yolk When
fluorescently labeled tubulin (green) is added to extracts together

with beads covered with DNA (red), mitotic spindles spontaneously
form around the beads from randomly nucleated microtubules

lModified from Kinoshita et al , 2002, Trends Cell Biol 12:267-273, and

Antonio et al , 2000, Cell 1O2:425 l
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the plasma membrirne that wil l eventually contract and
pinch the cell into two, a process known as cytokinesis (see
Figure 18-34). The contracti le ring is a thin band of actin fi l-
aments of mixed polarity interspersed with myosin-II bipo-
lar f i laments (see Figure 17-34). On receiving a signal, the
ring contracts first to generate a cleauage furrow and then to
pinch the cell into two. Two aspects of the contracti le ring
are essential to its function. First, it has to be appropriately
placed in the cell. It is known that this placement is deter-
mined by signals provided by the spindle, so that the ring
forms equidistant between rhe two spindie poles. Recent
work with Drosophila mutants has suggested that compo-
nents that accumulate at the central point of the spindle dur-
ing anaphase direct the formation of the contracti le ring.
However, the molecular signals involved in coordinating
spindle position and the position of the contracti le ring are
sti l l  being unraveled.

The second important aspect of the contracti le ring is the
timing of its contraction-if i t contracted before all chromo-
somes have moved to their respective pclles, disastrous
genetlc consequences would ensue. Again, the mechanism
whereby this timing is determined is being unraveied.

Plant  Cel ls  Reorganize Thei r  Microtubules and
Bui ld  a New Cel l  Wal l  in  Mi tos is

lnterphase plant cells lack a central MTOC that organizes
microtubules into the radiating interphase array typical of
animal cells. Instead, numerous MTOCs line the cortex of
plant cells and nucleate the assembly of transverse bands of
microtubules below the cell wall (Figure 18-43,left).The mt-
crotubules, which are of mixed polarity, are released from
the cortical MTOCs by the action of katanin, a microtubule,
severing protein; loss of katanin gives rise to very long mi-
crotubules and misshapen cells. The reason for this is that
these cor t ica l  microtubules,  which are cross- l inked by
plant-specific MAPs, aid in laying down extracellular celiu-
lose microfibri ls, the main component of the rigid cell wall
(see Figure 19-37).

Although mitotic events in plant cells are generally sim-
ilar to those in animal cells, formation of the spindle and
cytok inesis  have unique features in  p lants (F igure 18-43) .
Plant cells bundle their cortical microtubules into the pre-
prophase band and reorganize them into a spindle at
prophase without the aid of centrosomes. At metaphase.

Preprophase
band

  F IGURE 18-43 Mi tos is  in  a  h igher  p lan t  ce l l .
lmmunof  luorescence mic rographs  ( top)  and cor respond ing  d iagrams
(botton) showing arrangement of microtubules in interphase and
mitot ic plant cel ls A cort jcal array of mtcrotubules girdles a cel l
dur ing  in te rphase Webs o f  mic ro tubu les  cap the  growing  ends  o f
p lan t  ce l l s  and remain  in tac t  dur ing  ce l l  d iv is ion  As  a  ce l l  en ters
prophase,  the  mic ro tubu les  are  bund led  around the  nuc leus  and
reorgan ized in to  a  sp ind le  tha t  appears  s imi la r  to  tha t  in  metaphase

Ph rag  mop las t

Ce l l  o la te

an imal  ce l l s  By  la te  te lophase,  the  nuc lear  membrane has  re - fo rmed
around the  daughter  nuc le i  and the  Go lg i -der ived  phragmoplas t  has
assembled a t  the  equator ia l  p la te  Add i t iona l  smal l  ves ic les  der ived
f rom the  Go lg i  complex  accumula te  a t  the  equator ia l  p la te  and fuse
with the phragmoplast to form the new cel l  plate lAdapted from
R H Goddard eIal,  1994, Plant Physiol.  104:1; mcrographs courtesy of
Susan M Wick  l

ProphaseI  n te rphase Metaphase Te lophase

\ "
/
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the mitotic apparatus appears much the same in plant and
animal cells. However, the division of the cell into two is
quite different from animal cells. Golgi-derived vesicles,
which appear at metaphase, are transported into the mi-
totic apparatus along microtubules that radiate from each
end of the spindle. At telophase, these vesicles l ine up near
the center of the dividing cell and then fuse to form the
phragmoplast, a membrane structure that replaces the ani-
mal-cell contracti le ring. The membranes of the vesicles
forming the phragmoplast become the plasma membranes
of the daughter cells. The contents of these vesicles, such as
polysaccharide precursors of cellulose and pectin, form the
early cell plate, which develops into the new cell wall be-
tween the dauehter cells.

Mitosis

r Mitosis-the accurate separation of duplicated chromo-
somes-involves a molecular machine comprising dynamic
treadmilling microtubules and molecular motors.

r The mitotic spindle has three classes of microtubules, all
emanating from the spindle poles-kinetochore micro-
tubules, which attach to chromosomes; polar microtubules
from each spindle pole, which overlap in the middle of the
spindle; and astral microtubules, which extend to the cell
cortex (see Figure 18-36).

r In the first stage of mitosis, prophase, the nuclear chro-
mosomes condense and the spindle poles move to either
side of the nucleus (see Figure 18-34).

r At prometaphase, the nuclear envelope breaks down
and microtubules emanating from the spindle poles cap-
ture chromosome pairs at their kinetochores. Each of the
two k inetochores on the dupl icated chromosomes
becomes attached to the two spindle poles, which allows
the chromosomes to congress to the middle of the
spindle.

r At metaphase, chromosomes are aligned on the
metaphase plate. The spindle checkpoint system monitors
unattached kinetochores and delays anaphase unti l all
chromosomes are attached.

r At anaphase, duplicated chromosomes separate and
move toward the spindle poles by shortening of the kineto-
chore microtubules at both the kinetochore and spindle
pole (anaphase A). The spindle poles also move apart,
pushed by bipolar kinesin-S moving toward the (+ ) ends of
the polar microtubules (anaphase B). Spindle separation is
also facilitated by cortically located dynein pulling on as-
t ra l  microtubules (see Figure 1,8-40,18-41) .

r Redundant mechanisms contribute to the fidelity of
mitosis since the mitotic spindle has the abil ity to self-
assemble in the absence of MTOCs.

r The position of the actin-myosin based cleavage furrow
is determined by the position of the spindle and at cytoki-
nesis contracts to pinch the cell in two.

Wl Intermed iate Filaments
The third maior f i lament system of eukaryotes is collec-

tively called intermediate filaments. This name reflects their

diameter of about 10 nm, which is intermediate between the

6-8 nm of microfilaments and myosin thick filaments of

skeletal muscle. Intermediate filaments extend throughout

the cytoplasm as well as line the inner nuclear envelope of

interphase animal cells (Figure L8-44). Intermediate fi la-

ments have several unique properties that distinguish them

from microfilaments and microtubules. First, they are bio-

chemically much more heterogeneous-that is' many differ-

enr, but evolutionarily related, intermediate filament sub-

units exist that are often expressed in a tissue-dependent
manner. Second, they have great tensile strength' which is

most clearly demonstrated by hair and nail that consist pri-

marily of the intermediate filaments of dead cells' Third,

they do not have an intrinsic polarity like microfilaments

and microtubules, and their constituent subunits do not

bind a nucleotide. Fourth, because they have no intrinsic

polarity, it is not surprising that there are no known motors

that use them as tracks. Fifth, although they are dynamic in

terms of subunit exchange, they are much more stable than

microfilaments and microtubules because the exchange rate

a EXPERIMENTAL FIGURE 18-44 Localization of two types of
intermediate fi laments in an epithelial cell '  lmmunofluorescence
micrograph of a PtK2 cell doubly stained with keratin (red) and lamin
(blue) antibodies A meshwork of lamin intermediate fi laments can

be seen underlying the nuclear membrane, whereas the keratin
fi laments extend from the nucleus to the plasma membrane

[Courtesy of  R D Goldman ]
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is much slower. Indeed, a standard way to purify intermedi-
ate filaments is to subject cells to harsh extraction condi-
tions in a detergent so that all membranes, microfilaments,
and microtubules are solubil ized, leaving a residue that is
almost exclusively intermediate filaments. Finally, interme-
diate filaments are not found in all eukaryotes. Fungi and
plants do not have intermediate filaments, and insects only
have one class, represented by two genes that express lamin
A/C and B.

These properties make intermediate fi laments unique
and important structures of metazoans. The importance of
intermediate fi laments is underscored by the identif ication
of more than 40 clinical disorders, some of which are dis-
cussed below, associated with defects in genes encoding in-
termediate fi lament proteins. To understand their contribu-
tions to cell and tissue structure, we first examine the
structure of intermediate fi lament proteins and how they
assemble into a filament. We then describe the different
classes of intermediate fi laments and the functions they
perform.

Intermediate Fi laments Are Assembled from
Subuni t  Dimers
Intermediate fi laments (IFs) are encoded in the human
genome by 70 different genes in at least f ive subfamilies.
The defining feature of IF proteins is the presence of a
conserved o-hel ica l  rod domain of  about  310 res idues

( a )
Head Rod ,  Ta i l- - - - - - - - - - |

N-terminus  C- te rminus

that has the sequence features of a coiled-coil motif (see
Figure 3-9a). Flanking the rod domain are nonhelical N-
and C-terminal domains of different sizes, characteristic
of  each IF c lass.

The primary building block of intermediate filaments is a
dimer (Figure 18-45a) held together through the rod do-
mains that associate as a coiled-coil. These dimers then asso-
ciate in an offset fashion to make tetramers, where the two
dimers are in opposite orientations (Figure 18-45b).
Tetramers are assembled end to end and interlocked into
long protofilaments. Four protofilaments associate into a
protofibril, and four protofibrils associate side to side to
generate the 10-nm filament. Thus an intermediate filament
has 15 protofilaments in it. Because the tetramer is symmet-
ric, intermediate filaments have no polarity. This description
of the filament is based on its structure rather than its mech-
anism of assembly: at present it is not yet clear how interme-
diate filaments are assembled in vivo. Unlike microfilaments
and microtubules, there are no known intermediate fila-
ment nucleating, sequestering, capping, or filament-severing
protelns.

Intermediate Fi laments Proteins Are Expressed
in a T issue-Speci f ic  Manner
Sequence analysis of IF proteins reveals that they fall into at
least five distinct homology classes, with four classes show-
ing a strong correspondence between the sequence class and

T ^ + - ^ - ^ -

f i lament classes. (b) A tetramer is formed by antiparallel, staggered
side-by-side aggregation of two identical dimers (c) Tetramers
aggregate end to end and laterally into a protofibri l. In a mature
fi lament, consisting of four protofibri ls, the globular domains form
beaded clusters on the surface [Adapted from N. Geisler et al, 1998,,/,
Mol Biol 282:601; courtesy of Ueli Aebi l

( b )

(c)

Protof ibri l

A FIGURE 18-45 Structure and assembly of intermediate
fi laments. Electron micrographs and drawings of lF protein dimers,
tetramers, and mature intermediate fi laments from Ascan' an
intestinal parasitic worm. (a) lF proteins form parallel dimers through
a highly conserved coiled-coil core domain. The globular heads and
tails are quite variable in length and sequence between intermediate

Protofi lament
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DISTRIBUTION PROPOSED FUNCTION

Acidic keratins

Basic keratins

Epithelial cells

Epithelial cells

Tissue strength
and integrity

Epi the l ia l  ce l l

Muscle,
glial cells,

mesenchymal cells

Sarcomere
organlzatlon,
lntegrlty

Dense bod ies

Smooth muscle Ske le ta l  musc le

ry Neurofilaments Neurons Axon organization
(NFL, NFM, and NFH)

Axon

Nuclear structure
and organization

Nuc leus

the developmental origin of the cell type in which the IF pro-
tein is expressed (Table 18-1).

Keratins that make up classes I and II are found in ep-
ithelia, class III intermediate filaments are generally found in
cells of mesodermal origin, and class IV make up the neuro-
filaments found in neurons. The lamins make up class V,
which are found lining the nucleus of all animal tissues. 

'We

briefly summarize the five different homology classes and
discuss their roles in specific tissues.

Keratins Keratins provide strength to epithelial cells. The
first two homology classes are the so-called acidic and basic
keratins. There are about 50 genes in the human genome en-
coding keratins, about evenly split between the acidic and
basic classes. These keratin subunits assemble into an obli-
gate dimer, so that each dimer consists of one basic chain
and one acidic chain; these are then assembled into a fila-
ment as described above.

The keratins are by far the most diverse of the IF pro-
tein families, with keratin pairs showing different expres-
sion patterns between distinct epithelia and also showing
differentiation-specific regulation. Among these are the
so-called hard keratins that make up hair and nails. These
keratins are rich in cysteine residues that become oxidized
to form disulfide bridges, thereby strengthening them.
This property is exploited by hair stylists: if you do not

l ike the shape of your hair, the disulfide bonds in your hair

keratin can be reduced, the hair reshaped' and the

disulfide bonds reformed by oxidation-known as a

"permanent , "
The so-called soft, or cyto-keratins, are found in epithe-

lial cells. The epidermal-cell layers that make up the skin

provide a good example of the function of keratins. The low-

est layer of cells, the basal layer which is in contact with the

basal lamina, proliferates constantly' giving rise to cells

called keratinocytes. After they leave the basal layer, the ker-

atinocytes differentiate and express abundant cytokeratins.

The cytokeratins associate with desmosomes, specialized at-

tachment sites between cells, thereby providing sheets of

cells that can withstand abrasion' The cells eventually die,

leaving dead cells from which all cell organelles have disap-

peared. This dead cell layer provides an essential barrier to

water evaporation, without which we could not survive. The

life of a skin cell, from birth to its loss from the animal as a

skin flake, is about one month.
In all epithelia, keratin filaments associate with desmo-

somes, which link adjacent cells together, and hemidesmo-

somes. which link cells to the extracellular matrix, thereby

giving cells and tissues their strength. These structures are

described in more detail in Chapter 19.
In addition to simply providing structural support, there

is increasing evidence that keratin filaments provide some
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organization to organelles and participate in signal-
transduction pathways. For example, in response to tissue
injury, rapid cell growth is induced. In epithelial cells it has
been shown that the growth signal requires an interaction
between a cell-growth-signaling molecule and a specific
keratin.

Desmin The class III intermediate fi lament proteins include
vimentin, found in mesenchymal cells; GFAP (glial fibrillary
acidic protein), found in glial cells; and desmin, found in
muscle cells. Desmin provides strength and organization to
muscle cells.

In smooth muscle, desmin fi laments l ink cytoplasmic
dense bodies, into which rhe conrracti le myofibri ls are
also attached, to the plasma membrane to ensure that cells
res is t  overst retching.  In  skeleta l  muscle,  a la t t ice com-
posed of a band of desmin fi laments surrounds the sar-
comere. The desmin fi laments encircle the Z disk and are
cross- l inked to the p lasma membrane.  Longi tudinal
desmin fi laments cross to neighboring Z disks within the
myofibri l, and connections between desmin fi laments
around Z disks in adjacent myofibri ls serve to cross-link
myofibri ls into bundles within a muscle cell. The lattice is
also attached to the sarcomere through interactions with
myosin thick fi laments. Because the desmin fi laments l ie
outside the sarcomere, they do not actively parricipate in
generating contracti le forces. Rather, desmin plays an es-
sential structural role in maintaining muscle integrity. In
transgenic mice lacking desmin, for example, this support-
ing architecture is disrupted and Z disks are misaligned.
The location and morphology of mitochondria in these
mice are also abnormal, suggesting that these intermediate

fi laments may also contribute to organization of or-
ganelles.

Neurofilaments Type IV intermediate filaments consist of
the three related subunits-NF-L, NF-M, NF-H (for NF
light, medium, and heavy)-that make up the neurofi la-
ments found in the axons of nerve cells (see Figure 18-2).
The three subunits differ mainly in the size of their C-terminal
domains, and all form obligate heterodimers. Experiments
with transgenic mice reveal that neurofilaments are neces-
sary to establish the correct diameter of axons, which deter,
mines the rate at which nerve impulses are propagated down
axons.

Lamins The most widespread intermediate fi laments are
the class V lamins, which provide strength and support to
the inner surface of the nuclear membrane (see Figure L8-44).
Lamins are the progenitor of all IF proteins, with the cyto-
plasmic IFs arising by gene duplication and mutation. The
lamins provide a two-dimensional network lying between
the nuclear envelope and the chromatin in the nucleus. In
humans, three genes encode lamins: one encodes A-type
Iamin and two encode B type. The B-type lamin appears to
be the primordial gene and is expressed in all cells,
whereas A-type lamins are developmentally regulated. B-
lamins are post-translationally isoprenylated, which pre-
sumably helps them associate with the inner nuclear enve-
lope membrane. In addition, they bind inner nuclear
membrane proteins such as emerin and lamin-associated
polypeptides (LAP2). Lamins bind multiple proteins and
have been proposed to play roles in large-scale chromatin
organization and the spacing of nuclear pores. As cells en-

< EXPERIMENTAL FIGURE 18-46 Keratin
intermediate fi laments are dynamic as
soluble keratin is incorporated into
fi laments. Monomeric type I keratin was
pur i f ied,  chemical ly  labeled wi th b iot in ,  and
microinjected into l iving epithelial cells The cells
were then fixed at different t imes after injection
and stained with an antibody to biotin and with
antibodies to keratin (a) At 20 minutes after
injection, the injected biotin-labeled keratin is
concentrated in small foci scattered through the
cytoplasm (/eft) and has not been integrated
into the endogenous keratin cytoskeleton
(right). (b) By 4 hours, the biotin-labeled (/eff)
and the keratin fi lamenls (right) display identical
patterns, indicating that the mrcroinjected
protein has become incorporated into the
existing cytoskeleton. [From R K Millel K Vistrom,
and R D Goldman, 1991 ,J Cell Biol 113:843;
courtesy of R D Goldman l

(a) 20 minutes after inject ion

(b) 4 hours after iniect ion
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ter mitosis, lamins become hyperphosphorylated and dis-
assemble; in telophase they reassemble with the reassem-
bling nuclear membrane.

In termediate F i laments Are Dynamic

Although intermediate filaments are much more stable than
microtubules and microfilaments, IF protein subunits have
been shown to be in dynamic equilibrium with the existing
IF cytoskeleton. In one experiment, a biotin-labeled type I
keratin was injected into fibroblasts; within 2 hours, the la-
beled protein had been incorporated into the already exist-
ing keratin cytoskeleton (Figure 18-46). The results of this
experiment and others demonstrate that IF subunits in a sol-
uble pool are able to add themselves to preexisting filaments
and that subunits are able to dissociate from intacr
filaments.

The relative stabil ity of intermediate fi laments presents
special challenges in mitotic cells, which must reorganize
all three cytoskeletal networks in the course of the cell cy-
cle. In particular, breakdown of the nuclear envelope early
in mitosis depends on the disassembly of the lamin fi la-
ments that form a meshwork supporting the membrane. As
discussed in Chapter 20, the phosphorylation of nuclear
lamins by a cyclin-dependent kinase that becomes acrive
early in mitosis (prophase) induces the disassembly of in-
tact f i laments and prevents their reassembly. Later in mito-
s is  ( te lophase),  removal  of  these phosphates by speci f ic
phosphatases promotes lamin reassembly, which is crit ical
to re-formation of a nuclear envelope around the daughter
chromosomes. The opposing actions of kinases and phos-
phatases thus provide a rapid mechanism for controll ing
the assembly state of lamin intermediate fi laments. Other
intermediate fi laments undergo similar disassembly and re-
assembly in the cell cycle.

Defects  in  Lamins and Kerat ins Cause Many
Diseases

There are about  50 known mutat ions in  the human
gene for  type-A lamin that  are known to cause

disease, many of which cause forms of Emery-Dreifuss
muscular  dystrophy (EDMD).  Other  mutat ions in  the
lamin-A gene cause dilated cardiomyopathy. It is not yet
c lear  why these type-A lamin mutat ions cause EDMD,
but perhaps in muscle tissues the fragile nuclei cannot
stand the stress and strains of the tissue, so they are the
f i rs t  to  show symptoms.  Interest ingly ,  other  forms of
EDMD have been t raced to mutat ions in  emer in,  the
lamin-b inding membrane prote in of  the inner  nuclear  en-
velope. Yet other mutations in type-A lamin cause proge-
ria-accelerated aging. Thus the Hutchison-Gilford prog-
er ia ( "premature ly  o ld")  syndrome is  caused by a spl ic ing
error that results in a lamin A with a defective C-terminal
oomaln.

The structural integrity of the skin is essential in order
to wi thstand abrasion.  In  humans and mice,  the K4 and

K14 kerat in  isoforms form heterodimers that  assemble
into protofi laments. A mutant K14 with deletions in ei-
ther  the N- or  the C-terminal  domain can form het-
erodimers in vitro but does not assemble into protofi la-
ments. The expression of such mutant keratin proteins in
cells causes IF networks to break down into aggregates.
Transgenic mice that express a mutant K14 protein in the
basal stem cells of the epidermis display gross skin abnor-
malit ies, primarily blistering of the epidermis, that resem-
ble the human skin disease epidermolysis bullosa simplex
(EBS). Histological examination of the blistered area reveals
a high incidence of dead basal cells. Death of these cells ap-
pears to be caused by mechanical trauma from rubbing of
the skin during movement of the limbs. Sfithout their nor-
mal bundles of keratin fi laments, the mutant basal cells be-
come fragile and easily damaged, causing the overlying epi-
dermal layers to delaminate and blister (Figure 18-47lr.

Epidermis

Dermis

Ep idermis

a EXPERIMENTAL FIGURE 18-47 Transgenic mice carrying a
mutant keratin gene exhibit blistering similar to that in the
human disease epidermolysis bullosa simplex. Histological sections
through the skin of a normal mouse and a transgenic mouse carrying a
mutant K14 keratin gene are shown In the normal mouse, the skin
consists of a hard outer epidermal layer covering in contact with the soft
inner dermal layer. In the skin from the transgenic mouse, the two layers
are separated (arrow) due to weakening of the cells at the base of the
epidermis. [From P Coulombe et al, 1 991, Cell 66:1301 ; courtesy of E Fuchs ]

Mutated
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Like the role of desmin fi laments in supporting muscle tis-
sue, the general role of keratin fi laments appears to be to
maintain the structural integrity of epithelial t issues by
mechanically reinforcing the connections between cells. I

Intermed iate Filaments

r Intermediate filaments are the only nonpolarized fibrous
component of the cytoskeleton and do not have associated
motor proteins. Intermediate fi laments are built from
coiled-coil dimers that associate in an antiparallel fashion
into tetramers and then into protofilaments, 16 of which
make up the fi lament (see Figure 18-45).

r There are five major classes of intermediate proteins,
with the nuclear lamins (class V) being the most ancient
and ubiquitous in animal cells. The other four classes show
tissue-specific expression (see Table 18-1).

r Keratins (classes I and II) are found in animal hair and
nails, as well as in cytokeratin filaments that associate with
desmosomes in epithelial cells to provide the cells and tis-
sue with strength.

r The class III filaments include vimentin, GFAP, and
desmin, which provide structure and order to muscle Z
disks and restrain smooth muscle from overextension.

r The neurofilaments make up class IV and are important
for the structure of axons.

r Many diseases are associated with defects in intermediate
filaments, especially laminopathies, which include a variety
of conditions, and mutations in keratin genes, which can
cause severe defects in skin (see Figure 18-47).

mediate filaments to other structures. Some of these associ-
ate with keratin filaments to link them to desmosomes,
which are junctions between epithelial cells that provides
stability to a tissue, and hemidesmosomes, which are located
at regions of the plasma membrane where intermediate fila-
ments are linked to the extra-cellular matrix (these topics are
covered in detail in Chapter 19). Other plakins are found
along intermediate filaments and have binding sites for mi-
crofilaments and microtubules. One of these proteins, called
plectin, can be seen by immunoelectron microscopy to pro-
vide connections between microtubules and intermediate fil-
aments (Figure 18-48).

Microfi laments and Microtubules Cooperate to
Transport Melanosomes

Studies of mutant mice with light-colored coats has uncovered
a pathway in which microtubules and microfilaments cooper-
ate to transport pigment granules. The color pigment in the
hair is produced in cells called melanocytes, cells very similar
to the fish and frog melanophores discussed earlier (see Figure
1,8-28). Melanocytes are found in the hair follicle at the base
of the hair shaft and contain pigment-laden granules called
melanosomes. Melanosomes are transported to the dendritic
extensions of melanocytes for subsequent exocytosis to the
surrounding epithelial cells. Transport to the cell periphery is
mediated, iust as in frog melanophores, by a kinesin family
member. At the periphery, they are then handed off to myosin
V and delivered for exocytosis. If the myosin V system is de-
fective, the melanosomes are not captured and stay in the cell
body. Thus microtubules are responsible for the long-range
transport of melanosomes, whereas microfilament-based
myosin V is responsible for capture and delivery at the cell

fftli| Coordination and Cooperation
between Cytoskeletal Elements
So far, we have generally discussed the three cytoskeletal
f i laments classes-microfi laments, microtubules, and in-
termediate fi laments-as though they function independ-
ently of one another. However, the example that the
microtubule-based mitotic spindle determines the site of
formation of the microfi lament-based contracti le ring is
just one example of how these two cytoskeletal systems
are coordinated. Here we mention some other examples of
l inkages, physical and regulatory, between cytoskeletal
elements and their integration into other aspects of cellu-
Iar organization.

Intermediate Fi lament-Associated Proteins
Contr ibute to  Cel lu lar  Organizat ion
A group of proteins collectively called intermediate
filament-associated proteins (IFAPs) have been identified
that co-purify with intermediate filaments. Among these are
the family of plakins, which are involved in attaching inter-

A EXPERIMENTAL FIGURE 18-48 Gold-labeled antibody
identifies plectin cross-links between intermediate filaments
and microtubules. In this immunoelectron micrograph of a fibroblast
cell, microtubules are highlighted in red; intermediate fi laments, in
blue; and the short connecting fibers between them, in green
Staining with gold-labeled antibodies to plectin (yellow) reveals that
these fibers contain plectin. [From T. M Svitkina, A B Verkhovsky, and G
G Borisy, 1996, L Cell Biol. 135:991; courtesy of T. M Svitkina l
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Micro tubu le  (+)
end capture  \

< FfGURE 18-49 Cdc42 regulates
microfilaments and microtubules
independently to polarize a migrating
cell. Active Cdc42-GTP at the front of the cell
leads to Rac activation. which results in the
assembly of a microfi lament-based leading
edge (step [). Independently, Cdc42-GTP also
leads to the capture of microtubule (+) ends
and the activation of dynein (step 2; Together
these oull on microtubules to orient the
centrosome (step B) toward the front of the
cell. This reorientation polarizes the secretory
pathway for the delivery along microtubules
of adhesion molecules carried in secretory
vesicles (step Zl). [Based on studies in S Etienne-
Manneville et al , 2005, J. Cell Biol 170:895-901 l

.t,
Actin assembly

Direction of oolarization

cortex. This type of division of labor-long-range transport
by microtubules and short range by microfilaments-has been
found in many different systems, from transport in filamen-
tous fungi to transport along axons.

Cdc42 Coordinates Microtubules and
Microf i laments Dur ing Cel l  Migrat ion
In Chapter 17, we discussed how the polarity of a migrating
cell is regulated by Cdc42, which results in the formation of
an actin-based leading edge at the front of the cell and con-
traction at the back (see Figures 17-44 and18-49, step [). It
turns out that Cdc42 activation at the cell front also leads to
polarization of the microtubule cytoskeleton. This was origi-
nally studied in wound-healing assays (see Figure 17-43)
where it was noticed that when the cells at the edge are in-
duced to polarize and move to fill up the scratch, the Golgi
complex is moved to the front of the nucleus toward the cell
front. Since Golgi localization is dependent on the location of
the MTOC (see Figures 18-1c, 18-27), this was because the
centrosome came to lie in front of the nucleus. Recent studies
have suggested how this happens. Cdc42 activation at the
front of the cell binds the polarity factor Par6, which results
in the recruitment of the dynein/dynactin complex (Figure
1.8-49, step Z). Cortically localized dynein/dynactin then in-
teracts with microtubules pulling on them to orient the cen-
trosome and hence the whole radial array of microtubules
(Figure 18-49, step B). This reorientation of the microtubule
system leads to the reorganization of the secretory pathway
to deliver secretory products, especially integrins to bind the
extracellular matrix, to the front of the cell for attachment to
the substratum for cell migration (Figure 1,8-49, step 4).

Coordination and Cooperation between Cytoskeletal
Elements

r Intermediate filaments are linked both to specific attach-
ment sites, called desmosomes and hemidesmosomes, on
the plasma membrane, as well to microfilaments and mi-
crotubules (see Figure 18-48).

r In animal cells, microtubules are generally utilized for the
Iong-range delivery of organelles, whereas microfilaments
handle their local delivery.

r The signaling molecule Cdc42 coordinately regulates mi-
crofilaments and microtubules during cell migration.

In Chapters 17 and 18 we have seen how microfilaments, mi-
crotubules, and intermediate filaments provide structure and
organization to cells.'$fithout this elaborate system, cells would
lack all order and hence all possibility of function or division.
The name "cytoskeleton" suggests a relatively static structure
on which the cell organization is hung. However, the cytoskele-
ton is actually a dynamic framework responding to signal-
transduction pathways and operating both locally and globally
to provide cells with order to undertake their functions.

In outline, we have elucidated many of the distinct and
common functions of the three filament systems. We know
many of the components and probably all the motors. How-
ever, in many ways this is just an exciting beginning. \fith the
available sequenced genomes and at least in principle a com-
plete inventory of the cytoskeletal components, we have a
parts list. However, a parts list is just that; what we need is to
understand how the parts come together in specific processes.

A very active area of research today is to use the parts list
to systematically identify the localization (through GFP fu-
sions), functions (through RNAi knockdown), and associated
partners (through isolation of protein complexes) of all cy-
toskeletal components. Consider that there are about 45 genes
in animals that encode members of the kinesin family, yet we
only know what a small subset of them do or what cargo they
carry and for what purpose. In each case it is reasonable to
assume the motors are regulated, about which very little is cur-
rently known. As we begin to put all the pieces in place, it will
be increasingly possible to reconstitute specific processes in
vitro. Some aspects of the mitotic spindle have already been re-
constituted, which is an encouraging beginning, but it will be
some time before it is possible to reconstitute the whole process.
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Structural biology is going play a major role because it
wil l allow us to see in detail how different components
work. Consider the large number of proteins that associ-
ate with the microtubule (+ ) end, the so-called *TIPs. 

'We

do not know structurally how they maintain their associa-
tion at the tip, and recent work has suggested that associ-
ations can change in different parts of the cell-again, we
are only just beginning to see how these processes are
regulated.

Perhaps the biggest-and most exciting-challenge is to
uncover how signal-transduction pathways coordinate func-
tions between all the different cytoskeletal elements. 

'We 
are

beginning to see glimpses of what is in store from the signal-
transduction pathways that regulate cell polarity and allow
cell migration.

Although all these studies are likely to be aimed at basic
cell biology, as we can see from the studies of intraflagellar
transport, such studies often open a window into the under-
lying basis of disease, from which strategies for treatments
can be developed. The interplay between basic cell biology
and medicine contributes immensely to the excitement and
social value of working in this area.
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Review the Concepts

l. Microtubules are polar filaments; that is, one end is dif-
ferent from the other. \(hat is the basis for this polarity, how
is polarity related to microtubule organization within the
cell, and how is polarity related to the intracellular move-
ments powered by microtubule-dependent motors?

2. Microtubules both in vitro and in vivo undergo dynamic
instability, and this type of assembly is thought to be intrin-
sic to the microtubule. What is the current model that ac-
counts for dynamic instability?

3. In cells, microtubule assembly depends on other pro-
teins as well as tubulin concentration and temperature.
What types of proteins influence microtubule assembly in
vivo, and how does each type affect assembly?

4. Microtubules within a cell appear to be arranged in
specific arrays. 

'S7hat 
cellular structure is responsible for de-

termining the arrangement of microtubules within a cell?
How many of these structures are found in a typical cell?
Describe how such structures serve to nucleate microtubule
assembly.

5. Many drugs that inhibit mitosis bind specifically to
tubulin, microtubules, or both. What diseases are such drugs
used to treat? Functionally speaking, these drugs can be di-
vided into two groups based on their effect on microtubule
assembly. What are the two mechanisms by which such
drugs alter microtubule structure?

6. Kinesin-1 was the first member of the kinesin motor
family to be identified and therefore is perhaps the best-
characterized family member. What fundamental property
of kinesin was used to purify it?

7. Certain cellular components appeat to move bidirec-
tionally on microtubules. Describe how this is possible given
that microtubule orientation is fixed by the MTOC.

8. The motile properties of kinesin motor proteins involve
both the motor domain and the linker domain. Describe the
role of each domain in kinesin movement, direction of move-
ment, or both.

9. Cell swimming depends on appendages containing
microtubules. What is the underlying structure of these
appendages, and how do these structures generate the force
required to produce swimming?

10. The mitotic spindle is often described as a microtubule-
based cellular machine. The microtubules that constitute the
mitotic spindle can be classified into three distinct types.
What are the three types of spindle microtubules, and what
is the function of each?

11. Mitotic spindle function relies heavily on microtubule
motors. For each of the following motor proteins, predict
the effect on spindle formation, function, or both of adding
a drug that specifically inhibits only that motor: kinesin-5,
kinesin-13, and kinesin-4.

12. The poleward movement of kinetochores, and hence
chromatids, during anaphase A requires that kinetochores
maintain a hold on the shortening microtubules. How does
a kinetochore hold on to shortening microtubules?

13. Anaphase B involves the separation of spindle poles.
\7hat forces have been proposed to drive this separation?
$7hat underlying molecular mechanisms are thought to pro-
vide these forces?

14. Cytokinesis, the process of cytoplasmic division, occurs
shortly after the separated sister chromatids have neared the
opposite spindle poles. How is the plane of cytokinesis de-
termined? I(hat are the respective roles of microtubules and
actin filaments in cytokinesis?

15. Explain why there are no known motors that use inter-
mediate filaments as tracks.
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Analyze the Data

a. Kinesin-l contains two identical heavy chains and
therefore has two identical motor domains. In contrast, ki-
nesin-S contains four identical heavy chains. Electron micro-
scopic analysis of metal-shadowed kinesins results in the im-
ages shown in the top panel. Pretreatment of these kinesin with
an antibody that binds specifically to the kinesin motor do-
main results in the images shown in the lower panel. All four
images are at the same approximate magnification. What can
you deduce about the structure of kinesin-S from these data?

No antibody

Decorated with
k ines in  motor
domain  an t ibody

b. To determine if kinesin-S is a (+) or (-) end micro-
tubule motor, polarity-marked microtubules are generated by
assembling short microtubules from brightly fluorescent tubu-
lin and then elongating those short, bright microtubules using
less fluorescent tubulin. As a result, the microtubules are very
fluorescent at one end and less fluorescent along most of their
length. A perfusion chamber is then coated with purified ki-
nesin-s, which becomes immobilized on the glass surface. The
chamber is then perfused with the polarity labeled micro-
rubules and ATI and microtubule gliding with respect to the
immobilized kinesin-S is observed. The following sequence of
images is obtained. 

'SThich 
end of these microtubules, the bright

or the less bright end, is the (+) end? Do these microtubules
glide on kinesin-S with their (+) or (-) end leading? Based on
these data, is kinesin-S a (+)or (-)end microtubule motor?

c. Kinesin-S can cross-bridge adjacent microtubules.
Polarity marked microtubules are assembled in which tubu-
lin attached to a red fluorescent dye is assembled to form
short red microtubules, which are then elongated with tubu-
lin attached to a green fluorescent dye. The microtubules are
mixed with kinesin-S and observed by fluorescence mi-
croscopy as ATP is added. The following images show a time
sequence of two overlapping and cross-bridged microtubules
as ATP is added. The arrowhead is in a fixed position. Can
you explain what happens when ATP is added to micro-
tubules cross-bridged by kinesin-5?

d. Eg5 is a kinesin-S family member in Xenopus. To
understand Eg5 function in vivo, cells are transfected with
RNAi directed against this motor. The following images are
obtained of mitotic cells. ril/hat function might Eg5 play in
cells ?
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I  t r

False-color image of a section through a desmosome from
neonatal mouse epidermis Electron microscope tomography was
used to generate an image of a special ized cel lular junction, cal led
a desmosome, that helps hold cel ls in the skin together Cell-
adhesion molecules cal led cadherins are blue, membranes from
adjacent cel ls are each outlrned in red, and related intracel lular
molecules, cytoplasmic plaque and intermediate f i laments, are
orange and l ight green, respectively Scale bar is 30 nm [From W
He, P Cowin, and D L Stokes, 2003, Science 3O2(5642): I O9-1 1 3 l

I n the development of complex multicellular organisms

I such as plants and animals, progenitor cells differentiate
I  in to d is t inct  " types"  that  have character is t ic  composi t ions.
structures, and functions. Cells of a given typ. oft.., 

"ggr.-gate into a tissue to cooperatively perform a common func-
tion: muscle contracts; nervous tissues conduct electrical
impulses; xylem tissue in plants transports water. Different
tissues can be organized into an organ, again to perform one
or more specific functions. For instance, the muscles, valves,
and blood vessels of a heart work together to pump blood.
The coordinated functioning of many types of cells and tis-
sues permits the organism to move, metabolize, reproduce,
and carry out other essential activities.

Even simple animals exhibit complex tissue organiza-
tion. The adult form of the roundworm Caenorhabditis
elegans contains a mere 959 cells, yet these cells fall into 1,2
different general cell types and many distinct subtypes. Ver-
tebrates have hundreds of different cell types, including
leukocytes (white blood cells) and erythrocytes (red blood
cells); photoreceptors in the retina; adipocytes, which store
fat; fibroblasts in connective tissue; and hundreds of differ-
ent subtypes of neurons in the human brain. Despite their
diverse forms and functions, all animal cells can be classi-
f ied as being components of just f ive main classes of t issue:
epithelial tissue, connectiue tissue, muscular tissue, neruous
tissue, and blood. Various cell types are arranged in precise
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INTEGRATING CELLS
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patterns of staggering complexity to generate tissues and
organs. The costs of such complexity include increased
requirements for information, material, energS and time
during the development of an individual organism. Although
the physiological costs of complex tissues and organs are
high, they confer the ability to thrive in varied and variable
environments, a maior evolutionary advantage.
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The complex and diverse morphologies of plants and
animals are examples of the whole being greater than the
sum of the individual parts, more technically described as
the emergent properties of a complex system. For example,
the distinct mechanical properties of rigid bones, f lexible
joints, and contracting muscles permit vertebrates to move
efficiently and achieve substantial size. One of the defining
characteristics of animals with complex tissues and organs
(metazoans) such as ourselves is that the external and inter-
nal surfaces of most of their tissues and organs, and indeed
the exterior of the entire organism, are built from tightly
packed sheetlike layers of cells known as epithelia. The for-
mation of an epithelium and its subsequent remodeling into
more complex collections of epithelial and nonepithelial tis-

sues is a hallmark of the development of metazoans. Sheets
of tightly attached epithelial cells act as regulatable, selective
permeability barriers, which permit the generation of chem-
ically and functionally distinct compartments in an orga-
nism (e.g., stomach and bloodstream). As a result, distinct
and sometimes opposite functions (e.g., digestion and syn-
thesis) can efficiently proceed simultaneously within an or-
ganism. Such compartmentalization also permits more so-
phisticated regulation of diverse biological functions. In
many ways, the roles of complex tissues and organs in an
organism are analogous to those of organelles and mem-
branes in individual cells.

The assembly of distinct tissues and their organization
into organs are determined by molecular interactions at the

Apical surface

Connexon su rface

  FIGURE 19-1 Overview of major cell-cell and cell-matrix
adhesive interactions. Schematic cutaway drawing of a typical
epithelial t issue, such as in the intestines The apical (upper) surface
of these cells is packed with fingerlike microvil l i  n that project into
the intestinal lumen, and the basal (bottom) surface Z rests on
extracellular matrix (ECM) The ECM associated with epithelial cells is
usually organized into various interconnected layers (e g, the basal
lamina, connecting fibers, connective tissue), in which large,
interdigitating ECM macromolecules bind to one another and to the
cells E Cell-adhesion molecules (CAMs) bind to CAMs on other
cells, mediating cell-cell adhesions 4, and adhesion receptors bind
to various components of the ECI\4, mediating cell-matrix adhesions
E goth types of cell-surface adhesion molecules are usually integral
membrane proteins whose cytosolic domains often bind to multiple
intracellular adapter proteins These adapters, directly or indirectly,
l ink the CAM to the cytoskeleton (actln or intermediate fi laments)

l n te rmed ia te
Adapter

Desmosome

Hemidesmosome

Basa l  lamina

E
Extracel lu la r
mat r ix  (ECM)

and to intracellular signaling pathways As a consequence,
information can be transferred by CAMs and the macromolecules
to which they bind from the cell exterior into the intracellular
environment and vice versa ln some cases, a complex aggregate of
CAMs, adapters, and associated proteins is assembled Specific
localized aggregates of CAMs or adhesion receptors form various
types of cell junctions that play important roles in holdrng tissues
together and facil i tating communication between cells and their
envi ronment .  T ight  junct ions 6,  ly ing just  under the microv i l l i ,
prevent the diff usion of many substances through the extracellular
spaces between the cells Gap junctions Z allow the movement
through connexon channels of small molecules and ions between the
cytosols of adjacent cells The remaining three types of junctions,
adherens junctions EI, spot desmosomes 9, and hemidesmosomes
IE, t int the cytoskeleton of a cell to other cells or the ECM [see
V Vasioukhin and E Fuchs, 2001 , Curr. Opin Cell Biol 13:761

Tigh t  junc t ion Cel l  adhes ion
molecules (CAMs)

CELL-CELL ADHESIONS

Gap junc t ion
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cellular level and would not be possible without the tempo-
rally and spatially regulated expression of a wide array of
adhesive molecules. Cells in tissues can adhere directly to
one another (cell-cell adhesion) through specialized mem-
brane proteins called cell-adhesion molecules (CAMs) that
often cluster into specialized cell junctions (Figure 19-1). In
the fruit fly Drosophila melanogaster, at least 500 genes
F4% of the total) are estimated to be involved in cell adhe-
sion. Cells in animal tissues also adhere indftecdy (cell-
matrix adhesion) through the binding of adhesion receptors
in the plasma membrane to components of the surrounding
extracellular matrix (ECM), a complex interdigitating mesh-
work of proteins and polysaccharides secreted by cells into
the spaces between them. These two basic types of interac-
tions not only allow cells to aggregate into distinct tissues
but also provide a means for the bidirectional transfer of in-
formation between the exterior and the interior of cells. Such
information transfer is important to many biological
processes, including cell survival, proliferation, differentia-
tion, and migration. Therefore it is not surprising that de-
fects that interfere with the adhesive interactions and the as-
sociated flow of information can cause or contribute to
diseases, including a wide variety of neuromuscular and
skeletal disorders and cancer.

In this chapter, we examine various types of adhesive
molecules and how they interact. Because of the particu-
larly well-understood nature of the adhesive molecules in
tissues that form tight epithelia, as well as their very early
evolutionary development, we wil l init ially focus on ep-
ithelial t issues, such as the walls of the intestinal tract and
those that form skin. Epithelial cells are normally non-
motile (sessile); however, during development, wound
healing, and in certain pathologic states (e.g., cancer), ep-
ithelial cells can transform into more motile cells. Changes
in expression and function of adhesive molecules play a
key role in this transformation, as they do in normal bio-
logical processes involving cell movement, such as the
crawling of white blood cells into sites of infection. \7e
therefore follow the discussion of epithelial t issues with a
discussion of adhesion in nonepithelial, developing, and
motile tissues.

The evolution of plants and animals diverged before
multicellular organisms arose. Thus multicellularity and the
molecular means for assembling tissues and organs must
have arisen independently in animal and plant lineages. Not
surprisingl5 then, animals and plants exhibit many differ-
ences in the organization and development of tissues. For
this reason, we first consider the organization of tissues in
animals and then deal separately with plants.

Cell-Cell and Cell-Matrix
Adhesion: An Overview
We begin with a brief orientation to the various types of ad-
hesive molecules, their major functions in organisms, and
their evolutionary origin. In subsequent sections, we exam-

ine in detail the unique structures and properties of the vari-

ous participants in cell-cell and cell-matrix interactions.

Cel l -Adhesion Molecules Bind to  One Another
and to lntracellular Proteans

A large number of CAMs fall into four major families: the

cadherins, immunoglobulin (Ig) superfamilS integrins'

and selectins. As the schematic structures in Figure 19-2

il lustrate, many CAMs and other adhesion molecules are
mosaics of multiple distinct domains, many of which can

be found in more than one kind of protein. Some of these

domains confer the binding specificity that characterizes a
particular protein. Other membrane proteins, whose

structures do not belong to any of the major classes of

CAMs, also participate in cell-cell adhesion in various

tlssues.
CAMs mediate, through their extracellular domains'

adhesive interactions between cells of the same type (homo'

typic adhesion) or between cells of different types (het-

erotypic adhesion). A CAM on one cell can directly bind to

the same kind of CAM on an adiacent cell (homophilicbind-

ing) or to a different class of CAM (heteropbilic binding).

CAMs can be broadly distributed along the regions of

plasma membranes that contact other cells or clustered in

discrete patches or spots called cell iunctions. Cell-cell adhe-

sions can be tight and long lasting or relatively weak and

transient. The associations between nerve cells in the spinal

cord or the metabolic cells in the liver exhibit tight adhesion.

In contrast, immune-system cells in the blood often exhibit

only weak, short-lasting interactions' allowing them to roll

along and pass through a blood vessel wall on their way to

fight an infection within a tissue.
The cytosol-facing domains of CAMs recruit sets of mul-

tifunctional adapter proteins (see Figure 19-1). These

adapters act as linkers that directly or indirectly connect

CAMs to elements of the cytoskeleton (Chapters 1'7 and 18);

they can also recruit intracellular molecules that function in

signaling pathways to control protein activity-both intra-

cellular proteins and the CAMs themselves-and gene

expression (Chapters 15 and 16). In many cases' a complex

aggregate of CAMs, adapter proteins, and other associated

proteins is assembled at the inner surface of the plasma mem-

brane. Because cell-cell adhesions are intrinsically associated

with the cytoskeleton and signaling pathways' a cell's sur-

roundings influence its shape and functional properties
("outside-in" effects); likewise, cellular shape and function

influence a cell's surroundings ("inside-out" effects). Thus

connectiuity and commwnication are intimately related

properties of cells in tissues.
The formation of many cell-cell adhesions entails two

types of molecular interactions (Figure 19-3). First' CAMs

on one cell associate laterally through their extracellular

domains, cytosolic domains, or both into homodimers or

higher-order oligomers in the plane of the cell 's plasma

membrane; these interactions are called intracellular, lat-

eral, or cls interactions. Second, CAM oligomers on one

cell bind to the same or different CAMs on an adjacent cell;
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  FIGURE 19-2 Major families of cell-adhesion molecules (CAUs)
and adhesion receptors. Dimeric E-cadherins most commonly form
homophilic (self) cross-bridges with E-cadherins on adjacent cells.
Members of the immunoglobulin (lg) superfamily of CAMs can form
both homophilic Iinkages (shown here) and heterophilic (nonself)
linkages. Heterodimeric integrins (for example, ctv and p3 chains)
function as CAMs or as adhesion receptors (shown here) that bind to
very large, multiadhesive matrix proteins such as fibronectin, only a
small part of which is shown here Selectins, shown as dimers. contain

these interactions are called intercellular or trans interac-
tions. Trans interactions sometimes induce additional cis
interactions and, as a consequence, yet even more trans
interactions.

Adhesive interactions between cells vary considerably,
depending on the parricular CAMs participating and the
tissue. Just l ike Velcro, very tight adhesion can be gener-

a carbohydrate-binding lectin domain that recognizes specialized sugar
structures on glycoproteins (shown here) and glycolipids on adjacent
cells Note that CAMs often form higher-order oligomers within the
plane of the plasma membrane. Many adhesive molecules contain
multiple distinct domains, some of which are found in more than one
kind of CAM. The rytoplasmic domains of these proteins are often
associated with adapter proteins that link them to the cytoskeleton or
to signaling pathways [See R. O Hynes, 1999, Trends Celt Biol.9(12):M33,
and R O Hynes, 2002, Cell 110:673-687 l

ated when many weak interactions are combined, and this
is especially the case when CAMs are concentrated in
small, well-defined areas, such as cellular junctions. Some
CAMs require calcium ions to form effective adhesions;
others do not. Furthermore, the association of intracellu-
lar molecules with the cytosolic domains of CAMs can
dramatically influence the intermolecular interactions of

> FIGURE 19-3 Model forthe generation
of cell-cell adhesions. Lateral interactions
between cell-adhesion molecules (CAMt
within the plasma membrane of a cell form
dimers and larger oligomers The parts of
the molecules that participate in these cis
Interactions vary among the different CAMs
Subsequent trans interactions between distal
domains of CAMs on adjacent cells generate
a Velcro-like strong adhesion between the
cells [Adapted from M S Steinberg and p M
McNutt, 1999, Curr Opin Cell Biol 11:5541
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Disruptions in adhesion also are characteristic of various
diseases, such as metastatic cancer, in which cancerous
cells leave their normal locations and spread throughout
the body.

Although many CAMs and adhesion receptors were ini-
tially identified and characterized because of their adhesive
properties, they also play a major role in signaling, using
many of the pathways discussed in Chapters 15 and 16.
Figure 1,9-7 illustrates how one adhesion receptor, integrin,
physically and functionally interacts via adapters and signal-
ing kinases with a broad array of intracellular signaling
pathways, including those initiated by receptor tyrosine ki-
nases, to influence cell survival, gene transcription, cy-
toskeletal organization, cell motility, and cell proliferation.
Converseln changes in the activities of signaling pathways
inside of cells can influence the structures of CAMs and ad-
hesion receptors and thus modulate their ability to interact
with other cells and ECM.

The Evolution of Mult i faceted Adhesion
Molecules Enabled the Evolut ion
of Diverse Animal Tissues

Cell-cell and cell-matrix adhesions are responsible for the

formation, composition, architecture, and function of an-

imal t issues. Not surprisinglS some adhesion molecules

are evolutionarily ancient and are among the most highly

conserved proteins in multicellular organisms. Sponges,

the most primitive multicellular organisms' express cer-

tain CAMs and multiadhesive ECM molecules whose

structures are strikingly similar to those of the correspon-

ding human proteins. The evolution of organisms with

complex tissues and organs (metazoans) has depended on

the evolution of diverse adhesion molecules with novel

properties and functions, whose levels of expression differ

in different types of cells. Some CAMs (e.g.' cadherins),

adhesion receptors (e.g., integrins and immunoglobulin

ECM
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Plasma membrane

Cytosol

Class ic
s ig  na  l ing
pathways

C e l l u l a r
responses
to  adhes ion
recepror
s i g  n a l i n g

A FIGURE 19-7 Integrin adhesion receptor-mediated
signaling pathways that control diverse cell functions. Binding
of  in tegr ins to thei r  l igands induces conformat ional  changes in
thei r  cytoplasmic domains,  a l ternat ing thei r  in teract ions wi th
cytoplasmic prote ins These inc lude s ignal ing k inases (src- fami ly
kinases, focal adhesion kinase lFAKl, integrin-l inked kinase [lLK]) and
adaptor  prote ins (e g ,  ta l in ,  paxi l l in ,  v incul in)  that  t ransmit  s ignals

Bound
l igand

via diverse signaling pathways, thereby inf luencing cell proliferation,

cell survival, cytoskeletal organization, cell migration, and gene

transcription. Many of the components of the pathways shown here

are shared with other cell-surface-activated signaling pathways,

d iscussed in Chapters 15 and 16.  [Modi f ied f rom W Guo and F G

Giancotti, 2OO4, Nat Rev. Mol Cell Biol 5(10):8'16-826, and R O Hynes,

2002, Cell 110:,673-687 l
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superfamily CAMs), and ECM components (type IV colla-
gen, laminin, nidogen/entactin, and perlecan-like proteo-
glycans) are highly conserved, whereas others are not. For
example, fruit f l ies do not have certain types of collagen or
the ECM protein fibronectin that play crucial roles in
mammals. A common feature of adhesive proteins is re-
peating domains forming very large proteins. The overall
length of these molecules, combined with their abil ity to
bind numerous l igands via distinct functional domains,
l ikely played a role their evolution.

The diversity of adhesive molecules arises in large part
from two phenomena that can generate numerous closely
related proteins, called isoforms, that constitute a protein
family. In some cases, the different members of a protein
family are encoded by multiple genes that ,.or. ]ro- 

"common ancestor by gene duplication and divergent
evolution (Chapter 6). In other cases, a single gene pro-
duces an RNA transcript that can undergo alternative
splicing to yield multiple mRNAs, each encoding a dis-
tinct protein isoform (Chapter 8). Both phenomena con-
tribute to the diversity of some protein families such as
the cadherins. Particular isoforms of an adhesive protein
are often expressed in some cell types and tissues but not
others.

Cell-Cell and Cell-Matrix Adhesion: An Overview

r Cell-cell and cell-extracellular matrix (ECM) interac-
tions are crit ical for assembling cells into tissues,
controlling cell shape and function, and determining the
developmental fate of cells and tissues. Diseases result from
abnormalities in the srrucrures or expressron of adhesion
molecules.

r Cell-adhesion molecules (CAMs) mediate direct cell-cell
adhesions (homotypic and heterotypic), and cell-surface
adhesion receptors mediate cell-matrix adhesions (see
Figure 19-1). These interactions bind cells into tissues
and facilitate communication between cells and their
envlronments.

The cytosolic domains of CAMs and adhesion receprors
nd adapter proteins that mediate interaction with cy-
skeletal fibers and intracellular signaling proteins.

r The major families of cell-surface adhesion molecules
are the cadherins, selectins, Ig-superfamily CAMs, and in-
tegrins (see Figure 19-2).

r Tight cell-cell adhesions entail both cis (lateral or inrra-
cellular) oligomerization of CAMs and trans (intercellular)
interaction of like (homophilic) or different (heterophilic)
CAMs (see Figure 19-3). The combination of cis and trans
interactions produces a Velcro-like adhesion between cells.
r The extracellular matrix (ECM) is a complex meshwork
of proteins and polysaccharides that contributes to the
structure and function of a tissue. The maior classes of
ECM molecules are proteoglycans, collagens, and multiad-
hesive matrix proteins (fibronectin, laminin).

r The evolution of adhesion molecules with specialized
structures and functions permits cells to assemble into
diverse classes of tissues with varying functions.

Cell-Cell and CelI-ECM Junctions
and Their Adhesion Molecules
Cells in epithelial and nonepithelial tissues use many, but not
all, of the same cell-cell and cell-matrix adhesion molecules.
Because of the relatively simple organization of epithelia, as
well as their fundamental role in evolution and development,
we begin our detailed discussion of adhesion with the
epithelium.

Epi the l ia l  Cel ls  Have Dis t inct  Apica l ,  Latera l ,
and Basal  Sur faces
Cells that form epithelial t issues are said to be polarized
because their plasma membranes are organized into at
least two discrete regions. TypicallS the distinct surfaces
of a polarized epithelial cell are called the apical (top),
lateral (side), and basal (base or bottom) surfaces (Figure
19-8). The area of the apical surface is often greatly ex-
panded by the formation of microvil l i . Adhesion mole-
cules play essential roles in generating and maintaining
these structures.

Epithelia in different body locations have characteristic
morphologies and functions (Figure 19-8). Stratif ied (mul-
ti layered) epithelia commonly serve as barriers and protec-
tive surfaces (e.g., the skin), whereas simple (single-layer)
epithelia often selectively move ions and small molecules
from one side of the layer to the other. For instance, the
simple columnar epithelium lining the stomach secretes hy-
drochloric acid into the lumen; a similar epithelium lining
the small intestine transports products of digestion from
the lumen of the intestine across the basolateral surface
into the blood (see Figure 1,1,-29).

In simple columnar epithelia, adhesive interactions
between the lateral surfaces hold the cells together into a
two-dimensional sheet, whereas those at the basal surface
connect the cells to a specialized underlying extracellular
matrix called the basal lamina. Often the basal andlateral
surfaces are similar in composition and together are
called the basolateral surface. The basolateral surfaces of
most simple epithelia are usually on the side of the cell
closest to the blood vessels, whereas the apical surface is
not in direct contact with other cells or the ECM. In ani-
mals with closed circulatory systems, blood flows
through vessels whose inner l ining is composed of f lat-
tened epithelial cells called endothelial cells. The apical
side of endothelial cells, which faces the blood. is usuallv
called the lwminal surface and the opposite basal side, thl
abluminal surface.

In general, epithelial cells are sessile, immobile cells, in
that adhesion molecules firmly and stably attach them to one
another and their associated ECM. One especially important
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( a )  S i m p l e  c o l u m n a r

Basa l
su dace

Basal
l am ina

(b )  S imp le  squamous

( c )  T rans i t i ona l

(d)  Strat i f ied squamous (nonkerat in ized)

A FIGURE '19-8 Principal types of epithelia. The apical and
basolateral surfaces of epithelial cells exhibit distinctive characteristics
(a) Simple columnar epithelia consist of elongated cells, including
mucus-secreting cells (in the l ining of the stomach and cervical tract)
and absorptive cells (in the l ining of the small intestine) (b) Simple
squamous epithelia, composed of thin cells, l ine the blood vessels
(endothelial cells/endothelium) and many body cavities (c) Transitional
epithelia, composed of several layers of cells with different shapes,
line certain cavities subject to expansion and contraction (e g , the
urinary bladder) (d) Stratif ied squamous (nonkeratinized) epithelia l ine
surfaces such as the mouth and vagina; these linings resist abrasion
and generally do not participate in the absorptron or secretion of
materials into or out of the cavity, The basal lamina, a thin fibrous
network of collagen and other ECM components, supports all
epithelia and connects them to the underlying connective tissue

mechanism used to generate strong, stable
concentrate subsets of these molecules into
runctlons.

Three Types of  Junct ions Mediate Many Cel l -Cel l
and Cel l -ECM Interact ions

All epithelial cells in a sheet are connected to one another
and the extracellular matrix bv specialized iunctions.

adhesions is to somes, found mainly on the basal surface of epithelial cells,

clusters called anchor an epithelium to components of the underlying ex-

tracellular matrix, much like nails holding down a carpet'

Although hundreds of individual adhesion-molecule-

mediated interactions are sufficient to cause cells to adhere,
junctions play special roles in imparting strength and rigidity

to a tissue, transmitting information between the extracellu-

lar and the intracellular space, controlling the passage of

ions and molecules across cell layers' and serving as conduits

for the movement of ions and molecules from the cytoplasm

of one cell to that of its immediate neighbor. Particularly im-

portant to epithelial sheets is the formation of junctions that

help form tight seals between the cells and thus allow the

sheet to serve as a barrier to the flow of molecules from one

side of the sheet to the other.
Three maior classes of animal cell junctions are promi-

nent features of simple columnar epithelia (Figure 1'9-9 and

Table 19-2). Anchoring iunctions and tight iunctions
perform the key task of holding the tissue together. These
junctions are organized into three parts: (1) adhesive pro-

teins in the plasma membrane that connect one cell to

another cell on the lateral surfaces (CAMs) or to the extra-

cellular matrix on the basal surfaces (adhesion receptors);

(2) adapter proteins, which connect the CAMs or adhesion

receptors to cytoskeletal filaments and signaling molecules;

and (3 ) the cytoskeletal filaments themselves. Tight junctions

also control the flow of solutes through the extracellular

spaces between the cells, forming an epithelial sheet. Tight
junctions are found primarily in epithelial cells' whereas

anchoring junctions can be seen in both epithelial and

nonepithelial cells. The third class of junctions, gap iunc-
tions, permit the rapid diffusion of small, water-soluble mol-

ecules between the cytoplasm of adjacent cells. They share

with anchoring and tight junctions the role of helping a cell

communicate with its environments but are structurally very

different from anchoring junctions and tight junctions and

do not play a key role in strengthening cell-cell and cell-

ECM adhesions. Gap junctions, found in both epithelial and

nonepithelial cells, resemble cell-cell iunctions in plants

called plasmodesmata, which we discuss in Section 19.6'

Thiee types of anchoring junctions are present in cells.

Two participate in cell-cell adhesion, whereas the third par-

ticipates in cell-matrix adhesion. Adherens iwnctions connect

the lateral membranes of adiacent epithelial cells and are

usually located near the apical surface, just below the tight

junctions (Figure 1'9-9). A circumferential belt of actin and

myosin filaments in a complex with the adherens iunction
functions as a tension cable that can internally brace the cell

and thereby control its shape. Epithelial and some other

types of cells, such as smooth muscle and heart cells, are also

bound tightly together by desmosomes, snaplike points of

contact sometimes called spot desmosomes. Hemidesmo-

Bundles of intermediate filaments running parallel to the cell

surface or through the cell interconnect spot desmosomes

and hemidesmosomes' imparting shape and rigidity to the

cell. Adherens iunctions and desmosomes are found in many

different types of cells; hemidesmosomes appear to be re-

stricted to epithelial cells.

Apical  surface

'-tfl?i::
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  FIGURE 19-9 Principal types of cell junctions connecting the
columnar epithelial cells lining the small intestine. (a) Schematic
cutaway drawing of intestinal epithelial cells The basal surface of the
cells rests on a basal lamina, and the apical sudace is oacked with
fingerlike microvil l i  that project into the intestinal lumen Tight junctions,
lying just under the microvil l i , prevent the diffusron of many substances
between the intestinal lumen and the blood throuqh the extracellular

Desmosomes and hemidesmosomes help transmit shear
forces from one region of a cell layer to the epithelium as a
whole, providing strength and rigidity to the enrire epithe-
lial cell layer. They are especially important in maintaining
the integrity of skin epithelia. For instance, mutations that
interfere with hemidesmosomal anchoring in the skin can
lead to blistering in which the epithelium becomes detached
from its matrix foundation and e*tracellular fluid accumu-
lates at the basolateral surface, forcing the skin to balloon
outward.

Cadher ins Mediate Cel l -Cel l  Adhesions
in Adherens Junct ions and Desmosomes
The primary CAMs in adherens junctions and desmosomes
belong to the cadherin family. In vertebrates, rhis protein
family of more than 100 members can be qrouped into at
least six subfamilies, including classical cadherins and
desmosomal cadherins, which we will describe below, as
well as protocadherins and others. The diversity of cadherins
arises from the presence of multiple cadherin genes and al-
ternative RNA splicing. It is not surprising that there are

space between cel ls  Gap junct ions a l low the movement of  smal l
molecules and ions between the cytosols of adjacent cells. The
remain ing three types of  junct ions-adherens junct ions,  spot
desmosomes, and hemidesmosomes-are crit ical to cell-cell and cell-
matrix adhesion and signaling (b) Electron micrograph of a thin section
of intestinal epithelial cells, showing relative locations of the different
junctions IPart (b) C Jacobson etal ,2001, ]ournat Ceil Biot.152:435-450 l

many different types of cadherins in vertebrates, because
many differenr types of cells in widely diverse rissues use
these CAMs to mediate adhesion and communication. The
brain expresses the largest number of different cadherins,
presumably owing to the necessity of forming many very
specific cell-cell contacts to help establish its complex wiring
diagram. Invertebrates, however, are able to function with
fewer than 20 cadherins.

Classical Cadherins The "classical" cadherins include E-,
N-, and P-cadherins. E- and N-cadherins are the most widely
expressed, particularly during early differentiation. Sheets of
polarized epithelial cells, such as those that line the small in-
testine or kidney tubules, contain abundant E-cadherin along
their lateral surfaces. Although E-cadherin is concentrated in
adherens junctions, it is present throughout the lateral sur-
faces, where it is thought to link adjacent cell membranes. The
results of experiments with L cells, a line of cultured mouse
fibroblasts, demonstrated that E-cadherins preferentially me-
diate homophilic interactions. L cells express no cadherins
and adhere poorly to themselves or to other cells. \(hen the
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ADHESI0N TYPI PRINCIPAI CAMS 0R
ADtlESION RECEPTOBS

Anchoring junctions

1. Adherens junctions Cell-cell Cadherins Actin filaments Shape, tension, signaling

2. Desmosomes Cell-cell Desmosomal cadherins Intermediate filaments Strength, durability,
slgnallng

3. Hemidesmosomes Cell-matrix Integrin (ct694) Intermediatef i laments Shape,r igiditv 'signal ing

Tight junctions Cell-cell Occludin, claudin, JAMs Actin filaments Controlling solute flow,
signaling

Connexins, innexins,
pannexlns

Possible indirect

connectlons to
cytoskeleton through
adapters to other junctions

Communication;
small-molecule transport

between cells

Communication;
molecule transport

between cells

E-cadherin gene was introduced into L cells, the engineered

cadherin-expressing L cells were found to adhere preferentially

to other cells expressing E-cadherin (Figure 19-10). These L

cells expressing E-cadherin formed epithelial-like aggregates
with one another and with epithelial cells isolated from lungs.

Although most E-cadherins exhibit primarily homophilic

binding, some mediate heterophilic interactions.
The adhesiveness of cadherins depends on the presence

of extracellular Caz*, the property that gave rise to their

name (calcium adhering). For example, the adhesion of L

cells expressing E-cadherin is prevented when the cells are

No
Cadher in  t ransgene

a EXPERIMENTAL FIGURE 19-10 E-cadher in mediates Ca2*-
dependent  adhesion of  L cel ls .  Under s tandard cel l  cu l ture
conditions in the presence of calcium in the extracellular f luid, L cells
do not aggregate into sheets (/eff) Introduction of a gene that causes
the expression of E-cadherin in these cells results in their agqregation
into epithelial-l ike clumps in the presence of calcium (center) but not
rn its absence (right) Bar,60 pm [From Cynthia L Adams et al , 1998,
J Cel l  Bio l  142(4):1 105-1 1 19 l

bathed in a solution that is low in Ca2* (Figure 19-10). Some

adhesion molecules require some minimal amount of Ca"-

in the extracellular fluid to function properly, whereas oth-

ers (e.g., IgCAMs) are Ca2*-independent.
The role of E-cadherin in adhesion can also be demon-

strated in experiments with cultured epithelial cells called

Madin-Darby canine kidney (MDCK) cells (Figure 9-34)'

A green fluorescent-protein-labeled form of E-cadherin has

been used in these cells to show that clusters of E-cadherin

mediate the initial attachment and subsequent zippering

adherens iunctions.
Each classical cadherin contains a single transmembrane

domain, a relatively short C-terminal cytosolic domain, and

five extracellular "cadherin" domains (see Figure 1'9-2)'The

extracellular domains are necessary for Ca2* binding and

cadherin-mediated cell-cell adhesion. Cadherin-mediated

adhesion entails both lateral (intracellular) and trans (inter-

cellular) molecular interactions (see Figure 1,9-3)'The Ca"- -

binding sites, located between the cadherin repeats' serve to

rigidify the cadherin oligomers. The cadherin oligomers sub-

seq,retttly form intercellular complexes to generate cell-cell

adhesion and then additional lateral contacts' resulting in a

"zippering up" of cadherins into clusters. In this way' multi-

pt.- io*-alfittity interactions sum to produce a very tight

intercellular adhesion.

cadher in  t ransgene
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membrane

not just the N-terminal domains, participate by interdigita-
tion in trans associations.

The C-terminal cytosolic domain of classical cadherins
is l inked to the acin cytoskeleton by adapter proteins
(Figure 19-12). These linkages are essential for strong
adhesion, apparently owing primarily to their contribut-
ing to increased lateral associations. For example, disrup-
tion of the interactions between classical cadherins and
a- or B-catenin-two common adapter proteins that link
these cadherins to actin fi laments-dramatically reduces
cadherin-mediated cell-cell adhesion. This disruption oc-
curs spontaneously in tumor cells, which sometimes fail to
express cr-catenin, and can be induced experimentally by
depleting the cytosolic pool of accessible B-catenin. The
cytosolic domains of cadherins also interact with intracellu-
lar signaling molecules such as B-catenin and p12O-catenin.
InterestinglS B-catenin not only mediates cytoskeletal
attachment but can also translocate to the nucleus and
alter gene transcription in the ITnt signaling pathway (see
Figure 16-32).

Cadherins play a crit ical role during tissue differentia-
tion. Each classical cadherin has a characteristic t issue dis-
tribution. In the course of differentiation, the amount or
nature of the cell-surface cadherins changes, affecting
many aspects of cell-cell adhesion and cell migration. For
instance, the reorganization of t issues during morphogen-
esis is often accompanied by the conversion of nonmotile
epithelial cells into motile precursor cells for other tissues
(mesenchymal cells ). Such ep ith elial-me s ench ymal tr ansi-
tions are associated with a reduction in the expression of
E-cadherin (Figure 1,9-13a, b). The conversion of epithe-
lial cells into malignant carcinoma cells, such as in certain

A EXPERIMENTAL FtcURE 19-11 E-cadherin mediates
adhesive connections in cultured MDCK epithelial cells. An
E-cadherin gene fused to green f luorescent protein (GFp) was
introduced into cultured MDCK cells. The cells were then mixed
together in a calcium-containing medium and the distribution of
fluorescent E-cadherin was visualized over time (shown in hours).
Clusters of E-cadherin mediate the init ial attachment and suosequent
zippering up of the epithelial cells. [From Cynthia L Adams er at , 1998.
J Cell Biol 142(4).1105-1j191

The results of domain swap experiments, in which an ex-
tracellular domain of one kind of cadherin is replaced with
the corresponding domain of a different cadherin, have indi-
cated that the specificity of binding resides, at least in part,
in the most distal (farthest from the membrane) extracellular
domain, the N-terminal domain. Cadherin-mediated adhe-
sion was commonly thought to require only head-to-head
interactions between the N-terminal domains of cadherin
oligomers on adjacent cells, as depicted in Figure 19-12.
However, some experiments suggest that under some condi-
tions, at least three cadherin domains from each molecule.

A FIGURE 19-12 Protein constituents of typical adherens
junctions. The exoplasmic domains of E-cadherin dimers clustered
at adherens junctions on adjacent cells form Ca+2-dependent
homophil ic interactions. The cytosolic domains of the E_cadherins
bind directly or indirectly to multiple adapter proteins (e g , B_
catenrn) that connect the junctions to actin fi laments (F-actin) of the

Plasma
memorane

Cell 2

cytoskeleton and participate in intracellular signaling pathways.
Somewhat different sets of adapter proteins are i l lustrated in the
two cells to emphasize that a variety of adapters can interact with
adherens junctions Some of these adapters, such as ZO j , can
interact with several different CAMs [Adapted from V Vasioukhin and
E Fuchs, 2001 , Curr. Opin Cell Biol 13:761

B-Catenin
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(a )  Adherent  ep i the l ia l  ce l l s (b )  Mot i le  mesenchymal
ce l l s

(c )  Cancerous  ce l l s ,  no  cadher in

Normal  ce l l s
in  ep i the l ia l  l i n ing
of  gas t r i c  g lands
express  cadher in

A EXPERIMENTAL FIGURE 19-13 E-cadherin activi ty is lost

during the epithel ial-mesenchymal transit ion and cancer
progression. A protein cal led Snail  that suppresses the expression of

E-cadherin is associated with epithel ial-mesenchymal transit ions (a)

Normal epithel ial MDCK cel ls grown in culture (b) Expression of the

snall  gene in MDCK cel ls causes them to undergo an epithel ial-

mesenchymal transit ion (c) Distr ibution of E-cadherin detected by

immunohistochemical staining (dark brown) in thin sections of t issue

from a patient with hereditary dif f  use gastr ic cancer E-cadherin is

seen at the intercel lular boarders of normal stomach gastr ic gland

epithel ial cel ls (upper r ight);  no E-cadherin is seen at the borders of

underlying invasive carcinoma cel ls [Panels (a) and (b) from Alfonso

Martinez Arias, 2001, Cell 105:425-431; lmages courtesy of M A Nieto )
Panel (c) from F. Carneiro et al ,  2004, J Pathol 203(2):681-687 l

ductal breast tumors or hereditary dif fuse gastr ic cancer

(Figure 19-13c), is also marked by a loss of E-cadherin

actrvrty.

Desmosomal  Cadher ins Desmosomes (Figure 19-1,4)

contain two specialized cadherin proteins, desmoglein and
desmocoll in, whose cytosolic domains are distinct from

those in the classical cadherins. The cytosolic domains of
desmosomal cadherins interact with adapters proteins such

as plakoglobin (similar in structure to B-catenin),
plakophilins, and a member of the plakin family of adapters
called desmoplakin. These adapters, which form the thick

cytoplasmic plaques characteristic of desmosomes, in turn
interact with intermediate filaments.

The cadherin desmoglein was identified through stud-

ies of an unusual but revealing skin disease called

pemphigus uulgaris, an autoimmune disease. Patients with

auto immune disorders synthesize ant ibodies that  b ind

to a normal body protein. In pemphigus vulgaris the

autoantibodies disrupt adhesion between epithelial cells,

causing blisters of the skin and mucous membranes. The
predominant autoantibody was shown to be specific for

{ a l

P l a s m a
membrane

I ntercel  I  u la r
space

Desmoglein and Cytoplasmic plaque
desmocol l in (Plakoglobin,
(cadher ins)  desmoPlakins,

p l akoph i l i n s )

lntermediatef i laments Cytoplasmicplaques

, 0 ' 2 p m  ,

A FIGURE 19-14 Desmosomes. (a) Model of a desmosome

between epithelial cells with attachments to the srdes of intermediate

fi laments, The transmembrane CAMs desmoglein and desmocoll in

belong to the cadherin family Adapter proteins bound to the

cytoplasmic domains of the CAMs include plakoglobin,

desmoplakins, and plakophil ins (b) Electron micrograph of a thin

section of a desmosome connecting two cultured differentiated

human keratinocytes Bundles of intermediate fi laments radiate from

the two darkly staining cytoplasmic plaques that l ine the inner

surface of the adjacent plasma membranes lPart (a), see B M

Gumbiner, 1993, Neuron 11:551, and D R Garrod, 1993, Curr' Opin Cell

Biol 5:3O Part (b) courtesy of R van Buskirk l

Plasma membranes
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desmoglein; indeed, the addition of such antibodies to nor-
mal skin induces the formation of blisters and disruption of
cell adhesion. I

The firm epithelial cell-cell adhesions mediated by cadherins in
adherens junctions permits the formation of a second class of
intercellular junctions in epithelia-tight junctions.

Tight  Junct ions Seal  Of f  Body Cavi t ies and
Restr ic t  Di f fus ion of  Membrane Components
For polarized epithelial cells to function as barriers and me-
diators of selective transport, extracellular f luids surround-
ing their apical and basolateral membranes must be kept
separate. Tight lunctions berween adjacent epirhelial ceils
are usually located in a band surrounding the cell just below
the apical surface and help establish and maintain cell polar-
ity (Figure 79-I5). These specialized junctions form a barrier
that seals off body cavities such as the intestinal lumen and
the blood (e.g., the blood-brain barrier).

Tight junctions prevent the diffusion of macromolecules
and, to varying degrees, small water-soluble molecules and
ions across an epithelial sheet via the spaces between cells.
They also maintain the polarity of epiihelial cells by pre-
venting the diffusion of membrane proteins and glycolipids
between the apical and the basolateral regions of the plasma
membrane, ensuring that these regions contain different
membrane components. As a consequence, movement of
many nutrients across the intestinal epithelium is in large
part through the trdnscellular pdthway via specific
membrane-bound rransport proteins (see Figure lI-29).

Tight junctions are composed of thin bands of plasma-
membrane proteins that completely encircle the cell and are
in contact with similar thin bands on adiacent cells. When
th in sect ions of  ce l ls  are v iewed in an e lect ron microscoDe.
the lateral surfaces of adjacent cells appear to touch each
other at intervals and even to fuse in the zone just below the
apical surface (see Figure 19 -9b). In freeze-fr acrure prepara-
tions, tight junctions appear as an interlocking network of
ridges and grooves in the plasma membrane (Figure 19-15a).

> FIGURE 19-15 Tight junctions. (a) Freeze-fracture preparation
of t ight junction zone between two intestinal epithelial cells The
fracture plane passes through the plasma membrane of one of the
two adjacent cells A honeycomb-like network of rldges and grooves
below the microvil l i  constitutes the tight junctlon zone (b) Schematic
drawing shows how a tight junction might be formed by the l inkage
of rows of protein particles in adjacent cells. In the inser mrcrograpn
of an ultrathin sectional view of a tight junction, the adlacent cells
can be seen in close contact where the rows of proterns interact (c)
As shown in these schematic drawings of the major proteins in tight
junct ions,  both occludin and c laudin-1 conta in four  t ransmembrane
helices, whereas the junction adhesron molecule (JAM) has a single
transmembrane domarn and a large extracellular region [part (a) courtesy
of L A Staehelin Drawing in part (b) adapted from L A Staehelin and B E Hull ,
1978,9ci An 238(5):140,andD Goodenough,1999, proc Nat, l .Acad Sci
USA 96:319 Photograph in part (b) courtesy of S Tsukita et al, 2001, Nature Rev.
Mol. Cell Biol. 2:285 Drawing in part (c) adapted from S Tsukita et al, 2001.
rVature Reiz Mol. Cell Biol 2:2851
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Very high magnification reveals that rows of protein par-
ticles 3-4 nm in diameter form the ridges seen in freeze-
fracture micrographs of t ight junctions. In the model shown
in Figure 19-15b, the tight junction is formed by a double
row of these particles, one row donated by each cell. Treat-
ment of an epithelium with the protease trypsin destroys the
tight junctions, supporting the proposal that proteins are es-

sential structural components of these junctions. The two
principal integral-membrane proteins found in tight iunc-
tions are occludin and clawdin When investigators engi-
neered mice with mutations inactivating the occludin gene,
which was thought to be essential for t ight junction forma-

tion, the mice sti l l  had morphologically distinct t ight junc-

tions. Further analysis led to the discovery of claudin. Each

of these proteins has four membrane-spanning ct helices (Fig-

ure 19-15c). The claudin multigene family encodes numer-
ous homologous proteins that exhibit distinct t issue-specific
patterns of expression. A group of iunction adhesion mole-

cules (JAMs) have been found to contribute to homophilic

adhesion and other functions of t ight junctions. These mole-

cules, which contain a single transmembrane ct helix, belong
to the Ig superfamily of CAMs. The extracellular domains of
rows of occludin, claudin, and JAM proteins in the plasma

membrane of one cell apparently form extremely tight l inks

with similar rows of the same proteins in an adiacent cell,

creating a tight seal. Ca2*-dependent cadherin-mediated
adhesion also plays an important role in tight junction for-
mation, stabil ity, and functton.

The long C-terminal cytosolic segment of occludin binds

to PDZ domains in certain large cytosolic adapter proteins'

These domains are found in various cytosolic proteins and
mediate binding to the C-termini of particular plasma-

membrane proteins or to each other. PDZ-containing
adapter proteins associated with occludin are bound, in

turn, to other cytoskeletal and signaling proteins and to

actin fibers. These interactions appear to stabil ize the l ink-

age between occludin and claudin molecules that is essential
for maintaining the integrity of t ight iunctions. The C-

termini of claudins also bind to the intracellular, multiple-
PDZ-domain-containing adaptor protein ZO-1, which is

also found in adherens junctions (see Figure 1'9-72). Thus, as
is the case for adherens junctions and desmosomes, cytosolic
adaptor proteins and their connections to the cytoskeleton
are crit ical components of t ight junctions.

Plasma-membrane proteins cannot diffuse in the plane

of the membrane past t ight lunctions. These iunctions also
restrict the lateral movement of l ipids in the exoplasmic
leaflet of the plasma membrane in the apical and basolat-

era l  regions of  epi thel ia l  ce l ls .  Indeed,  the l ip id composi-

tions of the exoplasmic leaflet in these two regions are

distinct. Essentially all glycolipids are present in the exo-
plasmic face of  the apical  membrane,  as are a l l  prote ins

linked to the membrane by a glycosylphosphatidylinositol
(GPI)  anchor (see Figure 10-19) .  In  contrast ,  l ip ids in  the

cytosolic leaflet in the apical and basolateral regions of

epithelial cells have the same composition and can appar-

ently diffuse laterally from one region of the membrane to

the other.

A simple experiment demonstrates the impermeabil ity

of certain tight junctions to many water-soluble substances.

In this experiment, lanthanum hydroxide (an electron-dense

colloid of high molecular weight) is injected into the pancreatic

blood vessel of an experimental animal; a few minutes later'

the pancreatic epithelial acinar cells are fixed and prepared

for microscopy. As shown in Figure 19-76, the lanthanum

hydroxide diffuses from the blood into the space that sepa-

rates the lateral surfaces of adjacent acinar cells but cannot

penetrate past  the t ight  iunct ion.
The barrier to diffusion provided by tight junctions is not

absolute. Owing at least in part to the varying properties of

the different types of claudin molecules located in different

tight junctions, their permeability to ions, small molecules,

and water varies enormously among different epithelial tis-

sues. In epithelia with "leaky" tight junctions, small mole-

cules can move from one side of the cell layer to the other

through the paracellular pathway in addition to the transcel-

lular pathway (Figure 19-17).
The leakiness of t ight junctions can be altered by intra-

cellular signaling pathways, especially G protein and cyclic

AMP-coupled pathways (Chapter 15). The regulation of

tight junction permeability is often studied by measuring ion

flux (electrical resistance) or the movement of radioactive or

fluorescent molecules across monolayers of MDCK cells.

p1fl l The importance of paracellular transport is i l lus-

Il trated in several human diseases. In hereditary hypo-

magnesemia, defects in the cldudinlS gene prevent the nor-

maL paracellular f low of magnesium in the kidney. This

results in an abnormally low blood level of magnesium,

which can lead to convulsions. Furthermore' a mutation in

Ap ica l  su r f ace
of  lef t  cel l

Apical surface
of  r igh t  ce l l

Latera I
su rface
of lef t  cel l

Tigh t  junc t ion

Lateral
surface
of  r igh t  ce l l

Lanthanum hydrox ide
(between cel ls)

a EXPERIMENTAL FIGURE 19-16 Tight junctions prevent

passage of large molecules through extracellular space

between epithelial cells. Tight junctions in the pancreas are

impermeable to the large water-soluble colloid lanthanum hydroxide
(dark stain) administered from the basolateral side of the epithelium

lCourtesv of D Friend l
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Paracel lu lar  Transcel lu lar  memorane
pathway pathway

A FIGURE 19-17 Transcellular and paracellular pathways of
transepithelial transport. Transcellu lar transport requires the
cellular uptake of molecules on one side and subsequent release
on the opposi te s ide by mechanisms discussed in Chapter  11 In
paracellular transport, molecules move extracellularly through parts
of t ight junctions, whose permeabil ity to small molecules and ions
depends on the composition of the junctional components and the
physiologic state of the epithelial cells [Adapted from S Tsukita etal,
2001 , Nature Reu Mol Cell Biol 2:2851

the claudinl4 gene causes hereditary deafness, apparently
by altering transport around hair-cell epithelia in the
cochlea of the inner ear.

Toxins produced by Vibrio cholerae, which causes
cholera, and several other enteric (gastrointestinal tract)
bacteria alter the permeabil ity barrier of the intestinal
epithelium by altering the composirion or activiry of t ight
junctions. Other bacterial toxins can affect the ion-pump-
ing activity of membrane transport proteins in intestinal
epithelial cells. Toxin-induced changes in tight junction
permeabil ity (increased paracellular transport) and in pro-
tein-mediated ion pumping (increased transcellular trans-
port) can result in massive loss of internal body ions and
water into the gastrointestinal tract, which in turn leads to
diarrhea and potentially lethal dehydration. I

In tegr ins Mediate Cel l -ECM Adhesions
in Epi the l ia l  Cel ls

of anchoring junctions called hemidesmosomes (see Figure
19-9a). Hemidesmosomes comprise several integral mem-
brane proteins l inked via cytoplasmic adaptor proteins
(e.g., plakins) to keratin-based intermediate fi laments. The
principal ECM adhesion receptor in hemidesmosomes is in-
tegrin a684,. a member of the integrin family of proteins
(see Figure 19-2) .

combinations, are known. A single B chain can interact with
any one of multiple o chains, forming integrins that bind dif-
ferent ligands. This phenomenon of combinatorial diuersity
allows a relatively small number of components to serve a
large number of distinct functions. Although most cells ex-
press several distinct integrins that bind the same or different
ligands, many integrins are expressed predominantly in cer-
tain types of cells. Not only do many integrins bind more
than one ligand but several of their ligands bind to multiple
integrins.

All integrins appear to have evolved from two ancient
general subgroups: those that bind proteins containing the
tripeptide sequence Arg-Gly-Asp, usually called the RGD
sequence (e.g., f ibronectin) and those that bind laminin.
Several integrin o subunits contain a distinctive inserted
domain, the l-domain, which can mediate binding of certain
integrins (e.g., cr1B1 and e2B1) to various collagens in the
ECM. Some integrins with I-domains are expressed exclu-
sively on leukocytes and red and white blood cell precursor
(hematopoietic) cells. These domains recognize cell-adhesion
molecules on other cells, including members of the Ig super-
family (e.g., ICAMs, VCAMs), and thus participate in cell-
cell adhesion.

Integrins typically exhibit low affinities for their lig-
ands, with dissociation constants Kp between 10 6 and
10 7 mollL. However, the multiple weak interacrions gen-
erated by the binding of hundreds or thousands of integrin
molecules to their ligands on cells or in the extracellular
matrix allow a cell to remain firmly anchored to its ligand-
expresslng target.

Parts of both the c and the B subunits of an integrin mol-
ecule contribute to the primary extracellular ligand-binding
site (see Figure 19-2). Ligand binding to integrins also re-
quires the simultaneous binding of divalent cations. Like
other cell-surface adhesive molecules, the cytosolic region of
integrins interacts with adapter proteins that in turn bind to
the cytoskeleton and intracellular signaling molecules. Most
integrins are linked to the actin cytoskeleton, such as the
ct6B1 and cr3B1 integrins that connect the basal surface of
epithelial cells to the basal lamina via laminin. However, the
cytosolic domain of the B4 chain in the a6B4 integrin in
hemidesmosomes, which is much longer than those of other
B integrins, binds to specialized adapter proteins that in turn
interact with keratin-based intermediate filamenrs.

As we will see, the diversity of integrins and their ECM
ligands enables integrins to participate in a wide array of key
biological processes, including the migration of cells to their
correct locations in the formation of the body plan of an em-
bryo (morphogenesis) and in the inflammatory response.
The importance of integrins in diverse processes is high-
Iighted by the defects exhibited by knockout mice engineered
to have mutations in each of almost all of the integrin sub-
unit genes. These defects include maior abnormalit ies in
development, blood vessel formation, Ieukocyte function. in-
flammation, bone remodeling, and hemosrasis. Despite tireir
differences, all these processes depend on integrin-mediated
regulated interactions between the cytoskeleton and either
the ECM or CAMs on other cells.
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all others are ECM or serum proteins' Some

In addition to their adhesion function, integrins can me-
diate outside-in and inside-out signaling (see Figure 19-7).
The engagement of integrins by their extracellular ligands
can, through adapter proteins bound to the integrin cytoso-
lic region, influence the cytoskeleton and intracellular
signaling pathways (outside-in signaling). Conversely, intra-
cellular signaling pathways can alter, from the cytoplasm,
the structure of integrins and consequently their abilities to
adhere to their extracellular ligands and mediate cell-cell and
cell-matrix interactions (inside-out signaling). Integrin-
mediated signaling pathways influence processes as diverse
as cell survival, cell proliferation, and programmed cell
death (Chapter 27).

Gap Junct ions Composed of  Connexins Al low
Smal l  Molecules to  Pass Di rect ly  Between
Adjacent  Cel ls

Early electron micrographs of virtually all animal cells that
were in contact revealed sites of cell-cell contact with a char-
acteristic intercellular gap (Figure 19-1,8a1. This feature
prompted early morphologists to call these regions gap junc-

tions. In retrospect, the most important feature of these junc-

tions is not the gap itself but a well-defined set of cylindrical
particles that cross the gap and compose pores connecting
the cytoplasms of adjacent cells.

In many tissues, large numbers of gap junctional parti-

cles cluster together in patches (e.g', along the lateral sur-

faces of epithelial cells; see Figure 19-9). Vhen the plasma

membrane is purified and then sheared into small fragments'

some pieces mainly containing patches of gap junctions are

The effective pore size of gap junctions can be measured

by inyecting a cell with a fluorescent dye covalently linked to

molecules of various sizes and observing with a fluorescence

microscope whether the dye passes into neighboring cells'

Gap junctions between mammalian cells permit the passage

of molecules as large as 1'2 nm in diameter. In insects, these

junctions are permeable to molecules as large as 2 nm in di-

ameter. Generally speaking, molecules smaller than 1200 Da

pass freely and those larger than 2000 Da do not pass; the

purr"g. of intermediate-sized molecules is variable and lim-

it.d. thus ions, many low-molecular-weight precursors of

cellular macromolecules' products of intermediary metabo-

lism, and small intracellular signaling molecules can pass

from cell to cell through gap junctions.
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In nervous tissue, some neurons are connected by gap junc-
tions through which ions pass rapidly, thereby allowing very
rapid transmission of electric signals. Impulse transmission
through these connections, called electrical synapses, is almost
a thousandfold as rapid as ar chemical synapses (Chapter 23).
Gap junctions are also present ln many non-neuronal tissues,
where they help to integrate the electrical and metabolic activ-
ities of many cells. In the heart, for instance, gap junctions rap-
idly pass ionic signals among muscle cells, which are tightly
interconnected via desmosomes, and thus contribute to the
electrically stimulated coordinate contraction of cardiac mus-
cle cells during a beat. As discussed in Chapter 15, some extra-
cellular hormonal signals induce the production or release of
small intracellular signaling molecules called second messen-
gers (e.g., cyclic AMP, IP3, and Ca2*) that regulate cellular

< F IGURE 19-18 Gap junc t ions .  (a )  In  th is  th in  sec t ion  th rough a
gap lunc t ion  connect ing  two mouse l i ver  ce l l s ,  the  two p lasma
membranes are  c lose ly  assoc ia ted  fo r  a  d is tance o f  severa l  hundred
nanometers ,  separa ted  by  a  "gap"  o f  2 -3  nm (b)  Numerous
rough ly  hexagona l  par t i c les  a re  v is ib le  in  th is  perpend icu la r ,  o r  en
face, view of the cytosol ic face of a region of plasma membrane
enr iched in  gap junc t ions  Each par t i c le  a l igns  w i th  a  s imi la r  par t i c le
on an  ad jacent  ce l l ,  fo rming  a  channe l  connect ing  the  two ce l l s
(c )  Schemat ic  mode l  o f  a  gap lunc t ion  connect ing  two p lasma
membranes Both  membranes conta in  connexon hemichanne ls ,
cy l inders  o f  s ix  dumbbe l l -shaped connex in  molecu les  Two
connexons jo in  in  the  gap be tween the  ce l l s  to  fo rm a  gap- lunc t ion
channel, 1 5-2 O nm in diameter, that connects the cytosols of the
two ce l l s  (d )  E lec t ron  dens i ty  o f  a  recombinant  gap- junc t ion
channel determined by electron crystal lography (Left) Side view of
the complete structure oriented as in part (c) N4 : membrane
bilayer; E : extracel lular gap; C : cytosol (Rrgrht) View looking
down on the  connexon f rom the  cy toso l  perpend icu la r  to  the
membrane b i layers ,  Super imposed on  the  e lec t ron  dens i ty  map are
mode ls  o f  the  t ransmembrane c r  he l i ces  (go ld ) ,  four  per  subun i t ,  24
per  connexon hemichanne l  [Par t  (a )  cour tesy  o f  D Goodenough par t  (b )
courtesy of N Gilula Part (d) adapted from S j  Fleishman et al ,2004, Mol
Ceil  15(6):879-888 l

metabolism. Because second messengers can be transferred
between cells through gap junctions, hormonal stimulation of
one cell can trigger a coordinated response by that same cell
and many of its neighbors. Such gap junction-mediated signal-
ing plays an important role, for example, in the secretion of
digestive enzymes by the pancreas and in the coordinated mus-
cular contractile waves (peristalsis) in the intestine. Another
vivid example of gap junction-mediated transport is the phe-
nomenon of metabolic coupling, or metabolic cooperation, in
which a cell transfers nutrients or intermediary metabolites to
a neighboring cell that is itself unable to synrhesize them. Gap
junctions play critical roles in the development of egg cells in
the ovary by mediating the movement of both metabolites and
signaling molecules between an oocyte and its surrounding
granulosa cells as well as between neighboring granulosa cells.

G a p
ju  nc t ion

50 nm

,,"13 
-

,i1.;, ,tl-,,

(c )

+=*4

In te rce l lu la r  gap
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A current model of the structure of the gap junction is
shown in Figure 19-1,8c, d. Vertebrate gap junctions are com-
posed of connexins, a family of structurally related transmem-
brane proteins with molecular weights between 26,000 and
60,000. A completely different family of proteins, the innexins,
forms the gap junctions in invertebrates. A third family of
innexinJike proteins, called pannexins, was recently discovered
in both vertebrates and invertebrates. Each vertebrate hexago-
nal particle consists of 12 noncovalently associated connexin
molecules: 6 form a cylindrical connexin hemichannel in one
plasma membrane that is joined to a connexin hemichannel in
the adjacent cell membrane, forming the continuous aqueous
channel betrveen the cells. Each individual connexin molecule
spans the plasma membrane four times with a topology similar
to that of occludin (see Figure 1,9-1,5). Pannexins are capable of
forming intercellular channels as well; however, pannexin
hemichannels may also function to permit direct exchange
between the intracellular and extracellular spaces.

There are 21 different connexin genes in humans, with dif-
ferent sets of connexins expressed in different cell types. This
diversity together with the generation of mutant mice with in-
activating mutations in connexin genes, has highlighted the
importance of connexins in a wide variety of cellular systems.
Some cells express a single connexin that forms homotypic
channels. Most cells, however, express at least two connexinsl
these different proteins assemble into heteromeric connexins,
which in turn form heterotypic gap-junction channels. Diver-
sity in channel composition leads to differences in channel
permeability. For example, channels made from a 43-kDa
connexin isoform, Cx43-the most ubiquitously expressed
connexin-are more than 1OO-fold as permeable to ADP and
ATP as those made from Cx32 (32 kDa).

The permeability of gap junctions^can be regulated by
changes in the intracellular pH and Ca'* concentration and
phosphorylation of connexin. One example of the physio-
Iogical regulation of gap junctions is mammalian childbirth.
The muscle cells in the mammalian uterus must contract
strongly and synchronously during labor to expel the fetus.
To facilitate this coordinate activity, immediately prior to
and during labor there is an approximately five- to tenfold
increase in the amount of the major myometrial connexin,
Cx43, and an increase in the number and size of gap junc-

tions, which decrease rapidly postpartum.
Assembly of connexins, their trafficking within cells, and

formation of functional gap junctions apparently depend
on N-cadherin and its associated junctional proteins (e.g.,

a- and B-catenins ZO-1,, ZO-2) as well as desmosomal pro-
teins (plakoglobin, desmoplakin, and plakophrlin-2). PDZ
domains inZO-l andZO-2 bind to the C-terminus of Cx43
and apparently mediate its interaction with catenins and
N-cadherin. The relevance of these relationships is particu-
larly evident in the heart, which depends on adjacent gap
junctions (for rapid coordinated electrical coupling) and
adherens junctions and desmosomes (for mechanical coupling
between cardiomyocytes) for the intercellular integration of
electrical activity and movement required for normal cardiac
function. It is noteworthy that ZO-1 serves as an adaptor
for adherens (see Figure 1,9-12), tight, and gap junctions,

suggesting this and other adapters can help integrate the

formation and functions of these diverse iunctions.

Mutations in connexin genes cause at least eight hu-

man diseases, including neurosensory deafness (Cx26

and Cx31). cataract or heart malformations (Cx43, Cx45,

and CxS0). and the X-linked form of Charcot-Marie-Tooth
disease (Cx32), which is marked by progressive degenera-

tion of peripheral nerves. I

Cell-Cell and CelI-ECM Junctions and Their

Adhesion Molecules

r Polarized epithelial cells have distinct apical, basal' and

lateral surfaces. Microvilli projecting from the apical sur-

faces of many epithelial cells considerably expand the cells'

surface areas.

r Three maior classes of cell junctions-anchoring junc-

tions, tight junctions, and gap junctions-assemble epithe-

lial cells into sheets and mediate communication between

them (see Figures 19-' l '  and 19-9). Anchoring junctions can

be further subdivided into adherens iunctions' desmo-

somes, and hemidesmosomes.

r Adherens junctions and desmosomes are cadherin-

containing anchoring junctions that bind the membranes of

adjacent cells, giving strength and rigidity to the entire tissue.

r Cadherins are cell-adhesion molecules (CAMs) responsi-

ble for Ca2*-dependent interactions between cells in ep-

ithelial and other tissues. They promote strong cell-cell

adhesion by mediating both lateral intracellular and inter-

cellular interactions.

r Adapter proteins that bind to the cytosolic domain of

cadherins and other CAMs and adhesion receptors mediate

the association of cytoskeletal and signaling molecules with

the plasma membrane (see Figure 1,9-12). Strong cell-cell

adhesion depends on the linkage of the interacting CAMs

to the cytoskeleton.

r Tight junctions block the diffusion of proteins and some

lipids in the plane of the plasma membrane' contributing to

the polarity of epithelial cells. They also limit and regulate the

extracellular (paracellular) flow of water and solutes from

one side of the epithelium to the other (see Figure 19-1'7).

r Hemidesmosomes are integrin-containing anchoring
junctions that attach cells to elements of the underlying ex-

tracellular matrix.

r Integrins are alarge family of crB heterodimeric cell-surface

proteins that mediate both cell-cell and cell-matrix adhesions

and inside-out and outside-in signaling in numerous tissues.

ap junctions are constructed of multiple copies of con-

n proteins, assembled into a transmembrane channel

interconnects the cytoplasms of two adjacent cells (see

Figure 19-18). Small molecules and ions can pass through

gap junctions, permitting metabolic and electrical coupling

of adiacent cells.
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The Extracellular Matrix l :
The Basal Lamina
In animals, the extracellular matrix helps organize cells into
tissues and coordinates their cellular functions by activating
intracellular signaling pathways that control cell growth,
proliferation, and gene expression. Many functions of the
matrix require transmembrane adhesion receptors that bind
directly to ECM components and that also interact, through
adapter proteins, with the cytoskeleton. A principal class
of adhesion receptors that mediate cell-matrix adhesion is
integrins (Section 19.2). However, other types of molecules
also function as important adhesion receptors.

Adhesion receprors bind to three types of molecules
abundant in the extracellular matrix of all t issues:

r Proteoglycans, a group of glycoproteins that cushion
cells and bind a wide variety of extracellular molecules

r Collagen fibers, which provide structural integrity and
mechanical strength and resilience

r Soluble multiadhesive matrix proteins, such as laminin
and fibronectin, which bind to and cross-link cell-surface
adhesion receptors and other ECM components.

We begin our description of the structures and functions
of these major ECM components in the context of the basal
lamina-the specialized extracellular matrix sheet that plays

( a )

Cytosol Basal surface

Connect ive  Basa l  lamina
t issue

A FIGURE 19-19 The basal lamina separating epithel ial cel ls
and some other cel ls from connective t issue. (a) Transmission
electron micrograph of a thin section of cel ls (top) and underlying
connective t issue (bottom) The electron-dense layer of the basal
lamina can be seen to fol low the undulat ion of the basal surface of
the cel ls. (b) Electron micrograph of a quick-freeze deep-etch
preparation of skeletal muscle showing the relat ion of the plasma

a particularly important role in determining the overall ar-
chitecture and function of epithelial tissue. In the next sec-
tion, we discuss the ECM molecules commonly found in
nonepithelial tissues, including connective tissue.

The Basal  Lamina Prov ides a Foundat ion
for  Assembly of  Cel ls  in to T issues
In animals, most organized groups of cells in epithelial
and nonepithelial tissues are underlain or surrounded by the
basal lamina, a sheetlike meshwork of ECM components
usually no more than 60-120 nm thick (Figure 19-191.
The basal lamina is structured differently in different
tissues. In columnar and other epithelia (e.g., intestinal
l ining, skin), it is a foundation on which only one surface
of the cells rests. In other tissues, such as muscle or fat, the
basal lamina surrounds each cell. Basal laminae play im-
portant roles in regeneration after t issue damage and in
embryonic development. For insrance, the basal lamina
helps four- and eight-celled embryos adhere together in a
ball. In the development of the nervous system, neurons
migrate along ECM pathways that contain basal lamina
components. In higher animals, two distinct basal laminae
are employed to form a tight barrier that l imits diffusion
of molecules between the blood and the brain (blood-
brain barrier), and in the kidney a specialized basal lamina
serves as a selective permeabil ity blood fi l ter. Thus the
basal lamina is important for organizing cells into tissues
and distinct compartmenrs, t issue repair, and guiding

(b)

Cell-su rface
receptor proteins

membrane, basal lamina, and surrounding connective t issue. In
this preparation, the basal lamina is revealed as a meshwork of
f i lamentous proteins that associates with the plasma membrane and
the thicker col lagen f ibers of the connective t issue [part (a) courtesy of
P FitzGerald Part (b) from D W Fawcett, 1981, The Cell,2d ed, SaunderV
Photo Researchers; courtesy of John Heuser l

,e:

Basa l  lamina
Col lagen f ibers
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migrating cells during development. It is therefore not sur-
prising that basal lamina components have been highly
conserved throughout evolution.

Most of the ECM components in the basal lamina
are synthesized by the cells that rest on it. Four ubiq-
uitous protein components are found in basal laminae
(Figure 1,9-20):

. Type IV collagen, trimeric molecules with both rodlike and
globular domains that form a two-dimensional network

t Laminins, a family of multiadhesive, cross-shaped pro-
teins that form a fibrous two-dimensional network with
type IV collagen and that also bind to integrins and other
adhesion receptors

t Perlecan, alarge multidomain proteoglycan that binds to
and cross-links many ECM components and cell-surface
molecules

t Nidogen (also called entactin), a rodlike molecule that
cross-links type IV collagen, perlecan, and laminin and
helps incorporate other components into the ECM

Other ECM molecules are incorporated into various basal
laminae, depending on the tissue and particular functional
requirements of the basal lamina.

As depicted in Figure 19-1, one side of the basal lamina
is linked to cells by adhesion receptors, including cr6B4 inte-
grin in hemidesmosomes, which binds to laminin in the basal
lamina. The other side of the basal lamina is anchored to the
adjacent connective tissue by a layer of fibers of collagen em-
bedded in a proteoglycan-rich matrix. In stratified squamous
epithelia (e.g., skin), this l inkage is mediated by anchoring
fibrils of type VII collagen. Together, the basal lamina and
collagen-anchoring fibrils form the structure calledthe base-
ment membrane.

Laminin,  a  Mul t iadhesive Matr ix  Prote in,  Helps
Cross- l ink Components of  the Basal  Lamina

Laminin, the principal multiadhesive matrix protein in basal
laminae, is a heterotrimeric, cross-shaped protein with a to-

tal molecular weight of 820,000 (Figure 1'9-21). At least 15

laminin isoforms, each containing slightly different polypep-

tide chains, have been identif ied. Globular LG domains
at the C-terminus of the laminin a subunit mediate Ca2*-
dependent binding to specific carbohydrates on certain cell-

surface molecules such as syndecan and dystroglycan, which

will be described further in Section 1,9.4. LG domains are

found in a wide variety of proteins and can mediate binding

to steroids and proteins as well as carbohydrates. For ex-

ample, LG domains in the a chain of laminin can mediate

binding to certain integrins, including a6B4 integrin in

hemidesmosomes on the basal surfaces of epithelial cells.

Laminin is the principal basal laminal ligand of a5B4 and

other integrins (Table 19-3).

Sheet-Forming Type lV Collagen ls a Major
Structural Component of the Basal Lamina

Type IV collagen is a principal structural component of all

basal laminae and can bind to certain integrin adhesion recep-

tors. Collagen IV is one of more than2} types of collagen that

participate in the formation of distinct extracellular matrices

in various tissues (Table 1'9-4). Although they differ in certain

structural features and tissue distribution, all collagens are

trimeric proteins made from three polypeptides, usually called

collagen cr chains. All three ct chains can be identical (ho-

motrimeric) or different (heterotrimeric). A trimeric collagen

molecule contains one or more three-stranded segments, each

with a similar triple-helical structure (Figure 19-22a1. Each

strand contributed by one of the a chains is twisted into a left-

handed helix, and three such strands from the three ct chains

wrap around each other to form a right-handed triple helix.

A FIGURE 19-20 Major protein components of the basal
lamina. Type lV collagen and laminin each form two-dimensional
networks, which are cross-linked by entactin and perlecan molecules

[Adapted f rom B Alberts et al , 1994, Molecular Biology of the Cell, 3d ed ,

Ga r l and ,  p  991  l
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  FIGURE 19-21 Laminin, a heterotrimeric multiadhesive
matrix protein found in all basal laminae. (a) Schematic model
showing the general shape, location of globular domains, and coiled-
coil region in which laminin's three chains are covalently l inked by
several disulfide bonds. Different regions of laminin bind to cell-
surface receptors and various matrix components. (b) Electron
micrographs of intact laminin molecule, showing its characteristic
cross appearance (/eft) and the carbohydrate-binding LG domains
near the C-terminus (right). leart(a) adapted from G R Martin and R
Timpl, 1987, Ann Rev. Cell Biol 3:57, and K yamada, 199j, J Biol Chem
256:12809 Part (b) from R Timpl et al , 2000, Matrix Biol 19:309;
photograph at rjght courtesy of JUrgen Engel l

The collagen triple helix can form because of an un-
usual abundance of three amino acids: glycine, proline, and
a modified form of proline called hydroxyproline (see Fig-
ure 2-15). They make up the characteristic repeating motif
Gly-X-l where X and Y can be any amino acid but are often
proline and hydroxyproline and less often lysine and hy-
droxylysine. Glycine is essential because its small side chain,
a hydrogen atom, is the only one that can fit into the
crowded center of the three-stranded helix (Figure 19-22b).
Hydrogen bonds help hold the three chains together. Al-
though the rigid peptidyl-proline and peptidyl-hydroxypro-
line linkages are not compatible with formation of a classic
single-stranded o. helix, they stabilize the distinctive three-
stranded collagen helix. The hydroxyl group in hydroxypro-

A FIGURE 19-22 The collagen triple helix. (a) (teft) Side view of
the crystal structure of a polypeptide f ragment whose sequence is
based on repeating sets of three amino acids, Gly-X-Y characteristic
of collagen q. chains (Center) Each chain is twisted into a left-handed
helix, and three chains wrap around each other to form a right-handed
triple helix. The schematic model (nglht) clearly i l lustrates the triple
helical nature of the structure. (b) View down the axis of the triple
helix The proton side chains of the glycine residues (orange) point into
the very narrow space between the polypeptide chains in the center of
the triple helix. In mutations in collagen in which other amino acids
replace glycine, the proton in glycine is replaced by larger groups that
disrupt the packing of the chains and destabil ize the triple-helical
structure lAdapted from R Z Kramer et al , 2001, J Mol Biol 311(1):131 ]

Iine helps hold its ring in a conformation that stabilizes the
three-stranded helix.

The unique properties of each type of collagen are due
mainly to differences in (1) the number and lengths of the
collagenous, triple-helical segments; (2) the segments that
flank or interrupt the triple-helical segments and that fold
into other kinds of three-dimensional structures; and (3) the
covalent modification of the cr chains (e.g., hydroxylation,
glycosylation, oxidation, cross-linking). For example, the
chains in type IV collagen, which is unique to basal laminae,
are designated IVo chains. Mammals express six homologous
IVa chains, which assemble into a series of type IV collagens
with distinct properties. All subtypes of type IV collagen,
however, form a 400-nm-long triple helix (Figure 19-23) that
is interrupted about 24 times with nonhelical segments and
flanked by large globular domains at the C-termini of the
chains and smaller globular domains at the N,termini. The
nonhelical regions introduce flexibility into the molecule.
Through both lateral associarions and interactions entailing
the globular N- and C-termini, type IV collagen molecules
assemble into a branching, irregular two-dimensional f i-
brous network that forms the lattice on which the basal
lamina is built (Figure 19-23).

In the kidnen a double basal lamina, the glomerular
basement membrane, separates the epithelium that
the urinary space from the endothelium that l ines theIines
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collagen triple-helical structure (see Figure 1,9-22). Dif-
ferent collagens are distinguished by the length and
chemical modifications of their cr chains and by the presence
of segments that interrupt or f lank their triple-helical
reglons.

r Perlecan, a large secreted proteoglycan present primarily
in the basal lamina, binds many ECM components and
adhesion receptors. Proteoglycans consist of membrane-
associated or secreted core proteins covalently linked to
one or more specialized polysaccharide chains called gly-
cosaminoglycans ( GAGs).

The Extracellular Matrix l l :
Connective and Other Tissues
Connective tissue, such as tendon and cartilage, differs from
other solid tissues in that most of its volume is made up of
extracellular matrix rather than cells. This matrix is packed
with insoluble protein fibers and contains proteoglycans,
various multiadhesive proteins, and a specialized gly-
cosaminoglycan called hyaluronan. The most abundant fi-
brous protein in connective tissue is collagen. Rubberlike
elastin fibers, which can be stretched and relaxed, also are
present in deformable sites (e.g., skin, tendons, heart). The
fibronectins. a familv of multiadhesive matrix proteins. form

Rough ER

c t l

\ . .  Col lagen molecule

their own distinct fibrils in the matrix of most connective tis-

sues. Although several types of cells are found in connective

tissues, the various ECM components are produced largely

by cells called fibroblasts.

Fibr i l lar  Col lagens Are the Major  F ibrous
Proteins in the ECM of Connective Tissues

About 80-90 percent of the collagen in the body consists of

fibrillar collagens (types I, II, and III), located primarily in

connective tissues (see Table L9-4).Because of its abundance

in tendon-rich tissue such as rat tail, type I collagen is easy to

isolate and was the first collagen to be charactetized.Its fun-

damental structural unit is a long (300-nm)' thin (1.5-nm-

diameter) triple helix (see Figure 1,9-22) consisting of two ct1(I)

chains and one cr2(I) chain, each 1050 amino acids in length.

The triple-stranded molecules associate into higher-order poly-

mers called collagen fibrils, which in turn often aggregate into

larger bundles called collagen fibers (Figure 1'9-24).

Quantitatively minor classes of collagen include fibril-
associated collagens, which link the fibrillar collagens to one

another or to other ECM compoflentsi sheet-forming and

anchoring collagens, which form two-dimensional net-

works in basal laminae (type IV) and connect the basal lam-

ina in skin to the underlying connective tissue (type VII);

transmembrane collagens, which function as adhesion re-

ceptors (e.g., BP180 in hemidesmosomes); and host defense

< FIGURE 19-24 Biosynthesis of f ibri l lar collagens.
Step [: Procollagen ct chains are synthesized on
ribosomes associated with the endoplasmic reticulum (ER)

membrane, and asparagine-linked oligosaccharides are
added to the C-terminal propeptide Step Z: Propeptides
associate to form trimers and are covalently l inked by
disulfide bonds, and selected residues in the Gly-X-Y
triplet repeats are covalently modified (certain prolines
and lysines are hydroxylated, galactose lGall or galactose-
glucose lhexagonsl is attached to some hydroxylysines,
prolines are cis -+ trans isomerized). Step E: The
modifications facil i tate zipperlike formatron, stabil ization
of triple helices, and binding by the chaperone protein

Hsp47 (Chapter 13), which may stabil ize the helices or
prevent premature aggregation of the trimers or both
Steps 4 and El: The folded procollagens are transported
to and through the Golgi apparatus, where some lateral
assocrat ion rnto smal l  bundles takes p lace The chains
are then secreted (step 6), the N- and C-terminal
propeptrdes are removed (step Z), and the trimers
assemble in to f ibr i ls  and are covalent ly  cross- l inked
(step ts). The 67-nm staggering of the trrmers gives the
fibri ls a striated appearance in electron micrographs
(inset) [Adapted from A V Persikov and B Brodsky, 2002,
Proc Nat ' l  Acad Sci  USA99(3) :1101-11031
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collagens, which help the body recognize and eliminate
pathogens. Interestingln several collagens (e.g., types XVIII
and XV) are also proteoglycans with covalently attached
GAGs (see Table l9-4).

Fibr i l lar  Col lagen ls  Secreted and Assembled
into F ibr i ls  Outs ide of  the Cel l
Fibrillar collagens are secreted proteins, produced primarily
by fibroblasts in the ECM. Collagen biosynthesis and secre-
tion follow the normal pathway for a secreted protein, de-
scribed in detail in Chapters 13 and 14. The collagen ct
chains are synthesized as longer precursors, called pro-c
chains, by ribosomes attached to the endoplasmic reticulum
(ER). The pro-a chains undergo a series of covalent modifi-
cations and fold into triple-helical procollagen molecules be-
fore their release from cells (see Figure 19-24).

After the secretion of procollagen from the cell, extracel-
lular peptidases remove the N-terminal and C-terminal
propeptides. In fibrillar collagens, the resulting molecules,
which consist almost entirely of a triple-stranded helix, asso-
ciate laterally to generate fibrils with a diameter of 50-200 nm.
In fibri ls, adjacent collagen molecules are displaced from
one another by 67 nm, about one-quarter of their length. This
staggered array produces a striated effect that can be seen in
both light and electron microscopic images of collagen fibrils
(Figure 19-24, inset). The unique properties of the fibrous
collagens (e.g., types I, II, i l I) are mainly due to the forma-
tion of fibrils.

Short non-triple-helical segments at either end of the fib-
rillar collagen a chains are of particular importance in the
formation of collagen fibrils. Lysine and hydroxylysine side
chains in these segments are covalently modified by extracel-
lular lysyl oxidases to form aldehydes in place of the amine
group at the end of the side chain. These reactive aldehyde
groups form covalent cross-links with lysine, hydroxylysine,
and histidine residues in adjacent molecules. These cross-
links stabil ize the side-by,side packing of collagen molecules
and generate a very strong fibril. The removal of the propep-
tides and covalent cross-linking take place in the extracellu-
lar space to prevent the potentially catastrophic assembly of
fibrils within the cell.

The post-translational modifications of pro-o chains
are crucial for the formation of mature collagen mol-

ecules and their assembly into fibri ls. Defects in these mod-
if ications have serious consequences, as ancient mariners
frequently experienced. For example, ascorbic acid (vita-
min C) is an essential cofactor for the hydroxylases re-
sponsible for adding hydroxyl groups to proline and lysine
residues in pro-ct chains. In cells deprived of ascorbate, as
in the disease scuruy, the pro-o. chains are not hydroxylated
sufficiently to form stable triple-helical procollagen at nor-
mal body temperature, and the procollagen that forms can-
not assemble into normal f ibri ls. 

'sfithout 
the structural

support of collagen, blood vessels, tendons, and skin be-
come fragile. Fresh fruit in the diet can suDDly sufficient
v i tamin C to support  the format ion of  noi - r l  co l lagen.
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Historically, Brit ish sailors were provided with l imes
to prevent scurvy, Ieading to their being called "l imeys."
Mutations in lysyl hydroxylase genes also can cause con-
nective-tissue defects. I

Type I and l l  Collagens Associate with
Nonf ibr i l lar  Col lagens to  Form Diverse
Structures

Collagens differ in the structures of the fibers they form and
how these fibers are organized into networks. Of the pre-
dominant types of collagen found in connective tissues, type
I collagen forms long fibers, whereas networks of type II col-
lagen are more meshlike. In tendons, for instance, the long
type I collagen fibers connect muscles to bones and must
withstand enormous forces. Because type I collagen fibers
have great tensile strength, tendons can be stretched without
being broken. Indeed, gram for gram, type I collagen is
stronger than steel. Two quantitatively minor fibrillar colla-
gens, type V and type XI, coassemble into fibers with type I
collagen, thereby regulating the structures and properties of
the fibers. Incorporation of type V collagen, for example, re-
sults in smaller-diameter fibers.

Type I collagen fibrils are also used as the reinforcing
rods in the construction of bone. Bones and teeth are hard
and strong because they contain large amounts of dahllite, a
crystall ine calcium- and phosphate-containing mineral.
Most bones are about 70 percent mineral and 30 percent
protein, the vast majority of which is type I collagen. Bones
form when certain cells (chondrocytes and osteoblasts) se-
crete collagen fibrils that are then mineralizedby deposition
of small dahllite crystals.

In many connective tissues, particularly skeletal muscle,
type VI collagen and proteoglycans are noncovalently bound
to the sides of type I fibrils and may bind the fibrils together
to form thicker collagen fibers (Figure 19-25a). Type VI col-
lagen is unusual in that the molecule consists of a relatively
short triple helix with globular domains at both ends. The
Iateral association of two type VI monomers generates an
"antiparallel" dimer. The end-to-end association of these
dimers through their globular domains forms type VI "mi-
crofibri ls. " These microfibri ls have a beads-on-a-string
appearance, with about 50-nm-long triple-helical regions
separated by 40-nm-long globular domains.

The fibrils of type II collagen, the major collagen in car-
tilage, are smaller in diameter than type I fibrils and are ori-
ented randomly in a viscous proteoglycan matrix. The rigid
collagen fibrils impart strength to the matrix and allow it to
resist large deformations in shape. Type II fibrils are cross-
linked to matrix proteoglycans by type IX collagen, another
fibri l-associated collagen.Type IX collagen and several re-
lated types have two or three triple-helical segments con-
nected by flexible kinks and an N-terminal globular segment
(Figure 19-25b). The globular N-terminal segment of type
IX collagen extends from the fibrils at the end of one of its
helical segments, as does a GAG chain that is sometimes
Iinked to one of the type IX chains. These protruding non-
helical structures are thought to anchor the type II fibril to



(a )

Type I col lagen f ibr i ls

( b )

Type l l  col lagen f ibr i l

Chondroit in
su lfate

Type Vl
col lagen

Proteoglycan

A FIGURE 19-25 Interactions of f ibrous collagens with
nonfibrous fibri l-associated collagens. (a) In tendons, type I f ibri ls
are all oriented in the direction of the stress aoplied to the tendon.
Proteoglycans and type Vl collagen bind noncovalently to fibri ls,
coating the surface The microfibri ls of type Vl collagen, which
contain globular and triple-helical segments, bind to type I f ibri ls and
link them together into thicker fibers (b) In carti lage, type lX collagen
molecules are covalently bound at regular intervals along type l l f ibri ls
A chondroitin sulfate chain, covalently l inked to the a2(lX) chain at
the flexible kink, projects outward from the fibri l, as does the globular
N-terminal region lPart (a), see R R Bruns et al , 1986, I Cell Biol 103:393
Part (b), see L M Shaw and B Olson, 1991, Trends Biochem Sci 18:1 91.1

proteoglycans and other components of the matrix. The in-
terrupted triple-helical structure of type IX and related col-
lagens prevents them from assembling into fibrils, although
they can associate with fibrils formed from other collagen
types and form covalent cross-links to them.

Mutations affecting type I collagen and its associated
proteins cause a variety of human diseases. Certain mu-

tations in the genes encoding the type I collagen a1(I) or o2(I)
chains lead to osteogenesis imperfecta, or brittle-bone dis-
ease. Because every third position in a collagen ct chain must
be a glycine for the triple helix to form (see Figure 1,9-22),
mutations of glycine to almost any other amino acid are dele-
terious, resulting in poorly formed and unstable helices. Only
one defective a chain of the three in a collagen molecule can
disrupt the whole molecule's triple-helical structure and func-
tion. A mutation in a single copy (allele) of either the cr1(I)
gene or the c2(I) gene, which are located on nonsex chromo-
somes (autosomes), can cause this disorder. Thus it normally
shows autosomal dominant inheritance.

Absence or malfunctioning of collagen-fibril-associated
microfibrils in muscle tissue due to mutations in the type VI
collagen genes cause dominant or recessive congenital mus-
cular dystrophies with generalized muscle weakness, respira-
tory insufficiency, muscle wasting, and muscle-related joint

abnormalities. Skin abnormalities have also been reported
with type VI collagen disease. I

Proteoglycans and Their Constituent GAGs Play
Diverse Roles in the ECM

As we saw with perlecan in the basal lamina, proteoglycans
play an important role in cell-ECM adhesion. Proteoglycans
are a subset of secreted or cell-surface-attached glycopro-
teins containing covalently linked specialized polysaccharide
chains called glycosaminoglycans (GAGs). GAGs are long
linear polymers of specific repeating disaccharides. Usually
one sugar is either a uronic acid (o-glucuronic acid or L-iduronic
acid) or o-galactose; the other sugar is N-acetylglucosamine
or N-acetylgalactosamine (Figure 1'9-26). One or both of the
sugars contain at least one anionic group (carboxylate or
sulfate). Thus each GAG chain bears many negative charges.
GAGs are classified into several major types based on the
nature of the repeating disaccharide unit: heparan sulfate,
chondroitin sulfate, dermatan sulfate, keratan sulfate, and
hyaluronan. A hypersulfated form of heparan sulfate called
heparin, produced mostly by mast cells, plays a key role in
allergic reactions. It is also used medically as an anticlotting
drug because of its ability to activate a natural clotting in-
hibitor called antithrombin III.

'!(ith 
the exception of hyaluronan, which is discussed

below, all the major GAGs occur naturally as components of
proteoglycans. Like other secreted and transmembrane glyco-
proteins, proteoglycan core proteins are synthesized on the

endoplasmic reticulum (Chapter 13). The GAG chains are
assembled on these cores in the Golgi complex. To generate

heparan or chondroitin sulfate chains, a three-sugar "linker" is
first attached to the hydroxyl side chains of certain serine
residues in a core protein; thus the linker is an Olinked

oligosaccharide (Figure L9-27a). In contrast, the linkers for the

addition of keratan sulfate chains are oligosaccharide chains

attached to asparagine residues; such Nlinked oligosaccha-
rides are present in many glycoproteins (Chapter 14), although
only a subset carry GAG chains. All GAG chains are elongated
by the alternating addition of sugar monomers to form the di-

saccharide repeats characteristic of a particular GAG; the chains

are often modified subsequently by the covalent linkage of

small molecules such as sulfate. The mechanisms responsible

for determining which proteins are modified with GAGs, the

sequence of disaccharides to be added, the sites to be sulfated,

and the lengths of the GAG chains are unknown. The ratio of

polysaccharide to protein in all proteoglycans is much higher

than that in most other glycoproteins.

Function of GAG Chain Modifications As is the case with

the sequence of amino acids in proteins, the arrangement of

the sugar residues in GAG chains and the modification of spe-

cific sugars (e.g., addition of sulfate) in the chains can deter-

mine their function and that of the proteoglycans containing

them. For example, groupings of certain modified sugars in

the GAG chains of heparin sulfate proteoglycans can control

the binding of growth factors to certain receptors or the activ-

ities of proteins in the blood-clotting cascade.
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D-Glucuronic acid

(b) Chondroit in (or dermatan) sulfate (n s 250\

OH
D-Glucuronic acid
(or L-iduronic acidl

For years, the chemical and structural complexity of pro-
teoglycans posed a daunting barrier to an analysis of their
structures and an understanding of their many diverse func-
tions. In recent years, investigators employing classical and
state-of-the-art biochemical techniques (e.g., capillary high-
pressure liquid chromatography), mass spectrometry, and ge-
netics have begun to elucidate the detailed structures and
functions of these ubiquitous ECM molecules. The results of
ongoing studies suggest that sets of sugar-residue sequences
containing some modifications in common, rather than single
unique sequences, are responsible for specifying distinct GAG
functions. A case in point is a set of five-residue (pentasaccha-
ride) sequences found in a subset of heparin GAGs that con-
trol the activity of antithrombin III (ATIII), an inhibitor of the

(a )  Hya luronan (n  <  25 ,000)
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(c) Heparin/Heparan sulfate (n = 200)
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I
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I
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  FIGURE 19-26 The repeating disaccharides of glycosaminogly-
cans (GAGs), the polysaccharide components of proteoglycans.
Each of the four classes of GAGs is formed by polymerization of
monomer units into repeats of a particular disaccharide and subsequent
modifications, including addition of sulfate groups and inversion
(epimerization) of the carboxyl group on carbon 5 of o-glucuronic
acid to yield r-iduronic acid Heparin is generated by hypersulfation
of heparan sulfate, whereas hyaluronan is unsulfated. The number
(n) of disaccharides typically found in each glycosaminoglycan chain
is given. The squiggly l ines represent covalent bonds that are oriented
either above (o-glucuronic acid) or below (r-iduronic acid) the rinq.

Man = mannose
G lcNAc = N-acetylglucosamine
SA = sialic acid

A FIGURE '19-27 Hydroxyl (O-) linked polysaccharides. (a)
Synthesis of a glycosaminoglycan (GAG), in this case chondroitin
sulfate, is init iated by transfer of a xylose residue to a serine residue
in the core protein, most l ikely in the Golgi complex, followed by
sequential addition of two galactose residues. Glucuronic acid and N-
acetylgalactosamine residues are then added sequentially to these
linking sugars, forming the chondroitin sulfate chain Heparan sulfate
chains are connected to core proteins by the same three-sugar l inker.
(b) Mucin-type O-linked chains are covalently bound to glycoproteins
via an N-acetylgalactosamine (GalNAc) monosaccharide to which are
covalently attached a variety of other sugars (c) Certain specialized
O-linked oligosaccharides, such as those found in the protein
dystroglycan, are bound to proteins via mannose (Man)
monosaccharides.
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A FIGURE 19-28 Pentasaccharide GAG sequence that
regulates the activity of antithrombin lll (ATlll). Sets of modified
five-residue sequences in the much longer GAG called heparin with
the composition shown here bind to ATll l and activate it, thereby
inhibit ing blood clotting The sulfate groups in red type are essential
for this heparin function; the modifications in blue type may be
present but are not essential Other sets of modified GAG sequences
are thought to regulate the activity of other target proteins.

key blood-clotting protease thrombin. When these pentasac-
charide sequences in heparin are sulfated at two specific posi-
tions, heparin can activate ATIII, thereby inhibiting clot for-
mation (Figure 19-28). Several other sulfates can be present in
the active pentasaccharide in various combinations, but they
are not essential for the anticlotting activity of heparin. The
rationale for generating sets of similar active sequences rather
than a single unique sequence and the mechanisms that con-
trol GAG biosynthetic pathways, permitting the generation of
such active sequences, are not well understood,

Diversity of Proteoglycans The proteoglycans constitute
a remarkably diverse group of molecules that are abundant in
the extracellular matrix of all animal tissues and are also ex-
pressed on the cell surface. For example, of the five major
classes of heparan sulfate proteoglycans, three are located in
the extracellular matrix (perlecan, agrin, and type XVIII col-
lagen) and two are cell-surface proteins. The latter include
integral membrane proteins (syndecans) and GPl-anchored
proteins (glypicans); the GAG chains in both types of cell-
surface proteoglycans extend into the extracellular space.
The sequences and lengths of proteoglycan core proteins vary
considerably, and the number of attached GAG chains ranges
from just a few to more than 100. Moreover, a core protein is
often linked to two different types of GAG chains, generating
a "hybrid" proteoglycan. The basal laminal proteoglycan
perlecan is primarily a heparan sulfate proteoglycan (HSPG)
with three to four GAG chains, although it sometimes can
have a bound chondroitin sulfate chain. Additional diversity
in proteoglycans occurs because the numbers of chains, com-
positions, and sequences of the GAGs attached to otherwise
identical core proteins can differ considerably. Laboratory
generation and analysis of mutants with defects in proteogly-
can production in Drosopbila melanogaster lfrurt fly), C.
elegans (roundworm), and mice have clearly shown that pro-
teoglycans play critical roles in development, most likely as
modulators of various signaling pathways.

Syndecans are cell-surface proteoglycans expressed by ep-
ithelial and nonepithelial cells that bind to collagens and mul-

tiadhesive matrix proteins (e.g., fibronectin), anchoring cells to
the extracellular matrix. Like that of many integral membrane
proteins, the cytosolic domain of syndecan interacts with the
actin cytoskeleton and in some cases with intracellular regula-
tory molecules. In addition, cell-surface proteoglycans like
syndecan bind many protein growth factors and other external
signaling molecules, thereby helping to regulate cellular metab-
olism and function. For instance, syndecans in the hypothala-
mic region of the brain modulate feeding behavior in response
to food deprivation. They do so by participating in the binding
to cell-surface receptors of antisatiety peptides that help con-
trol feeding behavior. In the fed state, the syndecan extracellu-
lar domain decorated with heparan sulfate chains is released
from the surface by proteolysis, thus suppressing the activity of

the antisatiety peptides and feeding behavior. In mice engi-
neered to overexpress the syndecan-l gene in the hypothalamic
region of the brain and other tissues, normal control of feeding

by antisatiety peptides is disrupted and the animals overeat and
become obese.

Hyaluronan Resists Compression, Facil i tates
Cel l  Migrat ion,  and Gives Car t i lage
Its Gel-l ike Propert ies

Hyaluronan, also called hyaluronic acid (HA) or hyaluronate,
is a nonsulfated GAG (see Figure 1,9-26a) made by a plasma-

membrane-bound enzyme (HA synthase) that is directly
secreted into the extracellular space. (A similar approach is

used by plant cells to make their ECM component cellulose.)
HA is a major component of the extracellular matrix that

surrounds migrating and proliferating cells, particularly in

embryonic tissues. In addition, hyaluronan forms the back-

bone of complex proteoglycan aggregates found in many

extracellular matrices, particularly cartilage. Because of its
remarkable physical properties, hyaluronan imparts stiffness
and resilience as well as a lubricating quality to many types
of connective tissue such as jolnts.

Hyaluronan molecules range in length from a few

disaccharide repeats to =25,000. The typical hyaluronan in

ioints such as the elbow has 10,000 repeats for a total mass

of 4 x 106 Da and length of 10 pm (about the diameter of a

small cell). Individual segments of a hyaluronan molecule

fold into a rodlike conformation because of the B glycosidic

linkages between the sugars and extensive intrachain hydro-
gen bonding. Mutual repulsion between negatively charged

carboxylate groups that protrude outward at regular inter-
vals also contributes to these local rigid structures. Overall'
however, hyaluronan is not a long, rigid rod as is fibrillar

collagen; rather, in solution it is very flexible, bending and

twisting into many conformations, forming a random coil.

Because of the large number of anionic residues on its

surface, the typical hyaluronan molecule binds a large

amount of water and behaves as if it were a large hydrated

sphere with a diameter of =500 nm. As the concentration of

hyaluronan increases, the long chains begin to entangle,

forming a viscous gel. Even at low concentrations, hyaluro-

nan forms a hydrated gel; when placed in a confining space,

such as in a matrix between two cells, the long hyaluronan
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molecules will tend to push outward. This outward pushing
creates a swelling, or turgor pressure, within the extracellu-
lar space. In addition, the binding of cations by COO-
groups on the surface of hyaluronan increases the concen-
tration of ions and thus the osmotic pressure in the gel. As a
result, large amounts of water are taken up into the matrix,
contributing to the turgor pressure. These swelling forces
give connective tissues their abil ity to resist compression
forces, in contrast with collagen fibers, which are able to
resist stretching forces.

Hyaluronan is bound to the surface of many migrating
cells by a number of adhesion receptors (e.g., one called
CD44) containing HA-binding domains, each with a similar
three-dimensional conformation. Because of its loose, hy-
drated, porous nature, the hyaluronan "coat" bound to cells
appears to keep cells apart from one another, giving them the
freedom to move about and proliferate. The cessation of cell
movement and the initiation of cell-cell attachments are fre-
quently correlated with a decrease in hyaluronan, a decrease
in HA-binding cell-surface molecules, and an increase in
the extracellular enzyme hyaluronidase, which degrades
hyaluronan in the matrix. These functions of hyaluronan are
particularly important during the many cell migrations that
facilitate differentiation and in the release of a mammalian
egg cell (oocyte) from its surrounding cells after ovulation.

The predominant proteoglycan in cartilage, called aggre-
can, assembles with hyaluronan into very large aggregates,
illustrative of the complex structures that proteoglycans
sometimes form. The backbone of the cartilage proteoglycan
aggregate is a long molecule of hyaluronan to which multi-
ple aggrecan molecules are bound tightly but noncovalently
(Figure 19-29a). A single aggrecan aggregate, one of the
largest macromolecular complexes known, can be more than
4 mm long and have a volume larger than that of abacterial
cell. These aggregates give cartilage its unique gel-like prop-
erties and its resistance to deformation, essential for distrib-
uting the load in weight-bearing Jornts.

The aggrecan core protein (=250,000 MW) has one
N-terminal globular domain that binds with high affinity to
a specific disaccharide sequence within hyaluronan. This
specific sequence is generated by covalent modification of
some of the repeating disaccharides in the hyaluronan chain.
The interaction between aggrecan and hyaluronan is facili-
tated by a link protein that binds to both the aggrecan core
protein and hyaluronan (Figure 19-29b). Aggrecan and the
link protein have in common a "l ink" domain. =100 amino
acids long, that is found in numerous matrix and cell-surface
hyaluronan-binding proteins in both cartilaginous and non-
cartilaginous tissues. Almost certainly these proteins arose in
the course of evolution from a single ancestral gene that en-
coded just this domain.

Fibronectins Interconnect Cells and Matrix,
In f luencing Cel l  Shape,  Di f ferent ia t ion,
and Movement
Many different cell types synthesize fibronectin, an abun-
dant multiadhesive matrix protein found in all vertebrates.

Link protein N-terminal
Hya lu ronan-binding
domain

Keratan
su l fate

Chondro i t in
sulfate

Li nking
sugars

Aggrecan core protein

  FIGURE 19-29 Structure of proteoglycan aggregate from
carti lage. (a) Electron micrograph of an aggrecan aggregate from
fetal bovine epiphyseal carti lage Aggrecan core proteins are bound
at =40-nm intervals to a molecule of hyaluronan (b) Schematic
representation of an aggrecan monomer bound to hyaluronan In
aggrecan, both keratan sulfate and chondroitin sulfate chains are
attached to the core protein. The N-terminal domain of the core
protein binds noncovalently to a hyaluronan molecule. Binding is
facil i tated by a l ink protein, which binds to both the hyaluronan
molecule and the aggrecan core protein. Each aggrecan core protein
has 127 Ser-Gly sequences at which GAG chains can be added The
molecular weight of an aggrecan monomer averages 2 x 106. The
entire aggregate, which may contain upward of 100 aggrecan
monomers, has a molecular weight in excess of 2 x 108 and is about
as large as the bacterium E coli. lPart(a)from J A Buckwalterand
L Rosenberg, 1983, Coll Re/ Res 3:489; courtesyof L Rosenberg l

The discovery that fibronectin functions as an adhesive mol-
ecule stemmed from observations that it is oresent on the
surfaces of normal fibroblastic cells, which udh.r. tightly to
petri dishes in laboratory experiments, but is absent from the
surfaces of tumorigenic (i.e., cancerous) cells, which adhere
weakly. The 20 or so isoforms of fibronectin are generated
by alternative splicing of the RNA transcript produced from
a single gene (see Figure 4-16). Fibronecrins are essential

( b )

+

Aggrecan

Hva luronan molecu le
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for the migration and differentiation of many cell types in
embryogenesis. These proteins are also important for wound
healing because they promote blood clotting and facilitate
the migration of macrophages and other immune cells into
the affected area.

Fibronectins help attach cells to the extracellular matrix
by binding to other ECM components, particularly fibrous
collagens and heparan sulfate proteoglycans, and to cell-
surface adhesion receptors such as integrins (see Figure 19-
2). Through their interactions with adhesion receptors (e.g.,
cr5B1 integrin), fibronectins influence the shape and move-
ment of cells and the organization of the cytoskeleton. Con-
verselS by regulating their receptor-mediated attachments to
fibronectin and other ECM components, cells can sculpt the
immediate ECM environment to suit their needs.

Fibronectins are dimers of two similar polypeptides
linked at their C-termini by two disulfide bonds; each chain
is about 50-70 nm long and 2-3 nm thick. Partial digestion
of fibronectin with low amounts of proteases and analysis of
the fragments showed that each chain comprises several
functional regions with different ligand-binding specificities
(Figure 1.9-30a). Each region, in turn, contains multiple
copies of certain sequences that can be classified into one of
three types. These classifications are designated fibronectin
type I, II, and III repeats, on the basis of similarities in amino
acid sequence, although the sequences of any two repeats of
a given type are not identical. These linked repeats give the
molecule the appearance of beads on a string. The combina-
tion of different repeats composing the regions confers on
fibronectin its ability to bind multiple ligands.

One of the type III repeats in the cell-binding region of
fibronectin mediates binding to certain integrins. The results
of studies with synthetic peptides corresponding to parts of

(a )

k fypelrcpeat

Type ll repeat

'ab tvpe lll repeat

A FIGURE 19-30 Organization of f ibronectin and its binding
to integrin. (a) Scale model of f ibronectin is shown docked by two
type ll l  repeats to the extracellular domains of integrin. Only one of
the two similar chains, which are l inked by disulfided bonds near
their C-termini, in the dimeric fibronectin molecule is shown Each
chain contains about2446 amino acids and is composed of three
types of repeating amino acid sequences (type l, l l , or l l l  repeats). The
ElllA, Ell lB-both type l l l  repeats-and ll lCS domain are variably
spliced into the structure at locations indicated by arrows Circulating
fibronectin lacks one or both of Ell lA and Ell lB. At least f ive different
sequences may be present in the l l lCS region as a result of alternative

this repeat identified the tripeptide sequence Arg-Gly-Asp,
usually called the RGD sequence, as the minimal sequence
within this repeat required for recognition by those inte-
grins. In one study, heptapeptides containing the RGD se-
quence or a variation of this sequence were tested for their
ability to mediate the adhesion of rat kidney cells to a culture
dish. The results showed that heptapeptides containing the
RGD sequence mimicked intact fibronectin's ability to stim-
ulate integrin-mediated adhesion, whereas variant heptapep-

tides lacking this sequence were ineffective (Figure 19-31').

A three-dimensional model of fibronectin binding to in-

tegrin based on structures of parts of both fibronectin and
integrin has been assembled. In a high-resolution structure

of the integrin-binding fibronectin type III repeat and its

neighboring type III domain, the RGD sequence is at the

apex of a loop that protrudes outward from the molecule, in

a position facilitating binding to integrins (see Figure 19-

30b). Although the RGD sequence is required for binding to

several integrins, its affinity for integrins is substantially less

than that of intact fibronectin or of the entire cell-binding re-

gion in fibronectin. Thus structural features near the RGD

sequence in fibronectins (e.g., parts of adjacent repeats, such

as the synergy region; see Figure 19-30b) and in other RGD-

containing proteins enhance their binding to certain inte-

grins. Moreover, the simple soluble dimeric forms of fi-

bronectin produced by the liver or fibroblasts are initially in

a nonfunctional conformation that binds poorly to integrins

because the RGD sequence is not readily accessible. The ad-

sorption of fibronectin to a collagen matrix or the basal lam-

ina or, experimentallg to a plastic tissue-culture dish results

in a conformational change that enhances its ability to bind

to cells. Possibl5 this conformational change increases the

accessibility of the RGD sequence for integrin binding'

Synergy
reg ron

(b)

Heparan F ib r in
su l fa te  b ind ing
b ind ing R G D

sequence

splicing (see Figure 4-16). Each chain contains several multirepeat-
containing regions, some of which contain specific binding sites
(made up of multiple-binding repeats) for heparan sulfate, f ibrin (a

major constituent of blood clots), collagen, and cell-surface integrins.
The integrin-binding domain is also known as the cell-binding
domain Structures of f ibronectin s domains were determined from

fragments of the molecule. (b) A high-resolution structure shows that
the RGD binding sequence (red) extends outward in a loop from its
compact type l l l  domain on the same side of f ibronectin as the
synergy region (blue), which also contributes to high-affinity binding
to integrins. [Adapted from D J Leahyet al, 1996, Cell84:161 ]
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A EXPERIMENTAL FIGURE 19-31 A specific tripeptide sequence
(RGD) in the cell-binding region of fibronectin is required for
adhesion of cells. The cell-binding region of f ibronectin contarns an
integrin-binding hexapeptide sequence, GRGDSP in the single-letter
amino acid code (see Figure 2-14) Together with an additional C-
terminal cysteine (C) residue this heptapeptide and several variants
were synthesized chemically. Different concentrations of each
synthetic peptide were added to polystyrene dishes that had the
protein immunoglobulin G (lgG) firmly attached to their surfaces; the
peptides were then chemically cross-linked to the lgG. Subsequently,
cultured normal rat kidney cells were added to the dishes and
incubated for 30 minutes to allow adhesion. After the nonbound
cells were washed away, the relative amounts of cells that had
adhered firmly were determined by staining the bound cells with a
dye and measuring the intensity of the staining with a
spectrophotometer. The results shown here indicate that cell
adhesion increased above the background level with increasing
peptide concentration for those peptides containing the RGD
sequence but not for the variants lacking this sequence (modification
underlined). [From M D Pierschbacher and E Ruoslahti. 1984. proc. Nat't.
Acad. Sci. USA 81:5985.1

Microscopy and other experimental approaches (e.g.,
biochemical binding experiments) have demonstrated the
role of integrins in crosslinking fibronectin and other ECM
components to the cytoskeleton. For example, the colocaliza-
tion of cytoskeletal actin filaments and integrins within cells
can be visualized by fluorescence microscopy (Figure I9-32a).
The binding of cell-surface integrins to fibronectin in the
matrix induces the actin cytoskeleton-dependent movement
of some integrin molecules in the plane of the membrane. The
ensuing mechanical tension due to the relative movement of
different integrins bound to a single fibronectin dimer stretches
the fibronectin. This stretching promotes self-association of
fibronectins into multimeric fibrils.

The force needed to unfold and expose functional self-
association sites in fibronectin is much less than that needed

to disrupt fibronectin-integrin binding. Thus fibronectin
molecules remain bound to integrin while cell-generated me-
chanical forces induce fibril formation. In effect, the inte-
grins through adapter proteins transmit the intracellular
forces generated by the actin cytoskeleton to extracellular fi-
bronectin. Gradually, the initially formed fibronectin fibrils
mature into highly stable matrix components by covalent
crossJinking. In some electron micrographic images, exte-
rior fibronectin fibrils appear to be aligned in a seemingly
continuous line with bundles of actin fibers within the cell
(Figure 1,9-32b). These observations and the results from
other studies provided the first example of a molecularly
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A EXPERIMENTAL FIGURE 19-32 Integrins mediate l inkage
between fibronectin in the extracellular matrix and the
cytoskeleton. (a) lmmunofluorescent micrograph of a fixed cultured
fibroblast showing colocalization of the a5p1 integrin (green) and
actin-containing stress fibers (red). The cell was incubated with two
types of monoclonal antibody: an integrin-specific antibody l inked to
a green fluorescing dye and an actin-specific antibody l inked to a red
fluorescing dye. Stress fibers are long bundles of actin microfi laments
that radiate inward from points where the cell contacts a substratum.
At the distal end of these fibers, near the plasma membrane, the
coincidence of actin (red) and fibronectin-binding integrin (green)
produces a yellow fluorescence. (b) Electron micrograph of the
junction of f ibronectin and actin fibers in a cultured fibroblast.
Individual actin-containing 7-nm microfi laments, components of a
stress fiber, end at the obliquely sectioned cell membrane. The
microfi laments appear aligned in close proximity to the thicker,
densely stained fibronectin fibri ls on the outside of the cell lpart (a)
f romJ Dubandeta l  ,1988,  J .Cel l  B io l .  107:1385 Part (b)  f roml  J  Singer ,
1979, Cell 16:675; courtesy of l. J Singer; copyright 1979, MlT.l
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Activationf

< FIGURE 19-34 Model for integrin
activation. (teft) The molecular model is
based on the x-ray crystal structure of the
extracellular region of cvB3 integrin in its
inactive, low-affinity ("bent")form, with the a
subuni t  in  shades of  b lue and the B subuni t  in
shades of red. The major l igand-binding sites
are at the tip of the molecule, where the
propeller domain of the c subunit (dark blue)
and BA domatn (dark red) interact. An RGD
peptide ligand is shown in yellow. (Rrgrht)
Activation of integrins is thought to be due
to conformational changes that include
straightening of the molecule; key movements
near the propeller and BA domains, which
increases the affinity for ligands; and separation
of the cytoplasmic domains, resulting in altered
interactions with adapter proteins. lAdapted
from M Arnaout et al , 2002, Curr. Opin. Cell Biol
14:641, and R O Hynes, 2002, Cell 11O:673]l

Integrin Expression The attachment of cells to ECM
components can also be modulated by altering the number
of integrin molecules exposed on the cell surface. The cr4B1
integrin, which is found on many hematopoietic cells, offers
an example of this regulatory mechanism. For these
hematopoietic cells to proliferate and differentiate, they
must be attached to fibronectin synthesized by supportive
("stromal") cells in the bone marrow. The o4B1 integrin on
hematopoietic cells binds to a Glu-Ile-Leu-Asp-Val (EILDV)
sequence in fibronectin, thereby anchoring the cells to the
matrix. This integrin also binds to a sequence in a CAM
called vascular CAM-1 (VCAM-1), which is present on stro-
mal cells of the bone marrow. Thus hematopoietic cells di-
rectly contact the stromal cells as well as attach to the ma-
trix. Late in their differentiation, hematopoietic cells
decrease their expression of ct4B1 integrin; the resulting re-
duction in the number of ct4B1 integrin molecules on the cell
surface is thought to allow mature blood cells to detach from
the matrix and stromal cells in the bone marrow and subse-
quently enter the circulation.

Connections Between the ECM
and Cytoskeleton Are Defective
in Muscular  Dyst rophy

The importance of the adhesion-receptor-mediated
linkage between ECM components and the cytoskele-

ton is highlighted by a set of hereditary muscle-wasting dis-
eases, collectively called muscular dystrophies. Duchenne
muscular dystrophy (DMD), the most common type, is a
sex-linked disorder, affecting 1 in 3300 boys, that results in
cardiac or respiratory failure, usually in the late teens or
early twenties. The first clue to understanding the molecular

basis of this disease came from the discovery that people

with DMD carry mutations in the gene encoding a protein

named dystrophin. This very large protein was found to be a

cytosolic adapter protein, binding to actin filaments and to

an adhesion receptor called dystroglycan.
Dystroglycan is synthesized as a large glycoprotein pre-

cursor that is proteolytically cleaved into two subunits. The ct

subunit is a peripheral membrane protein' and the B subunit

is a transmembrane protein whose extracellular domain asso-

ciates with the a subunit (Figure 1,9-35t. Multiple O-linked

oligosaccharides are attached covalently to side-chain hy-

droxyl groups of serine and threonine residues in the a

subunit. Unlike the most abundant O-linked (also called

mucin-like) oligosaccharides in which an N-acetylgalac-

tosamine (GalNAc) is the first sugar in the chain linked

directly to the hydroxy group of the side chain of serine or

theonine or the linkage in proteoglycans' many of the O-

linked chains in dystroglycan are directly linked to the hy-

droxyl group via a mannose sugar (see Figure 1,9-271'

These specialized O-linked oligosaccharides bind to var-

ious basal lamina components' including the LG domains of

multiadhesive matrix protein laminin and the proteoglycans

perlecan and agrin. The neurexins, a family of adhesion mol-

ecules expressed by neurons' also are bound via these

oligosaccharides, whose detailed heterogeneous structures

and mechanisms of synthesis have not been fully elucidated.

The transmembrane segment of the dystroglycan B sub-

unit associates with a complex of integral membrane proteins;

its cytosolic domain binds dystrophin and other adapter pro-

teins, as well as various intracellular signaling proteins (Fig-

ure 19-35). The resulting large, heteromeric assemblage, the

dy stroph in gly coprotein complex (D GC), links the extracellu-

lar matrix to the cytoskeleton and signaling pathways within
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  FIGURE 19-35 Dystrophin glycoprotein complex (DGC) in
skeletal muscle cells. This schematic model shows that the DGC
comprises three subcomplexes: the ct,B dystroglycan subcomplex; the
sarcoglycan/sarcospan subcomplex of integral membrane proteins;
and the cytosolic adapter subcomplex comprising dystrophin, other
adapter proteins, and signaling molecules Through its O-linked
sugars, B-dystroglycan binds to components of the basal lamina,
such as laminin and perlecan, and cell surface proteins, sucn as
neurexin in neurons Dystrophin-the protein defective in Duchenne
muscular dystrophy-links B-dystroglycan to the actin cytoskeleton,
and a-dystrobrevin links dystrophin to the sarcoglycan/sarcospan
subcomplex. Nitric oxide synthase (NOS) produces nitric oxide, a
gaseous s ignal ing molecule,  and GRB2 is  a component  of  s ignal ing
pathways activated by certain cell-surface receptors (Chapter 1 5)
[Adapted from S J Winder, 2001, Trends Biochem Sci 26:118, and D E
Michele and K P Campbell, 2003, J Biol Chem 278(18):15457-154601

muscle and other types of cells. For instance, the signaling en-
zyme nitric oxide synthase (NOS) is associated through syn-
trophin with the cytosolic dystrophin subcomplex in skeletal
muscle. The rise in intracellular Ca2t during muscle contrac-
tion activates NOS to produce nitric oxide (NO), a signaling
molecule that diffuses into smooth muscle cells surrounding
nearby blood vessels. NO promotes smooth muscle relax-
ation, leading to a local rise in the flow of blood supplying nu-
trients and oxygen to the skeletal muscle.

Mutations in dystrophin, other DGC components,
laminin, or enzymes that add the O-linked sugars to dystro-
glycan can all disrupt the DGC-mediated link between the
exterior and the interior of muscle cells and cause muscular
dystrophies. In addition, dystroglycan mutations have been
shown to greatly reduce the clustering of acetylcholine re-
ceptors on muscle cells at the neuromuscular junctions,
which also is dependent on the basal lamina proteins laminin
and agrin. These and possibly orher effects of DGC defects
apparently lead to a cumulative weakening of the mechani-
cal stability of muscle cells as they undergo contraction and
relaxation, resulting in deterioration of the cells and muscu-
Iar dystrophy.

Dystroglycan provides an elegant-and medically rele-
vant-example of the intricate networks of connectivity in
cell biology. Dystroglycan was originally discovered in the
context of studying DMD. However, it was later shown to
be expressed in nonmuscle cells and, through its binding to
laminin, to play a key role in the assembly and stability of at
Ieast some basement membranes. Thus it is essential for nor-
mal development (Chapter 22). Additional studies led to its
identification as a cell-surface receptor for the virus that
causes the frequendy fatal human disease Lassa fever and
other related viruses, all of which bind via the same special-
ized O-linked sugars that mediate binding to laminin. Fur-
thermore, dystroglycan is also the receptor on specialized
cells in the nervous system-Schwann cells-to which binds
the pathogenic bacterium Mycobacteriwm leprae,the causative
organism of leprosy. I

lgCAMs Mediate Cel l -Cel l  Adhesion in  Neuronal
and Other Tissues
Numerous transmembrane proteins characterized by the
presence of multiple immunoglobulin domains (repeats) in
their extracellular regions constitute the immunoglobulin
(Ig) superfamily of CAMs, or IgCAMs. The Ig domain is a
common protein motif, containing 70-110 residues, that
was first identified in antibodies, the antigen-binding
immunoglobulins, but has a much older evolutionary ori-
gin in CAMs. The human, D. melanogaster, and C. elegans
genomes include about765,150, and 64 genes, respectively,
that encode proteins containing Ig domains. Immunoglobu-
Iin domains are found in a wide variety of cell-surface pro-
teins, including T-cell receptors produced by lymphocytes
and many proteins that take part in adhesive interactions.
Among the IgCAMs are neural CAMs; intercellular CAMs
(ICAMs), which function in the movement of leukocytes
into tissues; and junction adhesion molecules (JAMs), which
are presenr in tight junctions.

As their name implies, neural CAMs are of particular
importance in neural t issues. One type, the NCAMs, pri-
marily mediate homophil ic interactions. First expressed
during morphogenesis, NCAMs play an important role in
the differentiation of muscle, glial, and nerve cells. Their
role in cell adhesion has been directly demonstrated by the
inhibition of adhesion with anti-NCAM antibodies. Nu-
merous NCAM isoforms, encoded by a single gene, are
generated by alternative mRNA splicing and by differences
in glycosylation. Other neural CAMs (e.g., L1-CAM) are
encoded by different genes. In humans, mutations in differ-
ent parts of the L1-CAM gene cause various neuropatholo-
gies (e.g., mental retardation, congenital hydrocephalus,
and spasticity).

An NCAM comprises an extracellular region with five Ig
repeats and two fibronectin type III repeats, a single mem-
brane-spanning segment, and a cytosolic segment that inter-
acts with the cytoskeleton (see Figure 19-2).In contrast, the
extracellular region of LI-CAM has six Ig repeats and four
fibronectin type III repeats. As with cadherins, cis (intracel-
lular) interactions and trans (intercellular) interactions
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probably play key roles in IgCAM-mediated adhesion (see
Figure 19-3); however, adhesion mediated by IgCAMs is
Ca2*-independent.

The covalent attachment of multiple chains of sialic acid,
a negatively charged sugar derivative, to NCAMs alters their
adhesive properties. In embryonic tissues such as brain,
polysialic acid constitutes as much as 25 percent of the mass
of NCAMs. Possibly because of repulsion between the many
negatively charged sugars in these NCAMs, cell-cell contacts
are fairly transient, being made and then broken, a property
necessary for the development of the nervous system. In con-
trast, NCAMs from adult tissues contain only one-third as
much sialic acid, permitting more stable adhesions.

Leukocyte Movement into Tissues ls
Orchestrated by a Precisely Timed Sequence
of Adhesive Interactions

In adult organisms, several types of white blood cells (leuko-

cytes) participate in the defense against infection caused by
foreign invaders (e.g., bacteria and viruses) and tissue dam-
age due to trauma or inflammation. To fight infection and
clear away damaged tissue, these cells must move rapidly
from the blood, where they circulate as unattached, rela-
tively quiescent cells, into the underlying tissue at sites of in-
fection, inflammation, or damage. We know a great deal
about the movement into tissue, termed extrauasation, of
four types of leukocytes: neutrophils, which release several
antibacterial proteins; monocytes, the precursors of
macrophages, which can engulf and destroy foreign parti-
cles; and T and B lymphocytes, the antigen-recognizing cells
of the immune system (Chapter 24).

Extravasation requires the successive formation and
breakage of cell-cell contacts between leukocytes in the
blood and endothelial cells l ining the vessels. Some of
these contacts are mediated by selectins, a family of CAMs
that mediate leukocyte-vascular cell interactions. A key
player in these interactions is P-selectin, which is localized
to the blood-facing surface of endothelial cells. All se-
lectins contain a Ca2*-dependent lectin domain, which is
located at the distal end of the extracellular region of the
molecule and recognizes oligosaccharides in glycoproteins
or glycolipids (see Figure 1.9-2).For example, the primary
ligand for P- and E-selectins is an oligosaccharide called
the sialyl Lewis-x antigen, a part of longer oligosaccha-
rides present in abundance on leukocyte glycoproteins and
glycolipids.

Figure 19-35 illustrates the basic sequence of cell-cell in-
teractions leading to the extravasation of leukocytes. Vari-
ous inflammatory signals released in areas of infection or in-
flammation first cause activation of the endothelium.
P-selectin exposed on the surface of activated endothelial
cells mediates the weak adhesion of passing leukocytes. Be-
cause of the force of the blood flow and the rapid "on" and
"off" rates of P-selectin binding to its l igands, these
"trapped" leukocytes are slowed but not stopped and liter-
ally roll along the surface of the endothelium. Among the
signals that promote activation of the endothelium are

chemokines, a group of small secreted proteins (8-12 kDa)

produced by a wide variety of cells, including endothelial

cells and leukocytes.
For tight adhesion to occur between activated endothe-

lial cells and leukocytes, B2-containing integrins on the

surfaces of leukocytes also must be activated by

chemokines or other local activation signals such as
platelet-actiuating factor (PAF). Platelet-activating factor is

unusual in that it is a phospholipid, rather than a protein;

it is exposed on the surface of activated endothelial cells at

the same time that P-selectin is exposed. The binding of

PAF or other activators to their receptors on leukocytes

leads to activation of the leukocyte integrins to their high-

affinity form (see Figure 1,9-341. (Most of the receptors for

chemokines and PAF are members of the G protein-

coupled receptor superfamily discussed in Chapter 15') Ac-

tivated integrins on leukocytes then bind to distinct Ig-

CAMs on the surface of endothelial cells. These include

ICAM-2, which is expressed constitutivelS and ICAM-1'

ICAM-1, whose synthesis along with that of E-selectin and

P-selectin is induced by activation, does not usually

contribute substantially to leukocyte endothelial cell adhe-

sion immediately after activation but rather participates

at later times in cases of chronic inflammation. The result-

ing tight adhesion mediated by the Ca2*-independent-

integrin-ICAM interactions leads to the cessation of

rolling and to the spreading of leukocytes on the surface

of the endothelium; soon the adhered cells move between

adjacent endothelial cells and into the underlying tissue.

The selective adhesion of leukocytes to the endothe-

lium near sites of infection or inflammation thus depends

on the sequential appearance and activation of several

different CAMs on the surfaces of the interacting cells.

Different types of leukocytes express specific integrins

containing the B2 subunit: for example, aLB2 by T lym-

phocytes and aMB2 by monocytes, the circulating precur-

sors of t issue macrophages. Nonetheless' all leukocytes

move into tissues by the same general mechanism depicted

in Figure 1.9-36.
Many of the CAMs used to direct leukocyte adhesion are

shared among different types of leukocytes and target tissues.

Yet often only a particular type of leukocyte is directed to a

particular tissue. How is this specificity achieved? A three-

itep model has been proposed to account for the cell-type

specificity of such leukocyte-endothelial-cell interactions.

First, endothelial activation promotes initial relatively weak,

transient, and reversible binding (e.g., the interaction of se-

lectins and their carbohydrate ligands).'Without additional

local activation signals, the leukocyte will quickly move on.

Second, cells in the immediate vicinity of the site of infection

or inflammation release or express on their surfaces chemical

signals (e.g., chemokines, PAF) that activate only special sub-

sets (depending on their complement of chemokine receptors)

of the lransiently attached leukocytes. Third, additional

activation-dependent CAMs (e.g., integrins) engage their

binding partners, leading to strong sustained adhesion. Only

if the proper combination of CAMs' binding partners' and

activation signals are engaged together with the appropriate
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Animation: Cell-Cell Adhesion in Leukocyte Extravasation fl l tt

E
Leu kocyte

(resting state)

z
Endothe l ia l  ac t i va t ion  and

leukocyte attachment and rol l ing

lcAM-1

E
Leukocyte activation

(PAF activates integrin)

Se lec t in  l igand
(specif ic

carbohydrate)

PAF
receptor

o"LB2
integrin

lcAM-2

Vesicle containing
P-selectin

Extravasation

E

A FIGURE 19-36 Sequence of  ce l l -ce l l  in teract ions leading
to tight binding of leukocytes to activated endothelial cells
and subsequent extravasation. Step E: In the absence of
in f lammat ion or  in fect ion,  leukocytes and endothel ia l  ce l ls  l in ing
blood vessels are in  a rest ing state Step Z:  In f lammatory s ignals
re leased only in  areas of  in f  lammat ion,  in fect ion,  or  both act ivate
resting endothelial cells to move vesicle-sequestered selectins to
the cel l  sur face The exposed select ins mediate loose b inding of
leukocytes by interacting with carbohydrate l igands on leukocytes
Act ivat ion of  the endothel ium also causes synthesis  of  p late let -

P-selectin

-..+

Fi rm adhes ion  v ia
in tegr in / ICAM b ind ing

A
activating factor (PAF) and ICAM-1, both expressed on the cell
surface. PAF and other usually secreted activators, including
chemokines,  then induce changes in the shapes of  the leukocytes
and activation of leukocyte integrins such as ctlp2, which is
expressed by T lymphocytes B.  The subsequent  t ight  b inding
between activated integrins on leukocytes and CAMs on the
endothel ium (e 9. ,  ICAM-2 and ICAM-1) resul ts  in  f i rm adhesion
4 and subsequent movement (extravasation) into the underlying
tissue E [Adapted from R O Hynes and A Lander, j992, Celt 68:303.]

timing at a specific site will a given leukocyte adhere strongly.
Such combinatorial diversity and cross talk allows a small set
of CAMs to serve diverse functions throughout the body-a
good example of biological parsimony.

ffi Leukocyte-adhesion deficiency is caused by a genetic
IITI .
Iil detect in the synthesis of the integrin B2 subunit. peo-
ple with this disorder are susceptible to repeated bacterial
infections because their leukocytes cannot extravasate
properly and thus fight the infection within the tissue.

Some pathogenic viruses have evolved mechanisms to
exploit for their own purposes cell-surface proteins that
participate in the normal response to inflammation. For ex-
ample, many of the RNA viruses that cause the common
cold (rhinoviruses) bind to and enrer cells through ICAM-1,
and chemokine receptors can be important entry sites for
human immunodeficiency virus (HIV), the cause of AIDS.
Integrins appear to participate in the binding andlor inter-

nalization of a wide variety of viruses, including reoviruses
(causing fever and gastroenterit is, especially in infants),
adenoviruses (causing conjunctivit is, acute respiratory dis-
ease), and foot-and-mouth disease virus (causing fever in
cattle and pigs). I

Adhesive lnteractions in Diverse Motile
and Nonmotile Cells

r Many cells have integrin-containing aggregates (e.g., fo-
cal adhesions, 3-D adhesions, podosomes) that physically
and functionally connect cells to the extracellular matrix
and facilitate inside-out and outside-in signaling.

r Via interaction with integrins, the three-dimensional
structure of the ECM surrounding a cell can profoundly in-
fluence the behavior of the cell.
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r Integrins exist in two conformations that differ in the
affinity for ligands and interactions with cytosolic adapter
proteins (see Figure 19-341; switching between these two
conformations allows regulation of integrin activity, which
is important for control of cell adhesion and movements.

r Dystroglycan, an adhesion receptor, forms a large com-
plex with dystrophin, other adapter proteins, and signaling
molecules (see Figure 19-35). This complex links the actin
cytoskeleton to the surrounding matrix, providing mechan-
ical stability to muscle. Mutations in various components of
this complex cause different types of muscular dystrophy.

r Neural cell-adhesion molecules, which belong to the
immunoglobulin (Ig) family of CAMs, mediate Ca2*-
independent cell-cell adhesion in neural and other tissues.

r The combinatorial and sequential interaction of sev-
eral types of CAMs (e.g., selectins, integrins, and
ICAMs) is crit ical for the specific and tight adhesion of
different types of leukocytes to endothelial cells in
response to local signals induced by infection or inflam-
mat ion (see Figure 1,9-36) .

only four broad types of cells, which in mature plants form

four basic classes of tissue: dermal tissue interacts with the

environment; uascwlar tissue transports water and dissolved

substances (e.g., sugars, ions); space-fi l l ing ground tisswe

constitutes the maior sites of metabolism; and sporogenous

tisswe forms the reproductive organs. Plant tissues are

organized into just four main organ systems: stems have

support and transport functions' rools provide anchorage

and absorb and store nutrients, leaues ate the sites of photo-

synthesis, and flotuers enclose the reproductive structures'

Thus at the cell, tissue, and organ levels, plants are generally

less complex than most animals.
Moreover, unlike animals' plants do not replace or re-

pair old or damaged cells or t issues; they simply grow new

organs. Indeed, the developmental fate of any given plant

cell is primarily based on its position in the organism

rather than its l ineage (Chapter 21), whereas both are im-

portant in animals. Thus in both plants and animals a

cell 's direct communication with it neighbors is important.

Most importantly for this chapter and in contrast with an-

imals, few cells in plants directly contact one another

through molecules incorporated into their plasma mem-

branes. Instead, plant cells are typically surrounded by a

rigid cell wall that contacts the cell walls of adjacent cells

(Figure 1.9-37a). Also in contrast with animal cells, a plant

cell rarely changes its position in the organism relative to

other cells. These features of plants and their organization

have determined the distinctive molecular mechanisms by

Plant Tissues

ally

'We 
turn now to the assembly of plant cells into trssues.

The overall structural organization of plants is gener-
simpler than that of animals. For instance, plants have

( a )

A FIGURE 19-37 Structure of the plant cell wall. (a) Overview of
the organization of a typical plant cell, in which the organelle-fi l led
cell with its plasma membrane is surrounded by a well-defined
extracellular matrix called the cell wall (b) Schematic representation
of  the cel l  wal l  o f  an onion.  Cel lu lose and hemicel lu lose are arranged
into at least three layers in a matrix of pectin polymers The srze of
the polymers and their separations are drawn to scale To simplify the
diagram, most of the hemicellulose cross-links and other matrix
constituents (e g , extensin, l ignin) are not shown (c) Fast-freeze,
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wa l l

Pectin

Ce l lu lose
microfibri l

Hemice l lu lose

deep-etch electron micrograph of the cell wall of the garden pea tn

which some of the pectin polysaccharides were removed by chemical

treatment The abundant thicker fibers are cellulose microf ibri ls, and

the thinner f ibers are hemicellulose cross-links (arrowheads) lPart (b)

adapted from M McCann and K R Roberts, 1991, in C Lloyd, ed, Ihe

Cytoskeletat Basis of Ptant Growth and Form, Academic Press, p 1 26 as

modif ied in Somervi l le C , Bauer S, Brininstool G , Facette M , Hamann T,

Milne J .  Osborne E, Paredez A, Persson 5, RaabT., Vorwerk S, Youngs H

Part (c) from T. Fujino and T. ltoh, 1998, Plant Cell Physiol ,39(12) 131 5-1 323 l

Nuc leus  Mi tochondr ia
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, 200  nm,
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which their cells are incorporated into tissues and commu-
nicate with one another.

The Plant  Cel l  Wal l  ls  a  Laminate of  Cel lu lose
Fibr i ls  in  a Matr ix  o f  Glycoprote ins
The plant extracellular matrix, or cell wall, which is mainly
composed of polysaccharides and is =O.Z pm thick, com-
pletely coats the outside of the plant cell's plasma mem-
brane. This structure serves some of the same functions as
those of the ECM produced by animal cells, even though
the two structures are composed of entirely different
macromolecules and have a different organization. About
1000 genes in the plant Arabidopsis are devoted to the syn-
thesis and functioning of its cell wall, including approxi-
mately 414 glycosyltransferase and more than 316 glycosyl
hydrolase genes. Like animal cell ECM, the plant cell wall
connects cells into tissues, signals a plant cell to grow and
divide, and controls the shape of plant organs. It is a dy-
namic structure that plays important roles in controlling the
differentiation of plant cells during embryogenesis and
growth and provides a barrier to protect against pathogen
infection. Just as the extracellular matrix helps define the
shapes of animal cells, the cell wall defines the shapes of
plant cells. \7hen the cell wall is digested away from plant
cells by hydrolytic enzymes, spherical cells enclosed by a
plasma membrane are left.

Because a major function of a plant cell wall is to with-
stand the osmotic turgor pressure of the cell (between 14.5
and 435 pounds per square inch!), the cell wall is built for
lateral strength. It is arranged into layers of cellulose
microfibrils-bundles of 30-36 chains of long (as much as
7 pm or greater), l inear, extensively hydrogen-bonded
polymers of glucose in B glycosidic linkages. The cellulose
microfibrils are embedded in a matrix composed of pectin,
a polymer of t-galacturonic acid and other monosaccha-
rides, and hemicellulose, a short, highly branched polymer
of several f ive- and six-carbon monosaccharides. The me-
chanical strength of the cell wall depends on cross-linking
of the microfibri ls by hemicellulose chains (Figure 19-37b,
c). The layers of microfibri ls prevent the cell wall from
stretching laterally. Cellulose microfibrils are synthesized
on the exoplasmic face of the plasma membrane from
UDP-glucose and ADP-glucose formed in the cytosol. The
polymerizing enzyme, called cellulose synthase, moves
within the plane of the plasma membrane along tracks of
intracellular microtubules as cellulose is formed, provid-
ing a distinctive mechanism for intracellular/extracellular
communrcatron.

Unlike cellulose, pectin and hemicellulose are synthe-
sized in the Golgi apparatus and transported to the cell
surface, where they form an interl inked network that
helps bind the walls of adjacent cells to one another and
cushions them. When purif ied, pectin binds water and
forms a gel in the presence of Ca2* and borate ions-
hence the use of pectins in many processed foods. As much
as 15 percent of the cell wall may be composed of ex-

tensin, a glycoprotein that contains abundant hydrox-
yproline and serine. Most of the hydroxyproline residues
are l inked to short chains of arabinose (a five-carbon
monosaccharide), and the serine residues are l inked to
galactose. Carbohydrate accounts for about 65 percent of
extensin by weight, and its protein backbone forms an
extended rodlike helix with the hydroxyl or O-linked car-
bohydrates protruding outward. Lignin-a complex, in-
soluble polymer of phenolic residues-associates with cel-
Iulose and is a strengthening material. Like carti lage
proteoglycans, l ignin resists compression forces on the
matrlx.

The cell wall is a selective filter whose permeability is
controlled largely by pectins in the wall matrix. $Thereas
water and ions diffuse freely across cell walls, the diffusion
of large molecules, including proteins larger than 20 kDa, is
limited. This limitation may account for why many plant
hormones are small, water-soluble molecules. which can dif-
fuse across the cell wall and interact with receptors in the
plasma membrane of plant cells.

Loosening of the Cell Wall Permits Plant
Cell Growth
Because the cell wall surrounding a plant cell prevents it
from expanding, the wall's structure must be loosened when
the cell grows. The amount, type, and direction of plant-cell
growth are regulated by small-molecule hormones (e.g., in-
doleacetic acid) called auxins. The auxin-induced weakening
of the cell wall permits the expansion of the intracellular
vacuole by uptake of water, Ieading to elongation of the cell.'We 

can grasp the magnitude of this phenomenon by consid-
ering that, if all cells in a redwood tree were reduced to the
size of a typical liver cell, the tree would have a maximum
height of only I meter.

The cell wall undergoes its greatest changes at the meri-
stem of a root or shoot tip. These sites are where cells divide
and grow. Young meristematic cells are connected by thin
primary cell walls, which can be loosened and stretched to
allow subsequent cell elongation. After cell elongation
ceases, the cell wall is generally thickened, either by the se-
cretion of additional macromolecules into the primary wall
or, more usually, by the formation of a secondary cell wall
composed of several layers. Most of the cell eventually de-
generates, leaving only the cell wall in mature tissues such as
the xylem-the tubes that conduct salts and water from the
roots through the stems to the leaves. The unique properties
of wood and of plant fibers such as cotton are due to the mo-
lecular properties of the cell walls in the tissues of origin.

Plasmodesmata Directly Connect the Cytosols
of  Adjacent  Cel ls  in  Higher  Plants
The presence of a cell wall separating cells in plants imposes
barriers to cell-cell communication-and thus cell-type
differentiation-not faced by animals. One distinctive mech-
anism used by plant cells to communicate directly is through

840 CHAPTER 19  |  TNTEGRATTNG CELLS  tNTO T |SSUES



specialized cell-cell junctions called plasmodesmata, which
extend through the cell wall. Like gap junctions, plasmodes-
mata ate channels that connect the cytosol of a cell with that
of an adiacent cell. The diameter of the channel is about
30-60 nm, and its length can vary and be greater than 1 pm.
The density of plasmodesmata varies depending on the plant
and cell type, and even the smallest meristematic cells have
more than 1000 interconnections with their neighbors. AI-
though a variety of proteins that are physically or function-
ally associated with plasmodesmata have been identif ied,
key structural protein components of plasmodesmata re-
main to be identified.

Molecules smaller than about 1000 Da, including a vari-
ety of metabolic and signaling compounds (ions, sugars,
amino acids), generally can diffuse through plasmodesmata.
However, the size of the channel through which molecules
pass is highly regulated. In some circumstances, the channel
is clamped shut; in others, it is dilated sufficiently to permit
the passage of molecules larger than 10,000 Da. Among the
factors that affect the permeabilitv of plasmodesmata is the
cytosolic Ca2* concentration, *i itr an increase in cytosolic
Ca2* reversibly inhibiting movement of molecules through
these structures.

Although plasmodesmata and gap junctions resemble
each other functionally with respect to forming channels for
small molecule diffusion, their structures differ dramatically
in two significant ways (Figure 19-38). The plasma mem-
branes of the adjacent plant cells merge to form a continuous
channel, the annulus, at each plasmodesma, whereas the
membranes of cells at a gap junction are not continuous with
each other. In addition, plasmodesmata exhibit many addi-
tional complex structural and functional characteristics. For
example, they contain within the channel an extension of the
endoplasmic reticulum called a desmotubule that passes

through the annulus, which connects the cytosols of adjacent
plant cells. They also have a variety of specialized proteins at
the entrance of the channel and running throughout the
length of the channel, including special cytoskeletal, motor'
and docking proteins that regulate the sizes and types of
molecules that can pass through the channel. Many types of
molecules spread from cell to cell through plasmodesmata,
including proteins called non-cell-autonomous proteins
(NCAPs, including some transcription factors), nucleic
acid/protein complexes, metabolic products, and plant

viruses. It appears that some of these require special chaper-
ones to facil i tate transport. Specialized kinases may also
phosphorylate plasmodesmal components to regulate their
activit ies (e.g., opening of the channels). Soluble molecules
pass through the cytosolic annulus, or sleeve (about 3-4 nm
in diameter), that lies between the plasma membrane and
desmotubule, whereas membrane-bound molecules or cer-

tain proteins within the ER lumen can pass from cell to cell

via the desmotubule. Plasmodesm ata appear to play an espe-

cially important role in regulating the development of plant

cells and tissues, as is suggested by their ability to mediate
intracellular movement of transcription factors and ribonu-

clear protein complexes.

  FIGURE 19-38 Plasmodesmata. (a) Schematic model of a

plasmodesma showing the desmotubule, an extension of the

endoplasmic reticulum (ER), and the annulus, a plasma-membrane-

lined channel f i l led with cytosol that interconnects the cytosols of

adjacent cells. (b) Electron micrographs of thin sections of a

sugarcane leaf (brackets indicate individual plasmodesmata) (teft)

Longitudinal view showing ER and desmotubule running through

each annulus. (Right) Perpendicular cross-sectional views of

plasmodesmata, in some of which spoke structures connecting the

olasma membrane to the desmotubule can be seen. lPart (b) from K'

Robrnson-Beers and R F Evert, 1991 , Planta 184:307-3 1 8 l

Only a Few Adhesive Molecules Have Been

ldent i f ied in  Plants

Systematic analysis of the Arabidopsls genome and biochem-

ical analysis of other plant species provide no evidence for the

existence of plant homologs of most animal CAMs, adhesion

receptors, and ECM components. This finding is not surpris-

ing, given the dramatically different nature of cell-cell and

cell-matrix/wall interactions in animals and plants.

Among the adhesive-type proteins apparently unique to

plants are five wall-associated kinases (VAKs) and'WAK-like

proteins expressed in the plasma membrane of Arabidopsis

cells. The extracellular regions in all these proteins contain

multiple epidermal growth factor (EGF) repeats' frequently
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found in animal cell-surface receptors, which may directly
participate in binding to orher molecules. Some NTAKs
have been shown to bind to glycine-rich proteins in the cell
wall, thereby mediating membrane-wall contacts. These
Arabidopsis proteins have a single transmembrane domain
and an intracellular cytosolic tyrosine kinase domain,
which may participate in signaling pathways somewhat
like the receptor tyrosine kinases discussed in Chapter 15.

The results of in vitro binding assays combined with in
vivo studies and analyses of plant mutants have identified sev-
eral macromolecules in the ECM that are important for adhe-
sion. For example, normal adhesion of pollen, which contains
sperm cells, to the stigma or style in the female reproductive
organ of the Easter lily requires a cysteine-rich protein called
stigma/stylar cysteine-rich adhesin (SCA) and a specialized
pectin that can bind to SCA (Figure 19-39). A small, probably
ECM embedded, -10 kDa protein called chymocyanin works
in conjunction with SCA to help direct the movement of the
sperm-containing pollen tube (chemotaxis) to the ovary.

Disruption of the gene encoding glucuronyltransferase 1, a
key enzyme in pectin biosynthesis, has provided a striking il-
Iustration of the imporrance of pectins in intercellular adhesion

  EXPERIMENTAL FTGURE 19-39 An in vitro assay was used to
identify molecules required for adherence of pollen tubes to
the stylar matrix. In this assay, extracellular stylar matrix collected
from li ly styles (SE) or an artif icial matrix is dried onto nitrocellulose
membranes (NC). Pollen tubes containing sperm are then added and
their binding to the dried matrix is assessed. In this scanning electron
micrograph, the tips of pollen tubes (arrows) can be seen binding to
dried stylar matrix. This type of assay has shown that pollen adherence
depends on stigma/stylar cysteine-rich adhesin (SCA) and a pectin that
binds to SCA. [From G y Jauh er al , 1997, Sex plant Reprod 10:1731
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in plant meristems. Normally, specialized pectin molecules help
hold the cells in meristems tightly together. Nfhen grown in
culture as a cluster of relatively undifferentiated cells, called a
callus, normal meristematic cells adhere tightly and can differ-
entiate into chlorophyll-producing cells, giving the callus a
green color. Eventually the callus will generate shoots. In con-
trast, mutant cells with an inactivated glucuronyltransferase L
gene are large, associate loosely with each other, and do not
differentiate normally forming a yellow callus. The introduc-
tion of a normal glucuronyltransferase 1 gene into the mutant
cells restores their ability to adhere and differentiate normally.

The paucity of plant adhesive molecules identified to
date, in contrast with the many well-defined animal adhesive
molecules, may be due to the technical difficulties in work-
ing with the ECtrzUcell wall of plants. Adhesive interactions
are often likely to play different roles in plant and animal
biologS at least in part because of their differences in devel-
opment and physiology.

Plant Tissues

r The integration of cells into tissues in plants is funda-
mentally different from the assembly of animal tissues, pri-
marily because each plant cell is surrounded by a relatively
rigid cell wall.

r The plant cell wall comprises layers of cellulose mi-
crofibri ls embedded within a matrix of hemicellulose,
pectin, extensin, and other less abundant molecules.

r Cellulose, alarge,linear glucose polymer, assembles spon-
taneously into microfibrils stabilized by hydrogen bonding.

r The cell wall defines the shapes of plant cells and re-
stricts their elongation. Auxin-induced loosening of the cell
wall permits elongation.

r Adjacent plant cells can communicate through plasmod-
esmata, junctions that allow molecules to pass through
complex channels connecting the cytosols of adjacent cells
(see Figure 19-38).

r Plants do not produce homologs of the common adhe-
sive molecules found in animals. Only a few adhesive mol-
ecules unique to plants have been well documented to date.

A deeper understanding of the integration of cells into tis-
sues in complex organisms will draw on insights and tech-
niques from virtually all subdisciplines of molecular cell
biology-biochemistrS biophysics, microscop5 genetics, ge-
nomics, proteomics, and developmental biology-together
with bioengineering and computer science. This area of cell
biology is undergoing explosive growth.

An important set of questions for the future deals with
the mechanisms by which cells detect and respond to me-
chanical forces on them and the extracellular matrix. as well
as the influence of their three-dimensional arrangements and



interactions. A related question is how this information is used

to control cell and tissue structure and function. These issues

involve the fields of biomechanics and mechanotransduction.

Shear or other stresses can induce distinct patterns of gene ex-

pression and cell growth and can greatly alter cell metabolism

and responses to extracellular stimuli. Mechanosensitive non-

selective cation channels (NSCws)' a least some of which ap-

pear to be members of the transient receptor potential (TRP)

cation channel family, are activated by the stretch of plasma

membrane and are important players in mechanotransduc-

tion, such as that involved in sensing sound in the ear, which is

mediated, in part, by specialized cadherins. Most of the classes

of molecules discussed in this chapter-ECM, adhesion recep-

tors, CAMs, intracellular adapters, and the cytoskeleton-are

thought to play crucial roles in mechanosensing and mechan-

otransduction. Future research should give us a far more so-

phisticated understanding of the roles of the three-dimensional

organization of cells and ECM components and the forces act-

ing on them under normal and pathological conditions in con-

trolling the structures and activities of tissues. Applications of

such understanding will provide new methods to explore basic

celVtissue biology and provide improved technologies for the

search for novel therapies for disease.
Although junctions help play a key role in forming stable

epithelial t issues and defining the shapes and functional

properties of epithelia, they are not static. Remodeling in

terms of replacement of older molecules with more recently

synthesized molecules is ongoing, and the dynamic proper-

ties of junctions open the door to more substantial changes

when necessary (the epithelial-mesenchymal transition dur-

ing development, wound healing, etc.). Understanding the

molecular mechanisms underlying the relationship between

stability and dynamic change will provide new insights into

morphogenesis, maintaining tissue integrity and function,

and response to (or induction of) pathology.
Numerous questions relate to intracellular signaling

from CAMs and adhesion receptors. Such signaling must be

integrated with other cellular signaling pathways that are ac-

tivated by various external signals (e.g., growth factors) so

that the cell responds appropriately and in a coordinated

fashion to many different simultaneous internal and external

stimuli. It appears that small GTPase proteins participate in

at least some of the integrated pathways associated with sig-

naling between cellular junctions. How are the logic circuits

constructed that allow cross talk between diverse signaling

pathways? How do these circuits integrate the information

from these pathways? How is the combination of outside-in

and inside-out signaling mediated by CAMs and adhesion

receptors merged into such circuits?
'We 

can expect ever-increasing progress in the exploration

of the influence of glycobiology (the study of biology of oligo-

and polysaccharides) on cell biology. The importance of

specialized GAG sequences in controlling cellular activities'

especially interactions between some growth factors and their

receptors, is now clear. With the identification of the biosyn-

thetic mechanisms by which these complex structures are gen-

erated and the development of tools to manipulate GAG

structures and test their functions in cultured systems and

its binding to its ECM ligands (laminin, etc').

A struitural hallmark of CAMs, adhesion receptors, and

ECM proteins is the presence of multiple domains that impart

diversi functions to a single polypeptide chain. It is generally

agreed that such multidomain proteins arose evolutionarily by

the assembly of distinct DNA sequences encoding the distinct

domains. Genes encoding multiple domains provide opportu-

nities to generate enormous sequence and functional diversity

lar basis of functional cell-cell and cell-matrix attachments-

the "wiring"-in the nervous system and how that wiring ulti-

mately peimits complex neuronal control and, indeed, the

intellect required to understand molecular cell biology'
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t. Using specific examples, describe the two phenomena
that give rise to the diversity of adhesive molecules.
2. Cadherins are known to mediate homophilic interac-
tions between cells. !(/hat is a homophilic interaction. and
how can it be demonstrared experimentally for E-cadherins?
3. Together with their role in connecting the lateral mem-
branes of adjacent epithelial cells, adherens junctions play a
role in controlling cell shape. What proteins and ,trrritrrr.,
are involved in this role?
4. IJfhat is the normal function of tight junctions? What
can happen to tissues when tight junctions do not function
properly?

5. 
'Sfhat 

is collagen, and how is it synthesized? How do we
know that collagen is required for tissue integrity?
6. Using structural models, explain how integrins mediate
outside-in and inside-out signaling.
7. Compare the functions and properties of each of three
types of macromolecules that are abundant in the extracellu-
Iar matrix of all tissues.
8.- - Many proteoglycans have cell-signaling roles. Regulation
of feeding behavior by syndecans in ttre hypothalamic region of
the brain is one example. How is this reguLtion accompl-ished?

? You have synthesized an oligopeptide conraining an
RGD sequence surrounded by other amino acids. What is

Review the Concepts

20 40

T ime  (m in )

20 40

T ime  (m in )

the effect of this peptide when added to a fibroblast cell cul-
ture grown on a layer of fibronectin absorbed to the tissue cul-
ture dish? Vhy does this happen?
10. Blood clotting is a crucial function for mammalian sur-
vival. How do the multiadhesive properties of fibronectin
lead to the recruitment of platelets to blood clots?
11. How do changes in molecular connections between the
extracellular matrix (ECM) and cytoskeleton give rise to
Duchenne muscular dystrophy?
72, To fight infection, leukocytes move rapidly from the
blood into the tissue sites of infection. lfhat is this orocess
called? How are adhesion molecules involved in this process?
13. The structure of a plant cell wall needs to loosen to ac-
commodate cell growth. What signaling molecule controls
this process?

L4. Compare plasmodesmata in plant cells to gap iunctions
in animal cells.

Analyze the Data

Researchers have isolated two E-cadherin mutant isoforms
that are hypothesized ro function differently from the isoform
of the wild-type E-cadherin. An E-cadherin negative mam-
mary carcinoma cell line was transfected with the mutant
E-cadherin genes A (part a in the figure, triangles) or B (part b)
(triangles) or the wild-type E-cadherin gene (black circles) and

( a ) Anti-E-cadherin

20 40

Time (min)

20 40

Time (min)
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E
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( b )

E
5 4 0
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compared to untransfected cells (open circles) in an aggrega-

tion assay. In this assay, cells are first dissociated by trypsin

treatment and then allowed to aggregate in solution over a pe-

riod of minutes. Aggregating cells from mutants A and B are

presented in panels a and b respectively. To demonstrate that

the observed adhesion was cadherin mediated, the cells were

pretreated with a nonspecific antibody (left panel) or a function-

blocking anti-E-cadherin monoclonal antibody (right panel)'

a. Vhy do cells transfected with the wild-type E-

cadherin gene have greater aggregation than control, un-

transfected cells?

b. From these data, what can be said about the func-

tion of mutants A and B?

c. Sfhy does the addition of the anti-E-cadherin mon-

oclonal antibodS but not the nonspecific antibody, block

aggregation?

d. 
'What 

would happen to the aggregation ability of

the cells transfected with the wild-type E-c^adherin gene if the

assay were performed in media low in Ca'-?
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CHAPTER

A two-cell C e/egans embryo stained with anttbodies against

tubul in (red) and CeBUB-1, a spindle checkpoint protein (green)

DNA is stained with DAPI (blue). CeBUB-1 is local ized on the

chromosomes and kinetochore-attached spindle microtubules

during metaphase in the smaller, posterior cell (nght) lt is presumed

to monitor chromosome attachment and tenston. The larger,

anterior cell (/eft) has already entered anaphase, and CeBUB-1 is no

longer detectable on the chromosomes or spindle microtubules

Thus asynchrony of this second cell cycle in the C e/egans embryo

allows the observation of both the presence of a functional spindle

checkpoint protein during metaphase, and its absence after

init iat ionof anaphase IEncanadaetal ,2005, Mol Biol Ce//15:1056]

l\roper control of cell division is vital to all organisms. In

Pu.i..11t1ar organisms, cell division must be balanced

I with cell growth so that cell size is properly maintained.

If several divisions occur before parental cells have reached

the proper size, daughter cells eventually become too small

to be viable. If cells grow too large before cell division, the

cells function improperly and the number of cells increases

slowly. In developing multicellular organisms, the replica-

tion of each cell must be precisely controlled and timed to

faithfully and reproducibly complete the developmental pro-

gram in every individual. Each type of cell in every tissue

must control its replication precisely for normal develop-

ment of complex organs such as the brain or the kidney. In a

normal adult, cells divide only when and where they are

needed. However, loss of normal controls on cell replication

is the fundamental defect in cancer, an all-too-familiar dis-

ease that kills one in every six people in the developed world
(Chapter 25). The molecular mechanisms regulating eukary-

otic cell division discussed in this chapter have gone a long

way in explaining the loss of replication control in cancer

cells. Appropriateln the initial experiments that elucidated

the master regulators of cell division in all eukaryotes were

awarded the Nobel prize in 2001.
The term cell cycle refers to the ordered series of macro-

molecular events that lead to cell division and the produc-

REGULATING THt
EUKARYOTIC CELL
CYCLE

tion of two daughter cells' each containing chromosomes

identical with those of the parental cell' Two main molecular

processes take place during the cell cycle, with resting inter-

vals in between: during the S phase of the cycle, the parental
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chromosomes are duplicated; in mitosis (M phase), the re-
sulting daughter chromosomes are distributed to each
daughter cell (Figure 20-1). High accuracy and fidelity are
required to assure that each daughter cell inherits the correct
number of each chromosome. Further, chromosome replica-
tion and cell division must occur in the proper order in every
cell division. If a cell undergoes the events of mitosis before
the replication of all chromosomes has been completed, at
Ieast one daughter cell will lose genetic information. If a sec-
ond round of replication occurs in one region of a chromo-
some before cell division occurs, the genes encoded in that
region are increased in number out of proportion to other

Overview Animation: Cell-Cycle Control {tttt

Daughter
ce l l s

Chromosome
condensat ion,
nuclear envelope
breakdown,
chromosome
seg regatton

Chromosome
decondensat ion,
re-formation of
nuclear envelope,
cytokinesis

DNA svnthesis

  FIGURE 20-1 The fate of a single parental chromosome
throughout the eukaryotic cell cycle. Following mitosis (M),
daughter cells contain 2n chromosomes in djploid orqanisms and
1n chromosomes in haploid organisms. In proliferating cells, G1 is
the period between the "birth" of a cell following mitosis and the
init iation of DNA synthesis, which marks the beqinnino of the S
phase. At the end of the S phase, cells enter G2 containing twice
the number of chromosomes as G1 cells (4n in diploid organisms,
2n in haploid organisms). The end of G2 is marked by the onset of
mitosis, during which numerous events leading to cell division
occur. The G1, S, and G2 phases are collectivelv referred to as
interphase, the period between one mitosis .nO tf,. next Most
nonproliferating cells in vertebrates leave the cell cvcle in G,.
entering the Go state. Although chromosomes condense only
during mitosis, here they are shown in condensed form throughout
the cell cycle to emphasize the number of chromosomes at each
stage For simplicity, the nuclear envelope is not depicted

genes, a phenomenon that often leads to an imbalance of
gene expression that is incompatible with viability.

To achieve the required level of accvracy and fidelity in
chromosome replication and chromosome segregation to
daughter cells during mitosis, and to coordinate these with
cell growth and developmental programs, cell division is
controlled by checkpoint surveillance mechanisms that pre-
vent initiation of each step in cell division until earlier steps
on which it depends have been completed. Mutations that
inactivate or alter the normal operation of these checkpoints
contribute to the generation of cancer cells because they re-
sult in chromosomal rearrangements and abnormal numbers
of chromosomes, which lead to mutations and changes in
gene expression level that cause uncontrolled cell growth
(Chapter 25). Normally, such chromosomal abnormalities
are prevented by multiple layers of control mechanisms that
regulate the eukaryotic cell cycle.

In the late 1980s, it became clear that the molecular
processes regulating the two key events in the cell cycle-
chromosome replication and segregation-are fundamentally
similar in all eukaryotic cells. Initially, it was surprising to
many researchers that cells as diverse as baker's yeast and de-
veloping human neurons use nearly identical proteins to reg-
ulate their division. However, like transcription and p.ot.in
synthesis, control of cell division appears to be a fundamen-
tal cellular process that evolved and was largely optimized
early in eukaryotic evolution. Because of this similariry re-
search with diverse organisms, each with its own particular
experimental advantages, has contributed to a growing un-
derstanding of how these events are coordinated and con-
trolled. Biochemical, genetic, imaging, and micromanipula-
tion techniques all have been employed in studying various
aspects of the eukaryotic cell cycle. These studies have re-
vealed that cell division is controlled primarily by regulating
the timing of nuclear DNA replication and mitosis.

The master controllers of these events are a small num-
ber of heterodimeric protein kinases that contain a regula-
tory subunit (cyclin) and catalytic subunit (cyclin-dependent
kinase, or CDK). These kinases regulate the activities of mul-
tiple proteins involved in DNA replication and mitosis by
phosphorylating them at specific regulatory sites, activating
some and inhibiting others to coordinate their activities.
Regulated degradation of proteins also plays a prominent
role in important cell-cycle transitions. Since protein degra-
dation is irreversible, this ensures that the processes move in
only one direction.
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Overview of the Cell Cycle and
Its Control
\We begin our discussion by reviewing the stages of the eu-
karyotic cell cycle, presenting a summary of the current
model of how the cycle is regulated, and briefly describing
key experimental systems that have provided revealing in-
formation about cell-cycle regulation. As mentioned earlier,

since the fundamental molecules involved in cell-cycle con-
trol are highly homologous in all eukaryotes, virtually every-

thing learned about control of the cell cycle, whether it is

from studies of yeast, sea urchins, or frogs, is relevant to

control of the cell cycle in human cells.

The Cell Cycle ls an Ordered Series of Events
Leading to  Cel l  Repl icat ion

As illustrated in Figure 20-1', the cell cycle is divided into

four major phases. Cycling (replicating) mammalian somatic

cells grow in size and synthesize RNAs and proteins required

for DNA synthesis during the G1 (first gap) phase. \7hen
cells have reached the appropriate size and have synthesized
the required proteins, they enter the S (synthesis) phase, the
period in which they are actively replicating their chromo-

somes. After progressing through a second gap phase, the G2
phase, cells begin the complicated process of mitosis, also

called the M (mitotic) phase, which is divided into several

stages (see Figure 20-2, top).
In discussing mitosis, we commonly use the term chro-

mosome for the replicated structures that condense and be-

come visible in the light microscope during the prophase pe-

riod of mitosis. Thus each chromosome is composed of the

two daughter DNA molecules resulting from DNA replica-

tion, plus the histones and other chromosomal proteins as-

sociated with them (see Figure 5-40). The two identical

daughter DNA molecules and associated chromosomal pro-

teins that form one chromosome are called sister chro-

matids. Sister chromatids are attached to each other by pro-

tein cross-links along their lengths. In vertebrates' these

cross-links become confined to a single region of association
called the centromere as chromosome condensation
progresses.

During interphase, the portion of the cell cycle between

the end of one M phase and the beginning of the next, the

outer nuclear membrane is continuous with the endoplasmic
reticulum (see Figure 9-L,9l). 

'With 
the onset of mitosis in

prophase, the nuclear envelope retracts into the endoplasmic

reticulum in most cells from higher eukaryotes, and Golgi

membranes break down into vesicles. As described in Chap-

ter 18. cellular microtubules form the mitotic apparatus'

consisting of a football-shaped bundle of microtubules (the

spindle) with a star-shaped cluster of microtubules radiating

from each end, or spindle pole. During the metaphase period

of mitosis, a multiprotein complex, the kinetochore' assem-

bles at each centromere. The kinetochores of sister chro-

matids then associate with microtubules coming from oppo-

site spindle poles (see Figure L8-36), and chromosomes align

in a plane in the center of the cell. During the anaphase pe-

riod of mitosis, sister chromatids separate. They initially are

pulled by motor proteins along the spindle microtubules to-

ward the opposite poles and then are further separated as the

mitotic spindle elongates (see Figure 18-41).

Once chromosome separation is complete, the mitotic

soindle disassembles and chromosomes decondense during

tilophase. The nuclear envelope re-forms around the segre-

gated chromosomes as they decondense. The physical divi-

sion of the cytoplasm, called cytokinesis, then yields two

the nuclear envelope, which then pinches off, forming two

nuclei at the time of cytokinesis.
In vertebrates and diploid yeasts' cells in G1 have a

diploid number of chromosomes (2n), one inherited from

.u.h p"..rrt. In haploid yeasts' cells in G1 have one of each

chromosome (1n),the haploid number. Rapidly replicating

human cells progress through the full cell cycle in about 24

hours: mitosis takes =30 minutes; G1, t hours; the S phase,

10 hours; and G2,4.5 hours. In contrast, the full cycle takes

only =90 minutes in rapidly growing yeast cells'

In multicellular organisms' most differentiated cells

thereby providing control of cell proliferation'

Regulated Protein Phosphorylation and

Degradation Control Passage Through

the Cell Cycle

As mentioned in the chapter introduction, passage through

the cell cycle is controlled by heterodimeric protein kinases'

The concentrations of the cyclins, the regulatory subunits of

the heterodimers, increase and decrease as cells progress

through the cell cycle' The concentrations of the catalytic

s,rbr'r.tits of these kinases, called cyclin-dependent kinases

(CDKs), do not fluctuate in such a characteristic manner in

yeast cells, but they have no kinase activity unless they are

associated with a cyclin' Each CDK can associate with a

small number of different cyclins that determine the sub-

heterodimer.
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  FIGURE 20-10 Regulation of mitotic cyclin levels in cycling
Xenopus early embryonic cells. In late anaphase, the anaphase-
promoting complex (APC/C) polyubiquitinylates mitotic cyclins As the
cyclins are degraded by proteasomes, MPF kinase activity declines
precipitously, triggering the onset of telophase. APC/C activity is
directed toward mitotic cyclins by a specificity factor, called Cdh7,

which is phosphorylated and thereby inactivated by G1 cyclin-CDK
complexes A specific phosphatase called Cdcl4 removes the
regulatory phosphate from the specificity factor late in anaphase.
Once the specificity factor is inhibited in G1, the concentration of
mitotic cyclin increases, eventually reaching a high enough level to
stimulate entry into the subsequent mitosis.

Control of Mitosis by Cyclins and MPF Activity

r MPF is a protein kinase that requires a mitotic cyclin for
activity. The protein kinase activity of MPF stimulates the
onset of mitosis by phosphorylating multiple specific pro-
tein substrates, most of which remain to be identified.

r In the synchronously dividing cells of early Xenopus and
sea urchin embryos, the concentration of mitotic cyclins (e.g.,
cyclin B) and MPF activiry increase as cells enter mitosis and
then fall as cells exit mitosis (see Figures 20-7 and20-8).

r The rise and fall in MPF activity during the cell cycle re-
sult from concomitant synthesis and degradation of mitotic
cyclin protein (see Figure 20-9).

r The multisubunit anaphase-promoting complex
(APC/C) is a ubiquitin ligase that recognizes a conserved
destruction box sequence in mitotic cyclins and promotes
their polyubiquitination, marking the proteins for rapid
degradation by proteasomes. The resulting decrease in
MPF activity leads to completion of mitosis.

r The ubiquitin ligase activity of APC/C is controlled so
that mitotic cyclins are polyubiquitinylated only during

late anaphase (see Figure 20-1'0). Deactivation of APC/C in
G1 permits accumulation of mitotic cyclins during the next
cell cycle. This results in the cyclical increases and de-
creases in MPF activity that cause the entry into and exit
from mitosis.

Cyclin-Dependent Kinase
Regulation During Mitosis
The studies with Xenopws egg extracts described in the pre-

vious section showed that continuous synthesis of a mitotic

cyclin followed by its periodic degradation at late anaphase
is required for the rapid cycles of mitosis observed in early
Xenopus embryos. Identification of the catalytic protein

kinase subunit of MPF and insight into its regulation initially

came from genetic analysis of the cell cycle in the fission
yeast S. pombe. An advantage of genetic studies is that genes

involved in a process can be identified (and readily cloned

from yeasts) without any prior knowledge of the biochemi-
cal activities of the proteins they encode.

S. pombe grows as a rod-shaped cell that increases in length

as it grows and then divides in the middle during mitosis to
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Video: Mitosis and Cell Division in S. pombe

Cytokinesis

, )  ,  ( ,

Nuc lear  d iv is ion

Chromosome
seg regation

Sp ind le
formation

A FIGURE 20-11 Thefission yeastS.
pombe. (a) Scanning electron micrograph
of S. pombe cells at various stages of the
cell cycle. Long cells are about to enter
mitosis; short cells have just passed through
cytokinesis (b) Main events in the 5. pombe
cell cycle. Note that the nuclear envelope
does not disassemble during mitosis in 5
pombe and other yeasts [Part (a) courtesy of
N Hajibagheri l

produce two daughter cells of equal size (Figure 20-1,1,1. Unlike
most mammalian cells that grow primarily during G1, this
yeast does most of its growing during the G2 phase of the cell
cycle. Entry into mitosis is carefully regulated in response ro
cell size in order to properly coordinate cell division with cell
growth. Consequently, this organism is ideal for isolating
mutants in genes that regulate entry into mitosis since muta-
tions that alter the timing of mitosis yield cells of abnormal
size, a readily observed phenotype.

Temperature-sensitive mutants of S. pombe with condi-
tional defects in the ability to progress through the cell cycle are
easily recognized because they cause characteristic changes in
cell length at the nonpermissive temperature. Many such mu-
tants have been isolated, and fall into two groups. In the first
group are cdc mvtantq which fail to progress through one of
the phases of the cell cycle at the nonpermissive temperature;
they form extremely long cells because they continue to grow in
length, but fail to divide. In contrast, uee mutantsform smaller-
than-normal cells because they are defective in the proteins that
normally prevent cells from dividing when they are too small.

In S. pombe wild-type genes are indicated in italics with a
superscript plus sign (e.g., cdc2* ); genes with a recessive muta-
tion, in italics with a superscript minus sign (e.g., cdc2 l.The
protein encoded by a particular gene is designated by the gene
symbol in roman type with an initial capital letter (e.g., Cdc2).

In this section we see how genetic analyses as well as struc-
tural studies of the proteins involved allowed elucidation of the
basic mechanisms controlling entry into mitosis. First we dis-
cuss how mitotic regulatory genes were identified in S. pombe,

DNA
replication

Cell growth

and how they were shown to be analogovs to Xenopu.s MPF.
Next we explore the mechanisms used by S. pombe to regulate
mitotic cyclin-CDK activity. Mammalian cells regulate mitotic
cyclin-CDK in a similar manner, and we end the section with an
analysis of the structure of a human CDK and how its activity
depends on phosphorylation-induced conformational changes.

MPF Components Are Conserved Between
Lower and Higher Eukaryotes
Mutations in cdc2, one of several different cdc genes in S.
pombe, produce opposite phenotypes depending on whether
the mutation is recessive or dominant (Figure 20-1,2). Reces-
sive mutations (cdc2-) give rise to abnormally long cells,
whereas dominant mutations (cdc2D) give rise to abnor-
mally small cells, the wee phenotype. As discussed in Chap-
ter 5, recessive mutations generally cause a /oss of the wild-
type protein function; in diploid cells, both alleles must be
mutant in order for the mutant phenotype to be observed. In
contrast, dominant mutations generally result in a gain in
protein function, either because of overproduction or lack of
regulation; in this case, the presence of only one mutant al-
lele confers the mutant phenotype in diploid cells. The find-
ing that a loss of Cdc2 activity (cdc2- mutants) prevents en-
try into mitosis and a gain of Cdc2 activity (cdc2D mutants)
brings on mitosis earlier than normal identified Cdc2 as a
key regulator of entry into mitosis in S. pombe.

The wild-type cdc2+ gene contained in a S. pombe plas-
mid library was identified and isolated by its ability to

Chromosome
condensation

/---l---\(a))
\______

Spind le  po le
body duplication
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cdc2*
(wild type)

cdc2-
(recessive)

cdc2D
(dominant )

A EXPERIMENTAL FIGURE 20-12 Recessive and dominant 5.
pombe cdc2 mutants have opposite phenotypes. The wild-type
cell (cdc2*) is depicted just before cytokinesis with two normal-size
daughter cells. A recessive cdc2 mutant cannot enter mitosis at the
nonpermissive temperature and appears as an elongated cell with a
single nucleus, which contains duplicated chromosomes. A dominant
cdc2D mutant enters mitosis prematurelv before reachino normal size

complement cdc2- mutants (see Figure 20-4). Sequencing
showed that cdc2* encodes a 34-kDa protein with homol-
ogy to eukaryotic protein kinases. In subsequent studies, re-
searchers identified cDNA clones from other organisms that
could complement S. pombe cdc2- mutants. Remarkably,
they isolated a human cDNA encoding a protein identical
with S. pombe Cdc2 in 63 percent of its residues. At the time
of this experiment it was a tremendous surprise to scientists
that a human protein could perform the essential functions
of a protein from so distantly related an organism as S.
pombe. The complementation of S. pombe cdc2- mutants
by human Cdc2 was one of the first demonstrations that
proteins performing fundamental cellular processes are
highly conserved between all eukaryotic organisms.

Isolation and sequencing of another S. pombe cdc gene
(cdc13*), which also is required for entry into mitosis, re-
vealed that it encodes a protein with homology to sea urchin
and Xenopws cyclin B. Further studies showed that a het-
erodimer of Cdc13 and CdcL forms the S. pombe MPF. Like
Xenopus MPF, this heterodimer has protein kinase activity
that phosphorylates histone H1. Moreover, the H1 protein
kinase activity rises as S. pombe cells enter mitosis and falls
as they exit mitosis in parallel with the rise and fall in the
Cdc13 protein level. These findings, which are completely
analogous to the results obtained with Xenopus egg extracts
(see Figure 20-9a), identified Cdc13 as the mitotic cyclin in
S. pombe. Further studies showed that the isolated Cdc2
protein and its homologs in other eukaryotes have little pro-
tein kinase activity until they are bound by a cyclin. Hence,
this family of protein kinases became known as cyclin-
dependent kinases, or CDKs.

in Gz; thus, the two daughter cells resulting from cytokinesis are smaller
than normal-they have the wee phenotype Upper micrographs on
the right compare a cdc2- ts mutant and wt cells 5 h after shift to the
non-permissive temperature Lower micrographs compare a cdc2D
mutant to wt using an alternative cell f ixation method. [Top photos:
P Nurse, P Thuriaux, and K Nasmyth, 1976, Molec Gen Genet.146t167;
Bottom photos. P Nurse, 2002, Chem Bio Chem.3:596]1

Researchers soon found that antibodies raised against a
highly conserved region of Cdc2 recognize a polypeptide that
co-purifies with MPF purified from Xenopzs eggs. Thus
Xenopus MPF is also composed of a CDK (called CDKI\
plus a mitotic cyclin, cyclin B. This convergence of findings
from biochemical studies in an invertebrate (sea urchin) and
a vertebrate (Xenopus) and from genetic studies in a yeast in-
dicated that entry into mitosis is controlled by analogous mi-
totic cyclin-CDK complexes in all eukaryotes (Figure 20-2).

Phosphory lat ion of  the CDK Subuni t  Regulates
the Kinase Activity of MPF

As we saw from the studies in Xenopws egg extracts and com-
parable biochemical studies in S. pombe, one way of regulating
MPF activity is to control the stability of mitotic cyclins. Mitotic
cyclins are suddenly degraded in late anaphase because they are
polyubiquitinylated by the activated APC/C. A similar APC/C
complex operates in S. pombe and all eukaryotes. Since a cyclin
must be bound to a CDK for it to have significant kinase activ-
ity the degradation of mitotic cyclin causes a drop in MPF

activity. However, in S. pombe and all other eukaryotes, addi-
tional layers of regulation are used by the cell to ensure that
cyclin-CDK complexes are active only at the appropriate time in
the cell cycle. These additional layers of control were first
revealed by studying mutations in S. pombe genes other than
cdc2* (encoding the S. pombe CDK) or cdc13* (encoding the
S. pombe mitotic cyclin) that also affect cell size at the nonper-
missive temperature. For example, temperature-sensitive cdc2 5-
mutants cannot enter mitosis at the nonpermissive temperature,
producing elongated cells. On the other hand, overexpression of

wild typemutant
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  EXPERIMENTAL FIGURE 20-13 Cdc25 and Weel  have
opposing effects on S. pombe MPF activity. (a) Cells that lack
Cdc25 or Weel activity, as a result of recessive temperature-sensitive
mutations in the corresponding genes, have the opposite phenotype
Likewise, cells with multiple copies of plasmids containing wild-type
cdc25* or weel * , and which thus produce an excess of the encoded
proteins, have opposite phenotypes (b) These phenotypes imply that
the mitotic cyclin-CDK complex is activated (-+) by Cdc25 and
inhibited (-l) bV Weel See text for further discussion

Cdc25 from a plasmid present in multiple copies per cell de-
creases the length of G2, causing premature entry into mitosis
and small (wee) cells (Figure 20-13a). Conversely, loss-of-
function mutations in the weel* gene causes premature entry
into mitosis resulting in small cells, whereas overproduction of
Weel protein increases the length of G2 and resuhs in elon-
gated cells. A logical interpretation of these findings is that
Cdc25 protein stimulates the kinase activiry of S. pombe MPF,
whereas \7ee1 protein inhibits MPF activity (Figure 20-13b).

In subsequent studies, the wild-type cdc25* and weel+
genes were isolated, sequenced, and used to produce the

Inac t ive
MPF

encoded proteins with suitable expression vectors. The de-
duced sequences of Cdc25 and Weel and biochemical studies
of the proteins demonstrated that they regulate the kinase ac-
tivity of S. pombe MPF by phosphorylating and dephospho-
rylating specific regulatory sites in the CDK subunit of MPF.

Figure 20-14 illustrates the functions of four proteins
that regulate the protein kinase activity of the S. pombe
CDK. First is the mitotic cyclin of S. pombe, which associ-
ates with the CDK to form MPF with extremely low activity.
Second is the Weel protein-tyrosine kinase, which phospho-
rylates an inhibitory tyrosine residue (Y15) in the CDK sub-
unit. Third is another kinase, designated CDK-actiuating ki-
nase (CAK), which phosphorylates an activating threonine
residue (T161). \fhen both residues are phosphorylated,
MPF is inactive. FinallS the Cdc25 phosphatase removes the
phosphate from Y15, yielding highly active MPF. Site-
specific mutagenesis that changed the Y15 in S. pombe CDK
to a phenylalanine, which cannot be phosphorylated, pro-
duced mutants with the wee phenotype, similar to that of
wee-1, mutants. Both mutations prevent the inhibitory phos-
phorylation at Y15, resulting in the inability to properly reg-
ulate MPF activity, leading to premature entry into mitosis.

As discussed further in Section 20.7, the checkpoint sur-
veillance systems that ensure that chromosome replication is
complete and that there is no unrepaired damage to chro-
mosomes or DNA before initiating mitosis function by regu-
lating the activities of the inhibitory Weel kinase and the ac-
tivating Cdc25 phosphatase. Weel and Cdc25 homologs
exist in higher eukaryotes, and very similar checkpoint con-
trol systems operate in human cells.

Conformat ional  Changes lnduced by Cycl in
Binding and Phosphory lat ion Increase MPF
Activity

Unlike both fission and budding yeasts, each of which pro-
duce just one CDK, vertebrates produce several CDKs (see
Table 20-1). The three-dimensional structure of one human
cyclin-dependent kinase (CDKZ) has been determined and

Inactive
MPF

Active
M P F

( a )

Defici t  of Cdc25
or

Excess of Weel

( b )

lnactive
MPF

Weel
+

Y15  T161

  FIGURE 20-14 Regulation of the kinase activity ol S. pombe
mitosis-promoting factor (MPF). Interaction of mitotic cyclin
(Cdc13) wi th cyc l in-dependent  k inase (Cdc2) forms MPF. The CDK
subunit can be phosphorylated at two regulatory sites: by Wee'1 at
tyrosine 15 (Y15) and by CDK-activating kinase (CAK) at threonine
161 (T161) Removal  of  the phosphate on Y1 5 by Cdc25

Su bstrate-bindino
su rface

phosphatase yields active MPF in which the CDK subunit is
phosphory lated at  T1 61,  and is  unphosphory lated at  Y1 5.  The
mitotic cyclin subunit contributes to the specificity of substrate
binding by MPF, probably by forming part of the substrate-binding
surface (crosshatch), which also includes the inhibitorv Y15 residue

CAK
+

Cdc25

Y 1 5

@
T1 61Y 1 5

@
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@
Y 1 5  T 1 6 1
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(b) Low-activi ty cycl in A-CDK2(a) Free CDK2

A FIGURE 20-15 Structural models of human CDK2, which is
homofogous to the 5. pombe cyclin-dependent kinase (COf1. 16;
Free, inactive CDK2 unbound to cyclin A. In free CDK2, the T-loop
blocks access of protein substrates to the 1-phosphate of the bound
ATP, shown as a ball-and-stick model. The conformations of the
regions highlighted in yellow are altered when CDK is bound to cyclin
A. (b) Unphosphorylated, low-activity cyclin A-CDK2 complex.
Conformational changes induced by binding of a domain of cyclin A
(green) cause the T-loop to pull away from the active site of CDK2, so
that substrate proteins can brnd. The ct1 helix in CDK2, which

provides insight into how cyclin binding and phosphoryla-
tion of CDKs regulate their protein kinase activity. Although
the three-dimensional structures of the S. pombe CDK and
most other CDKs have not been determined, their extensive
sequence homology with human CDK2 suggests that all
these CDKs have a similar structure and are regulated by a
similar mechanism.

Unphosphorylated, inactive CDK2 contains a flexible
region, called the T-loop, that blocks access of protein
substrates to the active site where ATP is bound (Figure
20-15a). Steric blocking by the T-loop largely explains
why free CDK2, unbound to cyclin, has l itt le protein ki-
nase activity. Unphosphorylated CDK2 bound to one of
its cyclin partners has minimal but detectable protein ki-
nase activity in vitro, although it may be essentially inac-
tive in vivo. Extensive interactions between the cyclin and
the T-loop cause a dramatic shift in the position of the T-
loop, thereby exposing the CDK2 active site (Figure 20-
15b). Binding of the cyclin also shifts the position of the
a1 helix in CDK2, modifying its substrate-binding sur-
face. High activity of the cyclin-CDK complex requires
phosphorylation of the activating threonine, located in
the T-loop, causing additional conformational changes in
the cyclin-CDK2 complex that gready increase its affinity
for protein substrates (Figure 20-15c). As a result, the
kinase activity of the phosphorylated complex is a hun-
dredfold greater than that of the unphosphorylated
complex.

The inhibitory tyrosine residue (Y15) in the S. pombe
CDK is in the region of the protein that binds the ATP phos-
phates. Vertebrate CDK2 proteins contain an additional in-
hibitory residue, threonine-14 (T14), that is located in the

interacts extensively with cyclin A, moves several angstroms into the
catalytic cleft, repositioning key catalytic side chains required for the
phosphotransfer reaction The red ball marks the position equivalent
to threonine 161 in 5. pombe Cdc2. (c) Phosphorylated, high-activity
cyclin A-CDK2 complex. The conformational changes induced by
phosphorylation of the activating threonine (red ball) alter the shape
of the substrate-binding surface, greatly increasing the affinity for
protein substrates [Courtesy of P D Jeffrey. See A A Russo et al., 1996,
Nature Struct. Biol 3:696,1

same region of the protein. Phosphorylation of Y15 and
T14 in these proteins prevents binding of ATP because of
electrostatic repulsion between the phosphates linked to the
protein and the phosphates of ATP. Thus these phosphory-
lations inhibit protein kinase activity even when the CDK
protein is bound by a cyclin and the activating residue is
phosphorylated.

So far we have discussed two mechanisms for control-
l ing cyclin-CDK activity: (1) regulation of the concentra-
tion of mitotic cyclins as outlined in Figure 20-1.0 and (2)

regulation of the kinase activity of MPF as outlined in Fig-
ure 20-L4.In Section 20.5 we shall see that the protein
kinase activities of cyclin-CDK complexes can also be reg-
ulated by CDK inhibitory proteins that bind to CDKs or
cyclin-CDK complexes, blocking their abil ity to interact
with substrates.

Cyclin-Dependent Kinase Regulation During Mitosis

r In the fission yeast S. pombe, the cdc2t gene encodes a
cyclin-dependent protein kinase (CDK) that associates
with a mitotic cyclin encoded by the cdc13+ gene. The re-

sulting mitotic cyclin-CDK heterodimer is equivalent to
Xenopus MPF. Mutants that lack either the mitotic cyclin
or the CDK fail to enter mitosis and, therefore' form

elongated cells.

r The protein kinase activity of the mitotic cyclin-CDK
complex (MPF) depends on the phosphorylation state of
two residues in the catalytic CDK subunit (see Figure

20-1,4). The activity is greatest when threonine 161 is
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phosphorylated and is inhibited by'Wee1-catalyzed phos-
phorylation of tyrosine 15, which interferes with correct
binding of ATP. This inhibitory phosphate is removed by
the Cdc25 protein phosphatase.

r The human cyclin-CDK2 complex is similar to MPF
from Xenopus and S. pombe. Structural studies with the
human proteins reveal that cyclin binding to CDK2 and
phosphorylation of the activating threonine (equivalent to
threonine 161 in the S. pombe CDK) cause conformational
changes that expose the active site and modify the
substrate-binding surface so that it has high activity and
affinity for protein substrates (see Figure 20-1,5}.

Molecular Mechanisms for
Regulating Mitotic Events
In the previous sections, we have seen that a regulated in-
crease in MPF activity induces entry into mitosis. Presumably
the entry into mitosis is a consequence of the phosphoryla-
tion of specific proteins by the protein kinase activity of
MPF. However, until recently, the vast majority of proteins
phosphorylated by MPF were not determined; consequently,
precisely how MPF induces enrry into mitosis is not well
understood. Although many of the recently identified sub-
strates of MPF remain to be studied, analysis of a small num-
ber of substrates has provided examples that show how their
phosphorylation by MPF mediates many of the early events
of mitosis: chromosome condensation, formation of the
mitotic spindle, and disassembly of the nuclear envelope (see
Figure 18-34) .

Recall that a decrease in mitotic cyclins and the associ-
ated inactivation of MPF coincides with the later stages of
mitosis (see Figure 20-9a). Just before this, in early
anaphase, sister chromatids separate and move to opposite
spindle poles. During telophase, microtubule dynamics re-
turn to interphase conditions, the chromosomes decon-
dense, the nuclear envelope re-forms, the Golgi complex is
remodeled, and cytokinesis occurs. Some of these processes
are triggered by dephosphorylation; others, by protein
degradation.

In this section, we discuss the molecular mechanisms
and specific proteins associated with some of the events that
characterize early and late mitosis. These mechanisms illus-
trate how cyclin-CDK complexes together with ubiquitin-
protein ligases control passage through the mitotic phase of
the cell cycle.

Phosphory lat ion of  Nuclear  Lamins and Other
Proteins Promotes Early Mitotic Events
The nuclear envelope is a double-membrane extension of the
rough endoplasmic reticulum containing many nuclear pore
complexes (see Figure 9-1 and Figure 13-32). The lipid bi-
layer of the inner nuclear membrane is supported by the

,  
1 l ' t  

,

Lamin tetramer

Phosphorylated
lamin  d imers

A FIGURE 20-16 The nuclear lamina and its depolymerization.
(a) Electron micrograph of the nuclear lamina from a Xenopus
oocyte Note the regular meshlike network of lamin intermediate
f  i laments.  This s t ructure l ies adjacent  to the inner  nuclear
membrane (see Figure 18-44)  (b)  Schemat ic  d iagrams of  the
structure of  the nuclear  lamina.  Two perpendicular  sets of  10-nm-
diameter  f i laments bui l t  o f  lamins A,  B,  and C form the nuclear
lamina ( top) .  Indiv idual  lamin f i laments are formed by end-to-end
polymer izat ion of  lamin tet ramers,  which consist  of  two lamin
coiled-coil dimers (middle). The red and green circles represent
the g lobular  N- terminal  and C-terminal  domains,  respect ive ly
Phosphory lat ion of  speci f ic  ser ine res idues near the ends of  the
rodl ike centra l  sect ion of  lamin d imers causes the tet ramers to
depolymerize (bottom) As a result, the nuclear lamina disintegrates.
[Part (a) from U Aebi et al , 1986, Nature 323:560; courtesy of U Aebi;
part (b) adapted from A Murrayand T Hunt, 1993, The Cell Cycle: An
lntroduction, W H Freeman and Company l
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nuclear lamina, a meshwork of lamin fi laments located
adjacent to the inside face of the nuclear envelope (Figure
20-1,6a). The three nuclear lamins (A, B, and C) present in
vertebrate cells belong to the class of cytoskeletal proteins,
the intermediate fi laments, that are crit ical in supporting
cel lu lar  membranes (Chapter  18) .

Lamins A and C, which are encoded by the same tran-
scription unit and produced by alternative splicing of a sin-
gle pre-mRNA, are identical except for a 133-residue region
at the C-terminus of lamin A, which is absent in lamin C.
Lamin B, encoded by a different transcription unit, is modi-
fied post-transcriptionally by the addition of a hydrophobic
isoprenyl group near its carboxyl terminus. This fatty acid
becomes embedded in the inner nuclear membrane, thereby
anchoring the nuclear lamina to the membrane (see Figure
10-19). All three nuclear lamins form dimers containing a
rodlike cr-helical coiled-coil central section and globular

head and tail domains; polymerization of these dimers
through head-to-head and tail-to-tail associations generates
the intermediate filaments that compose the nuclear lamina
(see Figure 18-45) .

Once MPF is activated at the end of G2 through events de-
scribed in the last section, MPF phosphorylates specific serine
residues in all three nuclear lamins. This causes depolymeriza-
tion of the lamin intermediate filaments (Figure 20-16b). The
phosphorylated lamin A and C dimers are released into solu-
tion, whereas the phosphorylated lamin B dimers remain
associated with the nuclear membrane via their isoprenyl
anchor. Depolymerization of the nuclear lamins leads to disin-
tegration of the nuclear lamina meshwork and contributes to
disassembly of the nuclear envelope. The experiment summa-
rized in Figure 20-17 shows that disassembly of the nuclear
envelope, which normally occurs early in mitosis, depends on
phosphorylation of lamin A.

Cells with wild-type human lamin A

  EXPERIMENTAL FIGURE 20-17 Phosphorylation of human
lamin A causes lamin depolymerization. Site-directed
mutagenesis was used to prepare a mutant human /amrn A gene
encoding a protein in which alanines replace the serines that
normally are phosphorylated in wild-type lamin A (see Figure 20-
16b). As a result, the mutant lamin A cannot be phosphorylated
Expression vectors carrying the wild-type or mutant human gene
were separately transfected into cultured hamster cells Because the
transfected /amln genes are expressed at much higher levels than the
endogenous hamster lamin gene, most of the lamin A produced in
transfected cells is human lamin A Transfected cells at various stages
in the cell cycle then were stained with a fluorescent-labeled

(a) Interphase

(b) Prophase

(c) Metaphase

Cells with mutant human lamin A

monoclonal antibody specific for human lamin A and with a
fluorescent dye that binds to DNA. The bright band of f luorescence
around the perimeter of the nucleus in interphase cells stained for
human lamin A represents polymerized (unphosphorylated) lamin A
(a). In cells expressing the wild-type human lamin A, the diffuse lamin
staining throughout the cytoplasm in prophase and metaphase (b

and c) and the absence of the bright peripheral band in metaphase
(c) indicate depolymerization of lamin A In contrast, l i tt le lamin
depolymerization occurred in cells expressing the mutant lamin A
DNA staining showed that the chromosomes were fully condensed
by metaphase in cells expressing either wild-type or mutant lamin A.

lFrom R Heald and F. McKeon, 1990, Cell 61:5791

Lamin  A s ta in DNA stain Lamin  A s ta in DNA stain
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CuriouslS spontaneous dominant mutations in the
lamin A/C gene ILMNA/ cause the rare syndrome

Hutchinson-Guilford progeria. Patients expressing one of
these mutant lamins A and C undergo a gready accelerated
rate of aging. Other LMNA mutations cause striated mus-
cular diseases, abnormal fat cell function, and peripheral
nerve cell diseases. 

'While 
the molecular mechanisms un-

derlying these symptoms are not understood, the observa-
tion that different mutations in the LMNA gene produce
distinct syndromes suggests that lamin A and C perform
several different functions in normal cells. If that were the
case, mutations that affect one or another of these func-
tions might produce the distinct group of symptoms that
constitute the different svndromes associated with lamin
A/C mutations. I

MPF-catalyzed phosphorylation of specific nucleoporins
(Figure 20-18n) causes nuclear pore complexes to dissoci-
ate into subcomplexes during prophase. Phosphorylation of
integral membrane proteins of the inner nuclear membrane
(Figure 20-1,8f|lr is thought to decrease their affinity for
chromatin and further contribute to disassembly of the nu-
clear envelope. The weakening of the associations between

I  Nuclear  pore
protei ns

Cytoplasm

50nm

  FIGURE 20-18 Nuclear envelope proteins phosphorylated by
MPF. (n) Components of the nuclear pore complex (NPC) are
phosphorylated by MPF in prophase, causing NPCs to dissociate into
soluble and membrane-associated NPC subcomplexes. (Z) MpF
phosphorylation of inner nuclear membrane (lNM) proteins inhibits
their interactions with the nuclear lamrna and chromatin (E) MPF
phosphorylation of nuclear lamins causes their depolymerization and
dissolution of the nuclear lamina (4) MPF phosphorylation of
chromatin proteins induces chromatin condensation and inhibits
interactions between chromatin and the nuclear envelope [Adapted
from B Burke and J Ellenberg, 2002, Nat Rev. Mol. Cell Biol 3:487 l

the inner nuclear membrane proteins and the nuclear lamina
(Figure 20-18E|) and chromatin (Figure 20-1.881) allows
sheets of inner nuclear membrane to retract into the endo-
plasmic reticulum, which is continuous with the outer nu-
clear membrane.

Several lines of evidence indicate that MPF-catalyzed
phosphorylation also plays a role in chromosome condensa-
tion and formation of the mitotic spindle apparatus. For in-
stance, genetic experiments in the budding yeast S. cereuisiae
identified a family of structural maintenance of chromo-
somes proteins, or SMC proteins, that are required for nor-
mal chromosome segregation. These large proteins (=1200
amino acids) contain characteristic ATPase domains at their
N- and C-termini and long regions that participate in coiled-
coil structures (see Figure 6-38a).

Immunoprecipitation studies with antibodies specific for
Xenopus SMC proteins revealed that in cycling egg extracts
some SMC proteins are part of a multiprotein complex
called condensin, which becomes phosphorylated as cells en-
ter mitosis. $fhen the anti-SMC antibodies were used to de-
plete condensin from an egg extract, the extract lost its abil-
ity to condense added sperm chromatin following the initial
decondensation phase. Other in vitro experiments showed
that phosphorylated purified condensin binds to DNA and
winds it into supercoils (see Figure 4-8), whereas unphos-
phorylated condensin does not. These results and the obser-
vation that a condensin subunit is phosphorylated by MPF
in vitro have led to the model that condensin complexes are
activated by phosphorylation catalyzed by MPF. Once acti-
vated, condensin complexes are proposed to bind to DNA at
intervals along the chromosome, forming successively
smaller loops that result in chromosome condensation (see
Figure 6-38c).

Phosphorylation of microtubule-associated proteins by
MPF probably is required for the dramatic changes in
microtubule dynamics that result in the formation of the
mitot ic  sp indle and asters (Chapter  18) .  In  addi t ion,
phosphorylation of proteins associated with the endoplas-
mic reticulum (ER) and Golgi complex, by MPF or other
protein kinases activated by MPF-catalyzed phosphoryla-
tion, is thought to alter the trafficking of vesicles between
the ER and Golgi to favor trafficking in the direction of
the ER during prophase. As a result, the Golgi complex
membranes are transferred to the ER, and vesicular traffic
from the ER through the Golgi to the cell surface (Chapter
14) ,  seen in in terphase cel ls ,  does not  occur  dur ing
mrtosrs.

Many of the direct substrates of MPF have been identi-
fied in S. cereuisiae by engineering a CDK mutant that can
utilize an analog of ATP that is not bound by other kinases
(Figure 20-1,9). This ATP analog has a bulky benzyl group
attached to N5 of the adenine. This makes the analog too
large to fit into the ATP-binding pocket of wild-type pro-
tein kinases. However, the ATP-binding pocket of the mu-
tant CDK was modified to accommodate this large ATP
analog. Consequentl5 only the mutant CDK can utilize this
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A FIGURE 20-19 ATP analog-dependent CDK mutant.
(a) Representation of the ATP-binding and catalytic sites of wild-type
S. cerevisiae CDK (Cdc28). Bound ATP and a phenylalanine side chain
(pink) ln the vicinity of the binding pocket are shown in stick format.
(b) Bulky ATP analogs such as those containing a benzyl group bound
to the N6 amrno nitrogen are too large to fit into the ATP-binding
pocket of wild-type protein kinases and thus cannot be utilized by

ATP analog as a substrate for transferring its ̂ y-phosphate to
a protein side chain. !(hen the N5-benzyl ATP analog with
a labeled "y-phosphate was incubated with yeast cell ex-
tracts and recombinant yeast MPF containing the mutant
CDK, multiple proteins were labeled. True yeast MPF in
vivo substrates could be verif ied among these potential
substrates by treatment of cells expressing the mutant CDK
in place of the wild-type protein with a similar derivative of
another ATP analog that inhibits protein kinases. This
derivative of the kinase inhibitor also contains a bulky sub-
stitution at the adenine N5 position so that it can bind to
and inhibit only the mutant CDK. It is sterically blocked
from binding to all other kinases and consequently inhibits
only the mutant CDK engineered in these cells. Treatment
of cells with this specific mutant CDK inhibitor resulted in
the dephosphorylation of most of the putative MPF targets
identified initiallS indicating that these proteins are indeed
phosphorylated by the CDK in vivo as well as in vitro. This
procedure identified most of the known CDK substrates
plus more than 150 additional yeast proteins. These are
currently being analyzed for their functions in cell cycle
processes.

Unlinking of Sister Chromatids Init iates
Anaphase
We saw earlier that in late anaphase, polyubiquitination of
mitotic cyclins by the anaphase-promoting complex

them. In the 5. cerevrslae CDK mutant, the phenylalanine at position
88 is changed to glycine, which lacks a large side chain. The mutant
exhibits high protein kinase activity using N6-(benzyl)ATP These
models of 5. cerevisiae CDK are based on crystal structures of the PKA
kinase domain, which shares extensive homology with the kinase
domain of S. cerevisiae CDK [See J A. Ubersax et al., 2003, Nature
425:859: K Shah et al , 1997, Proc. Nat'l Acad. Sci. USA 94:3565.1

(APC/C) leads to the proteasomal destruction of these cy-
clins (see Figure 20-1'0). Additional experiments with
Xenopus egg extracts provided evidence that degradation
of cyclin B, the Xenopzs mitotic cyclin, and the resulting

decrease in MPF activity are required for chromosome de-

condensation but not for chromosome segregation (Figure

2 0 - 2 0 a . b \ .
To determine if ubiquitin-dependent degradation of

another protein is required for chromosome segregation,
researchers prepared a peptide containing the cyclin

destruction-box sequence and the site of polyubiquitina-

tion. When this peptide was added to a reaction mixture

containing untreated egg extract and sperm nuclei, decon-

densation of the chromosomes and, more interestingly,

movement of chromosomes toward the spindle poles were

greatly delayed at peptide concentrations of 20-40 pg/ml

and blocked altogether at higher concentrations (Figure

20-20c). The added excess destruction-box peptide is

thought to act as a substrate for the APC/C-directed
polyubiquitination system, competing with the normal en-

dogenous target proteins and thereby delaying or prevent-

ing their degradation by proteasomes. Competition with

cyclin B delays cyclin B degradation, accounting for the

observed inhibition of chromosome decondensation. The

observation that chromosome segregation also was inhib-

ited in this experiment but not in the experiment with

mutant nondegradable cyclin B (see Figure 20-20b) lndi-

cated that segregation depends on polyubiquitination of a
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(a) RNase treated extract + mRNA encoding wild-type cycl in B

DNA

Tubulin

T ime (min)

DNA

Tubulin

T ime (min)

0 1 0 1 5 4 0

(b) RNase treated extract + mutant mRNA encoding nondegradable cyclin B

(cI Untreated extract
15-min  reac t ion  t ime

+ cycl in B destruction-box peptide

35-min reaction t ime

20

DNA

Peptide conc.
added (p.g/ml)

0

0 10 1 5 80
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< EXPERIMENTAL FIGURE 20-20 Onset  of  anaphase
depends on polyubiquitination of proteins other than
cycl in  B.  The react ion mixtures conta ined an untreated or  RNase-
treated Xenopus egg extract and isolated Xenopus sperm nuclei,
p lus other  components indicated below. Chromosomes were
visual ized wi th a f luorescent  DNA-binding dye.  F luorescent
rhodamine- labeled tubul in  in  the react ions was incorporated
into microtubules,  permi t t ing observat ion of  the mi tot ic  sp indle
apparatus. (a, b) After the egg extract was treated with RNase
to destroy endogenous mRNAs, an RNase inhib i tor  was added.
Then mRNA encoding e i ther  wi ld- type cyc l in  B or  a mutant
nondegradable cyc l in  B was added The t ime at  which the
condensed chromosomes and assembled spindle apparatus
became v is ib le af ter  addi t ion of  sperm nuclet  is  designated
0 minutes.  In  the presence of  wi ld- type cyc l in  B (a) ,  condensed
chromosomes at tached to the soindle microtubules and
segregated toward the poles of  the spindle.  By 40 minutes,
the spindle had depolymer ized ( thus is  not  v is ib le) ,  and the
chromosomes had decondensed (d i f fuse DNA sta in ing)  as cyc l in
B was degraded In the presence of  nondegradable cyc l in  B (b) ,
chromosomes segregated to the spindle poles by 1 5 minutes,  as
in (a) ,  but  the spindle microtubules d id not  depolymer ize and the
chromosomes d id not  decondense even af ter  80 minutes.  These
observat ions indicate that  degradat ion of  cyc l in  B is  not  requi red
for  chromosome segregat ion dur ing anaphase,  a l though i t  is
requi red for  depolymer izat ion of  sp indle microtubules and
chromosome decondensat ion dur ing te lophase (c)  Var ious
concentrat ions of  a shor t  pept ide conta in ing the cyc l in  B
destruction box were added to extracts that had not been treated
wi th RNase;  the samples were sta ined for  DNA at  15 or  35
minutes af ter  format ion of  the spindle apparatus The two lowest
pept ide concentrat ions delayed chromosome segregat ion,  and
the h igher  concentrat ions complete ly  inh ib i ted chromosome
segregat ion.  In  th is  exper iment ,  the added destruct ion box
pept ide is  thought  to compet i t ive ly  inh ib i t  APC/C-mediated
polyubiqui t inat ion of  cyc l in  B as wel l  as another  target  prote in
whose degradation is required for chromosome segregation lFrom
S L Holloway et al , 1993, Cell 73:1393; courtesy of A, W Murray J

different target protein by the same ubiquitin-protein l ig-
ase that binds the cyclin B destruction box and the isolated
destruction-box peptide.

As mentioned earlier, each sister chromatid of a
metaphase chromosome is attached to microtubules via its
kinetochore, a complex of proteins assembled at the cen-
tromere. The opposite ends of these kinetochore micro-
tubules associate with one of the spindle poles (see Figure
1,8-36). At metaphase, the spindle is in a state of tension,
with forces pulling the two kinetochores toward the oppo-
site spindle poles balanced by forces pushing the spindle
poles apart. Sister chromatids do not separate, because they
are held together at their centromeres by multiprotein com-
plexes called coheslas. Among the proteins composing the
cohesin complexes are members of the SMC protein family
discussed in the previous section (see Figure 6-38). Vhen
Xenopus egg extracts were depleted of cohesin by treatment
with antibodies specific for the cohesin SMC proteins, the
depleted extracts were able to replicate the DNA in added

sperm nuclei, but the resulting sister chromatids did not
associate properly with each other. Furthermore, in S. cere-
uisiae with temperature-sensitive mutations in cohesin sub-
units, incubation at the nonpermissive temperature causes
errors in chromosome segregation during mitosis. Since at-
tachment of sister chromatids to spindle fibers from oppo-
site spindle poles requires linkage between them, this is the
expected result if sister chromatids of these mutant cells are
not associated during mitosis. These findings demonstrate
that cohesin is necessary for the cohesion between sister
chromatids.

Cohesin molecules associate with chromosomes in late

G1. Figure 20-21 presents one model for how the circular
cohesin complexes l ink daughter chromosomes as they
replicate in S phase. According to this model, either the
DNA replication fork passes through the cohesin circles,
or cohesin circles open to let the replication fork pass and
then close around both daughter chromatids. This leaves
cohesin l inks along the full length of the daughter
chromatids. In some organisms, such as C. elegans, pro-

tein l inks persist in the chromosome arms unti l they are

broken in anaphase. However, in S. cereuisiae and verte-
brates, phosphorylation of cohesins by protein kinases

that are activated by MPF causes cohesin complexes to

dissociate from the chromatid arms in late prophase. As

opposed to cohesin complexes in the chromosome arms'
the same type of cohesin molecules in the vicinity of the

centromere do not dissociate, and continue to hold sister
chromatids in the region of the centromere. Analysis of

S. cereuisiae mutants defective in mitotic chromosomal
segregation revealed that a specific isoform of a protein

phosphatase called PP2A normally associates with cen-
tromeres (observed in human chromosomes in Figure 20-22).

This phosphatase rapidly dephosphorylates cohesin com-
plexes phosphorylated in late prophase by the kinase

mentioned above. This occurs only in the vicinity of the

centromere where the phosphatase is bound, so that

centromere-associated cohesin complexes do not dissociate

during late prophase like cohesin complexes in the chro-

mosome arms, but rather continue to l ink chromatids at

the centromere.
Further studies of yeast mutants have led to the model

depicted in Figure 20-23 for how the APC/C regulates sis-

ter chromatid separation to init iate anaphase. Cohesin

SMC proteins link sister chromatids at the centromere. The

cross-linking activity of cohesin depends on secwrin, which

is found in all eukaryotes. Prior to anaphase, securin binds

to and inhibits separase, a ubiquitous protease. Once all

chromosome kinetochores have attached to spindle micro-

tubules, the APC/C is directed by a specificity factor called

Cdc20 to polyubiquitinylate securin (note that this speci-

ficity factor is distinct from Cdh1, which directs the

APC/C to polyubiquitinylate B-type cyclins). Polyubiqui-

tinylated securin is rapidly degraded by proteasomes,

thereby releasing separase. Free from its inhibitor, sepa-

rase cleaves a small subunit of cohesin called kleisin,

breaking the protein circles l inking sister chromatids.

Once this l ink is broken, anaphase begins, as the poleward
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Chromat in

Load cohesin
complexes onto

Centromere

Gl phase S

A FIGURE 20-21 Model for cohesin l inkage of daughter
chromosomes. There is strong evidence that the cohesin complex is
circular, l ike other SMC protein complexes (see Figure 6-38), but it is
not known whether a single cohesin ring l inks daughter chromatids,
or whether two rings, one each around the separate sister
chromatids, are l inked to each other l ike l inks in a chain, possibly

force exerted on kinetochores moves sister chromatids to-
ward the opposite spindle poles.

Because Cdc20-the specificity factor that directs
APC/C to securin-is activated before Cdhl-the speci-
ficity factor that directs APC/C to mitotic cyclins-MPF
activity does not decrease unti l after the chromosomes
have segregated. As a result of this temporal order in the
activation of the two APC/C specificity factors, the chro-
mosomes remain in the condensed state and reassembly of
the nuclear envelope does not occur unti l chromosomes

A F|GURE 2O-22 Localization of PP2A subtype at the
centromere of a human metaphase chromosome. DNA is stained
blue. A marker protein for centromeres was detected with a specific
antibody (red), as was PP2A subtype B56a (green) Bar : 1 pm [From
S Tomoya et al , 2006, Nature M1i46l

Repl ica t ion
fork

# -

e G2 phase Metaphase

involving several l inked cohesin circles between sister chromatids.
Passage of a replication fork through a cohesin ring results in l inking
of sister chromatids In vertebrate cells, cohesins are released from
chromosome arms during prophase and early metaphase, and by the
end of metaphase are retained only in the region of the centromere.
[From K Nasmyth and C H Haering, 2005, Ann Rev. Biochem 74:595]

are moved to the proper position. As we shall see in Sec-
tion 20.7, Cdc20 and Cdhl are regulated by checkpoint
surveil lance mechanisms. Cdc20 is inhibited unti l every
kinetochore has attached to a spindle fiber and tension is
applied to the kinetochores of all sister chromatids,
pull ing them toward opposite spindle poles. Cdh1, on the
other hand, is inhibited unti l daughter chromosomes have
been separated by a sufficient distance in anaphase to en-
sure that the separated chromosomes are included in sepa-
rate nuclei as the nuclear envelopes re-form and the cell
divides.

Chromosome Decondensat ion and Reassembly
of  the Nuclear  Envelope Depend on
Dephosphorylation of MPF Substrates
Earlier we discussed how MPF-mediated phosphorylation
of nuclear lamins, nucleoporins, and proteins in the inner
nuclear membrane contributes to the dissociation of nu-
clear pore complexes and retraction of the nuclear mem-
brane into the ER. When chromosomes have separated
sufficiently during anaphase, the chromosome segrega-
tion checkpoint surveil lance mechanism activates the

S phase G2 phase
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Secu r in

A FIGURE 20-23 Regulation of cohesin cleavage. Separase, a
protease that can cleave the small kleisin subunit of cohesin
complexes, is inhibited before anaphase by the binding of securin
When all the kinetochores have attached to spindle microtubules and
the spindle apparatus is properly assembled and oriented, the Cdc20
specificity factor associates with the APC/C and directs it to

protein phosphatase Cdc14. Cdc14 removes phosphate
groups that were added to proteins by MPF and, conse-
quently, is an active antagonist of MPF function. Impor-
tantly, Cdc1,4 also dephosphorylates and consequently
activates the Cdhl specificity factor. This allows Cdhl to
bind to the APCiC complex, directing it to polyubiqui-
tinylate mitotic cyclins, inducing their degradation (see

Figure 20-1,0) .
Reversal of MPF phosphorylation changes the activi-

t ies of many proteins back to their usual state in inter-
phase cells. Dephosphorylation of condensins, histone H1
and other chromatin-associated proteins leads to the de-
condensation of mitotic chromosomes in telophase. De-
phosphory lated inner  nuclear  membrane prote ins are
thought to bind to chromatin once again. As a result,
multiple projections of regions of the ER membrane con-
taining these proteins are thought to associate with the
surface of the decondensing chromosomes and then fuse
with one another to form a continuous double membrane
around each chromosome (Figure 20-24). Dephosphory-
lation of nuclear pore subcomplexes allows them to re-
assemble into complete NPCs traversing the inner and
outer membranes soon after fusion of the ER proiections.
Ran'GTR required for driving most nuclear import and
export  (Chapter  13) ,  s t imulates both fus ion of  the ER
projections to form daughter nuclear envelopes and as-
sembly of NPCs from the nuclear pore subcomplexes that
were generated by MPF phosphorylation of nucleoporins
in prophase (Figure 20-24). The Ran'GTP concentration
is highest in the microvicinity of the decondensing chro-
mosomes because the Ran-guanine nucleotide-exchange
factor (Ran-GEF) is bound to chromatin. Consequentln
membrane fusion is stimulated at the surfaces of decon-
densing chromosomes, forming sheets of nuclear mem-
brane with inserted NPCs.

The reassembly of nuclear envelopes containing NPCs
around each chromosome forms individual mini-nuclei

polyubiquitinylate securin Following securin degradation by
proteasomes, the released separase cleaves the kleisin subunit,
breaking the cohesin circles, allowing sister chromatids to be pulled

apart by the spindle apparatus that is pull ing them toward opposite
spindle poles. lAdapted from K, Nasmyth and C H Haering, 2005, Ann Rev.

Biochem 74:595.1

called karyomeres. Subsequent fusion of the karyomeres

associated with each spindle pole generates the two

daughter-cell nuclei, each containing a full set of chromo-

somes. Dephosphorylated lamins A and C appear to be

imported through the reassembled NPCs during this pe-

riod and reassemble into a new nuclear lamina. Reassem-

bly of the nuclear lamina in the daughter nuclei probably

is init iated on lamin B molecules, which remain associated

with the ER membrane via their isoprenyl anchors

throughout mitosis and become localized to the inner

membrane of the reassembled nuclear envelopes of

karyomeres.

Molecular Mechanisms for Regulating Mitotic Events

r Early in mitosis, MPF-catalyzed phosphorylation of

lamins A, B, and C, and of nucleoporins and inner nu-

c lear  envelope prote ins causes depolymer izat ion of

lamin fi laments (see Figure 20-1,6\ and dissociation of

nuclear pores into pore subcomplexes, leading to disas-

sembly of the nuclear envelope and its retraction into

the ER.

r Phosphorylation of condensin complexes by MPF or a

kinase regulated by MPF promotes chromosome condensa-

tion early in mitosis.

r Sister chromatids formed by DNA replication in S

phase are linked at the centromere by cohesin complexes

that contain DNA-binding SMC proteins and other

protelns.

r At the onset of anaphase, the APC/C is directed by

Cdc20 to polyubiquitinylate securin, which subsequently is

degraded by proteasomes. This activates separase, which

cleaves kleisin, a subunit of cohesin, thereby unlinking sis-

ter chromatids (see Figure 20-23).
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r The association of Ran-GEF with chromatin results in a
high local concentration of Ran.GTP near the decondens-
ing chromosomes, promoting the fusion of nuclear enve-
lope extensions from the ER around each chromosome.
This forms karyomeres that then fuse to form daughter cell
nuclei (see Figure 20-24).

Cyclin-CDK and Ubiquit in-Protein
Ligase Control of S phase
In most vertebrate cells, the key decision determining
whether or not a cell wil l divide is the decision to enter the
S phase. In most cases, once a vertebrate cell has become
committed to entering the S phase, it does so a few hours
later and progresses through the remainder of the cell cycle
until it ccrmpletes mitosis. The budding yeast Saccharomyces
cereuiside regulates its proliferation similarly, and much of
our current understanding of the molecular mechanisms
controlling entry into the S phase and the control of DNA
replication originated with genetic studies of S. cereuisiae.

S. cereuisiae cells replicate by budding (Figure 20-ZS).
Both mother and daughter cells remain in the G1 period of
the cell cycle while growing, although it takes the initially
larger mother cells a shorter time to reach a size compatible
with cell division. \Vhen S. cereuisiae cells in G1 have grown
sufficiently, they begin a program of gene expression that
leads to entry into the S phase. If G1 cells are shifted from a
rich medium to a medium low in nutrients before they reach
a critical size, they remain in G1 and grow slowly until they
are large enough to enter the S phase. However, once G1 cells
reach the critical size, they become committed to completing
the cell cycle, enrering the S phase and proceeding through
G2 and mitosis, even if they are shifted to a medium low in
nutrients. The point in late G1 of growing S. cereuisiae cells
when they become irrevocably committed to entering the S
phase and traversing the entire cell cycle is called S7l4RT. As
we shall see in Section 20.6, a comparable phenomenon oc-
curs in replicating mammalian cells.

In this section, our focus is on the G1 -+ S transition as
we explore the molecular events that constitute START. Just
as in mitosis, entry into S phase is controlled by the activity
of cyclin-CDKs. However, the regulatory mechanisms gov-
erning the activity of these cyclin-CDKs differ from those
used by mitotic cyclin-CDK complexes. We discuss the roles
of G1 cyclin-CDKs and S-phase cyclin-CDKs in init iating
DNA synthesis and ensuring that DNA replication occurs
only once per cell cycle, as well as how the cell cycle "resets"
after mitosis, in preparation for the next cell division.

A Cycl in-Dependent  Kinase (CDK) ls  Cr i t ica l  for
S-Phase Entry in S. cerevisiae
All S. cereuisiae cells carrying a mutation in a particular cdc
gene arrest with the same size bud at the nonpermissive

ZN

  FIGURE 20-24 Model for reassembly of the nuclear
envelope during telophase. Extensions of the endoplasmic
reticulum (ER) associate with each decondensing chromosome and
then fuse  w i th  one another ,  fo rming  a  doub le  membrane around
the chromosome Dephosphorylated nuclear pore subcomplexes
reassemble  in to  nuc lear  pores ,  fo rming  ind iv idua l  min i -nuc le i  ca l led
karyomeres The enclosed chromosome further decondenses, and
subsequent fusion of the nuclear envelopes of al l  the karyomeres at
each sp ind le  po le  fo rms a  s ing le  nuc leus  conta in ing  a  fu l l  se t  o f
chromosomes NPC : nuclear pore complex lAdapted from B Burke
and J El lenberg,2002, Nature Rev. Mol. Cell  Biol 3:487 I

After sister chromatids have moved to the spindle poles,
e APC/C is directed by Cdhl to polyubiquitinylate

mitotic cyclins, leading to rheir destruction and causing
the decrease in MPF activity that marks the onset of
telophase.

r The fall in MPF activity in telophase allows phos-
phatases such as Cdc14 to remove the regulatory
phosphates from condensin, lamins, nucleoporins, and
other nuclear membrane proteins, permitting the
decondensation of chromosomes and the reassembly of the
nuclear membrane, nuclear lamina, and nuclear pore
complexes.
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\\-Z Video: Mitosis and Budding in S. cerevisiae

( a ) ( b )

Chromosome
seg regation;
nuc lear
division

Sp ind le
formation;
nuc lear
migra t ion

A FfGURE 20-25 The budding yeast5. cerevisiae. (a) Scanning
electron micrograph of 5. cerevisiae cells at various stages of the
cel l  cyc le.  The larger  the bud,  which emerges at  the end of  the Gt
phase, the further along in the cycle the cell is (b) Main events in
the 5. cerevrslae cell cycle. Daughter cells are born smaller than
mother cells and must grow to a greater extent in G1 before they

temperature (see Figure 5-6b). Each type of mutant has a ter-
minal phenotype with a particular bud size: no bud, inter-
mediate-sized buds, or large buds. Note that in S. cereuisiae
wild-type genes are indicated in italic capital letters (e.g.,

CDC28) and recessive mutant genes in italic lowercase
letters (e.g., cdc28); the corresponding wild-type protein is
written in roman letters with an initial capital (e.g., Cdc28),
similar to S. pombe proteins.

Temperature-sensitive mutants in the cdc28 gene, now
known to encode the S. cereuisiae CDK, do not form buds at
the nonpermissive temperature. This phenotype indicates
that Cdc28 function is required for entry into the S phase.
'When 

these mutants are shifted to the nonpermissive tem-
perature, they behave like wild-type cells suddenly deprived
of nutrients; that is, cdc28 mttant cells that have grown

large enough to pass START at the time of the temperature

shift continue through the cell cycle normally and undergo
mitosis, whereas those that are too small to have passed

Mother
ce l l

Daughter
ce l l

Growth

DNA
replication

are large enough to enter the S phase. As in 5. pombe, tne
nuclear envelope does not break down during mitosis. Unlike 5.
pombe chromosomes, the small 5 cerevrslae chromosomes do
not condense sufficiently to be visible by l ight microscopy. [Part (a)

courtesy of E Schachtbach and L Herskowitz l

START when shifted to the nonpermissive temperature do

not enter the S phase even though nutrients are plentiful.

Even though cdc28 cells blocked in G1 continue to grow in

size at the nonpermissive temperature' they cannot pass

START and enter the S phase. Thus they appear as large cells

with no bud.
The wild-type CDC28 gene was isolated by its abil ity

to complement mutant cdc28 cells at the nonpermissive

temperature (see Figure 20-4\' Sequencing of CDC28

showed that the encoded protein is homologous to known

protein kinases, and when Cdc28 protein was expressed in

E. coli, it exhibited low protein kinase activity. Like S. pombe,

S. cereuisiae contains only a single cyclin-dependent pro-

tein kinase (CDK) that functions directly in cell-cycle

control. Sequence comparisons have shown that the CDKs

in the two species are highly homologous.

The difference in the phenotypes of S. pombe and S'

cereuisiae cells with temperature-sensitive mutations in

START

|  / \  \
\  \ "_,  /

Spind le  po le
bodY
dup l ica t ion

Qr - ) / a ro
emergence
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their CDK genes can be explained by the physiology of
the two yeasts. In S. pombe cells growing in rich media,
cell-cycle control is exerted primarily at the G2 -+ M tran-
s i t ion ( i .e . ,  enrry to mi tos is) .  In  many S.  pombe CDK re-
cessive mutants, including those init ially isolated which
gave the phenotype depicted in Figure 20-12, enough
CDK activity is maintained at the nonpermissive temper-
ature to permit cells to enter the S phase, but not enough
to permit entry into mitosis. Such mutant cells are ob-
served to be elongated cells arrested in G2. At the nonper-
missive temperature, cultures of completely defective
CDK mutants include some cells arrested in G1 and some
arrested in G2, depending on their location in the cell cy-
cle at the time of the temperature shift. Conversely, cell-
cycle regulation in S. cereuisiae is exerted primarily at the
G1 -+ S t ransi t ion ( i .e . ,  entry  to rhe S phase).  Therefore,
partially defective mutants of CDK are arrested in G1, but
completely defective CDK mutanrs are arrested in either
G1 or G2, depending on their location in the cell cycle at
the t ime of  the temperature shi f t .  These observat ions
demonstrate that both the S. pombe and the S. cereuisiae
CDKs are required for entry into both the S phase and
mrtosrs.

Three G1 Cyclins Associate with S. cerevisiae
CDK to Form S-Phase-Promoting Factors
By the late 1980s, it was clear that mitosis-promoting factor
(MPF) is composed of two subunits: a CDK and a mitotic B-
type cyclin required to activate the catalytic subunit. By
analogy, it seemed likely that S. cereuisiae contains an S-
phase-promoting factor (SPF) that phosphorylates and reg-
ulates proteins required for DNA synthesis. Similar to MpE,
SPF was proposed to be a heterodimer composed of the S.
cereuisiae CDK and a cyclin, in this case one that acts in G1
(see Figure 20-2).

To identify this putative G 1 cyclin, researchers looked for
genes that, when expressed at high concentration, could sup-
press certain temperature-sensitive mutations jn the S. cere-
uisiae CDK. The rationale of this approach is illustrated in
Figure 20-26. Researchers isolated two such genes, desig-
nated CLN1 and CLN2. Using a different approach, re-
searchers identified a dominant mutation in a third sene
cal led CLNJ

Sequencing of the three CLN genes showed that they
encoded related proteins, each of which includes an =100-
residue region exhibit ing significant homology with B-
type cyclins from sea urchin, Xenopus, human, and S.
pombe. This region encodes the cyclin domain that inter-
acts with CDKs and is included in the domain of the hu-
man cyclin shown in Figure 20-15b, c. The finding that the
three CIn proteins contain this region of homology with
mitotic cyclins suggested that they were the sought-after
S. cereuisiae G1 cyclins. (Note that the homologous CDK-
binding domain found in various cyclins differs from the
destruction box mentioned earlier, which is found only in
B-type cyclins.)

Colonies form

( b )

cdc2Sts cells

(c )

cdc2Sts cells
transformed
with high-copy
G1 cyc l in
p lasmid

(a)  36  "C

Wild-type cel ls

Colonies form

Colonies form Arrested in G1

Excess
wild-type
G1 cycl in

I  Equ i l i b r i um
v shifted

Colon ies  fo rm Colonies form

A EXPERIMENTAL FIGURE 20-26 Genes encoding two
S. cerevisiae G., cyclins were identif ied by their abil ity to
suppress a temperature-sensitive mutant CDK. This genetic
screen is  based on d i f ferences in  the in teractrons between G1
cyclins and wild-type and temperature-sensitive (ts) S. cerevrsiae
CDKs (a)  Wi ld- type cel ls  produce a normal  CDK that  associates
wi th Gr cyc l ins,  forming the act ive S-phase-promot ing factor
(SPF),  resul t ing in  colony format ion at  both the permiss ive and
the  nonpe rm iss i ve  t empera tu re  ( i  e ,  25 'and  36 'C )  (b )  Some
cdc29" mutants express a mutant CDK with low affinity for G.,
cyc l in  at  36 "C.  These mutants produce enough G1 cycl in-CDK
(SPF) to support  growth and colony development  at  25 "C,  but
not  at  36 'C (c)  When cdc28t 'ce l ls  were t ransformed wi th a S
cerevis iae genomic l ibrary c loned in a h igh-copy p lasmid,  three
types of  co lonies formed at  36 'C:  one conta ined a p lasmid
carrying the wild-type CDC2B gene; the other two contained
plasmids carry ing e i ther  the CLNI or  CLN2 gene In t ransformed
cel ls  carry ing the ClNT or  CLN2 gene,  the concentrat ion of  the
encoded G1 cycl in  is  h igh enough to of fset  the low af f in i ty  of
t he  mu tan t  CDK fo r  a  G ,  cyc l i n  a t  36 'C ,  so  t ha t  enough
SPF forms to support  entry  in to the S phase and subsequent
mi tos is .  Untransformed cdc2?t '  ce l ls  and cel ls  t ransformed
with p lasmids carry ing other  genes are arrested in  G1 and do
not form colonies [See J A Hadwiger et  a l  ,  1989, proc Nat ' l  Acad
Sci  USA 86:6255 l
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Gene-knockout experiments showed that S. cereuisiae
cells can grow in rich medium if they carry any one of the

three G1 cyclin genes. As the data presentedinFigure20-27
indicate, overproduction of one G1 cyclin decreases the
fraction of cells in G1, demonstrating that high levels of the

G1 cyclin-CDK complex drive cells through START prema-

turely. Moreover, in the absence of all three of the G1 cyclins,

cells become arrested in G1, indicating that a G1 cyclin-CDK
heterodimer, or SPF, is required for S. cereuisiae cells to

enter the S phase. These findings are reminiscent of the
results for the S. pombe mitotic cyclin with regard to pas-

sage through G2 and entry into mitosis. Overproduction of

Podcast: G1-cyclin Control

the mitotic cyclin caused a shortened Gz and premature

entry into mitosis, whereas inhibition of the mitotic cyclin

by mutation resulted in a lengthened G2 (see Figure 20-1'2)'

Thus these results confirmed that the S. cereuisiae CIn pro-

teins are G1 cyclins that regulate passage through the G1

of Entry into S-phase

Cln3 expression vector
High-level expression of G1 cycl in

GAL| G,'  cycl in gene
promoter

(a) Wild-type cel ls
+ empty vector

No G,'  cYcl in exPression

(b) Wild-type cel ls
+ G1 cycl in vector

G1 G2

Fluorescence -->

cl n 1 - | cl n2- | cln3- cells
+ G1 cycl in vector

(c)

c)

E

=
O

t
o

E

t
o

c

6)

G1 G2

Fluorescence ->

A EXPERIMENTAL FIGURE 20-27 Gl cyclin is required for 5.
cerevisiae cells to enter 5 phase, and overexpression of G1 cyclin
prematurely drives them into the 5 phase. The yeast expression
vector used in these experiments (top) carried one of the three 5.
cerevisiae Gr cyclin genes linked to the strong GAI7 promoter, which is
turned off when glucose is present in the medium. To determine the
proportion of cells in Gr and Gz, cells were exposed to a fluorescent
dye that binds to DNA and then were passed through a fluorescence-
activated cell sorter (see Figure 9-28) Since the DNA content of G2
cells is twice that of G1 cells, this procedure can distinguish cells in the
two cell-cycle phases (a) Wildtype cells transformed with an empty
expression vector displayed the normal distribution of cells in Gr and
G2 in the absence of glucose (Glc) and after addition of glucose. (b) In

the absence of glucose, wild-type cells transformed with the G1 cyclin

expression vector displayed a higher-than-normal percentage of cells

in the S phase and G2 because overexpression of the G1 cyclin

decreased the Gr period (top curve)' When expression of the Gr

cyclin from the vector was shut off by addition of glucose, the cell

distribution returned to normal (bottom curve)' (c) Cells with

mutations in all three G1 cyclin genes and transformed with the Gr

phase. [Adapted from H E Richardson etal, 1989, Cell591127 I

G1 G2

Fluorescence -->

+ G l c  ( 1 3 5  m i n )+Glc  (135 min)
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open-reading frame that inhibits translation init iation at
the Cln3 open reading frame. This inhibit ion is dimin-
ished when nutrients are in abundance, leading to activa-
tion of the TOR pathway and the subsequent increase in
t ranslat ion in i t ia t ion factor  act iv i ty  (see Figure g-30) .
Since Cln3 is a highly unstable protein, its concenrratron
fluctuates with the translation rate of its mRNA. Conse-
quently, the amount and activity of mid-G1 cyclin-CDK
complexes, which depend on the concentration of the
mid-G1 cyclin protein, are largely regulated by the nutri-
ent level.

Once sufficient mid-G1 cyclin is synthesized from its
mRNA, the mid-G1 cyclin-CDK complex phosphorylates
and activates two related transcription factors, SBF and
MBF. These induce transcription of the late-G1 cyclin
genes, CLNI and CLN2, whose encoded proteins acceler-
ate entry into the S phase. Thus regulation of CLN3
mRNA translation in response to the concentration of nu-
trients in the medium is thought to be primarily responsible
for controlling the length of G1 in S. cereuisiae. In addition
to the late-G1 cyclins, SBF and MBF also stimulare tran-

are required for init iation of DNA synthesis, they are

called early S-phase cyclins.Inactivation of Cdhl allows
the S-phase cyclin-CDK complexes to accumulate in late
G1. The specificity factor Cdhl is phosphorylated and
inactivated by both late-G1 and B-type cyclin-CDK com-
plexes, and thus remains inhibited throughout S, G2, and
M phase unti l late anaphase when the Cdc14 phosphatase
is activated and removes the inhibitory phosphate from
cdh1.

Degradat ion of  the S-Phase Inh ib i tor  Tr iggers
DNA Repl icat ion
As the S-phase cyclin-CDK heterodimers accumulate in late
G1, they are immediately inactivated by binding of an in-
hibitor, called Sic1, that is expressed late in mitosis and in
early G1. Because Sicl specifically inhibits B-type cyclin-
CDK complexes, but has no effect on the G1 cyclin-CDK
complexes, it functions as an S-phase inhibitor.

Entry into the S phase is defined by the initiation of DNA
replication. ln S. cereuisiae cells this occurs when the Sicl in-
hibitor is precipitously degraded following its polyubiquitina-
tion by the distinct ubiquitin-protein ligase called SCF men-
tioned earlier (Figure 20-28; see also Figure20-2). Once Sicl
is degraded, the S-phase cyclin-CDK complexes induce DNA
replication by phosphorylating several proteins in prereplica-
tion complexes bound to replication origins. This mechanism
for activating the S-phase cyclin-CDK complexes-that is,
inhibiting them as the cyclins are synthesized and then precip-
itously degrading the inhibitor-permits the sudden acrivation
of large numbers of complexes, as opposed to the gradual in-
crease in kinase activity that would result if no inhibitor were
present during synthesis of the S-phase cyclins.

We can now see that regulated proteasomal degradation
directed by two ubiquitin-protein l igase complexes, SCF
and APC/C, controls three major transitions in the cell
cycle: onset of the S phase through degradation of Sicl by
SCF, the beginning of anaphase through degradation of
securin by the APC/C, and exit from mitosis through degra-
dation of B-type cyclins by the APC/C. The ApC/C is

Mid-late G' '

Polyubiquit ination of
phosphory la ted  S ic l ;

proteasomal
degradation

-_____+
z s6

@@
$ S phase

  FIGURE 20-28 Control of S phase onset in S. cerevisiaeby
regulated proteolysis of the S-phase inhibitor, Sic1. The S_phase
cyclin-CDK complexes (Clb5-CDK and Clb6-CDK) beqin to accumutate
in G1, but are inhibited by Slc1. This inhibit ion pr.u.nt, init iation of DNA
replication until the cell is fully prepared. G1 cyclin-CDK complexes
assembled in late G1 (Cln1-CDK and Cln2-CDK) phosphorylate Sicl at

multiple sites (step [), marking it for polyubiquitination by the SCF
ubiquitin ligase, and subsequent proteasomal degradation (step Z).
The active S-phase cyclin-CDK complexes then trigger initiation of DNA
synthesis (step B) by phosphorylating components of pre-initiation
complexes assembled on DNA replication origins in early G1 lAdapted
from R W King et al ,1996, Science2T4:1652l
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Mitotic cyclin-GDKs < FIGURE 20-29 ActivitY of 5.
cerevisi ae cycl i n-CDK comPlexes
through the course of the cell cycle.
The width of the colored bands is
approximately proportional to the
demonstrated or proposed protein kinase
activity of the indicated cyclin-CDK
complexes. S cerevisiae produces a single
cyclin-dependent kinase (CDK) whose
actrvity is controlled by the various cyclins,
which are expressed during different
portions of the cell cycle.Late S-phase/

early M-phase
cyclin-CDKs
ctb3,4-
CDK

clb5,6-cDK
Early S-phase cyclin-CDKs

directed to polyubiquitinylate the anaphase inhibitor securin
by the Cdc20 specificity factor (see Figure20-23). The APC/C-
Cdc20 complex also directs the degradation of S-phase cyclins
and much of the mitotic cyclin, but sufficient mitotic cyclin
remains to maintain chromosome condensation until late

anaphase. Then, another specificity factor, Cdh1, targets the
APC/C to the remaining B-type cyclins (see Figure 20-10).

In contrast to the APC/C, the SCF ubiquitin-protein lig-

ase is not regulated by phosphorylation of specificity factors,

but rather by phosphorylation of its substrate, Sic1. Sicl is
phosphorylated by G1 cyclin-CDKs (see Figure 20-28). It

must be phosphorylated at at least six sites, which are rela-

tively poor substrates for the G1 cyclin-CDKs, before it is

bound sufficiently well by SCF to be polyubiquitinylated.
This difference in strategy for regulating the ubiquitin-
protein ligase activities of SCF and APC/C probably occurs

because the APC/C has several substrates, including securin
and B-type cyclins, which must be degraded at different
times in the cycle. In contrast, entry into the S phase requires
the degradation of only a single protein, the Sicl inhibitor.
Also, the requirement for phosphorylating multiple weak

sites in Sicl delays the onset of S phase until G1 cyclin-CDK
activity has reached its peak and virtually all other G1 cyclin-

CDK substrates have been phosphorylated. An obvious ad-

vantage of proteolysis for controlling passage through these
critical points in the cell cycle is that protein degradation is

an irreversible process, ensuring that cells proceed irre-

versibly in one direction through the cycle.

Multiple Cyclins Regulate the Kinase Activity
of 5. cerevisrae CDK During Different
Cell-Cycle Phases

As budding yeast cells progress through the S phase, they be-
gin transcribing genes encoding two additional B-type

tosis, with the help of two other mitotic cyclins. These addi-

tional mitotic cyclins are expressed when S. cereuisiae cells

complete chromosome replication and enter G2. They func-

tion as late mitotic cyclins, associating with the CDK to form

Repl icat ion at  Each Or ig in  ls  ln i t ia ted Only  Once

Dur ing the Cel l  CYcle

As discussed in Chapter 4, eukaryotic chromosomes are

replicated from multiple replication origins' Initiation of

replication from these origins occurs throughout S phase'
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However, no eukaryotic origin initiates more than once per
S phase. Moreover, the S phase continues until replication
from multiple origins along the length of each chromosome
results in complete replication of the entire chromosome.
These two factors ensure that the correct gene copy number
is maintained as cells proliferate.

Yeast replication origins contain an 11-base-pair con-
served core sequence to which is bound a hexameric protein,
the origin-recognition complex (ORC), required for initia-
tion of DNA synthesis. DNase I footprinting analysis (Figure
7-17) and immunoprecipitation of chromatin protelns cross-
linked to specific DNA sequences (Figure 7-31\ duringvari-
ous phases of the cell cycle indicate that the ORC remains
associated with origins during all phases of the cycle. Several
additional replication initiation factors required to initiate

DNA synthesis at origins were identified in genetic studies in
S. cereuisiae. These DNA replication initiation factors asso-
ciate with the ORC at origins during G1, but not during G2
or M. During G1 the various initiation factors assemble with
the ORC into a prereplication complex ar each origin (Fig-
ure 20-30) .

The restriction of origin "firing" to once and only once
per cell cycle in S. cereuisiae is enforced by the alternating cy-
cle of B-type cyclin-CDK activity levels through the cell
cycle: Iow in telophase through G1 and high in S, G2, and M
through anaphase (see Figure 20-29). As we just discussed,
S-phase cyclin-CDK complexes become active at the begin-
ning of S phase when their specific inhibitor, Sic1, is de-
graded. The prereplication complexes assembled at origins
early in G1 (Figure 20-30, step [) initiate DNA synthesis in

< FIGURE 20-30 Assembly and regulation of
prerepl icat ion complexes.  Step [ :  Dur ing ear ly  G1,
unphosphory lated repl icat ion in i t ia t ion factors assemole on
an or ig in-recogni t ion complex (ORC) bound to a repl icat ion
or ig in to generate a prerepl icat ion complex Step [ :  In
the S phase,  S-phase cyc l in-CDK complexes and DDK
phosphorylate components of the prereplication complex
Step S:This leads to b inding of  Cdc45,  act ivat ion of  the
hexamer ic  MCM hel icases,  which unwind the parenta l
DNA strands,  and re lease of  the phosphory lated Cdc6 and
Cdt l  in i t ia t ion factors RPA binds to the resul t ing s ingre-
st randed DNA. Step 4:  ln i t ia t ion of  synthesis  by the DNA
polymerase cr-pr imase (see Figure 4-31) .  Step E:  Other
components necessary for replication fork movement are
recruited, and bidirectional synthesis away from the
or ig in cont inues at  each fork ORC binds to the or ig in
sequence in the daughter  double-st randed DNA, but
the phosphory lated in i t ia t ion factors cannot  assemble a
prerepl icat ion complex on i t .  B- type cyc l in-CDK complexes
maintain the init iation factors in a phosphorylated state
throughout  the remainder of  S,  G2,  and ear ly  anaphase
(fop) These factors cannot assemble into new
prerepl icat ion complexes unt i l  they are dephosphory lated
by Cdc14 phosphatase and B-type cyc l ins are degraded
fo l lowing thei r  polyubiqui t inat ion by the ApC/C in Iate
anaphase Several  addi t ional  factors requi red for
replication are not shown

Prereplication
complex

l  - pol a-primase
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S phase when they are phosphorylated by the S-phase cyclin-
CDKs and a second heterodimeric protein kinase, DDK, ex-
pressed in G1 along with other proteins involved in DNA
replication (step E). Although the complete set of proteins

that must be phosphorylated to activate initiation of DNA

synthesis has not yet been determined, there is evidence that
phosphorylation of at least one subunit of the hexameric
MCM belica.se and of another initiation factor called Cdc6 is

required. Following their phosphorylation, the helicase un-

winds the DNA, and the resulting single-stranded DNA is

bound by the single-stranded binding protein RPA and other
replication factors (Figure 20-30 steps B, 4, and 5; see

also Figure 4-31).
As the replication forks progress away from each origin'

the phosphorylated initiation factors are displaced from the

chromatin. However, ORC complexes immediately bind to

the origin sequence in the replicated daughter duplex DNAs

and remain bound throughout the cell cycle (see Figure 20-

30, step [). Origins can fire only once during the S phase

because the phosphorylated init iation factors cannot re-

assemble into a prereplication complex. Consequentlg phos-
phorylation of components of the prereplication complex by

S-phase cyclin-CDK complexes and the DDK complex si-

multaneously activates initiation of DNA replication at an

origin and inhibits re-initiation of replication at that origin.
As we have noted, B-type cyclin-CDK complexes remain ac-

tive throughout the S phase, G2, and early anaphase' main-

taining the phosphorylated state of the replication initiation
factors that prevents the assembly of new prereplication

complexes (step [).
When the Cdc14 phosphatase is activated in late

anaphase and the APC/C-Cdh1 complex triggers degrada-
tion of all B-type cyclins in telophase, phosphates on the ini-

tiation factors are removed by the unopposed Cdc14 phos-

phatase. This allows the reassembly of prereplication

complexes during early G1. As discussed previously, the in-

hibition of APC/C activity in G1 sets the stage for accumula-

tion of the S-phase cyclins needed for onset of the next S
phase. This regulatory mechanism has two consequences: (1 )
prereplication complexes are assembled only during G1,

when the activity of B-type cyclin-CDK complexes is low,

and (2) each origin initiates replication one time only during

the S phase, when S phase cyclin-CDK complex activity is

high. As a result, chromosomal DNA is replicated only one

time each cell cycle.

Cyclin-CDK and Ubiquitin-Protein Ligase Control

of S phase

t S. cereuisiae expresses a single cyclin-dependent protein

kinase (CDK), which interacts with several different cyclins

during different phases of the cell cycle (see Figure 20-29).

r Three G1 cyclins are active in G1. The concentration of

the mid-G1 cyclin mRNA does not vary significantly
through the cell cycle, but its translation is regulated by the

availability of nutrients.

r Once active mid-G1 cyclin-CDK complexes accumulate

in mid-late G1, they phosphorylate and activate two tran-

scription factors that stimulate expression of the late-G1

cyclins, as well as enzymes and other proteins required for

DNA replication, and the early S-phase B-type cyclins.

r The late-G1 cyclin-CDK complexes phosphorylate and

inhibit Cdh1, the specificity factor that directs the

anaphase-promoting complex (APC/C) to B-type cyclins,

thus permitting accumulation of S-phase B-type cyclins in

late G1.

r S-phase cyclin-CDK complexes initially are inhibited by

Sic1. Polyubiquitination of Sicl by the SCF ubiquitin-

protein ligase marks Sicl for proteasomal degradation' re-

ieasing activated S-phase cyclin-CDK complexes that trig-

ger onset of the S phase (see Figure 20-28).

Late S-phase/early M-phase B-type cyclins, expressed

ter in the S phase, form heterodimers with the CDK that

also promote DNA replication and initiate spindle forma-

tion early in mitosis.

t Late M-phase B-type cyclins, expressed in G2' form het-

erodimers with the CDK that stimulate mitotic events.

r In late anaphase, the specificity factor Cdhl is activated

by dephosphorylation and then directs APC/C to polyubiq-

uitinylate all the B-type cyclins' Their subsequent proteaso-

mal degradation inactivates MPF activity, permitting exit

from mitosis (see Figure 20-1'0).

r DNA replication is initiated from prereplication com-

plexes assembled at origins during early G1. S-phase cyclin-

CDK complexes simultaneously trigger initiation from pre-

replication complexes and inhibit assembly of new

prereplication complexes by phosphorylating components

of the prereplication complex (see Figure 20-30).

r Initiation of DNA replication occurs at each origin, but

only once, until a cell proceeds through anaphase, when ac-

tivation of APC/C leads to the degradation of B-type cy-

clins. The block on re-initiation of DNA replication until

replicated chromosomes have segregated assures that

daughter cells contain the proper number of chromosomes

per cell.

Cell-Cycle Control in Mammalian
Cells
In multicellular organisms, precise control of the cell cycle

ing G1, entering the G6 state (see Figure 20-1)' Some dif-

ferentiated cells (e.g., f ibroblasts and lymphocytes) can be

stimulated to reenter the cycle and replicate. Many postmitotic
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(a )

DNA stain

BrdU stain

Anti-cycl in D
stain

addition of BrdU to the medium. Cells were stained with different
fluorescent agents to visualize DNA (top), BrdU (middle), and anti-
cyclin D antibody (bottom). Note that the two cells in this field
injected with anti-cyclin D antibody (the red cells in the bottom
micrograph) did not incorporate BrdU into nuclear DNA, as indicated
by their lack of staining in the middle micrograph (c) percentage of
control cells (blue bars) and expenmental cells (red bars) that
incorporated BrdU. Most cells injected with anti-cyclin D antibodies
10 or 12 hours after addition of growth factors failed to enter the S
phase, indicated by the low level of BrdU incorporation In contrast,
anti-cyclin D antibodies had litt le effect on entry into the S phase and
DNA synthesis when injected at 14 or 16 hours, that is, after cells
had passed the restriction point. These results indicate that cyclin D is
required to pass the restriction point, but once cells have passed the
restrictjon point, they do not require cyclin D to enter the S phase
6-8 hours later. IParts (b) and (c) adapted from V Baldin et al.. 1993, Genes
& Devel. T:812.1

Mammal ian Restr ic t ion Point  ls  Analogous to
START in Yeast Cells
Most studies of mammalian cell-cycle control have been
done with cultured cells that require certain polypeptide
growth factors (mitogens) to stimulate cell proliferation.

(c)

BrdU-posit ive cel ls BrdU-negative cel ls

Control + Anti-cycl in D

t o1 41 21 0
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o
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Time when antibodv and BrdU added
(hours after addition of growth factors)

A EXPERIMENTAL FtcURE 20-31 Microinjection experiments
with anti-cyclin D antibody demonstrate that cyclin D is
required for passage through the restriction point. The Gs-
arrested mammalian cells used in these experiments pass the
restriction point 14-16 hours after addition of growth factors and
enter the S phase 6-8 hours later. (a) Outline of experimental
protocol. At various times 1O-16 hours after addition of growth
factors (Il), some cells were microinjected with rabbit antibodies
against cyclin D (Z). Bromodeoxyuridine (BrdU), a thymidine analog,
was then added to the medium (E), and the uninjected control cells
(/eft) and microinjected experimental cells (nghf) were incubated for
an additional 16 hours. Each sample was then analvzed to determine
the percentage of cells that had incorporated BrdU into newly
synthesized DNA (4), indicating that they had entered the S phase.
(b) Analysis of control cells and experimental cells iniected with anti-
cyclin D antibody 8 hours after addition of growth factors. The three
micrographs show the same field of cells stained 16 hours after
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Binding of these growth factors to specific receptor proteins
that span the plasma membrane initiates a cascade of signal
transduction that ultimately influences transcription and
cell-cycle control (Chapters 15 and 16).

Mammalian cells cultured in the absence of growth fac-
tors are arrested with a diploid complement of chromosomes
in the Ge period of the cell cycle. If growth factors are added
to the culture medium, these quiescent cells pass through the
restriction point 14-15 hours later, enter the S phase 6-8
hours after that, and traverse the remainder of the cell cycle
(see Figure 20-2).The restriction point is the time after addi-
tion of growth factors when cells no longer require the pres-
ence of growth factors to enter S phase. Like START in yeast

cells, the restriction point is the point in the cell cycle at
which mammalian cells become committed to entering the S
phase and completing the cell cycle, which takes about 24
hours for most cultured mammalian cells.

Multiple CDKs and Cyclins Regulate Passage of
Mammal ian Cel ls  Through the Cel l  Cyc le

Unlike S. pombe and S. cereuisiae,which each produce a sin-
gle cyclin-dependent kinase (CDK) to regulate the cell cycle,
mammalian cells use a small family of related CDKs to reg-

ulate progression through the cell cycle. Four CDKs are ex-
pressed at significant levels in most mammalian cells and
play a role in regulating the cell cycle. Named CDK1, 2, 4,

and 6, these proteins were identified by the ability of their
cDNA clones to complement certain cdc yeast mutants or by
their homology to other CDKs.

Like S. cereuisiae, mammalian cells express multiple cy-

clins. Cyclin A and cyclin B, which function in the S phase, G2,
and early mitosis, initially were detected as proteins whose

concentration oscillates in experiments with synchronously
cycling early sea urchin and clam embryos (see Figure 20-8).
Homologous cyclin A and cyclin B proteins have been found
in all multicellular animals examined. The cDNAs encoding
three related human D-type cyclins and cyclin E were isolated
based on their ability to complement S. cereuisiae cells mutant

in all three genes encoding G1 cyclins. The relative amounts of

the three D-ryp. cyclins expressed in various cell types differ'
Here we refer to them collectively as cyclin D.

Cyclins D and E are the mammalian mid- and late-G1 cy-

clins, respectively. Experiments in which cultured mam-
malian cells were microinjected with anti-cyclin D antibody

at various times after addition of growth factors demon-
strated that cyclin D is essential for passage through the re-

striction point (Figure 20-31').
Figure 20-32 presents a current model for the periods of

the cell cycle in which different cyclin-CDK complexes act in

Gs-arresred mammalian cells stimulated to divide by the ad-

dition of growth factors. In the absence of growth factors,

cultured Ge cells express neither cyclins nor CDKs; the ab-

sence of these critical proteins explains why Ge cells do not
progress through the cell cycle and replicate.

Table 20-1, presented early in this chapter, summarizes the

various cyclins and CDKs that we have mentioned and the por-

tions of the cell cycle in which they are active. The cyclins fall

into two major groups' G1 cyclins and B-type cyclins, which

function in S, G2, and M. Although it is not possible to draw a

simple one-to-one correspondence between the functions of the

several cyclins and CDKs in S. pombe, S. cereuisiae' and verte-

brates, the various cyclin-CDK complexes they form can be

broadly considered in terms of their functions in mid-G1, Iate-

G1, S, and M phases. All B-type cyclins contain a conserved de-

struction box sequence that is recognized by the APC/C-Cdh1

ubiquitin-protein ligase, whereas G1 cyclins lack this sequence.

Thus the APC/C regulates only the activity of those cyclin-

CDK complexes that include B-type cyclins.

Regulated Expression of Two Classes of Genes

Returns Gs Mammalian Cells to the Cell Cycle

Addition of growth factors to Gg-arrested mammalian cells

induces transcription of multiple genes, most of which fall

into one of two classes-early-response ot delayed-response

genes-depending on how soon their encoded mRNAs ap-

pear. Transcription of early-response genes is induced within

a few minutes after addition of growth factors by signal-

transduction cascades that activate preexisting transcription

factors in the cytosol or nucleus (Chapter 16). Many of the

early-response genes encode transcription factors' such as c-

Fos and c-Jun, that stimulate transcription of the delayed-

response genes. Mutant, unregulated forms of both c-Fos

anJ c-Jun are expressed by oncogenic retroviruses (Chapter

25); the discovery that the activated viral forms of these pro-

teins (v-Fos and v-Jun) can transform normal cells into can-

cer cells led to identification of the normal, regulated cellu-

lar forms of these transcription factors.

After peaking at about 30 minutes following addition

of growth factors, the concentrations of the early-response

mRNAs fall to a lower level that is maintained as long as

growth factors are present in the medium. This decrease in

early-response mRNA levels is mediated by early-response

protelns.
Expression of delayed-response genes depends on pro-

teins encoded by early-response genes. Some delayed-

response genes encode additional transcription factors (see

below); others encode mid- and late-G1 cyclins and CDKs'

The mid-G1 cyclins and their associating CDKs are ex-

centrations fall precipitously. As a consequence' the cells do

not pass the restriction point and do not replicate'

In addition to being controlled by transcription of the

ter l6,leading to activation of the mTOR pathway and the

resulting activation of translation initiation factors (see
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Mitotic cyclin-CDKs
Cyclin A-CDK1
Cyclin B-CDK1

< FIGURE 20-32 Activity of mammalian cyclin-CDK
complexes through the course of the cell cycle.
Cultured G6 cells are induced to divide by treatment with
growth factors The width of the colored bands is
approximately proportional to the protein kinase actrvity
of the indicated complexes "Cyclin D" refers to all three
D-type cyclins

Late G1

Go

\ Mid-Gl cyclin-CDKs
Cyclin D-CDK4
Cyclin D-CDK6

I
I
l

S-phase
cyclin-CDK
Cyclin A-CDK2

Late-G1 cyclin-CDK
Cyclin E-CDK2

Figure 8-30). As a resuk, translation of cyclin D mRNA and
other mRNAs is stimulated. Agents that inhibit activation of
translation initiation factors, such as TGF-8, inhibit transla-
tion of cyclin D mRNA and thus inhibit cell proliferation.

Passage Through the Restrict ion point Depends
on Phosphorylation of the Tumor-Suppressor
Rb Protein
Some members of a small family of related transcription fac-
tors, referred to collectively as E2F factors, are encoded by
delayed-response genes. These transcription factors activate
genes encoding many of the proteins involved in DNA syn-
thesis. They also stimulate transcription of genes encoding
the late-G1 cyclin, the S-phase cyclin, and the S-phase CDK.
Thus the E2Fs function in late G1 similarly to the S. cere-
uisiae tanscription factors SBF and MBF. In addition, E2Fs
autostimulate transcription of their own genes. E2Fs func-
tion as transcriptional repressors when bound to Rb protein,
which in turn binds histone deacetylase and methylase com-
plexes. As discussed in Chapter 7, histone deacetylation and
methylation of specific histone lysines causes chromatin to
assume a condensed, transcriptionally inactive form.

Rb protein was init ially identif ied as the produc of
the prototype tumor-suppressor gene, RB. The prod-

ucts of tumor-suppressor genes function in various ways to
inhibit progression through the cell cycle (Chapter 25).
Loss-of-function mutations in RB are associated with the
disease h ereditary retinoblastoma. A childwith this disease
inherits one normal RB+ allele from one parent and one
mutant RB- allele from the other. If rhe Rt+ allele in any
of the tri l l ions of cells that make up the human body be-
comes mutated to a RB- allele, then no functional Rb pro_
tein is expressed and the cell or one of its descendanis is
l ikely to become cancerous. For reasons that are not

understood, this generally happens in a retinal cell leading
to the retinal tumors that characterize this disease. Subse-
quently it was discovered that Rb function is inactiyated in
almost all cancer cells, either by mutations in both alleles
of RB, or by abnormal regulation of Rb phosphorylation. I

Rb protein is one of the most significant substrates of mam-
malian G1 cyclin-CDK complexes. Phosphorylation of Rb
protein at multiple sites prevents its association with E2Fs,
thereby permitting E2Fs to activate transcription of genes re-
quired for entry into S phase. As shown in Figure ZO-33,
phosphorylation of Rb protein is initiated by the mid-G1 cy-
clin-CDK complexes in mid G1. Once the late-G1 cyclin and
CDK are induced by phosphorylation of some Rb, the re-
sulting late-G1 cyclin-CDK complex further phosphorylates
Rb in late G1. Sfhen late-G1 cyclin-CDK accumulates to a

Mid Gl

  FIGURE 20-33 Regulation of Rb and E2F activit ies in
mid-late Gr. Stimulation of Go cells with mitogens inouces
expression of CDK4, CDK6, D-type cyclins, and the E2F transcription
factors, all encoded by delayed-response genes. Rb protein init ially
inhibits E2F activity When signaling from mitogens is sustained, the
resulting cyclin D-CDK4/6 complexes begin phosphorylating Rb,
releasing some E2F, which stimulates transcription of the genes
encoding cyclin E, CDK2, and E2F itself (autostimulation) The cyclin
E-CDK2 complexes further phosphorylate Rb, resulting in positive
feedback loops (blue arrows) that lead to a rapid rise rn rne
expression and actrvity of both E2F and cyclin E-CDK2 as the cell
approaches the G1 -+ S transition
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critical threshold level, further phosphorylation of Rb by the
late-G1 complex continues even when mid-G1 cyclin-CDK
activity is removed. This is one of the principal biochemical
events responsible for passage through the restriction point.
At this point, further phosphorylation of Rb by the late-G1
cyclin-CDK occurs even when mitogens are withdrawn and
mid-G1 cyclin-CDK levels fall. Since E2F stimulates its own
expression and that of the late-G1 cyclin and CDK, positive
cross-regulation of E2F and late-G1 cyclin-CDK produces a
rapid rise of both activities in late G1.

As they accumulate, S-phase cyclin-CDK and mitotic cy-
clin-CDK complexes maintain Rb protein in the phosphory-
Iated state throughout the S, G2, and early M phases. After
cells complete anaphase and enter early G1 or Ge, the fall in
cyclin-CDK levels leads to dephosphorylation of Rb. As a
consequence, hypophosphorylated Rb is available to inhibit
E2F activity during early G1 of the next cycle and in Ge-
arrested cells.

Cycl in  A ls  Requi red for  DNA Synthesis  and
CDK1 for  Entry  in to Mi tos is
High levels of E2Fs activate transcription of the cyclin A
gene as mammalian cells approach the G1 -+ S transition.
(Despite its name, cyclin A is a B-type cyclin, see Table 20-
1.) Disruption of cyclin A function inhibits DNA synthesis
in mammalian cells, suggesting that cyclin A is the S-phase
cyclin and that, along with CDK2, it may function like S.
cereuisiae S-phase cyclin-CDK complexes to trigger initia-
tion of DNA synthesis. There is also evidence that the mam-
malian late-G1 cyclin-CDK complexes also contribute to ac-
tivation of prereplication complexes. Note that CDK2
complexes with both the late-G1 and the S-phase cyclins
(see Figure 20-32).

Three related CDK lnhibitory proteins, or CKls
(p27*'ot,p57*t", and p21cIP), appear to share the function
of the S. cereuisiae S-phase inhibitor Sicl (see Figure 20-28).
Phosphorylation of p27*tnt by late-G1 cyclin-CDK targets it
for polyubiquitination by the mammalian SCF complex (see
Figure 20-28). The mechanisms for degrading p2lcrP and
pSZrtPz are less well understood.

The activity of mammalian cyclin-CDK2 complexes is
also regulated by phosphorylation and dephosphorylation
mechanisms similar to those controll ing the S. pombe
mitosis-promoting factor, MPF (see Figure 20-1.4). The
Cdc25A phosphatase, which removes the inhibitory phos-
phate from CDK2, is a mammalian equivalent of S. pombe
Cdc25 except that it functions at the G1 -+ S transition
rather than the G2 -+ M transition. The mammalian phos-
phatase normally is activated late in G1, but is degraded in
the response of mammalian cells to DNA damage to prevent
the cells from entering S phase (see Section 20.7).

Once late-G1 cyclin-CDK and S-phase cyclin-CDK are
activated by Cdc25A and the S-phase inhibitors have been
degraded, DNA replication is init iated at prereplication
complexes. The general mechanism is thought to parallel
that in S. cereuisiae (see Figure 20-30), although small dif-
ferences are found in vertebrates. Phosohorvlation of DNA

replication preinitiation complexes at replication origins by
late-G1 cyclin-CDK and S-phase cyclin-CDK likely promotes
initiation of DNA replication. As in yeast, phosphorylation

of these initiation factors likely prevents reassembly of pre-

replication complexes until the cell passes through mitosis,

thereby assuring that replication from each origin occurs

only once during each cell cycle. In metazoans, a second
small protein, geminin, contributes to the inhibition of re-
initiation at origins until cells complete a full cell cycle.

Geminin is expressed in late G1; it binds and inhibits repli-

cation initiation factors as they are released from preinitia-

tion complexes once DNA replication is initiated during S
phase (Figure 20-30, step B), contributing to the inhibition

of re-initiation at an origin. Geminin contains a destruction
box at its N-terminus that is recognized by the APC/C-Cdh1,
causing it to be polyubiquitinylated in late anaphase and de-
graded by proteasomes. This frees the replication initiation

factors, which are dephosphorylated by Cdc14 phosphatase,

to bind to ORC on replication origins forming preinitiation

complexes during the following G1 phase.
The principal mammalian CDK in G2 and mitosis is

CDK1 (see Figure 20-32). This CDK, which is highly ho-

mologous with S. pombe CDK, associates with cyclins A and

B. The mRNAs encoding either of these mammalian cyclins

can promote meiotic maturation when injected into Xeno-
pus oocytes arrested in G2 (see Figure 20-6), demonstrating

that they function as mitotic cyclins. In somatic vertebrate

cells, cyclin A-CDK1 and cyclin B-CDK1 function together

as the equivalent of the S. pombe MPF (mitotic cyclin-CDK).

The kinase activity of these mammalian complexes also is

regulated by proteins analogous to those that control the ac-

tivity of the S. pombe MPF (see Figure 20-141. The in-

hibitory phosphate on CDK1 is removed by Cdc2SC phos-

phatase, which is analogous to S. pombe Cdc25
phosphatase.

In cycling mammalian cells, cyclin B is first synthesized

Iate in the S phase and increases in concentration as cells pro-

ceed through G2, peaking during metaphase and dropping

after late anaphase. This parallels the time course of cyclin B

expression in Xenopws cycling egg extracts (see Figure 20-9).

In human cells, cyclin B first accumulates in the cytosol and

then enters the nucleus iust before the nuclear envelope re-

tracts into the ER early in mitosis. Thus MPF activity is con-

trolled not only by phosphorylation and dephosphorylation

but also by regulation of its import into the nucleus. In fact,

cyclin B shuttles between the nucleus and cytosol, and the

change in its localization during the cell cycle results from a

change in the relative rates of import and export. As rn Xeno-
pus eggs and S. cereuisiae, cyclins A and B are polyubiqui-

tinylated by the APC/C-Cdh1 complex during late anaphase

and then are degraded by proteasomes (see Figure 20-1'0).

Two Types of Cyclin'CDK lnhibitors Contribute
to Cell-Cycle Control in Mammals

As noted above, three related CKIs-p21crP, p27KrPr, and

p57KlP2-inhibit late-G1 cyclin-CDK and S-phase cyclin-

CDK activity and must be degraded before DNA replication
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can begin. These same CDK inhibitory proteins also can
bind to and inhibit the other mammalian cyclin-CDK com-
plexes involved in cell-cycle control. As we discuss later,
p21tt' plays a role in the response of mammalian cells to
DNA__damage. Experiments with knockout mice lacking
p27*t" have shown that this CKI is particularly importani
in controlling generalized cell proliferation soon after birth.
Although p27KrP1 knockouts are larger than normal, most
develop normally otherwise. In contrast, p57'tnt knockouts
exhibit defects in cell differenriation, and most die shortly af-
ter birth owing to defective development of various organs.

A second class of cyclin-CDK inhibitors called lNK4s
(lzhibitors of Ainase 4) includes several small, closely related
proteins that interact only with the mid-G1 CDKs, CDK4
and CDK5, and thus function specifically in controlling the
mid-G1 phase. Binding of INK4s to CDK4 and CDK5 blocks
their interaction with cyclin D and hence their protein kinase
activity. The resulting decreased phosphorylation of Rb pro-
tein prevents transcriptional activation by E2Fs and entry
into the S phase. One INK4 called p16 is a tumor suppressor,
like Rb protein discussed earlier. The presence of two mutant
p16 alleles in a large fraction of human cancers is evidence
for the important role of p1.6 in controlling the cell cycle
(Chapter 25).

Cell-Cycle Control in Mammalian Cells

r Various polypeptide growth facrors called mitogens
stimulate cultured mammalian cells to proliferate by induc-
ing expression of early-response genes. Many of these en-
code transcription factors that stimulare expression of de-
layed-response genes encoding the G1 CDKs, G1 cyclins,
and E2F transcription factors.

r Once cells pass the restriction point, they can enter the S
phase and complete S, G2, and mitosis in the absence of
growth factors.

r Mammalian cells use several CDKs and cyclins to regu-
late passage through the cell cycle. Cyclin D-CDK4 and
cyclin D-CDK6 function in mid to late G1; cyclin
E-CDK2, in late G1 and early S; cyclin A-CDK2, in S; and
cyclin A-CDK1 and cyclin B-CDK1 in G2 and M through
anaphase (see Figure 20-32).

r Unphosphorylated Rb protein binds to E2Fs, converting
them into transcriptional repressors. Phosphorylation of
Rb by the mid-G1 cyclin-CDK liberates E2Fs to activare
transcription of genes encoding the late-G1 cyclin and
CDK, as well as other proteins required for the S phase.
E2Fs also autostimulate transcription of their own genes.

r The late-G1 cyclin-CDK further phosphorylates Rb, fur-
ther activating E2Fs. Once a critical level of late-G1 cyclin-
CDK has been expressed, a positive feedback loop with
E2F results in a rapid rise of both activities that drives pas-
sage through the restriction point (see Figure 20-33).

r The activity of S-phase cyclin-CDK, induced by high E2F
activity, initially is held in check by CKIs, which function
like an S-phase inhibitor, and by the presence of an in-
hibitory phosphate on CDK2, the S-phase CDK. Proteaso-
mal degradation of the inhibitors and activation of the
Cdc25A phosphatase, as cells approach the G1 -+ S transi-
tion, generate active S-phase cyclin-CDK. Along with the
late-G1 cyclin-CDK, this complex activates prereplication
complexes to initiate DNA synthesis by a mechanism simi-
lar to that in S. cereuisiae (see Figure 20-30).

r Cyclin A-CDK1 and cyclin B-CDK1 induce the events
of mitosis through early anaphase. Cyclins A and B are
polyubiquitinylated by the anaphase-promoting complex
(APC/C) during late anaphase and then are degraded by
proteasomes,

r The activity of mammalian mitotic cyclin-CDK com-
plexes is regulated by phosphorylation and dephosphoryla-
tion similarly to the mechanism in S. pombe, with the
Cdc25C phosphatase removing inhibitory phosphates (see
Figure 20-1,4).

r The activities of mammalian cyclin-CDK complexes also
are regulated by CDK inhibitors (CKIs), which bind to and
inhibit each of the mammalian cyclin-CDK complexes, and
INK4 proteins, which block passage through G1 by specif-
ically inhibiting G1 CDKs (CDK4 and CDK5).

Checkpoints in Cell-Cycle
Regulation
Before proceeding, let's review the major steps in the eu-
karyotic cell cycle summarized in Figure 20-34.In continu-
ously cycling cells, cyclin-CDK complexes are absent in early
G1. Hypophosphorylated DNA replication initiation factors
are free to bind to ORC complexes at DNA replication ori-
gins, generating prereplication complexes that are inactive
until they are phosphorylated by an S-phase cyclin-CDK
(step E). In mid-G1, mid-G1 cyclin-CDKs are expressed and
phosphorylate the APC/C specificity factor Cdh1, inactivat-
ing it and allowing newly synthesized B-type cyclins (and
geminin in vertebrates) to accumulate when they are ex-
pressed (step Z).The mid-G1 cyclin-CDKs also phosphory-
late specific transcription facrors, activating expression of
late-G1 and S-phase cyclins (and CDK in vertebrate somatic
cells) (step S). However, as B-type cyclins are expressed,
they are immediately bound by inhibitors. \fhen G1 cyclin-
CDK activities reach peak levels, they phosphorylate these
inhibitors at multiple sites (step @), marking them for
polyubiquitination by the SCF ubiquitin-protein ligase, and
subsequent degradation by proteasomes (step g).

This rapid degradation of S-phase cyclin-CDK inhibitors
releases S-phase cyclin-CDK activities, which phosphorylate
key regulatory sites in prereplication complexes, stimulating
initiation of DNA replication at multiple origins (step 6).
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Mitotic cyclin-CDKs are expressed in late S phase and G2.
When DNA replication has been completed, they are acti-
vated by Cdc25 phosphatase, and either theS or other pro-
tein kinases that they activate, phosphorylate specific regula-
tory sites in more than a hundred proteins including histone
H1, condensins and cohesins, additional chromatin-
associated proteins, microtubule-associated proteins, nu-
clear lamins, inner nuclear membrane proteins, and nuclear
pore complex proteins. These multiple, specific phosphory-
lations induce the early events of mitosis including chromo-
some condensation, remodeling of microtubules into the mi-
totic spindle apparatus, and, in animals and plants,
retraction of the nuclear envelope into the ER (step Z).

Once every kinetochore of each sister chromatid has at-
tached to spindle microtubule fibers during metaphase, inhi-
bition of the Cdc20 specificity factor is lifted. This results in

active APC/C-Cdc20 and polyubiquitination and proteaso-

mal degradation of securin (step E ). Securin degradation re-

leases the proteolytic activity of separase, which then cleaves

the cohesin rings at centromeres that hold sister chromatids

together. The forces exerted by the mitotic spindle apparatus

then pull the released sister chromatids toward opposite

spindle poles. The resulting sudden separation of all sister

chromatids marks the beginning of anaphase.
Once the daughter chromosomes have separated suffi-

ciently to ensure equal segregation of all chromosomes to

daughter cells during cytokinesis, the Cdc14 phosphatase is

activated. Cdc1,4 dephosphorylates and activates the Cdhl

APC/C specificity factor, resulting in the polyubiquitination

and proteasomal degradation of all B-type cyclins (and gem-

inin in vertebrates), and consequently, the loss of MPF activ-

ity (step p). Sites on the multiple proteins that were
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phosphorylated by cyclin-CDKs are dephosphorylated by
Cdc1.4. This returns the proteins to their interphase func-
tions, resulting in decondensation of chromosomes, forma-
tion of an interphase microtubule cytoskeleton with a single
microtubule organiztngcenter, and reassembly of the nuclear
envelope during telophase, followed by cytokinesis. The de-
phosphorylated DNA replication-initiation factors (released
by geminin degradation in vertebrates) then reassemble
preinitiation complexes on ORC complexes bound to repli,
cation origins in daughter cells, in preparation for the next
cell cycle (step [).

Successful completion of the cell cycle has several general
requirements. Each process summarized in Figure 20-34 must
go to completion before subsequent steps are undertaken, and
the steps must occur in the correct order. Catastrophic genetic
damage can occur if cells progress to the next phase of the cell
cycle before the previous phase is properly completed. For ex-
ample, when S-phase cells are induced to enter mitosis by fu-
sion to a cell in mitosis, the MPF present in the mitotic cell
forces the chromosomes of the S-phase cell to condense. This
premature entry into mitosis results in fragmentation of the S-
phase chromosomes, a disastrous consequence for a cell.

KINASES AND PHOSPHMASES

CAK kinase Activates cyclin-CDKs

Veel kinase Inhibits cyclin-CDKs

Cdc25 phosphatase Activates cyclin-CDKs

cdc14 phosphatase Activates cdhl to inhibit mitotic cyclin-cDK

Cdc25A phosphatase Acrivares verrebrare S-phase cyclin-CDK

Cdc25C phosphatase Acrivates verrebrare mitotic cyclin-CDK

ATM/MR kinases Checkpoint controls, activate Chkl/Chk2 kinases

Chkl/Chk2 kinases Checkpoint controls, inactivate Cdc25C and Cdc25A phosphatases
to induce cell-cycle arrest

INHIBITORY PROTEINS

Binds and inhibits S-phase cyclin-CDKs

CKIs p27KIP1, p57*"t, and p21cIP Bind and inhibit cyclin-CDKs

INK4

Mad2

Rb

Binds and inhibits mid-G1 CDKs

Spindle-assembly checkpoint control, binds Cdc20 and prevents onset of
anaphase and inactivation of B-type cyclin-CDKs

Binds E2Fs, preventing transcription of multiple cell cycle genes

UBIQUITIN-PROTEIN LIGASES

SCF

APC/C + Cdc20

APC/C + Cdhl

Degradation of phosphorylated Sicl or p27KrP1 to activare S-phase cyclin-CDKs

Induces degradation of Securin, ini t iat ing anaphase. Induces part ial  degradation
of B-type cyclins

Induces complete degradation of B-type cyclins to initiate teiophase, and geminin in
metazoans to allow formation of prereplication complexes on DNA replication origins
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Another example of the importance of order of events
in the cell cycle concerns attachment of kinetochores to

microtubules of the mitotic spindle during metaphase. If
anaphase is initiated before both kinetochores of a replicated
chromosome become attached to microtubules from oppo-
site spindle poles, daughter cells are produced that have
missing or extra chromosomes, an outcome called nondis-
jwnction. Nflhen nondisjunction occurs in mitotic cells, it can
lead to the misregulation of genes, and contribute to the de-
velopment of cancer. When nondisjunction occurs during the
meiotic division that generates a human egg, Down syn-
drome can occur from trisomy of chromosome 21, resulting
in developmental abnormalit ies and mental retardation.
Other mechanisms can also generate trisomy. (Trisomy of
any of the human chromosomes can occur, but for every
other chromosome except chromosome 21, trisomy results
in embryonic lethality or death shortly after birth.) I

'We 
have seen how progression through the cell cycle is gov-

erned by precise regulation of the activities of multiple cy-

clin-CDK complexes. TabIe 20-2 summarizes the various

types of regulators of cyclin-CDK activity. The key cell-

cycle events of DNA replication and chromosome segrega-

tion must be accomplished with extraordinary accuracy

and fidelity. To ensure that these processes occur correctly

and in the proper order, cells have evolved multiple addi-

tional levels of regulation controll ing these fundamental

cell-cycle events. Collectively, these additional regulatory

mechanisms are known as checkpoints (Figure 20-35). Sev-

eral examples of cell-cycle checkpoints have been discussed

earlier in the chapter. In this section' we consider these and

additional checkpoints in terms of the major cell-cycle

processes summarized above. Control mechanisms that op-

erate at these checkpoints ensure that chromosomes are in-

tact and that each stage of the cell cycle is completed before

a
Spindle-assembly

checkpoint

Mad2

I
I

APC/C-Cdc20
po lyub iqu i t ina t ion

of  secur in

\
Anaphase

E
Spindle'Posit ion

checkPoint

APc/c-cdh1 I
po lyub iqu i t ina t ion  <-  Cdc14 +  S ic l
of B-type cycl ins

Iv
Telophase

ATM/R

Ia
o?3 DNA-damase

I 
checkpoint

E
lntra-S-phase

checkpoint

Cycl in tuB-CDK1 + M-phase
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entrY
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Cyclin D-CDK4I6 | P21ctP
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  FIGURE 20-35 Overview of checkpoint controls in the cell
cycle. The intra-S-phase checkpoint (0) prevents activation of cyclin
A-CDK1 and cyclin B-CDK1 (i e , mitosis-promoting factor, MPF) by
activation of an ATR-Chk1 protein kinase cascade that phosphorylates
and inactivates Cdc25C, thereby inhibit ing entry into mitosis In the
spindle-assembly checkpoint (E), Mad2 and other proteins inhibit
activation of the APC/C specificity factor Cdc20 required for
polyubiquitination of securin, thereby preventing entry into anaphase
The spindle-position checkpoint (B) prevents release of the Cdc14
phosphatase f rom nucleoli, thereby blocking activation of the APC/C

S-phase

1
p53

t
ATM/R + Chkl/2

specificity factor (Cdh1) required for APC/C polyubiquitination of B-

type cyclins as well as induction of Sicl As a result, the decrease in

MPF activity required for the events of telophase does not occur' In

the init ial phase of the DNA-damage checkpoint (4), the ATM or ATR
protein kinase (ATM/R) is activated. The active kinases then trigqer

two pathways: the Chk-Cdc25A pathway (llil and lE), blocking

entry into or passage through 5 phase, and the p53-p21crP pathway,

leading to arrest in G1, S, and Gz (!E-!E|). See the text for further
discussion Red symbols indicate pathways that inhibit progression

through the cell cycle

Cyclin A-CDK2

T1
p21ctP Cdc2bA

IT
ps3 |

1l
ATM/R --+ Chkl/2

entry
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Intra-S phase checkpoint

Spindle-assembly checkpoint

Spindle-position checkpoint

DNA-damage checkpoinr

Ensures all DNA repiicatron
is complete before entering
M-phase

Ensures all chromosome
kinetochores are attached to
spindle microtubules before
anaphase

Ensures all chromosomes
are properly segregated to
daughter cells before telophase
and cytokinesis

Detects damage to DNA
throughout the cell cycle

ATR detects replication forks

Mad2 detects kinetochores
unattached to microtubules

(5. cereuisiae) Tem-1 detects
proper position of spindle
pole body in bud

ATM, ATR detect DNA
damage

Inhibition of Cdc25C ro prevent
activation of mitotic cyclin-CDKs,
blocking early mitotic events

Inhibition of Cdc20 to prevent
activation of separase and
onset of anaphase

Prevention of Cdc14 activation
and degradation of mitotrc
cyclins, blocking late mitotic
events

Inhibition of Cdc25A to prevent
entry into S phase; pzltto
inhibition of all cyclin-CDK
complexes to induce cell cycle
arrest

the following stage is init iated. Our understanding of these
control mechanisms at the molecular level has advanced
considerably in recent years. Table 20-3 l ists four maior
cell cycle checkpoints and summarizes the control mecha-
nisms used at each checkooint.

The Presence of Unreplicated DNA prevents
Entry  in to Mi tos is
Cells that fail to replicate all their chromosomes do not
normally enter mitosis. Operation of the intra-S-phase
cbeckpoint control involves the recognition of unreplicated
DNA and stalled DNA replication forks, which causes inhi-
bit ion of MPF activation (see Figure 20-35, [). Genetic
studies in the yeasts and biochemical studies with Xenopus
egg extracts demonstrated that the ATR and Chkl protein
kinases inhibit entry into mitosis by cells that have not com-
pleted DNA synthesis. The association of ATR with replica-
tion forks is thought to activare its protein kinase activity,
leading to phosphorylation and activation of the Chkl ki-
nase. Active Chkl then phosphorylates and inactivates the
Cdc25 phosphatase (Cdc25C in vertebrates). which other-
wise removes the inhibitory phosphate from mitotic CDKs.
As a result, the mitotic cyclin-CDK complexes remain in-
hibited and cannot phosphorylate targets required to initi-
ate mitosis. ATR continues to init iate this protein kinase
cascade unti l all replication forks complete DNA replica-
tion and disassemble. This mechanism makes the init iation
of mitosis dependent on the completion of chromosome
replication. This dependency or requirement that a cell-
cycle phase must be completed before the next phase can be
initiated is a critical aspect of checkpoint function required

for orderly progression of the fundamental processes of the
cell cycle (see Figure 20-34).

lmproper  Assembly of  the Mi tot ic  Spindle
Prevents the In i t ia t ion of  Anaphase
The spindle-assembly checkpoint prevents enrry into
anaphase until every single kinetochore of every chromatid
is properly associated with spindle microtubules. If even a
single kinetochore is unattached to a spindle microtubule,
anaphase is inhibited. Clues about how this checkpoint op-
erates initially came from isolation of yeast mutants in the
presence of benomyl, a microtubule-depolymerizing drug.
Low concentrations of benomyl increase the time required
for yeast cells to assemble the mitotic spindle and attach
kinetochores to microtubules. \X/ild-type cells exposed to
benomyl do not begin anaphase until these processes are
completed and then proceed on through mitosis, producing
normal daughter cells. In contrast, mutants defective in the
spindle-assembly checkpoint proceed through anaphase be-
fore assembly of the spindle and attachment of kinetochores
is complete; consequently, they mis-segregate their chromo-
somes, producing abnormal daughter cells that die.

Analysis of these mutants identif ied a protein called
Mad2 (mitotic arrest defective 2) and other proteins that reg-
ulate Cdc20, the specificity factor required to target the
APC/C to securin (see Figure 20-35, Z). Recall that APC/C-
Cdc20-mediated polyubiquitination of securin and its subse-
quent degradation is required for activation of separase and
entry into anaphase (see Figure 20-23). Mad2 has been
shown to associate with kinetochores that are unattached to
microtubules. Kinetochore-bound Mad2 rapidly exchanges
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with a soluble form of Mad2 that inhibits all the Cdc20 in
the cell. When microtubules attach to kinetochores, the kine-
tochores release the bound Mad2 and cease the process by
which the inhibitorS soluble form of Mad2 is produced.
However, when even a single kinetochore is unattached to
microtubules from the opposite spindle pole of its sister, suf-
ficient soluble inhibitory Mad2 is produced at the unat-
tached kinetochore to inhibit all the Cdc20 in the cell. The
current model for how this regulatory mechanism functions
(Figure 20-36) was suggested by X-ray crystallography and
NMR data revealing the structures of interacting proteins in-
volved in the process. The model is supported by directed
mutagenesis studies guided by these structures, biochemical

studies of the protein-protein interactions, and microscopic
studies in living cells using GFP-labeled proteins. This ele-
gant model for the spindle-assembly checkpoint can account
for the ability of a single unattached kinetochore to inhibit
all the cellular Cdc20 until the kinetochore becomes prop-
erly associated with spindle microtubules.

Proper Segregat ion of Daughter Chromosomes

ls Monitored by the Mitot ic Exi t  Network

Once chromosomes have segregated properly' telophase
commences. The various events of telophase and subse-
quent cytokinesis, collectively referred to as the exit from

( a )

Cytoplasmic
pool of Mad2

Checkpoint activation (b) Checkpoint inactivation

Release of
Mad l -Mad2

tetramer from
kinetochore

M a d l E

Attachment
completed /\AllJ--,^\

l p 3 t  l c ) l l ( c l p 3 t
ilrv

| t  l
UU Mad l

Mad2 in open conformation

(C J Mad2 in closed conformation

  FIGURE 20-36 Model for Cdc20 Regulation. The spindle-
assembly checkpoint is active unti l every single kinetochore has
attached properly to spindle microtubules. (a) The Mad2 protein
exists in two conformations, one "open" (red squares) and the other
"closed" (orange circles). According to the current model, Mad2 in
the open conformation can bind either Madl or Cdc20. Binding to
Madl or Cdc2O converts Mad2 to the closed conformation, which is
stably bound to these proteins Cdc20 bound by the closed
conformation of Mad2 is inactive. Two Mad2 oroteins in the same
conformation do not interact, but closed Mad2 and open Mad2 can
bind to each other transiently through a site on Mad2 distinct from
the one that associates with either Madl or Cdc20 Madl and the
closed conformation of Mad2 form a tetramer that binds to
unattached kinetochores via the Madl subunit (E). Mad2 in the
open conformation can bind transiently to the Mad2 in the closed
conformatron bound to Madl at the kinetochore (Z) This
interaction with the closed Mad2 stimulates open Mad2 to bind a
Cdc20 Open Mad2 can bind Cdc20 only while it is interacting with a
closed Mad2 This converts the open Mad2 protein to the closed
conformation, causing it to dissociate from the Mad2 in the closed
conformation at the kinetochore (B) The stable interaction of closed
Mad2 with Cdc20 prevents Cdc20 from binding to the APC/C
Further, the closed Mad2 bound to Cdc20 can interact transiently
with another Mad2 in the open conformation (4), causing it to bind

Microtubules

another Cdc20 molecule. This converts this Mad2 to the closed
conformation bound to Cdc20 This newly formed closed Mad2-
Cdc20 complex dissociates from the first Mad2-Cdc20 pair,
generating two Mad2-Cdc20 complexes (5) Thus free Mad2 in the
open conformation is quickly converted to closed Mad2 bound to
Cdc20 as this cycle repeats (6). The source of closed Mad2 that
inrtiates this chain reaction is the closed Mad2 bound to Madl
associated with a kinetochore, explaining how a single unattached
kinetochore can cause inactivation of all the Cdc20 in the cell
through the formation of closed Mad2-Cdc20 complexes. (b)

Attachment of microtubules (green) to kinetochores causes the
disolacement of the Madl/Mad2 tetramer. Mad2 in the displaced
tetramer cannot interact with open Mad2, but rather, binds and
activates another protein, p31'o'"t, which then binds Mad2 in
Mad2-Cdc2O complexes, releasing active Cdc20 (Z) However, a

small number of Madl-Mad2 tetramers bound to kinetochores can
generate enough Mad2-Cdc20 complexes by the mechanism shown
in (a) to overcome the activity of p31 . Once all kinetochores have
attached to microtubules causing the release of all Madl-Mad2
tetramers, p31 activity predominates, releasing active Cdc20, which

binds to the APC/C, resulting in polyubiquitination and proteasomal

degradation of securin and the onset of anaphase. [Modified from A

De Antoni et al , 2005, Curr. Biol 15:214; see also K Nasmyth, 2O05' Cell
12O:739 |
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mitosis, require inactivation of MPF. As discussed earlier,
dephosphorylation of the APC/C specificity factor Cdhl
by the Cdcl4 phosphatase leads to degradation of mitotic
cyclins and loss of MPF activity late in anaphase (see Fig-
ure 20-10). During interphase and early mitosis, Cdc14 is
sequestered in the nucleolus and inactivated. The spindle-
position checkpoint, which monitors the location of the
segregating daughter chromosomes at the end of
anaphase, determines whether active Cdc14 is released
from the nucleolus to promote exit from mitosis (see Fig-
u re  20 -35 ,  B ) .

Operation of this checkpoint in S. cereuisiae depends, in
part, on a set of proteins referred to as the mitotic exit net-
work. Regulation of Cdc14 activation operates similarly in
most eukaryotes. In the fission yeast S. pombe, formation of
the septum that divides daughter cells is regulated by pro-
teins homologous to those that constitute the mitotic exit
network in S. cereuisiae. Genes encoding similar proteins
have been found in higher organisms where the homologs
function in an analogous checkpoint that leads to arrest in
late mitosis when daughter chromosomes do not segregate
properly. A key component of the mitotic exit network is a
small (monomeric) GTPase, called Teml (Figure 20-37).
This member of the GTPase superfamily of switch proteins
controls the activity of a protein kinase cascade similarly to
the way Ras controls MAP kinase pathways (Chapter 16).
During anaphase, Teml becomes associated with the spin-
dle pole body (SPB) closesr to the daughter cell bud. (The
SPB, from which spindle microtubules originate, is equiva-
lent to the centrosome in higher eukaryotes.) At the SPB,
Teml is maintained in the inactive GDP-bound state by a
specific GAP (GTPase-activating protein). The GEF (guano-
sine nucleotide-exchange factor) that activates Teml is
localized to the cortex of the bud and is absent from the
mother cell. Another protein, Kin4 protein kinase, is local-
ized to the mother cell cortex and is absent from the bud.
\fhen spindle microtubule elongation at the end of
anaphase has correctly positioned segregating daughter
chromosomes into the bud, Teml comes into contact with
its GEF and the Teml-GAP becomes phosphorylated and
inhibited. As a consequence, Teml is converted into its ac-
tive GTP-bound state. The terminal kinase in the cascade
triggered by Teml.GTP then phosphorylates the nucleolar
anchor that binds and inhibits Cdc1.4, releasing the Cdc14
phosphatase into the cytoplasm and nucleoplasm in both
the bud and mother cell (Figure 20-37, [). Once active
Cdc1.4 is available, a cell can proceed through telophase
and cytokinesis.

The mitotic exit network is a good example of the de-
pendency of one cycle phase on completion of the previous
phase. Telophase and cytokinesis cannot initiate until the
chromosome segregation mechanism carries daughter chro-
mosomes into the bud. This is because initiation of telophase
depends on the activation of Cdc14, and the activation of
Cdc14 requires that Teml be pushed all the way to the bud
cortex.

segregation

Teml.GTP
(active)

Cdc14
(active)

J
Exit from mitosis

.1.
Late mitotic arrest

  FIGURE 20-37 The spindle-position checkpoint. Cdc14
phosphatase activity is required for the exit from mitosis. Iop: In 5.
cerevisiae, during interphase and early mitosis, Cdc14 is sequestered
and inactivated in the nucleolus Inactive Teml.GDP (purple)
associates with the spindle pole body (SPB) nearest to the bud early
in anaphase with the aid of a l inker protein (blue) and is maintained
in the inactive state by a specific GAP (GTPase-accelerating protein,
yellow) lf chromosome segregation occurs properly ([), extension of
the spindle microtubules inserts the daughter SPB into the bud,
causrng Teml to come in contact with a specific GEF (guanine
nucleotide-exchange factor) localized to the cortex of the bud
(orange), and the inactivation of the Teml -GAP This converts inactive
Teml'GDP to active Teml GTB which triggers a protein kinase
cascade leading to release of active Cdc14 and exit from mitosis lf
the spindle apparatus fails to place the daughter SPB in the bud (Z),
the SPB encounters Kin4 (cyan) localized to the mother cell cortex
This activates the Teml-GAf maintaining Teml in the inactive GDp-
bound state and Cdc14 remains associated with nucleoli. Arrest in
late mitosis results. [Adaptedfrom G Pereiraand E Schiebel, 2001, Cun
Opin Cell Biol. 13:7621

If daughter chromosomes fail to segregate into the bud,
Teml does not encounter the Teml-GEF. Instead. the Kin4
kinase associated with the mother cell cortex maintains the
Teml-GAP in an activated state. Tem1, consequently, re-
mains in its inactive, GDP-bound state, Cdc14 is not re-
leased from the nucleolus, and mitotic exit is blocked (Fig-
are 20-37, Z). Kin4 is not required in cells that segregare
their chromosomes properl5 but only in the small fraction
of cells that fail to do so, giving rhem more time to push the
daughter chromosomes into the bud. In S. cereuisiae. the
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Teml .GDP
(inactive)

Teml-GAP

Nuc leo lus
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error rate for mis-segregation of chromosomes is (1 in 105
cell divisions.

Cell-Cycle Arrest of Cells with Damaged DNA
Depends on Tumor Suppressors

The proteins of the DNA-damage checkpoint sense
DNA damage and block progression through the cell

cycle until the damage is repaired. Damage to DNA can re-
sult from chemical agents and from irradiation with ultravi-
olet (W) light or T-rays. Arrest in G1 and S prevents copy-
ing of damaged bases, which would fix mutations in the
genome. Replication of damaged DNA also promotes chro-
mosomal rearrangements that can contribute to the onset of
cancer. Arrest in G2 allows DNA double-stranded breaks to
be repaired before mitosis. If a double-stranded break is not
repaired, the broken distal portion of the damaged chromo-
some is not properly segregated because it is not physically
linked to a centromere, which is pulled toward a spindle pole
during anaphase.

As we discuss in detail in Chapter 25, inactivation of
tumor-suppressor genes contributes to the development of
cancer. The proteins encoded by several tumor-suppressor
genes, including ATM and Chk2, normally function in the
DNA-damage checkpoint. Patients with mutations in both
copies of ATM or Chk2 develop cancers far more fre-
quently than normal. Both of these genes encode protein
kinases.

DNA damage due to W light is sensed by proteins that
signal the presence of UV-damaged DNA to the ATM ki-
nase, activating it. Activated ATM then phosphorylates and
activates Chk2, which then phosphorylates the Cdc25A
phosphatase, marking it for polyubiquitination by an ubiq-
uitin-protein ligase and subsequent proteasomal degrada-
tion. Recall that removal of the inhibitory phosphate from
mammalian CDK2 by Cdc25A is required for onset of and
passage through the S phase, mediated by cyclin E-CDK2
and cyclin A-CDK2. Degradation of Cdc25A resulting from
activation of the ATM-Chk2 pathway in G1 or S-phase cells
thus leads to G1 or S arrest (see Figure 20-35, Eil and EE).
A similar pathway consisting of the protein kinases ATR
and Chkl leads to phosphorylation and polyubiquitination
of Cdc25A in response to ^y-irradiation. As discussed earlier
for the intra-S-phase checkpoint, Chkl also inactivates
Cdc25C, preventing the activation of CDK1 and entry into
mltosls.

Another tumor suppressor, p53 protein, contributes to
arrest of cells with damaged DNA. Cells with functional
p53 arrest in G1 and G2 when exposed to 1-irradiation,
whereas cells lacking functional p53 do not arrest in G1. Al-
though the p53 protein is a transcription factor, under nor-
mal conditions it is extremely unstable and generally does
not accumulate to high enough levels to stimulate transcrip-
tion. The instability of p53 results from its polyubiquitina-
tion by a ubiquitin-protein ligase called Mdm2 and subse-

quent proteasomal degradation. The rapid degradation of
p53 is inhibited by ATM and ATR, which phosphorylate
p53 at a site that interferes with Mdm2 binding. This and
other modifications of p53 in response to DNA damage
greatly increase its ability to activate transcription of spe-
cific genes that help the cell cope with DNA damage. One of
these genes encodes p2lttn, a generalized CKI that binds
and inhibits all mammalian cyclin-CDK complexes. As a re-
sult, cells are arrested in G1 and G2 until the DNA damage
is repaired and p53, and subsequently p21cIP, levels fall (see

Figure 20-35, !d-!d).
Under some circumstances, such as when DNA damage

is extensive, p53 also activates expression of genes that lead
to apoptosis, the process of programmed cell death that nor-
mally occurs in specific cells during the development of mul-
ticellular animals. In vertebrates, the p53 response evolved
to induce apoptosis in the face of extensive DNA damage,
presumably to prevent the accumulation of multiple muta-
tions that might convert a normal cell into a cancer cell. The
dual role of p53 in both cell-cycle arrest and the induction of
apoptosis may account for the observation that nearly all
cancer cells have mutations in both alleles of the p53 gene or
in the pathways that stabilize p53 in response to DNA dam-
age (Chapter 25). The consequences of mutations in p53,

ATM, and Chk2 provide dramatic examples of the signifi-
cance of cell-cycle checkpoints to the health of a multicellu-
lar organism. I

Checkpoints in Cell-Cycle Regulation

r Checkpoint controls function to ensure that chromo-
somes are intact and that critical stages of the cell cycle are
completed before the following stage is initiated.

r The intra-S-phase checkpoint operates during S and G2
to prevent the activation of MPF before DNA synthesis is
complete by inhibiting the activation of CDK1 by Cdc25C
(see Figure 20-35, Itrl.
r The spindle-assembly checkpoint, which prevents pre-
mature initiation of anaphase, utilizes Mad2 and other
proteins to regulate the APC/C specificity factor Cdc20
that targets securin for polyubiquitination (see Figure 20-
35, Z, and Figure 20-361.

r The spindle-position checkpoint prevents telophase and
cytokinesis until daughter chromosomes have been prop-

erly segregated, so that the daughter cell has a full set of
chromosomes (see Figure 20-35, E).

r In the spindle-position checkpoint, the small GTPase
Teml controls the availabil ity of Cdc14 phosphatase,
which in turn activates the APC/C specificity factor Cdhl
that targets B-type cyclins for degradation, causing inacti-
vation of MPF (see Figure 20-1,0).

r The DNA-damage checkpoint arrests the cell cycle in re-

sponse to DNA damage until the damage is repaired. Three
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types of tumor-suppressor proteins (ATIWATR, Chk'J,/z,
and p53) are critical to this checkpoint.

r Activation of the ATM or ATR protein kinases in re-
sponse to DNA damage due to UV light or ^y-irradiation

leads to arrest in G1 and the S phase via a pathway that
leads to loss of Cdc25A phosphatase activity. A second
pathway from activated ATM/R stabilizes p53, which
stimulates expression of p21cIP. Subsequent inhibition of
multiple CDK-cyclin complexes by p21cIP causes pro-
longed arrest in G1 and G2 (see Figure 20-35, ![-!!|).

r In response to extensive DNA damage, p53 also acti-
vates genes that induce apoptosis.

Meiosis: A Special Type of Cell
Division
In nearly all diploid eukaryotes, meiosis generates haploid
germ cells (eggs and sperm), which can then fuse with a germ
cell from another individual to generate a diploid zygote that
develops into a new individual. Meiosis is a fundamental as-
pect of the biology and evolution of all eukaryotes because it
results in the reassortment of the chromosome sets received
from an individual's two parents. Both chromosome reas-
sortment and recombination between parental DNA mole-
cules during meiosis guarantees that each haploid germ cell
generated will receive a unique combination of gene alleles
that is distinct from each parent as well as from every other
haploid germ cell formed.

The mechanisms of meiosis are analogous to those of mi-
tosis. However, several key differences in meiosis allow this
process to generate haploid cells with incredible genetic di-
versity (see Figure 5-3). In this section, we will discuss the
parallels between molecular mechanisms of mitosis and
meiosis, as well as the mechanistic differences responsible
for the significant distinctions between these two fundamen-
tal processes of cell division.

Key Features Distinguish Meiosis from Mitosis
During meiosis (Figure 20-38), a single round of DNA repli-
cation is followed by two cycles of cell division, termed
meiosis I and meiosis 11, each distinct from the mitotic divi-
sions of somatic cells. Figure 20-39 summarizes the distinc-
tions between mitosis and meiosis. In G2 and prophase of
meiosis I, the two replicated chromatids of each chromo-
some (Figure 20-38, step Il) are associated with each other
by cohesin complexes along the full length of the chromo-
some arms, just as they are following DNA replication in a
mitotic cell cycle (see Figure 20-21, G2 phase). A major dif-
ference between meiosis and mitosis is that in prophase of
meiosis I, homologous chromosomes (i.e., the maternal and
paternal chromosome 1, the maternal and paternal chromo-
some 2, etc.) pair with each other, a process known as synap-
sls (Figure 20-39, row 4). This forms a biualent chromo-

> FIGURE 20-38 Meiosis. Premeiotic cells have two copies of each
chromosome (2n), one derived from the paternal parent and one
from the maternal parent. For simplicity, the paternal and maternal
homologs of only one chromosome are diagrammed Step E: All
chromosomes are replicated during the S phase before the first meiotic
division, giving a 4n chromosomal complement. Cohesin complexes
(not shown) link the sister chromatids composing each replicated
chromosome along their full lengths Step [: As chromosomes
condense during the first meiotic prophase, replicated homologs
become paired as the result of at least one crossover event between
a paternal and a maternal chromatid This pairing of replicated
homologous chromosomes is called synapsis. At metaphase, shown
here, both chromatids of one chromosome associate with microtubules
emanating from one spindle pole, but each member of a homologous
chromosome pair associates with microtubules emanating from
opposite poles. Step $: During anaphase of meiosis l, the homologous
chromosomes, each consisting of two chromatids, are pulled to
opposite spindle poles Step 4: Cytokinesis yields the two daughter
cells (now 2n), which enter meiosis l l  without undergoing DNA
replication. At metaphase of meiosis ll, shown here, the chromatids
composing each replicated chromosome associate with spindle
microtubules from opposite spindle poles, as they do in mitosis. Steps
E and 6: Segregation of chromatids to opposite spindle poles during
the second meiotic anaphase followed by cytokinesis generates haploid
germ cells (1n) containing one copy of each chromosome. Micrographs
on the left show meiotic metaphase I and metaphase ll in developing
gametes from Lilium (Lily) ovules Chromosomes are aligned at the
metaphase plate. lPhotos courtesy of Ed Reschke/Peter Arnold, Inc ]

some, or tetrad, composed of four homologous chromatids,
two maternal and two paternal. Significantly, at least one re-
combination event occurs between a maternal and a paternal
chromatid in every tetrad (Figure 20-39, row 5). The cross-
ing over of chromatids produced by recombination can be
observed microscopically in the first meiotic prophase and
metaphase as structures called chiasmata (singular, cbi-
asma).In contrast, no pairing between homologous chromo-
somes occurs during mitosis, and recombination between
nonsister chromatids is rare.

Another key difference between mitosis and meiosis is
that in the metaphase of meiosis I, the kinetochores at the
centromeres of sister chromatids attach to spindle fibers em-
anating from the same spindle pole, rather than from oppo-
site spindle poles as in mitosis. However, the kinetochores of
the maternal and paternal chromosomes of each tetrad at-
tach to spindle microtubules from opposite spindle poles
(Figure 20-38, step Z; Figure 20-39, row 6). Also, cohesion
between the full length of the sister chromatid arms is main-
tained throughout metaphase of meiosis I. This is in contrast
to mitosis, where cohesion between sister chromatid arms is
Iost during prophase in mitotic cells from most organisms,
so that cohesion is maintained only in the region of the
centromere during mitotic metaphase (Figure 20-21,; Figure
20-39, row 7). Because nonsister chromatids have recom-
bined at least once by metaphase of meiosis I, and because
cohesion is maintained between the arms of sister chro-
matids, as the maternal and paternal chromosomes are
pulled toward opposite spindle poles in metaphase, the
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A Ff GURE 20-39 Comparison of the main features of mitosis and meiosis. [Adapted from A J F Griffiths et al , 1999, Modern Genetic Analysis,
W H Freeman and Companyl

homologous chromosomes are held together by the chias-
mata between them and cohesion of the sister chromatids
distal to the crossover (Figure 20-40). During anaphase of
meiosis I, securin degradation releases separase, which then
cleaves the cohesin rings holding the chromosome arms
together as during mitosis (Figure 20-23). However, during
meiosis I, cohesin rings at the centromere are not cleaved
(Figure 20-39, row 8). This allows the recombined maternal
and paternal chromosomes to separate, but each pair of chro-
matids remains associated at the centromere (Figure 20-38,
step E; Figure 20-39, row 8).

In some organisms, meiosis II proceeds without decon-
densation of the chromosomes and assembly of a nuclear en-
velope. In other organisms, these typical interphase events

occur, but the interphase is short and nuclear envelope re-
traction into the ER and chromosome condensation of mei-
otic prophase II follow rapidly. During metaphase II (Figure
20-38, step Zl), as in mitosis, the kinetochores of each sister
chromatid attach to spindle microtubules from opposite
spindle poles. Also, as during mitosis, cohesion between the
chromatid arms is lost and maintained only in the region of
the centromere. lfhen the final kinetochore is properly at-
tached to a spindle microtubule, anaphase II occurs (Figure
20-38, step 5), followed by telophase II and cytokinesis to
generate four haploid germ cells (Figure 20-38, step 6). For
each chromosome, at least two of the haploid germ cells
have recombinant chromosomes generated from recombina-
tion between maternal and paternal chromosomes during
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  FIGURE 20-40 Cohesion between homologous
chromosomes in meiosis I metaphase. Connections between
chromosomes during meiosis I are most easily visualized in organisms
with acrocentric centromeres, such as the grasshopper. The
kinetochores at the centromeres of sister chromatids attach to
spindle microtubules emanating from the same spindle pole, with the
kinetochores of the maternal (red) and paternal (blue) chromosomes
attaching to spindle microtubules from opposite spindle poles. The
maternal and paternal chromosomes are attached at the chiasmata
formed by recombination between them and the cohesion between
sister chromatid arms that persists throughout meiosis I metaphase.
Note that elimination of cohesion between sister chromatid arms is
all that is required for the homologous chromosomes to separate at
anaphase lAdapted from L V Paliulis and R B Nicklas, 2OOO, ] Cell Biol
15O:1223 1

prophase of meiosis I (Figure 20-38, step Z). Thus the re-
combination between nonsister chromatids that occurs in
prophase of meiosis I has at least two functional conse-
quencesr First, it holds homologous chromosomes together
during meiosis I metaphase (Figure 20-40). Second, it con-
tributes to genetic diversity among individuals of a species
by ensuring new combinations of gene alleles in different in-
dividuals. Genetic diversity also arises from the independent
reassortment of maternal and paternal homologs during the
meiotic divisions.

Repression of G1 Cyclins and a Meiosis-specif ic
Protein Kinase Promote Premeiotic S Phase
ln S. cereuisiae and S. pombe, depletion of nitrogen and car-
bon sources induces diploid cells to undergo meiosis, yield-
ing haploid spores (see Figure 1-6). This process is analogous
to the formation of germ cells in higher eukaryotes. Multiple
yeast mutants that cannot form spores have been isolated,
and the wild-type proteins encoded by these genes have been
analyzed. These studies have identified specialized cell-cycle
proteins required for meiosis.

Under starvation conditions, expression of G1 cyclins in
S. cereuisiae is repressed, blocking the normal progression
of G1 in cells as they complete mitosis. Instead, a set of
early meiotic proteins is induced. Among these is Ime2, a
protein kinase closely homologous to CDKs that performs
the essential G1 cyclin-CDK functions required to enter S
phase: (1) phosphorylation of the APC/C specificity factor
Cdh1, inactivating it so that B-type cyclins can accumulate,
(2) phosphorylation of transcription factors to induce
genes required for S phase including DNA polymerases and
S-phase cyclins and CDKs, and (3) phosphorylation of the
S-phase inhibitor Sic1, leading to release of active S-phase
cyclin-CDK complexes and the onset of DNA replication in
meiosis I.

The cell uses Ime2 during meiosis rather than the stan-
dard G1 cyclin-CDKs so that its protein kinase activity can
be regulated differently. 

'\)7hile 
the transcription and transla-

tion of G1 cyclins required for activity of G1 cyclin-CDKs is
repressed in nutrient-starved cells, the transcription and
translation of Ime2 is activated. Also, the Ime2 kinase activ-
ity is regulated differently than for the G1 cyclins. It does not
require a cyclin partner for kinase activity and is not regu-
lated by the same protein kinases and phosphatases that reg-
ulate the activities of G1 cyclin-CDKs.

The mechanism by which DNA replication is suppressed
between meiosis I and II is currently an active area of inves-
tigation. Following meiosis I anaphase, MPF activity does
not fall as low as it does following mitotic anaphase. This in-
termediate level of MPF activity is required for normal meio-
sis II. It appears that MPF activity falls low enough to allow
partial or complete cytokinesis, but not low enough to allow
dephosphorylation of DNA replication initiation factors.
Presumably, DNA replication does not occur between meio-
sis I and II in part because DNA replication initiation fac-
tors are maintained in a hyperphosphorylated form that
cannot assemble prereplication complexes on DNA (see

Figure 20-30). A second rise in MPF activity occurs that is
required for formation of the meiosis II spindle. After all
sister kinetochores have attached to microtubules from
opposite spindle poles, the activity of Cdc20 is derepressed,
separase is activated and cells proceed into meiosis II
anaphase (Figure 20-38, step El), telophase, and cytokinesis,
to generate haploid germ cells.

Recombination and a Meiosis-Specif ic Cohesin
Subunit Are Necessary for the Special ized
Chromosome Segregat ion in  Meios is  I

As discussed earlier, in metaphase of meiosis I, both sister
chromatids in one (replicated) chromosome associate with
microtubules emanating from the same spindle pole, rather

than from opposite poles as they do in mitosis. Two physi-

cal links between homologous chromosomes are thought to

resist the pulling force of the spindle until anaphase: (a)

crossing over between chromatids, one from each pair of
homologous chromosomes, and (b) cohesin cross-links be-
tween sister chromatids distal to the crossover point (see

Figure 20-40).
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Evidence for the function of recombination during meio-
sis in S. cereuisiae comes from the observation that when re-
combination is blocked by mutations in proteins essential
for the process, chromosomes segregate randomly during
meiosis I; that is, homologous chromosomes do not neces-
sarily segregate to opposite spindle poles. Such segregation
to opposite spindle poles normally occurs because both
chromatids of the maternal and paternal homologous chro-
mosome pairs associate with spindle fibers emanating from
opposite spindle poles (see Figure 20-38, step B, and Figure
20-40). As discussed above, this in turn requires that homol-
ogous chromosomes pair during prophase of meiosis I. Con-
sequently, the finding that mutations that block recombina-
tion also block proper segregation in meiosis I implies that
recombination is required for synapsis of homologous chro-
mosomes in S. cereuisiae.

Unlike the mitotic anaphase (Figure 20-41a), at the onset
of meiotic anaphase I, the cohesin cross-links between chro-
mosome arms are cleaved by separase, allowing the homolo-
gous chromosomes to separate, but cohesin complexes at the
centromere remain linked (Figure 20-41,b, top).The mainte-
nance of centromeric cohesion during meiosis I is necessary
for the proper segregation of chromatids during meiosis II.
Studies with a S. pombe mutant have shown that a special-
ized cohesin kleisin subunit (see Figure 20-23), Rec8, main-
tains centromeric cohesion between sister chromatids during
meiosis I. Expressed only during meiosis, Rec8 is homolo-
gous to the cohesin subunit that closes the cohesin ring in the
cohesin complex of mitotic cells. Immunolocalization exper-
iments in S. pombe revealed that during early anaphase of
meiosis I, Rec8 is lost from chromosome arms but is retained
at centromeres. However, during early anaphase of meiosis
II, centromeric Rec8 is degraded by separase, so the chro-
matids can segregate, as they do in mitosis (Figure 20-41b,
bottom). S. cereuisiae Rec8 has been shown to localize and
function similarly to S. pombe Rec8, and homologs of Rec8
also have been identified in higher organisms. ConsequentlS
understanding the regulation of Rec8-cohesin complex
cleavage is central to understanding chromosome segrega-
tion in meiosis I.

Micromanipulation experiments during grasshopper
spermatogenesis indicated that chromosome-associated
factors protect centromeric Rec8 from cleavage during
meiosis I but not during meiosis II. These experiments also
demonstrated that the attachment of sister kinetochores to
microtubules emanating from the same spindle pole during
meiosis I, as opposed to attachment to spindle fibers from
opposite spindle poles in meiosis II and mitosis, also results
from factors associated with the chromosomes (Figure
20-42). Thus crossing over, Rec8, and special kinetochore-
associated proteins appear to function in meiosis in all
eukaryotes.

Special Propert ies of Rec8 Regulate l ts Cleavage
in  Me ios i s  I  and  l l
The mechanism that protects S. cereuisiae RecS from degra-
dation at centromeres during meiosis I is similar to the mech-

A FIGURE 20-41 Cohesin function during mitosis and meiosis.
(a) During mitosis, sister chromatids generated by DNA replication in
the S phase are init ially associated by cohesin complexes along the
full length of the chromatids During chromosome condensation,
cohesin complexes (yellow) become restricted to the region of the
centromere at metaphase, as depicted here. Once separase creaves
the kleisin cohesin subunit (see Figure 20-23), sister chromatids can
separate, marking the onset of anaphase (b) In prophase of meiosis
l, recombination between maternal and paternal chromatids
produces synapsis of homologous parental chromosomes. By
metaphase the chromatids of each replicated chromosome are cross-
linked by cohesin complexes along their full length Rec8, a
meiosis-specific homolog of the mitotic kleisin, is cleaved in
chromosome arms but not in the centromere, allowing homologous
chromosome pairs to segregate to daughter cells Centromeric Rec8
is cleaved during meiosis l l , allowing individual chromatids to
segregate to daughter cells. [Modified from F. Uhlmann ,2001 , Curr Opin
Cell Biol 13:754)

anism that protects kleisin cohesin subunits at centromeres
during mitosis. Recall that during mitotic prophase, protein
kinases activated by the mitotic cyclin-CDKs phosphorylate
cohesins in the chromatid arms, causing them to dissociate,
eliminating cohesion in chromatid arms by metaphase in
most organisms. However, cohesion at the centromeres is
maintained because a specific isoform of protein phos-
phatase 2A (PP2A) is localized to centromeric chromatin
and keeps cohesin in a hypophosphorylated state that does
not dissociate from chromatin (see Figure 20-22). Then,
when the last kinetochore is properly associated with spindle
microtubules, Cdc20 is derepressed and associates with the
APC/C, causing polyubiquitination of securin. This releases
separase activity, which cleaves the kleisin whether it is
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Preimmune

activate the spindle checkpoint. Cells in nocodazole become
arrested in early mitosis because they cannot form a spindle,
and thus all kinetochores remain unattached. To determine if
XnfT is required for a functional spindle checkpoint, Xeno-
pus egg extracts, arrested in metaphase, were subjected to
various protocols (see the following figure): untreated
(-nocodazole), or treated with nocodazole and either mock-
depleted (preimmune) or immuno-depleted of XnfT (ct-
XnfT). The extracts were then treated with Ca2* to over-
come arrest, and aliquots of the extracts were assessed at
various times for cyclin B, as shown on the Nfestern blot be-
Iow. \fhat can you conclude about XnfT from these data?

Time (min) 0 10 20 30 40 50 60

e* *a....it {q{t* W w ry

o-Xnfl rx.* q*' **,a
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cLASStC E X P E R I M E N T  2 O

CELL BIOLOGY EMERGING FROM THE SEA: THE DISCOVERY
OF CYCLINS
T. Evans et al., 1983, Ce// 33:391.

From the first cell divisions after fertil-
ization to aberrant divisions that occur
in cancers, biologists have long been
interested in how cells control when
they divide. The processes of cell divi-
sion have been separated into stages
known collectively as the cell cycle.
While studying early development in
marine invertebrates in the early
1980s, Joan Ruderman and Tim Hunt
discovered the cyclins, key regulators
of the cell cycle.

Background
The question of how an organism de-
velops from a fertilized egg continues
to drive a large body of scientific re-
search. \(hereas such research was
classically the concern of embryolo-
gists, the developing understanding of
gene expression in the 1980s brought
new approaches to answer this ques-
tion. One such approach was to exam-
ine the pattern of gene expression in
both the oocyte and the newly fertil-
ized egg. Ruderman and Hunt were
among the biologists who took this ap-
proach to the study of early develop-
ment.

Biologists had well characterized
the early development of a number of
marine invertebrate systems. During
the early stages of development, the
embryonic cells grow synchronously,
which allows an entire population of
cells to be studied at the same stage of
the cell cycle. Researchers had estab-
lished that a large portion of the
mRNA in the unfertilized oocyte is not
translated. Upon fertilization, these
maternal mRNA are rapidly trans-
lated. Previous studies had shown that
when fertilized eggs are treated with
drugs that inhibit protein synthesis,
cell division could not take place. This
suggested that the initial burst of pro-

tein synthesis from the maternal
mRNA is required at the earliest stages
of development. Ruderman and Hunt,
while teaching a physiology course at
the Marine Biological Lab in'Woods
Hole, Massachusetts, began a set of
experiments designed to uncover the
genes that were expressed at this point
as well as the mechanism by which this
burst of protein synthesis was con-
trolled.

The Experiment
In a collaborative project, Ruderman
and Hunt looked at regulation of gene
expression in the fertilized egg of the
surf clam Spisula solidissima.Ifhereas
it was known that overall protein syn-
thesis rapidly increased upon fertiliza-
tion, they wanted to find out whether
the proteins expressed in the earliest
stage of development, the two-cell em-
bryo, were different from those ex-
pressed in the unfertilized egg. $7hen
either oocytes or two-cell clam em-
bryos are treated with radioactively la-
beled amino acids, the cell takes up the
amino acids, which are subsequently
incorporated into newly synthesized
proteins. Using this technique, Ruder-
man and Hunt monitored the Pattern
of protein synthesis by breaking open
the cells, separating the proteins using
SDS-polyacrylamide gel electrophore-
sis (SDS-PAGE), and then visualizing
the radioactively labeled proteins by
autoradiography. \fhen they com-
pared the pattern of protein synthesis
in the oocyte with that in the two-cell
embryo, they saw that three different
proteins that were either not expressed
or expressed at an extremely low level
in the oocyte were highly expressed in
the embryo. In a subsequent study, Ru-
derman examined the pattern of pro-

tein expression in the oocytes of the

starfish Asterias forbesi as they ma-
ture. She again observed the increased
expression of three proteins of similar
size to those that she and Hunt had
seen in surf clam embryos.

Soon afterward, in a third studS
Hunt examined the changes in protein
expression during the maturation and
fertilization of sea urchin oocytes. This
time he performed the experiment in a
slightly different manner. Rather than
treating the oocytes and embryo with
radioactively labeled amino acids for a
set time period, he labeled the cells
continuously for more than 2 hours,
removing samples for analysis at 10-
minute intervals. Now, he could moni-
tor the changes in protein expression
throughout the early stages of develop-
ment. As had been shown in other or-
ganisms, the pattern of protein synthe-
sis was altered when the sea urchin
oocyte was fertilized. Three proteins-
represented by three prominent bands
on an autoradiograph-were ex-
pressed in the embryos, but not in the
oocytes. Interestinglr the intensity of
one of these bands changed over time;
the band was intense at the early time
points, then barely visible after 85
minutes. It increased in intensity again
between 95 and 105 minutes. The in-
tensity of the band, representing the
amount of the protein in the cell, ap-
peared to be oscillating over time. This
suggested that the protein had been
quickly degraded and then synthesized
agarn,

Because the time frame of the ex-
periment coincided with early embry-
onic cell divisions, Hunt next asked
whether the synthesis and destruction
of the protein was correlated with pro-
gression of the cell cycle. He examined
a portion of cells from each time point

under a microscope, counting the
number of cells dividing at each time
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< FIGURE 1 This figure compares the changing levels of sea
urchin cyclin (drawn in blue) with a control protein (drawn in
purple) as early embryonic cells progress through the cell
cycle. The overall level of cyclin increases over time, and then it is
rapidly destroyed as the cells approach division. This pattern appears
to repeat through each cell division Meanwhile, the overall level of
the control protein continues to increase throughout the time period
of the experiment [Adapted from I Evans et al , 1 983, Ce// 33:391 ]
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point where samples had been taken
for protein analysis. Hunt then corre-
lated the amounr of the protein present
in the cell with the proporrion of cells
dividing at each time point. He noticed
that the level of expression of one of
the proteins was highest before the cell
divided and lowest upon cell division
(see Figure 1), suggesting a correlation
with the stage of the cell cycle. \flhen
the same experiment was performed in
the surf clam, Hunt saw that two of
the proteins that he and Ruderman
had described previously displayed the
same pattern of synthesis and destruc-
tion. Hunt called these proteins cyclins
to reflect their changing expression
through the cell cycle.

2 hrs

Discussion
The discovery of the cyclins heralded
an explosion of investigation into the
cell cycle. It is now known that these
proteins regulate the cell cycle by asso-
ciating with cyclin-dependent kinases,
which in turn regulate the activities of
a variety of transcription and replica-
tion factors, as well as other proteins
involved in the complex alterations in
cell architecture and chromosome
structure that occur during mitosis. In
brief, cyclin-CDK complexes direct
and regulate through the cell cycle. As
with so many key regulators of cellular
functions, it was soon shown that the
cyclins discovered in sea urchins and
surf clams are conserved in eukaryotes

from yeast to man. Since the identifica-
tion of the first cyclins, scientists have
identified at least 15 other cyclins that
regulate all phases of the cell cycle.

In addition to the basic research in-
terest in these proteins, the cyclins'
central role in cell division has made
them a focal point in cancer research.
Cyclins are involved in the regulation
of several genes that are known to play
prominent roles in tumor develop-
ment. Scientists have shown that at
least one cyclin, cyclin D1, is overex-
pressed in a number of tumors. The
role of these proteins in both normal
and aberrant cell division continues to
be an active and exciting area of
research today.
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Cells being born in the developing cerebellum. Al l  nuclei are
labeled in red; the green cel ls are dividing and migrating into
internal layers of the neural tissue [Courtesy of Tal Raveh,
Matthew Scott, and Jane Johnson l

uring the evolution of multicellular organisms, new
mechanisms arose to diversify cell types, to coordinate
their production, to regulate their size and number, to

organize them into functioning tissues, and to eliminate ex-
traneous or aged cells. Signaling befween cells became even
more important than it was for single-celled organisms. The
mode of reproduction also changed, with some cells becom-
ing specialized as germ cells (e.g., eggs, sperm), which give
rise to new organisms, as distinct from all other body cells,
called somatic cells. Under normal conditions somatic cells
will never be part of a new individual.

The formation of working tissues and organs during
development of multicellular organisms depends in part on
specific patterns of mitotic cell division. A series of such
cell divisions akin to a family tree is called a cell lineage. A
cell lineage traces the birth order of cells, the progressive
restriction of their developmental potential, and their dif-
ferentiation into specialized cell types (Figure 21.-1.). CeIl
lineages are controlled by cell-intrinsic (internal) factors-
cells acting according to their history and internal regulators-
as well as by cell-extrinsic (external) factors such as
cell-cell signals and environmental inputs. A cell lineage
begins with stem cells, unspecialized cells that can poten-

tially reproduce themselves and generate more-specialized
cells indefinitely. Their name comes from the image of a
plant stem, which grows upward, continuing to form more
stem, while sending off leaves and branches to the side. A

cell lineage ultimately culminates in formation of termi-
nally differentiated cells such as skin cells, neurons, or

CHAPTER

CELL BIRTH,
LINEAGE, AND
DEATH

muscle cells. Terminal differentiation generally is irre-

versible, and the resulting highly specialized cells often

cannot divide; they survive, carry out their functions for

cells is more limited than that of the stem cells from which

they arise. (Although some researchers distinguish between

precursor and progenitor cells' we will use these terms inter-

changeably.) Once a new precursor cell type is created, it of-

ten produces transcription factors characteristic of its fate.

These transcription factors coordinately activate' or repress'
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Gell l ineage

A FIGURE 21-1 Overview of the binh, l ineage, and death of
cells. Following growth, cells are "born" as the result of symmetric
or asymmetric cell division (a) The two daughter cells resulting from
symmetric division are essentially identical to each other and to the
parental cell Such daughter cells subsequently can have different
fates if they are exposed to different signals. The two daughter cells
resulting from asymmetric division differ from birth and consequently
have different fates Asymmetric division commonly is preceded by
the localization of regulatory molecules (green dots) in one part of
the parent cell (b) A series of symmetric and/or asymmetric cell
divisions, called a cell l ineage, gives birth to each of the specialized
cell types found in a multicellular organism. The pattern of cell
l ineage can be under tight genetic control programmed cell death
occurs during normal development (e g , in the webbing that init ially
develops when fingers grow) and also in response to infection or
poison. A series of specific programmed events, called apoptosis, is
activated in these situations

batteries of genes that direct the differentiation process. For
instance, a few key regulatory transcription factors create the
different mating types of budding yeast and similarly, a small
number of such factors produced in sequence trigger the steps
in forming differentiated muscle cells from precursors. 

'We

discuss both these examples in this chapter.
Typically we think of cell fates in terms of the differenti-

ated cell types that are formed. A quite different cell fate,
programmed cell death, also is absolutely crucial in the for-
mation and maintenance of many tissues. A precise genetic
regulatory system, with checks and balances, controls cell
death just as other genetic programs control cell differentia-
tion. In this chapter, then, we consider the life cycle of cells-
their birth, their patterns of division (l ineage), and their
death. These aspects of cell biology converge with develop-
mental biology and are among the most imporrant processes
regulated by the signaling pathways discussed in earlier
chapters.

( a l

The Birth of Cells: Stem Cells,
Niches, and Lineage
Many descriptions of cell division imply that the parental
cell gives rise to two daughter cells that look and behave ex-
actly like the parental cell: that is, cell division is symmetric,
and the progeny retain the same properties as the parental
cell. But if this were always the case, none of the hundreds of
differentiated cell types present in complex organisms would
ever be formed. Differences among cells can arise when two
initially identical daughter cells diverge upon receiving dis-
tinct developmental or environmental signals. Alternatively,
the two daughter cells may differ from "birth," with each in-
heriting different parts of the parental cell (see Figure 21-1).
Daughter cells produced by such asymmetric cell division
may differ in size, shape, andlor composition, or their genes
may be in different states of activity or potential activity. The
differences in these internal signals confer different fates on
the two cells.

Here we discuss some general features of how different cell
types are generated, culminating with the best-understood
complex cell lineage, that of the nematode Caenorhabditis
elegans.In later sections, we focus on examples of the mo-
lecular mechanisms that determine particular cell types in
yeast, Drosophila, and mammals.

Stem Cells Give Rise to Both Stem Cells and
Di f ferent ia t ing Cel ls
Stem cells, which give rise to the specialized cells compos-
ing the tissues of the body, exhibit several patterns of cell
division (Figure 21.-2). A stem cell may divide symmetrically

(a) Maintain stem-cell population
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@@@@
-q '-\ .._1-

@@ og @@ @0
  FIGURE 21-2 Patterns of stem-cell division. Divisions of stem
cells (yellow) must maintain the stem-cell population, sometimes
increase the number of stem cells, and at the right t ime produce
differentiating cells (green) (a) Stem cells that undergo asymmetric
divisions produce one stem cell and one differentiating cell This does
not increase the population of stem cells (b) Some stem cells in a
population may divide symmetrically to increase their population,
which may be useful in normal development or during recovery from
injury, while at the same time others are dividing asymmetrically as in
(a) (c) In a third pattern, some stem cells may divide as in (b), while
at the same time others produce two differentiating progeny.
[Adapted from S Morrison and J Kimble, 2006, Nature rt41:1068 I
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to yield two daughter stem cells identical to itself. Alterna-
tively, a stem cell may divide asymmetrically to generate a
copy of itself and a derivative stem cell that has more-
restricted capabil it ies, such as dividing for a l imited period
of t ime or giving rise to fewer types of progeny compared
with the parental stem cell. A pluripotenl (or multipotent)
stem cell has the capability of generating a number of dif-
ferent cell types, but not all. For instance, a pluripotent
blood stem cell will form more of itself plus multiple types
of blood cells, but never a skin cell. In contrast, a unipotent
stem cell divides to form a copy of itself plus a cell that can
form only one cell type. For example stem cells in the in-
testine continuously reproduce themselves, while the other
daughter cell differentiates into an intestinal epithelial cell,
as we discuss in greater detail below In many cases, asym-
metric division of a stem cell generates a progenitor cell,
which embarks on a path of differentiation, or even a ter-
minally differentiating cell.

The two crit ical properties of stem cells that together
distinguish them from all other cells are the ability to re-
produce themselves indefinitely, often called self-renewal,
and the abil ity to divide asymmetrically to form one
daughter stem cell identical to itself and one daughter cell
of more restricted potential. Many stem-cell divisions are
symmetric, producing two stem cells, but at some point

some progeny need to differentiate. In this way, mitotic di-
vision of stem cells can either enlarge a population of un-
differentiated cells or maintain a stem-cell population
while steadily producing a stream of differentiating cells.
Although some types of precursor cells can divide symmet-
rically to form more of themselves, they do so only for l im-
ited periods of t ime. Moreover, in contrast to stem cells, if

a precursor cell divides asymmetrically, it generates two
distinct daughter cells, neither of which is identical to the
parental precursor cell.

The ferti l ized egg, or zygote, is the ultimate totipotent
cell because it has the capabil ity to generate all the cell

types of the body. Although not technically a stem cell be-

cause it is not self-renewing, the zygote does give rise to

cells with stem-cell properties. For example, the early
mouse embryo passes through an eight-cell stage in which

each cell can form every tissue; that is, they are totipotent.
Thus the subdivision of body parts and tissue fates among
the early embryonic cells has not irreversibly occurred at the

eight-cell stage. At the 15-cell stage, this is no longer true;

some of the cells are committed to particular differentia-

tion paths.

Cell Fates Are Progressively Restricted
Dur ing Development

The eight cells resulting from the first three divisions of a

mammalian zygote (fertilized egg) all look the same' As

demonstrated experimentally in sheep, each of the cells has

the potential to give rise to a complete animal. Additional di-

visions produce a mass, composed of =64 cells, that sepa-

ECTODERM ,ilIs ! ENDODERM
Central nervous system Skull  Stomach
Retina and lens Head, skeletal muscle Colon
Cranial and sensory Skeleton Liver
Ganglia and nerves Dermis of skin Pancreas
Pigment cel ls Connective t issue Urinary bladder
HJad connective t issue Urogenital system Epithel ial parts of
Ep idermis
H a i r
Mammary  g lands

Heart trachea
Blood,  l ymph ce l l s  lungs
Spleen Pharynx

thyroid
intesti  ne

A FIGURE 21-3 Fates of the germ layers in animals. Some of

the tissue derivatives of the three germ layers are l isted

rates into two cell types: trophectoderm' which will form

extra-embryonic tissues like the placenta, and the inner cell

mass, which gives rise to the embryo proper' The inner cell

mass eventually forms three germ layers, each with distinct

fates. One layer, the ectoderm, will make neural and epidermal

cells: another. the mesoderm, will make muscle and connec-

tive tissue; the third layer' the endoderm, will make gut ep-

ithelia (Figure 21-3).
Once the three germ layers are established, they subse-

quently divide into cell populations with different fates' For

instance, the ectoderm becomes divided into those cells that

are precursors to the skin epithelium and those that are pre-

cursors to the nervous system. There appears to be a pro-

gressive restriction in the range of cell types that can be

formed from stem cells and precursor cells as development

proceeds. An early embryonic stem cell' as we've seen' can

lo.- .u.ty type of cell, an ectodermal cell has a choice be-

tween neural and epidermal fates, while a keratinocyte pre-

cursor can form skin but not neurons.

Another restriction that occurs early in animal develop-

ment is the setting aside of cells that will form the germ

line-the stem cells and precursor cells that eventually will

is widespread (though not universal) among animals' In con-

trast, plants do nothing of the sort; meristems, growing tips

of ,ooi, and shoots, can often give rise to germ-line cells and

there is no germ-line lineage set aside early'

One consequence of the early segregation of germ-line

cells is that the loss or rearrangement of genes in somatic

cells will not affect the inherited genome of a future zygote'

Nonetheless, although segments of the genome are rearranged

and lost during development of lymphocytes from hematopoi-

etic precursors, most somatic cells seem to have an intact

genome, equivalent to that in the germ line (Chapter 24)'

Evidence that at least some somatic cells have a complete

and functional genome comes from the successful production
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of cloned animals by nuclear-transfer cloning. In this proce-
dure, the nucleus of an adult (somatic) cell is introduced
into an egg that lacks its nucleus; the manipulated egg,
which contains the diploid number of chromosomes and is
equivalent ro a zygote, then is implanted into a foster mother.
The only source of genetic information to guide development
of the embryo is the nuclear genome of the donor somatic
cell. The frequent failure of such cloning experiments, how-
ever, raises questions about how many adult somatic cells
do in fact have a complete functional genome. Even the suc-
cesses, like the famous cloned sheep ,,Doll%', often have
medical problems. The extent to which diffeientiated cells
harbor fully functional genomes is still not fully understood.
A cell could, for example, have an intact genome, but be un-
able to properly reactivate certain genes due to inherited
chromatin states.

These observations raise two important questions: How
are cell fates progressively restricted during development?
Are these restrictions irreversible? In addressing these ques-
tions, it is important to remember that a cell's capabilities in
its normal in vivo location may differ from what it is capa-
ble of doing if manipulated experimentally. Thus the ob-
served limits to what a cell can do may result from natural
regulatory mechanisms or may reflect a failure to find con-
ditions that reveal the cell's full potential.

Although our focus in this chapter is on how cells be-
come different, their abil ity to r.-"in the same also is crit-
ical to the functioning of t issues and the whole organism.
Non-dividing differentiated cells with particular charac-
teristics often retain these features for many decades. Stem
cells that divide regularly, such as a skin stem cell, must
produce one daughter cell with the properties of the
parental cell, retaining its characterisric composition,
shape, behavior, and responses to specific external signals.
Meanwhile, the other daughter cell, with its own distinct
inheritance as the result of asymmetric cell division, em-
barks on a particular differentiation parhway, which may
be determined both by the signals the cell receives and by

intrinsic bias in the cell's potential, such as the previous
activation of certain genes.

The Complete Cell Lineage of C. e/egans ls
Known
In the development of some organisms, cell lineages are un-
der tight genetic control and thus are identical in all indi-
viduals of a species. In other organisms the exact number
and arrangement of cells vary substantially among different
individuals. The best-documented example of a repro-
ducible pattern of cell divisions comes from the nematode
C. elegans. Scientists have traced the lineage of all the so-
matic cells in C. elegans from the fertilized egg to the ma-
ture worm by following the development of live worms us-
ing Nomarski differential interference contrast (DIC)
microscopy (F igur e 21 -4).

About L0 rounds of cell division, or fewer, create the
adult worm, which is about 1 mm long and 70 pm in di-
ameter. The adult worm has 959 somatic cell nuclei (her-
maphrodite form) or 1031 (male). The number of somatic
cells is somewhat fewer than the number of nuclei because
some cells contain multiple nuclei (i.e., they are syncytia).
Remarkably, the pattern of cell divisions starting from a
C. elegans fertllized egg is nearly always the same. As we
discuss later in the chapter, many cells that are generated
during development undergo programmed cell death and
are missing in the adult worm. The consistency of the C.
elegans cell l ineage does not result entirely from each
newly born cell inheriting specific information about its
destiny. That is, their birth cells are not necessarily ..hard

wired" by their own internal inherited instructions to fol-
low a particular path of differentiation. In some cases,
various signals direct initially identical cells to different
fates, and the outcomes of these signals are consistent
from one animal to the next.

The first few cell divisions in C. elegans produce six dif-
ferent founder cells, each with a separate fate as shown in

Video: C. elegans Crawli

A FfGURE 21-4 Newly hatched larva of C. elegans. Some of
the 959 somatic-cell nuclei in the hermaphrodite form are
visualized in this micrograph obtained by differential interference

contrast (DlC) microscopy, sometimes called Nomarski microscopy.
The most easily seen are the intestinal nuclei, which appear as round
discs. [From J E Sulston and H. R Hovilz, 1977, Devel. Biol.56:110 I
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Figure 2t-5a, b. The initial division is asymmetric, giving
rise to P1 and the AB founder cell. Further divisions in the P
lineage form the other five founder cells. Some of the signals
controlling division and fate asymmetry are known. For ex-
ample, Wnt signals from the P2 precursor control the asym-
metric division of the EMS cell into E and MS founder cells.
'Wnt 

signaling (see Figure 1.6-32) is also used in other asym-
metric divisions in worms. Some of the embryonic cells func-
tion as stem cells, dividing repeatedly to form more of them-
selves or another type of precursor cell, while also generating
differentiated cells that give rise to a particular tissue. The
complete lineage of C. elegans is shown in Figure 21-5c. This

organism has been a powerful model system for genetic stud-

ies to identify the regulators that control cell lineages in time

and space.

Heterochronic Mutants Provide Clues About

Control of Cell  Lineage

Intriguing evidence for the genetic control of cell lineage has

come from isolation and analysis of heterochronic mutants.

In these mutants, a developmental event typical of one stage

of development occurs too early (precocious development)

or too late (retarded development). An example of the

Video: Time-Lapse I of C. elegans Embryogenesis

AB
Neurons
Hypodermis
Pharyngeal  muscle
Body muscle MS

Body muscle
Pharyngeal  muscle
Neurons
G lands
Somat ic gonad
Other

c
Hypodermis
Body muscle
Neurons

P 4 D
Germ cel ls  Body muscle

E M S

E
Gut

l i ne

A FfGURE 21-5 C. elegans lineage. (a) Pattern of the first few
divisions starting with P0 (the zygote) and leading to formation of the
six founder cells (yellow highlight). The first division is asymmetric,
producing P1 and AB, a founder cell. Further divisions in the P
lineage generate the other five founder cells Note that more than
one lineage can lead to the same tissue type (e 9., muscle or
neurons). The EMS cell is so named because it is the precursor to
most of the endoderm and mesoderm. The lineage beginning with
the P4 cell gives rise to all of the germ-line cells, which are set aside

Somatic gonad

very early, as in most animals. All the other l ineages give rise to

somatic cells. (b) Light micrographs of the first few divisions of the

embryo that generate the founder cells with cells labeled as in part
(a). The texture of the cells shows the presence of organelles (c) Full

l ineage of the entire body of the worm, showing some of the tissues

formed Note that any particular cell undergoes relatively few

divisions, typically fewer than 15. lPart (b) from Einhard Schierenberg

Zoologisches Institut, Universitet K6ln l

Epidermis
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former is premature occurrence of a cell division that yields
a cell that differentiates and a cell that dies; as a result, the
Iineage that should have followed from the dead cell never
happens. An example of the latter is the delayed occurrence
of a lineage, causing juvenile structures to be produced, in-
correctly, in more mature animals. In both cases, the charac-
ter of a parental cell is, in essence, changed to the character
of a cell at a different stage of development.

The study of heterochronic genes has been important to
understanding the mechanisms of development and gene reg-
ulation. One example of precocious development in C. ele-
gans comes from loss-of-function mutations in the lin-14
gene, which cause premature formation of a certain neural
precursor, the PDNB neuroblasr (Figure 2t-6a). The lin-14
gene and several others found to be defective in heterochronic
worm mutants encode RNA-binding or DNA-binding pro-
teins, which presumably coordinate expression of other
genes.

Two other genes (lin-4 and let-7\ discovered in hete-
rochronic C. elegans mutants were initially puzzlingbecause
they appeared to encode small RNAs that do not encode any

protein. To discover the products of these genes, scientists
first determined which pieces of genomic DNA could restore
gene function, and therefore proper cell lineage, to mutants
defective in each gene. They then did the same thing with
genomic DNA from the corresponding genomic regions of
different species of worm. Comparison of the "rescuing"
fragments from the different species revealed that they
shared common short sequences with little protein-coding
potential.

The short RNA molecules encoded by lin-4 and let-7
were subsequently shown to inhibit translation of the
mRNAs encoded by lin-14 and other heterochronic genes
(Figure 21-6b). These small RNAs, called micro RNAs
(miRNAs), are produced by RNA polymerase II and are
complementary to sequences in the 3' untranslated parts of
target mRNAs. The miRNAs direct post-transcriptional si-
lencing of mRNAs by hybridizing to them and blocking
translation or stimulating degradation (see Figure 8-25).
Temporal changes in the producion of lin-4, let-7, and other
miRNAs during the life cycle of C. elegans serve as a regula-
tory clock for cell lineage.

( a )

L1

  FIGURE 21-5 Timing of cell divisions during development of
C. elegans. (a) The pattern of cell division for the V5 cell of C. elegans
is shown for normal (wild-type) worms and for a heterochronic
mutant called lin-14. InIhe lin-14 mutant, the pattern of cell division
(red arrows) that normally occurs only in the second larval stage (12)
occurs in the first larval stage (11), causing the pDNB neuroblast to be
generated prematurely. In the mutant, the V5 cell behaves during L1
like cell "X" (purple) normally does in 12. The inference is that the LIN-
14 protein prevents L2-type cell divrsions, although precisely how it
does so is unknown. (b) Two small regulatory RNAs, /rn-4 and let-7,
serye as coordinating timers of gene expression Binding of the lin_4
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RNA to the 3' untranslated regions (UTRs) of l in-14 and lin-28
mRNAs prevents translation of these mRNAs into protein This
occurs following the first larval (11) stage, permitting development to
proceed to the later larval stages Starting in the fourth larval stage
(14), production of let-7 RNA begins. tt hybridizes to lin-14, tin-28,
and lin-41 mRNAs, preventing their translation LIN-41 protein is an
inhibitor of translation of the lin-29 mRNA, so the appearance of /ef-
7 RNA allows production of LIN-29 protein, which is needed for
generation of adult cell l ineages LIN-4 may also bind to rn-4l RNA
at later stages Only the 3' UTRs of the mRNAs are depicted. lAdapted
from B J Reinhart et al , 2000, Nature 403:901 I
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miRNAs have been identified in many other animals in-
cluding vertebrates and insects. More than 300 are encoded
in the human genome, perhaps as many as a thousand. Since
production of miRNAs is temporally and spatially regulated,
they are likely to control a broad range of events, perhaps in-
cluding qimed events as in C. elegans. How production of
these regulatory miRNAs is temporally controlled is not yet
known, but they have turned out to play many roles in regu-
lating gene expression (Chapter 8).

Cultured Embryonic Stem Cells Can
Differentiate into Various Cell Types

Embryonic stem (ES) cells can be isolated from early mam-
malian embryos and grown in culture (Figure 2'J.-7a). CuI-
tured ES cells can differentiate into a wide range of cell types,
either in vitro or after reinsertion into a host embryo. When
grown in suspension culture, human ES cells first differenti-
ate into multicellular aggregates, called embryoid bodies,
which resemble early embryos in the variety of tissues they
form. When these are subsequently transferred to a solid
medium, they grow into confluent cell sheets containing a va-
riety of differentiated cell types including neural cells and pig-
mented and non-pigmented epithelial cells (Figure 21-7b).

Under other conditions, ES cells have been induced to differ-

entiate into precursors for various types of blood cells. 
'What

properties give ES cells their remarkable plasticity? A variety

of actors play a role: signaling proteins, DNA methylation,

micro RNAs, transcription factors, and chromatin regulators

can all affect which genes become active (Chapters 7 and 8).

During the earliest stages of embryogenesis, as the fertil-

ized egg begins to divide, both the paternal and maternal

DNA becomes demethylated (see the discussion of DNA

methylation in Chapter 7). This happens because a key

maintenance methyltransferase (Dnmtl), which normally is

present in the nucleus, is transiently excluded from the nu-

cleus. During the first few cell divisions the pattern of methy-

lation is reset, erasing earlier epigenetic marking of the DNA

and creating a condition where cells have greater potential

for diverse pathways of development. Mice engineered to

lack Dnmtl die as early embryos with drastically under-

methylated DNA. ES cells prepared from such embryos are

able to divide in culture, but in contrast to normal ES cells

cannot undergo in vitro differentiation.
The properties of mouse ES cell are critically dependent

on the action of three transcription factors produced shortly

aker ferttlization: Nanog, Sox2, and Oct4. The genes that are

bound by these factors have been identified using chromatin

Dissociate cells 
I

@@

Replate 
|  ""0e,

< EXPERIMENTAL FIGURE 21-7
Embryonic stem (ES) cells can be
maintained in culture and can form
differentiated cell types. (a) Human
blastocysts are grown from cleavage-stage
embryos produced by in vitro ferti l ization.
The inner cell mass is separated from the
surrounding extra-embryonic tissues and
plated onto a layer of f ibroblast cells that help
to nourish the embryonic cells. Individual cells
are reolated and form colonies of ES cells,
which can be maintained for many generations
and can be stored frozen. (b) In suspension
culture. human ES cells differentiate into
multicellular aggregates called embryoid
bodies (fop) After embryoid bodies are
transferred to a gelatinized solid medium,
they differentiate further into confluent cell
sheets containing a variety of differentiated
cell types including neural cells (middle), and
pigmented and nonpigmented epithelial cells
(bottom). [Parts (a) and (b) adapted from J S
Odorico et al . 2001, Stem Ce//s 19:193.1
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rmmunoprecipitation experiments (see Figure 7-37). Each
protein is found at more than a thousand chromosome loca-
tions. At about 350 locations, all three proteins are found.
DNA microarrays have revealed which genes are active in ES
cells. About half of the 350 loci where all three transcription
factors accumulate are at or near genes that are transcribed in
ES cells. The target genes regulated by these transcription fac-
tors encode a wide variety of proteins, including the Oct4,
Nanog, and Sox2 proteins themselves, signaling componenrs
of the BMP and JAICSTAT pathways, and chromatin factors.

Chromatin regulators that control gene transcription
(Chapter 7) are also important in ES cells. ln Drosophila,
polycomb group proteins form complexes that maintain
gene repression states that have been previously established
by DNA-binding transcription factors. Two mammalian
protein complexes related to the fly Polycomb proteins,
PRC1 and PRC2, are produced in ES cells. Early mouse em-
bryos lacking components of PRC2 have abnormal develop-
ment of the inner cell mass (the embryo proper), and ES cells
cannot be made from embryos lacking PRC2 functions. The
PRC2 complex of proteins acts by adding methyl groups to
Iysine 27 of histone H3, thus altering chromatin structure to
repress genes. Remember that this type of regulation is dis-
tinct from methylation of DNA.

The possibility of using stem cells therapeutically to re-
store or replace damaged tissue is fueling much research

on how to recognize and culture these remarkable cells from
embryos and from various tissues in postnatal (adult) animals.
For example, if neurons that produce the neurotransmitter
dopamine could be generated from stem cells grown in culture,
it might be possible to treat people with Parkinson's disease
who have lost such neurons. For such an approach to succeed,
a way must be found to direct a population of embryonic or
other stem cells to form the right type of dopamine-producing
neurons, and rejection by the immune system must be pre-
vented. One way to prevent immune rejection is to use adult
stem cells from a patient to produce therapeutic cells for that
same patient. This is exactly what is done at present in some
bone marrow transplants, as we shall see below. However it is
not yet possible to isolate adult stem cells with similar capabil-
ities for most other tissues. In animal experiments, embryonic
stem cells have proven considerably more adept than adult
stem cells at forming a variety of tissues. One approach for ex-
ploiting the advantages of ES cells while reducing immunolog-
ical rejection may be to insert a nucleus from a patient into the
environment of an embryonic cell, replacing the endogenous
nucleus with one that will confer patient-specific properties

Recent work has been directed at exploring whether em-
bryonic or adult stem cells can be induced to differentiate
into cell types that would be useful therapeutically. For
example, mouse ES cells have been treated with inhibitors
of phosphatidylinositol-3 kinase, a regulator in one of the

phosphoinositide signaling pathways (Chapter 16). The
treated ES cells differentiate into cells that resemble pancreatic

B cells in their production of insulin, their sensitivity to glu-
cose levels, and their aggregation into structures reminiscent
of pancreas structures. Implantation of these differentiated
cells into diabetic mice restored their growth, weight, glucose
levels, and survival rates to normal. Many important ques-
tions must be answered before the feasibility of using human
stem cells for such purposes can be assessed adequately. I

Apart from their possible benefit in treating disease, ES cells
have already proven invaluable for producing mouse mu-
tants useful in studying a wide range of diseases, develop-
mental mechanisms, behavior, and physiology. By tech-
niques described in Chapter 5, it is possible to eliminate or
modify the function of a specific gene in ES cells (see Figure
5-40). Then the mutated ES cells can be employed ro pro-
duce mice with a gene knockout (see Figure 5-41). Analysis
of the effects caused by deleting or modifying a gene in this
way often provides clues about the normal function of the
gene and its encoded protein.

\7e will now examine the properties and regulation of
some postnatal (adult) stem cells, descendants of ES cells,
that build the various organs and tissues in animals.

Adult Stem Cells for Different Animal Tissues
Occupy Susta in ing Niches
Many differentiated cell types are sloughed from the body or
have life spans that are shorter than that of the organism.
Disease and trauma also can lead to loss of differentiated
cells. Since differentiated cells generally do not divide, they
must be replenished from nearby stem-cell populations.
Postnatal (adult) animals contain stem cells for many tissues
including the blood, intestine, skin, ovaries and testes, mus-
cle, and liver. Even some parts of the adult brain, where little
cell division normally occurs, have a population of stem
cells. In muscle and liver, stem cells are most important in
healing, as relatively little cell division occurs in the adult
tissues at other times.

Stem cells need the right microenvironment to maintain
themselves. In addition to intrinsic regulatory signals-like
the presence of certain regulatory proteins-stem cells rely
on extrinsic regulatory signals from surrounding cells to
maintain their status as stem cells. The location where a
stem-cell fate can be maintained is called a stem-cell niche by
analogy to an ecological niche, which is a location that sup-
ports the existence and competitive advantage of a particu-
lar organism. The right combination of intrinsic and extrin-
sic regulation, imparted by a niche, will create and sustain a
population of stem cells.

In order to investigate or use stem cells, they must be
found and characterized. It is often difficult to identify stem
cells precisely because they may lack distinctive shapes or
gene expression. Much of the time, many stem cells do not
divide particularly rapidly, being held in reserve, dividing
slowly if at all, until stimulated by signals that convey
the need for new cells. For example, an inadequate oxygen
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supply can stimulate blood stem cells to divide, and injury
to the skin can stimulate regenerative cell division starting
with the activation of stem cells. Some stem cells, however,
including those that form the continuously shed epithe-
lium of the intestine, are continuously dividing, usually at
a slow rate.

One approach for identifying stem cells in a mixed cell
population depends on their relatively slow rate of divi-
sion. In this approach, a type of pulse-chase experiment,
cells are provided with a brief pulse of labeled DNA pre-
cursors, such as bromodeoxyuridine (BrdU), then later ex-
amined to see which cells are labeled. After the BrdU pulse,
cells that are not dividing wil l not be labeled at all, and
rapidly dividing cells wil l dilute the BrdU label with normal
unlabeled nucleotides (the chase). Stem cells, in contrast,
wil l incorporate BrdU during their slow division process.
Since they divide relatively rarely, stem cells will retain the
BrdU label longer than most other cells, marking them as
label-retaining cells. This sort of label retention is often a
useful way to identify stem cells.

Germ-line Stem Cells The germ line is the l ine of cells
that produces oocytes and sperm. It is distinct from the so-
matic cells that make all the other tissues but are not passed
on to progeny. The germ line, like somatic-cell lineages, has
stem cells. Stem-cell niches have been especially well defined
in studies of germ-line stem cells inDrosophila and C. elegans.
Germ-line stem cells are present in adult flies and worms and
the location of the stem cells is well known. The stem cells
were identified by BrdU label retention.

> Ff GURE 21-8 Drosophila germarium and the signals that
create its stem-cell niches. (a) Cross-section of the germarium
showing female germ-line stem cells (yellow) and some somatic stem
cells (gold) in their niches and the progeny cells derived from them
The germ-line stem cells produce cytoblasts (green), which
differentiate into oocytes; the somatic stem cells produce foll icle cells
(brown) that wil l make the eggshell The cap cells (dark green) create
and mainta in the n iche for  germ- l ine stem cel ls ,  whi le  the inner
sheath cells (blue) produce the niche for somatic stem cells (b)
Signaling pathways that control the properties of germ-line stem
cells The signaling molecules-the TGFB proteins Dpp and Gpp as
well as Hh- are produced by cap cells Binding of these ligands to
receptors on the surface of a stem cell results in repression of the
bam gene by two transcription factors, Mad and Med Repression of
barn allows germ-line stem cells to renew, whereas activation of bam
promotes differentiation Two surface proteins, Arm and Zpg, which
physically l ink cap cells and stem cells, are also important in
maintaining the stem-cell niche Cells out of reach of Arm and Zpg
differentiate rather than renew Micro RNAs are increasingly
recognized as crit ical regulators of cell differentiation, including
germ-line cells Some of them bind to the Piwi protein, an essential
germ-line regulator in both cap and stem cells (c) Signaling pathways
that control the properties of somatic stem cells. The Wnt signal
Wingless (Wg) is produced by the inner sheath cells and is received
by the Frizzled receptor (Fz) on a somatic stem cell Hh is similarly
produced, and is received by the Ptc receptor Both receptors signal
to control transcription resulting in self-renewal of somatic stem cells
lAdapted from L Li and T. Xie, 2005, Ann Rev. Cell Devel Biol 21:605 I

In the fly ovary, the niche where oocyte precursors form

and begin to differentiate is located next to the tip of the
germarium (Figure 21-8a). There are two or three germ-

line stem cells in this location next to a few cap cells, which

create the niche by secreting two transforming growth fac-

tor p (TGFp) proteins (Dpp and Gbb) and Hedgehog (Hh)

protein (Figure 21-8b). These secreted protein signals were

introduced in Chapter 16. Vhen the stem cells divide, they
produce two daughters, one of which remains adjacent to

the cap cells and is therefore a stem cell like the mother

cell. The other daughter divides to produce two cystoblast

cells that will differentiate into germ-line cells. The cysto-

blast cells embark on a path of differentiation because they

are too far from the cap cells to receive the cap cell-derived

signals, including Hh, Dpp, and Gbb, and direct cell-cell

(a)  Stem cel ls  and n iches in  f ly  germar ium
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s igna l s ,  Dpp  &  Gbb .
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sel f - renewal .
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Gbb through TGFB
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and Med t ranscr ipt ion
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interactions mediated by the cell-surface proteins Arm and
Zpg, which together direct a cell to remain a stem cell.
Both cap cells and germ-line stem cells produce Piwi pro-
teins, which bind micro RNAs. Piwi proteins and their
bound miRNAs regulate gene expression and control
germ-line cell development in a wide variety of animals as
well as stem-cell development in plants. Thus they consti,
tute an ancient mechanism of developmental regulation.
Separate somatic stem cells in the germarium produce foll i-
cle cells that wil l make the eggshell. The somatic stem cells
have a niche too, created by the inner sheath cells, which
produce Wingless (Wg) protein-a fly Wnt signal-and Hh
protein (Figure 2l-8c). Thus two different populations of
stem cells can work in close coordination to produce dif-
ferent parts of an egg.

Micro RNAs control the division properries of Drosophila
female germ-line stem cells. The Dicer prorein, a double-
stranded RNase, produces micro RNAs (see Figure 8-25).
Germ-line stem cells with dicer mutations fail to pass suc-
cessfully through the G1 to S transition of the cell cycle; as a
result, the population of stem cells and therefore oocytes is
depleted. The absence of miRNA function causes, directly or
indirectly, increased function of the p21127 cyclin-dependent
kinase inhibitor. As discussed in Chapter 20, p21127 normally
restricts G1 to S transitions by regulating cyclin E-CDK
complexes. Thus the net effect of the absent miRNA func-
tion, which permits increased p21,127 activity, is to restrict
cell division.

In worms the long tubelike arms of the gonads have tips
where a cell called a distal t ip cell creares a stem-cell niche
(Figure 21-9).The transmembrane protein Delta, produced
by the distal tip cell, binds to the Notch receptor on the

Distal
t ip  ce l l

germ-line stem cells. The DeltaA{otch signaling pathway
(see Figure 1,6-36) promotes mitotic division of worm
germ-line stem cells, thus creating more stem cells. Meiosis
(i.e., germ-line differentiation) is blocked by the Delta sig-
nal until the stem cells move beyond the range of the signal
from the distal tip cell. Mutations that activare Notch in
the germ-line stem cells, even in the absence of Delta signal,
cause a gonadal tumor with massive numbers of extra
germ-line stem cells, due to excessive mitosis and litt le
merosls.

The identification and characterization of Drosophila
and C. elegans germ-line stem cells were important because
they showed convincingly the existence of stem-cell niches
and permitted experiments to identify the niche-made sig-
nals that cause cells to become and remain stem cells. Thus
a stem-cell niche is a set of cells and the signals they pro-
duce, not just a location. Identification of specific molecules
that maintain the stem-cell state in Drosophila and C. ele-
gans brought an unexpected bonus: Some of these mole-
cules are also used to form a stem-cell niche and control
stem-cell fates in mammals. For example, germ-line stem
cells in the mouse testis are dependent on a TGFB signaling
protein (GDNF) derived from somatic cells. Each seminifer-
ous tubule contains exactly one germ-line stem cell, which
divides asymmetrically to re-create itself and to produce a
spermatogonial cell. This cell proliferates and its progeny
become spermatocytes, which go through the extraordinary
differentiation process that builds a sperm. The niche is cre-
ated by a specialized region of the Sertoli cell along with a
myoid cell and a basement membrane produced by the my-
oid cell, though many details of the molecular signals re-
main to be explored.

Skin/Hair Stem Cells in Mammals Epithelial stem cells
that give rise to skin and hair in mammals are located in
hair follicles and in the basal layer of the epithelium be-
tween follicles. In the hair follicle, the stem cells occupy a
niche called the bulge (Figure 21-10a). The stem cells divide
asymmetrically to produce more stem cells and to make pre-
cursor cells of at least two kinds. One type of precursor will
rise toward the surface of the skin and form keratinocytes,
the major cell type of skin, which is a multilayered epithe-
lium (the epidermis). Other cells emerge from the stem cells
to become hair-matrix progenitors that move down deeper
in the hair follicle and form a complex set of structures in-
cluding the hair itself.

The molecular regulators in the skin stem-cell niche are
incompletely known. However, as in fl ies, TGFB signals,
arising from mesenchymal cells that surround the bulge
cells, and a Wnt signal, arising from the dermal papil la,
are important in controlling stem-cell renewal and differ-
entiation into either skin or hair (Figure 21-10b). Evidence
for the importance of 

'$fnt 
signaling came from manipula-

tions of the expression of B-catenin, a protein that helps
link certain cell-cell junctions to the cytoskeleton (see
Figure 1,9-12) and also functions as a signal transducer in the

Germ-l ine Mitot ic
stem cel l  stem cel l

Me io t i c
stem cel l

  FfGURE 21-9 C. elegans germ-line stem-cell niche. A cross-
section of the tip of a gonad arm shows stem cells in their niche and
progeny derived from them The single distal t ip cell (green) in each
gonad arm creates and maintains the nrche Self-renewing mitotic
stem cells produced by the germ-line stem cells convert to meiosis
when they move beyond the range of the Delta signal from the distal
t ip cell. During these stages, the cells are only partially separated by
membranes ("Y" shapes) and are therefore a syncytium lAdapted
from L Li and T. Xie, 2005, Ann Rev. Cell Devel. Biot.21:605l
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(a) Cross section of hair fol l ic le
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  FIGURE 21-10 Skin/hair stem-cell niche in mammals and the
signals that control it. (a) A hair foll icle showing stem cells (yellow) in
the bulge and interfoll icular stem cells (l ight green) among the basal
epithelial cells (green) outside the hair foll icle. The progeny of bulge
stem cells migrate down to contribute to hair formation near the
dermal papil la The dark green cells have yet to begin terminal
differentiation; they are transient amplifying cells that are sti l l  dividing
but cannot generate stem cells. Note that only the basal layer of
epithelial cells adjacent to the basement membrane are shown.
Overlaying these basal cells, outside of the follicle, are several layers
of differentiating keratinocytes. (b) Signaling events in the stem-cell
niche The source of each signal is indicated in parentheses. A Wnt
signal promotes formation of new hair cells, but in the bulge-home
of the stem cells-at least three Wnt inhibitors (Dkk. Wif. and sFRP)
block differentiation and preserve the stem-cell state Away from those
inhibitors, the lack of Wnt signaling allows differentiation of stem cells
into skin cells (keratinocytes). BMB which belongs to the TGFB family
of signaling proteins, is produced by mesenchymal cells adjacent to the
bulge. During development, when new hair is to be grown, the dermal
papil la makes Noggin, which blocks the BMP signal, and more Wnt,
which overcomes the inhibitors, allowing stem cells to differentiate into
hair cells. BMPs have complex and incompletely understood roles in
skin development, and their functions change with the stage of
development [Adapted from F. M Watt et al ,2006, Cuff Opin Genet Devel.
16:51 8, and L Li and I Xie, 2005, Ann, Reu Cell Devel. Biol.21:605 l

' !fnt 
pathway (see Figure L6-32). Activation of B-catenin

changes the fate of cells from epidermis (skin) to hair. In
contrast, removal of B-catenin from the skin of engineered
mice eliminates formation of hair cells. Epithelial stem
cells then form only epidermis, not hair cells. Thus

B-catenin acts as a switch that controls which type of pre-
cursor arises from epithelial stem cells. \fnt signals also
have stimulatory effects on cell division, which can be

restrained by'Sfnt pathway inhibitors, such as DKK and
sFRP, that are present in the bulge-a Battle of the Bulge
of  sor ts .

Newly formed keratinocytes move toward the outer
surface, becoming increasingly flattened and fi l led with
keratin intermediate fi laments (Chapter 18). It normally
takes about 15-30 days for a newly "born" keratinocyte
in the lowest Iayer of the skin to differentiate and move
to the topmost layer. The "cells" forming the topmost
layer are actually dead and are continually shed from the
surface.

In addition to keratinocytes, skin contains dendritic
epidermal T cells, an immune-system cell that pro-

duces a certain form of the T-cell receptor (Chapter 24).
Ifhen dendritic epidermal T cells are genetically modified so
they do not produce T-cell receptors, wound healing is slow
and less complete than in normal skin. Normal healing is re-
stored by addition of keratinocyte growth factor. The cur-
rent hypothesis is that when dendritic epidermal T cells rec-
ognize antigens on cells in damaged tissue, they respond by
producing stimulating proteins, such as keratinocyte growth
factor, that promote the production of more keratinocytes
and wound healing. Many other signals-including Hedge-
hog, calcium, and transforming growth factor a (TGFct)-

control the production of skin cells from stem cells. Discov-
ering how all these signals work together to control growth
and stimulate healing will advance our understanding of dis-
eases such as psoriasis and skin cancer and perhaps pave the
way for effective treatments. I

Intestinal Stem Cells In contrast to epidermis, the ep-
ithelium lining the small intestine is a single cell thick (see

Figure 19-8). This thin layer is enormously important for
keeping toxins and pathogens from entering our bodies; it
also transports nutrients essential for survival from the in-

testinal lumen into the body (see Figure 11-29). The cells of
the intestinal epithelium continuously regenerate from a
stem-cell population located deep in the intestinal wall in
pits called crypts (Figure 21,-1,1'a). By identifying the Iabel-
retaining cells in the intestinal epithelium, researchers de-
termined that the stem cells are located precisely four or
five cells above the bottom of a crypt. The niche is created

by mesenchymal cells that abut the crypts at the level of the

stem cells. These cells produce a 
'Wnt 

signal, a BMP
(TGFB) signal, and possibly a l igand for the Notch recep-

tor on stem cells (Figure 21-1'1b). Overproduction of B-
catenin in intestinal cells leads to excess proliferation of

those cells, as though they were receiving too much 
'Sfnt

signal (which stabil izes B-catenin). Blocking the function of

B-catenin by interfering with the TCF transcription factor

that it activates abolishes the stem cells in the intestine.

Thus $fnt signaling, acting through p-catenin, plays a crit-
ical role in maintaining the intestinal stem-cell population.

BMP has the opposite effect, promoting differentiation and
restraining the effect of Wnt.
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Podcast: Stem Cells in the lntestinal Epithelium

(b) Direct ion of
cel l  migration

< FIGURE 21-1 1 lntestinal stem-cell niche and
the signals that control it. (a) Finger-like projections
of the inner surface of the intestine called vil l i  are
divided by deep pits called crypts The single-cell thick
epithelium protects us from infection and allows
selective transoort of useful nutrients into the blood
stream. (b) An intestinal crypt showing the intestinal
stem cells (yellow), their proliferating mitotic progeny
(light green), and precursors (dark green) in the final
stages of differentiation Mesenchymal cells, shown in
blue, create this stem-cell niche. Paneth cells (orange),
located at the base of the crypt, secrete antimicrobial
defense proteins called defensins. These proteins form
pores in bacterial membranes, leading to death of the
bacteria. Signaling events in the stem-cell niche. Wnt
signals promote stem-cell fates, offsetting BMP signals
that push toward differentiation. Noggin restrains the
BMP signals and thus promotes stem-cell proliferation,
whereas Dkk restrains Wnt signaling when growth is
not needed. The Notch receptor is also involved,
although its l igand on mesenchymal cells is unknown.
lAdapted from L Li and T. Xie, 2005, Ann. Reu Cell Devel
Biol. 21:6051

Prol i ferat ion zone

(c) Intest inal stem cel l
signal ing pathways

Mesenchymal cel ls

Intestinal stem cells produce precursor cells that prolif-
erate and differentiate as they ascend the sides of crypts to
form the surface layer of the finger-like gut projections
called uilli, across which intestinal absorption occurs. Pulse-
chase labeling experiments with BrdU have shown that the
time from cell birth in the crypts to the loss of cells at the tip
of the villi is only about 2 to 3 days. Thus enormous num-
bers of cells must be produced continually to keep the ep-
ithelium intact. The production of new cells is precisely con-
trolled: too little division would eliminate villi and lead to
breakdown of the intestinal surface; roo much division
would create an excessively large epithelium and also might
be a step toward cancer. Indeed, mutations that inappropri-
ately activate Wnt signal transduction are a major contrib-
utor to the progression of colon cancer, as we shall see in
Chapter 25.

Neural Stem Cells The great interest in the formation of
the nervous system and in finding better ways to prevent or
treat neurodegenerative diseases has made the characteri-
zation of neural stem cells an important goal. The earliest
stages of vertebrate neural development involve the rolling
up of ectoderm to form the neural tube, which extends
the length of the embryo from head to tail (Figure 2l-12a).

Initially the neural tube is composed of a single layer of
cells, the neural stem cells (NSCs); these wil l give rise to
the entire central nervous system (brain and spinal cord).
Labeling and tracing experiments have shown where neural
cells are born and where they go after birth. The most active
region of cell division is the subuentricular zone, which has
the properties of a stem-cell niche and is named for its prox-
imity to the central fluid-filled uentricle.

The embryonic neural stem cells that line the ventricle
divide can symmetrically, produce two daughter stem cells
side-by-side (Figure 21.-1.2b), or asymmetrically, produce
a cell that remains a stem cell and another that migrates
radially outward. The migrating cells are often transient
amplifying (TA) cells, which in turn divide to form neural
precursors called neuroblasts. Once formed, TA cells and
neuroblasts migrate radially outward and form successive
layers of the neural tissue in an inside-out order, whereas
the stem cells remain in contact with the ventricle (see Fig-
ure 21-12b). Newly formed cells therefore traverse the
layers of preexisting cells before taking up residence on the
outside.

Tracing experiments with viruses have shown that a
neuroblast can produce two daughters, one a neuron and
one a glial cell. In these experiments, altbrary of defective

I
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Neura l  p la te

retroviruses, each able to infect only once and containing a
unique DNA sequence, was prepared (Figure 21-13a). Any
cell infected by a single virion would give rise to a clone of
cells that all carry that particular virus' DNA sequence. In
this way, all the cells that derived from a single neural stem
cell or TA cell can be identif ied as a clone (Figure 21-13b).
The resul rs  of  these t rac ing exper iments were surpr is ing.
First, some neurons were found to have migrated consider-
able distances laterallS abandoning their radial migration
to the outer cortical layer. Second, in some cases, a single
neuron and single glial cell, shared the same viral DNA se-
quence. A neural precursor had evidently been infected and
had then divided once to give rise to two quite different cell
types.

Most mammalian brain cells stop dividing by adult-
hood but some cells in the subventricular zone and at least
one other part of the brain continue to act as stem cells
and generate new neurons (Figure 21,-1,4). In the subven-
tricular zone of adults, the neural stem cells are astro-
cytes, a somewhat confusing nomenclature since more

< Ff GURE 21-12 Formation of the neural tube and division
of neural stem cells. (a) Early in development, a portion of the
ectoderm rolls up and separates from the rest of the embryonic
cel ls  This forms the epidermis (gray)  and the neural  tube (b lue)

Near the interface between the two, neural crest cells form and
then migrate to contr ibute to sk in p igmentat ion,  nerve format ion,
craniofac ia l  skeleton,  hear t  va lves,  per ipheral  neurons,  and other
structures The notochord, a rod of mesoderm for which we are
named (chordates), provides signals that affect cell fates in the
neural  tube (Chapter  22)  fhe in ter ior  of  the neural  tube wi l l
become a ser ies of  f lu id- f i l led chambers cal led ventr ic les Neural
s tem cel ls  located adjacent  to the ventr ic les in  the subventr icu lar
zone wi l l  d iv ide to form neurons that  migrate radia l ly  outwards to
form the layers of the nervous system. (b) Neural stem cells in the
subventricular zone can divide symmetrically (top), along their
apical -basal  ax is ,  to  g ive r ise to s ide-by-s ide daughter  s tem cel ls ,
both in contact with the ventricle. Alternatively, stem cells can
div ide,  a long thei r  other  ax is ,  to  produce one daughter  that  is  a
stem cel l  ab le to sel f - renew and a daughter  ce l l ,  ca l led a t ransient
ampl i fy ing (TA) cel l ,  that  begins to migrate and d i f ferent ia te
(bottom) A key difference between the two patterns of division is
the orientation of the mitotic spindle [Adapted from L R wolpert
et al 2OO2 Principles of Development, 2d ed , Oxford University Press l

traditionally "astrocyte" meant atype of glia cell. Evidently

neural stem cells are a subset of astrocytes not previously

recognized for  thei r  specia l  s tem-cel l  qual i t ies.  Neural

stem cells have some properties of astrocytes, such as pro-

ducing glial f ibri l lary acidic protein (GFAP), but they also
can divide asymmetrically to renew themselves and to
produce TA cells.

The subventr icu lar  s tem-cel l  n iche is  created by

mostly unknown signals from the ependymal cells that

form a layer just inside the neural tube (l ining the ventri-

cle) and by endothelial cells that form blood vessels in the

vicinity (Figure 21-14b). The endothelial cells, and the

basal lamina they form, are in direct contact with neural

stem cells and are believed to be essential in forming the

niche.  Each neural  s tem cel l  extends a s ingle c i l ium

through the ependymal cell layer to directly contact the

ventricle. Though the function of the cil ium is unknown,

it may function as an antenna for receiving signals that

would otherwise be inaccessible to the neural stem cell.

The signals that create the niche are not completely char-

acterized, but there is evidence for a blend of factors in-

cluding FGFs, BMPs, IGR VEGR TGFo, and BDNF. The

BMPs appear to favor astrocyte differentiatron over neu-

ral differentiation, and over-expression of IGF (insulin-

l ike growth factor) causes mice to develop with abnor-

mally large brains. Later stages of neural development are

discussed in Chapter  23.

Hematopoietic Stem Cells Like the intestinal epithelium

the blood is a continuously replenished tissue. The stem cells

(b )
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(a) Cross section of whole developing brain

Dist inct ive
o l igonuc leo t ide

sequence

A EXPERIMENTAL FIGURE 21-13 Retrovirus infection can be
used to trace cell l ineage. (a) Engineered viral genome. The long
terminal repeats (LTRs) are standard retroviral repeats. Viral proteins
required for infection are encoded in the gag and in A-env genes
PLAP is an introduced gene for an alkaline phosphatase Detection of
this enzyme by histochemical staining is used to determine which
cells carry a virus The oligonucleotide sequence, synthesized by
providing random nucleotides, is different in each virus and can be
amplif ied by PCR, using primers for sequences that are in all viruses
(purple arrows), and then sequenced A library of more than 107
distinct viruses was made Because these viruses lack the genes
required for production of new virions in infected cells, each
defective virus can infect only once. (b) Tissue section showing cells
infected with defective viruses The DNA from each stained clone of
cells can be extracted and amplif ied by PCR to determine the
sequence of the infecting virus. Cells descended from the same
initially infected cell wil l have the same oligonucleotide sequence,
whereas separate infection events wil l give different sequences. [From
J A Golden et  a l  ,  1995, Proc Nat ' l .  Acad Sci  USA92:57041

that give rise to the different types of blood cells are located
in the bone marrow in adult animals. All types of blood cells
derive from a single type of pluripotent hematopoietic stem
cell, which gives rise to the more-restricted myeloid and lym-
pboid stem cells (Figure 21-15). Although myeloid and lym-
phoid stem cells are capable of self-renewal, each type is
committed to one of the two major hematopoietic lineages.
Thus these cells function as both stem cells and precursor
ce l ls .

After hematopoietic stem cells form, numerous extra-
cellular growth factors called cytokines regulate prolifera-
tion and differentiation of the precursor cells for various
blood-cell l ineages. Each branch of the blood-cell l ineage
tree has different cytokine regulators, allowing exquisite
control of the production of specific cells types. For exam-
ple, after a bleeding injury, when all blood cells are
needed, multiple cytokines are produced. But when a

Ependymal
ce l l s

Neurob las t

Transit-ampli fying
ce l l s

Lateral
ventr icle

NSC Expans ion  Neurob las t

A FIGURE 21-14 Neural stem-cell niche. (a) Cross-section of the
developing nervous system showing the lateral ventricle, a fluid{i l led
space inside the neural tube The area just surrounding the ventricle,
called the subventricular zone, is the site of stem cells from which
neural precursors arise (b) The neural stem cells (yellow), a subset of
astrocytes, are in contact with blood vessels (blue) and adjacent
ependymal cells (pink), both of which provide signals or direct
contacts that maintain the stem-cell population Neural stem cells
(NSC) divide to renew themselves and to form a dividing population
of transit amplifying (TA) cells (l ight green; see Figure 21-12b).IA
cells in turn divide to form neuroblasts (dark green), which give rise
to neurons lAdapted from L Li and T. Xie, 2005, Ann Rev. Cell Devel Biol
21:605 l

person is traveling at high altitude and needs additional
erythrocytes, erythropoietin-a cytokine that acts only on
erythrocyte precursors-is produced. Erythropoietin acti-
vates several different intracellular signal-transduction
pathways, leading to changes in gene expression that
promote format ion of  erythrocytes (see Figure 16-6) . In
contrast GM-CSR a different cytokine, stimulates pro-
duction of granulocytes, macrophages, eosinophils, and
megakaryocytes.

(b )
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A FIGURE 21-15 Formation of blood cells from
hematopoietic stem cells in the bone marrow. Pluripotent stem
cells (yellow) may divide symmetrically to self-renew (blue curved
arrow) or divide asymmetrically to form a myeloid or lymphoid stem
cel l  ( l ight  green) and a daughter  ce l l  that  is  p lur ipotent  l ike the
parental cell Although myeloid and lymphoid stem cells are
capable of self-renewal, each type is committed to one of the two
major hematopoietic l ineages Depending on the types and
amounts of cytokines present, the myeloid and lymphoid stem cells
generate different precursor cells (dark green), which are incapable
of self-renewal. Precursor cells are called colony-forming cells
(CFCs) because of their abil ity to form colonies containing the
differentiated cell types shown at right The colonies are detected

The hematopoietic lineage originally was worked out by
injecting the various types of precursor cells into mice
whose precursor cells had been wiped out by irradiation. By
observing which blood cells were restored in these trans-
plant experiments, researchers could infer which precursors
(e.g., GM-CFC, BFU-E) or terminally differentiated cells
(e.g., erythrocytes, monocytes) arise from a particular type
of precursor. RemarkablS a single hematopoietic stem
cell is sufficient to restore the entire blood system of an
irradiated mouse. The first step in these experiments was to
separate the different types of hematopoietic precursors.

IL-3,  GM-CSE SCE IL-6

@
T-CFC B-CFC

on the spleen of animals that have had their own hematopoietic
cel ls  e l iminated and the precursor  cel ls  in t roduced Further
cytokine-induced proliferation, commitment, and differentiation
of the precursor cells give rise to the various types of blood cells
Some of the cytokines that support this process are indicated (red

labels). GM : granulocyte-macrophage; Eo : eosinophil; E :

erythrocyte; mega : megakaryocyte; T : T-cell; B : B-cell; CFU =

colony-forming unit; CSF : colony-stimulating factor; lL :

interleukin; SCF : stem cell factor; Epo : erythropoietin; Tpo :

thrombopoietin; TNF : tumor necrosis factor; TGF : transforming
growth factor; SDF : stromal cell-derived factor; FLT-3 l igand :

l igand for fms-like tyrosine kinase receptor 3. [Adapted from M
Socolovskyetal, 1998, Proc Nat' l Acad Sci USA95:6573]1

This separation is possible because each type of precursor

produces unique combinations of cell-surface proteins

that can serve as type-specific markers. If bone marrow

extracts are treated with fluorochrome-labeled antibodies

for these markers, cells with different surface markers can

be separated in a fluorescence-activated cell sorter (see

Figure 9-28) .
The frequency of hematopoietic stem cells is about 1 cell

per 104 bone marrow cells. Activation of the Hoxb4 gene in

embryonic stem cells drives the formation of hematopoietic

stem cells. (As described in Chapter 22, Hoxb4 also plays a
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role in pattern formation along the head-to-tail body axis.)
The Bmi gene is also required for self-renewal of hematopoi-
etic stem cells, and of neural stem cells as well. This gene en-
codes a polycomb-type chromatin regulator protein that re-
presses certain genes including some Hox genes, a group of
developmentally important genes discussed in Chapter 22.
Bmil is a component of the PRC1 protein complex that we
discussed above in relation to embryonic stem cells. Thus
members of the polycomb group of proteins are important in
both embryonic and adult stem cells.

Like other stem cells, hematopoietic stem cells are resi-
dents of a niche. The niche is formed by spindle-shaped cells
on the surface of the bone in the bone marrow. N-cadherin
fastens the stem cells to these niche cells. A Delta-like ligand
produced by niche cells signals to Notch receptors on the
stem cells, and several other growth factor-receptor pairs
stimulate their self-renewal and differentiation into mveloid
or lymohoid stem cells.

Stem cells can become cancerous. For example,
Ieukemia is a cancer of the white blood cells. This

type of cancer is marked by two types of cells: leukemic tu-
mor cells, which arise from differentiated white blood cells
and have limited growth abil it ies, and the more dangerous
leukemic tumor stem cells with unlimited growth abil it ies.
The leukemia tumor stem cells, which are capable of init i-
ating a new tumor on their own, are present in a human tu-
mor about once for every mill ion dividing leukemic cells.
Thus the bulk of the leukemic cells are not able to grow a
new tumor. Therefore to provide an enduring cure, treat-
ments must ensure the death or l imited mitosis of the tu-
mor stem cells. This is particularly challenging because
many cancer stem cells divide slowly or not at all for sub-
stantial periods, making them selectively resistant to
chemotherapy drugs and irradiation-both treatments that
target rapidly dividing cells.

To date, bone marrow transplants, a treatment for
leukemia and other blood disorders, represent the most
successful and widespread use of stem cells in medicine. In
1959 a patient with end-stage (fatal) leukemia was irradi-
ated to destroy her cancer cells. She was transfused with
bone marrow cells from her identical twin sister, thus
avoiding an immune response, and was in remission for
three months. This promising beginning led to present-day
treatments that can often lead to a complete cure for
Ieukemia.

The stem cells in transplanted bone marrow can generate
neq functional blood cells in patients with certain heredi-
tary blood diseases and in cancer parients who have received
irradiation andlor chemotherapy. Both chemotherapy and
irradiation destroy the bone marrow cells as well as cancer
cells. Bone marrow transplants go beyond eliminating can-
cer cells as done with irradiation. Instead. an immune attack
on the leukemic cells can be mounted by the injected donor
cells. More than two dozen diseases are now commonly
treated with bone marrow transplantation. These include

leukemias and anemias of various types, lymphomas, severe
combined immunodeficiency, and certain autoimmune dis-
orders. The effectiveness of bone marrow transplants varies
among diseases and patients from minor improvement to
full cures. Much research is under way to employ other types
of stem cells in the treatment of diseases involving nonblood
tissues. I

You have probably noticed that all the molecular regulators
of stem cells are familiar signal proteins rather than dedi-
cated regulators that specialize in stem-cell control. Each
type of signal is used repeatedly to control cell fates and pro-
liferation. These are ancient signaling systems, at least a half
billion years old, for which new uses have emerged as cells,
tissues, organs, and animals have evolved new variations.
\7e will see many more examples of such evolutionary con-
servation in the next chapter on development.

Meristems Are Niches for Stem Cells in
Postnatal Plants

Stem cells in plants are located in meristems, popula-
tions of undifferentiated cells found at the tips of grow-

ing shoots. Shoot apical meristems (SAMs) produce leaves
and shoots as well as more stem cells that constitute the
nearly immortal meristems. Meristems can persist for thou-
sands of years in long-lived species such as redwood trees
and bristlecone pines. As a plant grows, the cells "left
behind" the meristems are encased in rigid cell walls and can
no longer grow. SAMs can split to form branches, each
branch with its own SAM, or be converted into floral meris-
tems (Figure 21-16). Floral meristems give rise ro the four
floral organs-sepals, stamens, carpels, and petals-that
form flowers. Unlike SAMs, floral meristems are gradually
depleted as they give rise to the floral organs.

A meristem is a stem-cell niche, but much remains to be
learned about how the niche is created and maintained.
Numerous genes have been found to regulate the forma-
tion, maintenance, and properties of meristems. Many of
these genes encode transcription factors that direct progeny
of stem cells down different paths of differentiation. For in-
stance, a hierarchy of regulators, particularly transcription
factors, controls the separation of differentiating cells from
SAMs as leaves form; similarlS three types of regulators
control formation of the floral organs from floral meris-
tems (see Figure 22-36). In both cases, a cascade of gene
interactions occurs, with earlier transcription factors caus-
ing production of later ones. At the same time, cells are di-
viding and the differentiating ones are spreading away
from their original birth sites. One signal rhat creates the
plant niche is ZwillelPinhead, which encodes a protein re-
lated to the Piwi protein that supports stem-cell niches in
animals (see Figure 21-8). These are "argonaute" family
proteins, which repress genes in response to certain small
RNA molecules. I
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(a) Regions of shoot apical
and f loral meristems

(b) Fates of cel ls in L2 layer

A FIGURE 21-16 Cell fates in meristems oI Arabidopsrs. (a) In
these longitudinal sections, cell nuclei are revealed by staining with
propidium iodide, which binds to DNA. Iop: The shoot apical
meristem (SAM) produces shoots, leaves, and more meristem. Flower
production occurs when the meristem swrtches from leaf/shoot
production to flower production, concomitant with an increase in the
number of meristem cells to form floral meristems (FMs), as shown
here Middle: Cells in a SAM exhibit different fates and behaviors.
Cells divide rapidly in the peripheral zone (PZ, green) to produce
leaves and in the rib zone (Rib, blue) to produce central shoot
structures. Cells in the central zone (CZ, red) divide more slowly,
producing an ongoing source of meristem and contributing cells to
the PZ and Rib. Eottorn: The layers of the meristem, colored blue,
pink and yellow here, are each derived (cloned) from the same
precursor cell. Scale bars, 50 pm (b) Color coding shows the fates of
cells in different positions in the L2 layer. The color code does not
correspond to that in part (a). [Part (a) from E Meyerowitz, 1997, Cell
88:299; micrographs courtesy of Elliot Meyerowitz Part (b) after C Wolpert
et al , 2002, Principles of Development,2d ed , Oxford University Press l

The Birth of Cells: Stem Cells, Niches, and Lineage

r In asymmetric cell division, two different types of daugh-
ter cells are formed from one mother cell. In contrast, both
daughter cells formed in symmetric divisions are identical

but may have different fates if they are exposed to different
external signals (see Figure 21-1).

r Pluripotent stem cells can produce more than one type of
descendant cell, including in some cases a stem cell with a
more-restricted potential to produce differentiated cell

types.

r Embryonic development of C. elegans begins with asym-
metric division of the fertilized egg (zygote). The lineage of

all the cells in adult worms is known and is highly repro-

ducible (see Figure 21-5).

r Short regulatory RNAs (micro RNAs) control the timing

of developmental cell divisions by preventing translation of
mRNAs whose encoded proteins control cell lineages (see

Figure 2L-5).

r Cultured embryonic stem cells (ES cells) are capable of
giving rise to many kinds of differentiated cell types. They

are useful in production of genetically altered mice and of-
fer potential for therapeutic uses. Specific transcription fac-

tors and chromatin regulators are important in giving ES

cells their unusual properties.

r Stem cells are formed in niches that provide signals to
maintain a population of nondifferentiating stem cells. The

niche must maintain stem cells without allowing their ex-

cess proliferation and must block differentiation.

r Germline cells give rise to eggs or sperm. By definition'
all other cells are somatic cells.

r Populations of stem cells associated with the gonads,

skin, intestinal epithelium and most other tissues regener-

ate differentiated tissue cells that are damaged or sloughed

or become aged (see Figures 21'-8-21-11',21,-14)'

r In the blood cell lineage, different precursor types form

and proliferate under the control of distinct cytokines (see

Figure 21-1.5). This allows the body to specifically induce

the replenishment of some, or all, of the necessary types.

r Stem cells are prevented from differentiating by specific

controls that operate in the niche. A high level of B-catenin,
a component of the tJfnt signaling pathway' has been im-

plicated in preserving stem cells in the skin and intestine by

directing cells toward division rather than differentiation

states.

r Plant stem cells persist for the life of the plant in the

meristem. Meristem cells can give rise to a broad spectrum

of cell types and structures (see Figure 21-1'61'

Cell-Type Specification in Yeast
In the previous section, we saw that stem cells and precur-

sor/progenitor cells produce progeny that embark upon spe-

cific differentiation paths. The elegant regulatory mecha-

nisms of differentiation are referred to as cell-type

specification Specification usually involves a combination
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of external signals with internal signal-transduction mecha-
nisms like those described in Chapters 15 and 15. The tran-
sition from an undifferentiated cell to a differentiating one
often involves the production of one or a small number of
transcription factors. The newly produced transcription fac-
tors are powerful switches that trigger the activation (and
sometimes repression) of large batteries of subservient genes.
Thus an initially modest change can cause massive changes
in gene expression that confer a new character on the cell.

Our first example of cell-type specification comes from
the budding yeast, S. cereuisiae. We introduced this useful
unicellular eukaryote way back in Chapter 1 and have en-
countered it in several other chapters. S. cereuisiae forms
three cell types: haploid a and ct cells, and diploid a/ct cells.
Each type has its own distinctive set of active genes; many
other genes are active in all three cell types. In a parrern com-
mon to many organisms and tissues, cell-type specification
in yeast is controlled by a small number of transcription fac-
tors that coordinate the activities of many other genes. Sim-
ilar regulatory features are found in the responses of higher
eukaryotic cells to environmental signals and in the specifi-
cation and patterning of cells and tissues during develop-
ment (Chapter 22).

DNA microarray studies have provided a genome-wide
picture of the fluctuations of gene expression in the different
cell types and different stages of the S. cereuisiae life cycle
(see Figure 5-29 for an explanation of the DNA microarray
technique). Among other things, these studies identified 32
genes that are transcribed at more than twofold higher levels
in o. cells than in a cells. Another 50 genes are transcribed at
more than twofold higher levels in a cells than in cr cells. The
products of these 82 genes, which initially are activated by
cell-type specification transcription regulators, convey many
of the critical differences between the two cell types. The re-
sults clearly demonstrate that changes in expression of only
a small fraction of the genome, in this case (2 percent of the
=5000 yeast genes, can significantly alter the behavior and
properties of cells. Transcription of a much larger number of
genes, about 25 percent of the total assayed, differed sub-
stantially in diploid cells compared with haploid cells. These
differences in expression patterns make sense since a and ct
cells are very similar (hence, expression of relatively few
genes differ between them), whereas haploid and diploid
cells are quite different.

Mating-Type Transcript ion Factors Specify
Cell Types
Each of the three S. cereuisiae cell types expresses a unique
set of regulatory genes that is responsible for all the differ-
ences among the three cell types. All haploid cells express
certain haploid-specific genes; in addition, a cells express a-
specific genes, and o. cells express cr-specific genes. In a"/a
diploid cells, diploid-specific genes are expressed, whereas
haploid-specific, a-specific, and a-specific genes are not. As
illustrated in Figure 21,-17, three cell type-specific transcrip-
tion factors (o.L, u2, and a1) encoded atthe MAT locus act
in combination with a general transcription factor called

MATU2 MATaI

+CC+>@]

(c) a/cr cell

MATU2 MATU|

  FIGURE 21-17 Transcriptional control of cell type-specific
genes in S. cerevisiae. The coding sequences carried at the MAT
locus differ in haploid a and a cells and in diploid cells. Three type-
specific transcription factors (ct1, o2, and a1)encoded atthe MAT
locus act with MCM1, a constitutive transcription factor produced
by all three cell types, to produce a distinctive pattern of gene
expression in each of the three cell types. asg : a-specific
geneVmRNAs; cr59 : a-specific genes/mRNAs; hsg : haploid-
specific Aenes/mRNAs.

MCMI, which is expressed in all three cell types, to mediate
cell type-specific gene expression in S. cereuisiae. Thus the
actions of just three transcription factors can set the yeast
cell on a specific differentiation pathway culminating in a
particular cell type. From the DNA microarray experiments
we know one effect of these key players: the activation or
repression of many dozens of genes that control cell charac-
tenstrcs.

MCM1 was the first member of the MADS family of
transcription factors to be discovered. (MADS is an acronym
for the initial four factors identified in this family.) The
DNA-binding proteins composing this family dimerize and
contain a similar N-terminal MADS domain. In Section 21.3
we will encounter other MADS transcription factors that
participate in development of skeletal muscle. MADS tran-
scription factors also specify cell types in floral organs (see
Figure 22-35). Acting alone, MCM1 activates transcription
of a-specific genes in a cells and of haploid-specific genes in
both ct and a cells (see Figure 21,-17a, b).In haploid o cells,

( a )  a  ce l l -- --::
\

J- MArE-T

( b )  o c e l l

l l
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cr-specific URS No tanscription of
a-specific genes

(b)  o  ce l l s

(a )  a  ce l l s MCMl  d imer < FIGURE 21-18 Activity of MCMl in a
and a yeast cells. MCMl binds as a dimer to
the P site in ct-specific and a-specif ic upstream
regulatory sequences (URSs), which control
transcription of o-specific aenes and a-specific
genes, respectively. (a) In a cells, MCMl
stimulates transcription of a-specific genes.
MCMl does not bind efficiently to the P site in
o-specrfic URSs in the absence of o1 protein
(b) In o cells, the activity of MCMl is modified
by its association with cr1 or o2 The o1-MCM1
complex stimulates transcription of a-specific
genes, whereas the o2-MCM1 complex blocks
transcription of a-specific genes. The o2-
MCMl complex also is produced in diploid
cells, where it has the same blocking effect
on transcription of a-specific Aenes (see
i loure zt - t  /c) .

a-specif ic URS

s 2  d i m e r

Transcription of
a-specific genes

Transcription of
a-specific genes

a-specif ic URS

however, the activity of MCM1 also is determined by its as-
sociation with the o.1. or a2 transcription factor. As a result
of this combinatorial action, MCM1 promotes transcription
of a-specific genes and represses transcription of a-specific
genes in cr cells. Now let's take a closer look at how MCM1
and the MAT-encoded proteins exert their effects.

MCMl and a1-MCM1 Complexes Act ivate
Gene Transcript ion

In a cells, homodimeric MCM1 binds to the so-called P box
sequence in the upstream regulatory sequences (URSs) of a-
specific genes, stimulating their transcription (Figure 21-18a).
Transcription of o.-specific genes is controlled by two adja-
cent sequences-the P box and the Q box-located in the
URSs associated with these genes. Although MCM1 alone
binds to the P box in a-specific URSs, it does not bind to the
P box in a-specific URSs. Thus a cells do not rranscribe a-
specific genes.

In ct cells, which produce the ct1 transcription factor en-
coded by MATa, the simultaneous binding of MCM1 and
cr,1 to PQ sites occurs with high affinity (Figure 21-18b1.
This binding turns on transcription of cr-specific genes.
Therefore, a-specific transcription is a simple matter of a
single transcription factor binding to its target genes, while
ct-specific transcription requires a combination of two
factors-neither of which can activate target genes alone.

a2-MCM1 and c2-a1 Complexes Repress
Transcript ion
Highly specific binding occurs as a consequence of the inter-
action of o2 with other transcription factors at different sites
in DNA. Flanking the P box in each a-specific URS are two
cr2-binding sites. Both MCM1 and a2 can bind independ-
ently to an a-specific URS with relatively low affinity. In cr
cells, however, highly cooperative, simultaneous binding of
both ct2 and MCM1 proteins to these sites occurs with high
affinity. This high-affinity binding represses transcription of

No transcription ol
a-specific genes

a-specific genes, ensuring that they are not expressed in e
cells and diploid cells (see Figure 21.-1.8b,right).MCM1pro-
motes binding of a2 to an a-specific URS by orienting the
two DNA-binding domains of the ct2 dimer to the a2-bind-
ing sequences in this URS. Since a dimeric cr2 molecule binds
to both sites in an cr-specific URS, each DNA site is referred
to as a half-site. The relative positions of both half-sites and
their orientation are highly conserved among different a-
specific URSs.

Combinations of transcription factors create additional
specificity in gene regulation. The presence of numerous c2-
binding sites in the genome and the "relaxed" specificity of ct2
protein may expand the range of genes that it can regulate.
For instance, in a/ct diploid cells, cr2 forms a heterodimer with
a1 that represses both haploid-specific genes and the gene en-
coding a1 (see Figure 21,-1,7c). The example of a2 suggests
that relaxed specificity may be a general strategy for increas-
ing the regulatory range of a single transcription factor.

Pheromones Induce Mating of a and a Cells to
Generate a Third Cell Type

An important feature of the yeast life cycle is the ability of
haploid a and c cells to mate, that is, attach and fuse giving
rise to a diploid ala cell (see Figure 1-5). Each haploid cell
type secretes a different mating factor, a small polypeptide
pheromone, and expresses a cell-surface G protein-coupled
receptor that recognizes the pheromone secreted by cells of
the other type. Thus a and a cells both secrete and respond
to pheromones (Figure 21,-1,9). Binding of the mating factors
to their receptors induces expression of a set of genes encod-
ing proteins that direct arrest of the cell cycle in G1 and pro-
mote attachment/fusion of haploid cells to form diploid
cells. In the presence of sufficient nutrients, the diploid cells
will continue to grow. Starvation, however, induces diploid
cells to progress through meiosis, each yielding four haploid
spores. If the environmental conditions become conducive to
vegetative growth, the spores will germinate and undergo
mitotic division.

cr-specif ic URS
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A FIGURE 21-19 Pheromone-induced mating of haploid yeast
cells. The a cells produce o mating factor and a-factor receptor; the
a cells produce a factor and o.-factor receptor Binding of the mating
factors to their cognate receptors on cells of the opposite type leads
to gene activation, resulting in mating and production of diploid
cells In the presence of sufficient nutrients, these cells wil l grow as
diploids Without sufficient nutrients, cells wil l underqo meiosis and
form four haploid spores.

Studies with yeast mutants have provided insights into
how the a and ct pheromones induce mating. For instance,
haploid yeast cells carrying mutations in the steri le 12
(STE12) locus cannot respond to pheromones and do not

mate. The STE12 gene encodes a transcription factor that
binds to a DNA sequence referred to as the pheromone-
responsive element, which is present in many different a- and
a-specific URSs. Binding of mating factors to cell-surface re-
ceptors induces a cascade of signaling events, resulting in
phosphorylation of various proteins including the Ste12 pro-
tein (see Figure l6-28a). This rapid phosphorylation is cor-
related with an increase in the ability of Ste12 to stimulate
transcription. It is not yet known, however, whether Ste12
must be phosphorylated to stimulate transcription in re-
sponse to pheromone.

Interaction of Ste12 protein with DNA has been studied
most extensively at the URS controlling transcription of
STE2, an a-specific gene encoding the receptor for the cr
pheromone. Pheromone-induced production of the o recep-
tor encoded by STE2 increases the efficiency of the mating
process. Adjacent to the a-specific URS in the STE2 gene is a
pheromone-responsive element that binds Ste12. When a
cells are treated with ct pheromone, transcription of the
STE2 gene increases in a process that requires Ste12 protein.
Ste12 protein has been found to bind most efficiently to the
pheromone-responsive element in the STE2 URS when
MCM1 is simultaneously bound to the adjacent P site. I(e
saw previously that MCM1 can act as an activator or a re-
pressor at different URSs depending on whether it com-
plexes with a1 or o.2. In this case, the function of MCM1 as
an activator is stimulated by the binding of yet another tran-
scription factor, Ste12, whose activity is modified by extra-
cellular signals.

Cell-Type Specification in Yeast

r Specification of each of the three yeast cell types-the a
and cr haploid cells and the diploid a"/a cells-is determined
by a unique set of transcription factors acting in different
combinations at specific regulatory sites in the yeast
genome (see Figure 21,-1,7).

r Some transcription factors can act as repressors or acti-
vators depending on the specific regulatory sites they bind
and the presence or absence of other transcription factors
bound to neighboring sites.

r Binding of mating-type pheromones by haploid yeast
cells activates expression of genes encoding proteins that
mediate mating, thereby generating the third yeast cell type
(see Figure 21-19).

Specification and Differentiation
of Muscle
An impressive array of molecular strategies, some analogous
to those found in yeast cell-type specification, have evolved
to carry out the complex developmental pathways that char-
acterize multicellular organisms. Muscle cells have been the
focus of many such studies because their development can be
studied in cultured cells as well as in intact animals. Early

Cell-cycle arresl
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advances in understanding the formation of muscle cells
(myogenesis) came from discovering regulatory genes that
could convert cultured cells into muscle cells. Then mouse
mutations affecting those genes were created and studied to
learn the functions of the proteins encoded by these genes,
following which scientists have investigated how the muscle
regulatory genes control other genes.

Recent microarray studies have looked for genes
whose transcription differs in various subtypes of muscle
in mice. These studies have identif ied 49 genes out of
the 3000 genes examined that are transcribed at substan-
tially different levels in red (endurance) muscle and white
(fast response) muscle. Clues to the molecular basis of
the functional differences between red and white muscle
are l ikely to come from studying those 49 genes and their
products.

Here we examine the role of certain transcription factors
in creating skeletal muscle in vertebrates. These muscle reg-
ulators illustrate how coordinated transcription of sets of
target genes can produce differentiated cell types and how a
cascade of transcriptional events and signals is necessary to
coordinate cell behaviors and functions.

Embryonic Somites Give Rise to Myoblasts
Vertebrate skeletal myogenesis proceeds through three
stages: determination of the precursor muscle cells, called
myoblasts, which commits them to a muscle cell fate; prolif-
eration and in some cases migration of myoblasts; and their
terminal differentiation into mature muscle (Figure 21,-20).
In the first stage, myoblasts arise from blocks of mesoderm
cells, called somites, that are located next to the neural tube
in the embryo. Specific signals from surrounding tissue play
an important role in determining where myoblasts will
form in the developing somite. At the molecular level, the
"decision" of a mesoderm cell to adopt a muscle cell fate
reflects the activation of genes encoding particular transcrip-
tion factors.

As myoblasts proliferate and migrate, say, to a develop-
ing limb bud, they become aligned, stop dividing, and fuse to
form a syncytium (a cell containing many nuclei but sharing
a common cytoplasm). 

'We 
refer to this multinucleate cell as

a myotube. Concomitant with cell fusion is a dramatic rise in
the expression of genes necessary for further muscle devel-
opment and function.

The specific extracellular signals that induce determina-
tion of each group of myoblasts are expressed only tran-
siently. These signals trigger production of intracellular fac-
tors that maintain the myogenic program after the inducing
signals are gone. We discuss the identification and functions
of these myogenic proteins, and their interactions, in the
next several sections.

Myogenic  Genes Were F i rs t  ldent i f ied in  Studies
with Cultured Fibroblasts
Myogenic genes are a fine example of how transcription fac-
tors control the progressive differentiation that occurs in a

Somite

MyoD/MyfS 
|  [  O"ter- lnat ion

+
.-:\€)(D\r9G

Myoblasts

Myogen in  and MEFs |  [ l  e ro t i te ra t ion  and/or  migra t ion

*
Premuscle masses

I
I p Oitterentiation and cell fusion
v

Dermomyotome
(gives r ise to dermis
of skin and muscle
precursors)

Myotube (muscle celll

A FIGURE 21-20 Three stages in development of vertebrate
skeletal muscle. Somites are epithelial spheres of embryonic
mesoderm cells, some of which (the myotome) become determined
as myoblasts after receiving signals from other tissues (tr). After the
myoblasts proliferate and migrate to the l imb buds and elsewhere
(Z), they undergo terminal differentiation into multinucleate
skeletal muscle cells, called myotubes (B). Key transcription factors
that help drive the myogenic program are highlighted in yellow See
a l so  F igu re  21 -23 .

cell l ineage. In vitro studies with the fibroblast cell l ine
designated C3H 1.0TV2 have played a central role in dis-

secting the transcription control mechanisms regulating

skeletal myogenesis. When incubated in the presence of 5-

azacytidine (a cytidine derivative that cannot be methy-
lated), C3IH l\Tyz cells differentiate into myotubes. Upon
entry into cells, S-azacytidine is converted to 5-azadeoxycy-
tidine triphosphate and then is incorporated into DNA in
place of deoxycytidine. Because methylated deoxycytidine
residues commonly are present in transcriptionally inactive

DNA regions, replacement of cytidine residues with a deriv-
ative that cannot be methylated may permit activation of
genes previously repressed by methylation.

The high frequency at which azacytidine-treated C3H
10Ty2 cells are converted into myotubes suggested to early

workers that reactivation of one or a small number of closely

linked genes is sufficient to drive a myogenic program. To

test this hypothesis, researchers isolated DNA from C3H
10T\/z cells grown in the presence of S-azacytidine and

transfected it into untreated cells. The observation that 1 in

104 cells transfected with this DNA was converted into a

myotube is consistent with the hypothesis that one or a small

set of closely linked genes is responsible for converting fi-

broblasts into myotubes.
Subsequent studies led to the isolation and characteriza-

tion of four different but related genes that can convert
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> EXPERIMENTAL FIGURE 21-21 Myogenic aenes isolated from
azacytidine-treated cells can drive myogenesis when
transfected into other cells. (a) When C3H '1 0T% cells (a fibroblast
cell l ine) are treated with azacytidine, they develop into myotubes at
high frequency. To isolate the genes responsible for converting
azacytidine-treated cells into myotubes, all the mRNAs from treated
cells f irst were isolated from cell extracts on an oligo-dT column.
Because of their poly(A) tails, mRNAs are selectively retained on this
column. The red mRNAs represent molecules enriched in azacytidine-
treated cells; the pink ones are all other mRNAs Steps I and E:The
isolated mRNAs were converted to radiolabeled cDNAs. Step B:
When the cDNAs were mixed with mRNAs from untreated C3H 10f1/z
cells, only cDNAs derived from mRNAs (l ight red) produced by both
azacytidine-treated cells and untreated cells hybridized. The resulting
double-stranded DNA was separated from the unhybridized cDNAs
(dark blue) produced only by azacytidine-treated cells. Step Zl: The
cDNAs specific for azacytidine-treated cells then were used as probes
to screen a cDNA library from azacytidine-treated cells (see Figure 5-16).
At least some of the clones identified with these probes correspond to
genes required for myogenesis (b) Each of the cDNA clones identif ied
in part (a) was incorporated into a plasmid carrying a strong promoter.
Steps I and E: C3H 10T1/z cells were cotransfected with each
recombinant plasmid plus a second plasmid carrying a gene conferring
resistance to an antibiotic called G418; only cells that have incorporated
the plasmids wil l grow on a medium containing G418. One of the
selected clones, designated myoD, was shown to drive conversion of
C3H 10f1/z cells into muscle cells, identif ied by their binding of labeled
antibodies against myosin, a muscle-specific protein (step E) [See R L
Davis et al ,1987, Cell 51:987 l

C3I{ 10T1/z cells into muscle. Figure 21-21 oudines rhe
experimental protocol for identifying and assaying one of
these genes, called the myogenic determination (myoD) gene.
C3H 10Ty2 cells transfected with myoD cDNA and those
treated with S-azacytidine both formed myotubes. The myoD
cDNA also was able to converr a number of other cultured cell
lines into muscle. Based on these finding s, the myoD gene was
proposed to play a key role in muscle development. A similar
approach identified three other genes-myogenin, myfS, and
mrf4-that also function in muscle development.

Two Classes of Regulatory Factors Act in
Concert to Guide Production of Muscle Cells
The four myogenic proteins-MyoD, Myf5, myogenin, and
MRF4-are all members of the basic helix-loop-helix
(bHLH) family of DNA-binding transcription factors (see
Figure 7-26). Near the center of these proteins is a basic
DNA-binding (B) region adjacent to the HLH domain, which
mediates dimer formation. Flanking this central DNA- bind-
ing/dimerization region are tvvo activation domains. We refer
to the four myogenic bHLH proteins collectively as muscle
regulatory factors, or MRFs (Figure 21-22a).

bHLH proteins form homo- and heterodimers that bind to
a 6-bp DNA site with rhe consensus sequence CANNTG (N :
any nucleotide). Referred to as the E box, this sequence is
present in many different locations within the genome (on a
purely random basis the E box will be found every 256 nu-
cleotides). Thus some mechanism(s) must ensure that MRFs

(a) Screen for myogenic genes
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(b) Assay for myogenic activi ty of myoD cDNA
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(a) Structure of muscle-regulatory factors {MRFs)

DNA b ind ing /d imer iza t ion

Transactivationl B I HLH lTransactivation

tion with myogenin (Figure 21-22b). The synergistic action of
the MEF homodimer and MRF-E2A heterodimer is thought
to drive high-level expression of muscle-specific genes.

Knockout mice and Drosophila mutants have been used
to explore the roles of MRF and MEF proteins in conferring
myogenic specificity in intact animals, extending the work in
cell culture. These experiments demonstrated the impor-
tance of three of the MRF proteins (MyoD, Myf5, and myo-
genin) and of MEF proteins for distinct steps in muscle de-
velopment (see Figure 21,-20). The function of the fourth
myogenic protein, Mrf4, is not entirely clear.

Differentiat ion of Myoblasts ls Under Posit ive
and Negative Control

Powerful developmental regulators like the MRFs cannot be
allowed to run rampant. In fact, their actions are ctrcum-
scribed at several levels. First, production of the muscle regu-
lators is activated only in mesoderm cells in response to locally
acting signals, such as Hedgehog,'Wnt, and BMP, that are pro-
duced at the right time and place in the embryo. Other pro-
teins mediate additional mechanisms for assuring tight control
over myogenesis: chromatin-remodeling proteins are needed
to make target genes accessible to MRFs; inhibitory proteins
can restrict when MRFs act; and antagonistic relations be-
tween cell-cycle regulators and differentiation factors like
MRFs ensure that differentiating cells will not divide, and vice
versa. All these factors control when and where muscles form.

Activating Chromatin-Remodeling Proteins MRF pro-
teins control batteries of muscle-specific genes, but can do so
only if chromatin factors allow access. Remodeling of chro-
matin, which usually is necessary for gene activation, is car-
ried out by large protein complexes (e.g., S'$fVSNF complex)
that have ATPase and perhaps helicase activity. These com-
plexes recruit histone acetylases that modify chromatin to
make genes accessible to transcription factors (Chapter 7).
The hypothesis that remodeling complexes help myogenic
factors was tested using dominant-negative versions of the
ATPase proteins that form the cores of these complexes. (Re-

call from Chapter 5 that a dominant-negative mutation pro-

duces a mutant phenotype even when a normal allele of the
gene also is present.) 

'$fhen 
genes carrying these dominant-

negative mutations were transfected into C3H 10T72 cells,
the subsequent introduction of myogenic genes no longer
converted the cells into myotubes. In addition, a muscle-
specific gene that is normally activated did not exhibit its

usual pattern of chromatin changes in the doubly transfected
C3H t0T1/z cells. These results indicate that transcription
activation by myogenic proteins depends on a suitable chro-
matin structure in the regions of muscle-specific genes.

MEF2 recruits histone acetylases such as p300/CBR through
another protein that serves as a mediator, thus activating
transcription of target genes. Chromatin immunoprecipita-

tion experiments with antibodies against acetylated his-
tone H4 show that the acetylated histone level associated
with MEF2-regulated genes is higher in differentiated my-

otubes than in myoblasts (see Figure 7-37).

cooH

HzN

MEF-interactinq domain

(b) Structure of myocyte-enhancing factors (MEFs)

DNA b ind ing /d imer iza t ion

M A D S I M E F  I  T r a n s a c t i v a t i o n cooH

MRF-interact ing domain

  FIGURE 21-22 General structures of two classes of
transcription factors that participate in myogenesis. MRFs (muscle
regulatory factors), such as myogenin and MyoD, are bHLH (basic helix-
loop-helix) proteins produced only in developing muscle MEFs
(myocyte-enhancing factors), which are produced in several tissues in
addition to developing muscle, belong to the MADS family. The
myogenic activity of MRFs is enhanced by their interaction with MEFs
The domain structures of the proteins are shown, including
transactivation, basic (B), helix-loop-helix (HLH), MADS and MEF
domains,

specifically regulate muscle-specific genes and not other genes
containing E boxes in their transcription-control regions. One
clue to how this myogenic specificity is achieved was the find-
ing that the DNA-binding affinity of MyoD is tenfold greater
when it binds as a heterodimer complexed with E2A, another
bHLH protein, than when it binds as a homodimer. Moreover,
in azacytidine-treated C3H 10Ty2 cells, MyoD is found as a
heterodimer complexed with E2A, and both proteins are re-
quired for myogenesis in these cells. The DNA-binding do-
mains of E2A and MyoD have similar but not identical amino
acid sequences, and both proteins recognize E box sequences.
The other MRFs also form heterodimers with E2A that have
properties similar to MyoD-E2A complexes. This het-
erodimerization restricts activity of the myogenic transcrip-
tion factors to genes that contain at least two E boxes located
close to each other.

Since E2A is expressed in many tissues, the requirement
for E2A is not sufficient to confer myogenic specificity. Sub-
sequent studies suggested that specific amino acids in the
bHLH domain of all the MRFs confer myogenic specificity
by allowing MRF-E2A complexes to bind specifically to an-
other family of DNA-binding proteins called myocyte en-
hancing factors, or MEFs. MEFs were considered excellent
candidates for interaction with MRFs for two reasons. First,
many muscle-specific genes contain recognition sites for both
MEFs and MRFs. Second, although MEFs cannot induce
myogenic conversion of azacytidine-treated C3H 10T% cells
by themselves, they enhance the ability of MRFs to do so.
This enhancement requires physical interaction between a
MEF and MRF-E2A heterodimer. MEFs belong to the
MADS family of transcription factors and contain a MEF do-
main, adjacent to the MADS domain, that mediates interac-
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Inhibitory Proteins Screening for genes related to myoD
led to identification of a related protein that retains the HLH
dimerization region but lacks the basic DNA-binding region
and hence is unable to bind to E box sequences in DNA. By
binding to MyoD or E2A, this protein inhibits formation of
MyoD-E2A heterodimers and hence their high-affinity bind-
ing to DNA. Accordingly, this protein is referred to as Id, for
inhibitor of DNA binding. Id prevents cells that produce
MyoD andE2A from activating transcription of the muscle-
specific gene encoding creatine kinase. As a result, the cells
remain in a proliferative growth state. When these cells are
induced to differentiate into muscle (for instance, by the
removal of serum, which contains the growth factors re-
quired for proliferative growth), the Id concentration falls.
MyoD-E2A dimers now can form and bind to the regulatory
regions of target genes, driving differentiation of C3H
10Ty2 cells into myoblast-l ike cells.

The role of histone deacetylases, which inhibit transcrip-
tion, in muscle development was revealed in experiments in
which scientists first introduced extra myoD genes into cul-
tured C3H 10T1/z cells to raise the level of MyoD. This re-
sulted in increased activation of target genes and more rapid
differentiation of the cells into myotubes. However, when
genes encoding histone deacetylases also were introduced into
the C3H 10Ty2 cells, the muscle-inducing effect of MyoD
was blocked and the cells did not differentiate into myotubes.
The explanation for how histone deacetylases inhibit MyoD-
induced muscle differentiation came from the surprising find-
ing that the muscle gene activator MEF2 can bind, through its
MADS domain, to a histone deacetylase. This interaction,
which can prevent MEF2 function and muscle differentiation,
is normally blocked during differentiation because the histone
deacetylase is phosphorylated by a Ca2* lcalmodulin-dependent
protein kinase; the phosphorylated deacetylase then is moved
from the nucleus to the cytoplasm. Taken together, these re-
sults indicate that activation of muscle genes by MyoD and
MEF2 is in competition with inactivation of muscle genes by
repressive chromatin structures.

Cell-Cycle Proteins The onset of terminal differentiation
in many cell types is associated with arrest of the cell cycle,
most commonly in G1, suggesting that the transition from
the determined to differentiated state may be influenced by
cell-cycle proteins including cyclins and cyclin-dependent
kinases (Chapter 20). For instance, certain inhibitors of cy-
clin-dependent kinases can induce muscle differentiation in
cell culture, and the amounts of these inhibitors are
markedly higher in differentiating muscle cells than in non-
differentiating ones in vivo. Converseln differentiation of
cultured myoblasts can be inhibited by transfecting the
cells with DNA encoding cyclin D1 under the control of a
constitutively active promoter. Expression of cyclin D1,
which normally occurs only during G1, is induced by mito-
genic factors in many cell types and drives the cell cycle
(see Figure 20-32). The ability of cyclin DL to prevent my-
oblast differentiation in vitro may mimic aspects of the in
vivo signals that antagonize the differentiation pathway.
The antagonism between negative and positive regulators

of G1 progression is likely to play an important role in con-
troll ing myogenesis in vivo.

Cel l -Cel l  S ignals  Are Cruc ia l  for  Determinat ion
and Migrat ion of  Myoblasts

As noted akeady,after myoblasts arise from somites, they must
move to their proper locations and form the correct attach-
ments as they differentiate into muscle cells (Figure 21,-23).Ex-
pression of myogenic genes often occurs after elaborate
events that tell certain somite cells to delaminate from the
somite epithelium and guide their subsequent movements to
muscle assembly sites.

A transcription factor, Pax3, is produced in the subset of
somite cells that will form muscle. Pax3 appears to be at the
top of the regulatory hierarchy controlling muscle formation
in the body wall and limbs. Myoblasts that will migrate, but
not cells that remain behind, also produce a transcription
factor called Lbx1. If Pax3 is not functional, Lbxl tran-
scripts are not produced and myoblasts do not migrate. Both
Pax3 and Lbxl can affect expression of myoD. The depar-
ture of myoblasts from somites also depends upon reception
of a secreted protein signal appropriately called scatter fac-
tor, Qr hepatocyte grocuth factor (9F/HGF). This signal,
which is produced by embryonic connective tissue cells (mes-
enchyme) in the limb buds, attracts migrating myoblasts,
thus directing them to their proper destination.

Production of SF/HGF is previously induced by still
other secreted signals. If the SF/HGF signal or its receptor on
myoblasts is not functional, somite cells will produce Lbxl
but not go on to migrate; thus no muscles will form in the
limbs. Expression of the myogenin and mrf4 genes does not
begin until migrating myoblasts approach their limb-bud
destinations (see Figure 21.-201.

Dermamyotome
(gives r ise to dermis
of skin and to muscle)

Neura l  tube

Ep idermis

Myoblasts
(migrate from
the myotome
to form
skeletal and
l imb musc les)

o
Notochord

Sclerotome
(gives rise to skeletal structures
such as vertebrae)

  FIGURE 21-23 Embryonic determination and migration of
myoblasts in mammals. After formation of the neural tube, each
somite forms sclerotome, which develops into skeletal structures, and
dermomyotome, which gives rise to the dermis of the skin and to the
muscles. Lateral myoblasts migrate from the dermomyotome to the
limb bud; medial myoblasts develop into the trunk muscles. The
remainder of a dermomyotome gives rise to the connective tissue of
the skin [Adapted from M Buckingiam, 1992, Trends Genet 8:1441
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< FfGURE 21-24 Comparison of genes
that regulate vertebrate myogenesis and
fly neurogenesis. bHLH transcription factors
have analogous functions in determination of
neural and muscle precursor cells and their
subseouent differentiation into mature
neurons and muscle cells In both cases, the
proteins encoded by the earliest-acting genes
(/eft) are under both positive and negative
control by other related proteins (blue type)
See text for details. [Adapted from Y N Jan and
L Y Jan. 1993, Cell75:827 |

Precu rsor determ ination Differentiat ion

'We 
have touched on just a few of the many external

signals and transcription factors that participate in develop-
ment of a properly patterned muscle. The function of all
these regulatory molecules must be coordinated both in
space and in time during myogenesis.

bHLH Regulatory Proteins Function in Creation
of Other Tissues
Four bHLH transcription factors that are remarkably simi-
lar to the myogenic bHLH proteins control neurogenesis in
Drosophila. Similar proteins appear to function in neuroge-
nesis in vertebrates and perhaps in the determination and
differentiation of hematopoietic cells.

The neurogenic Drosophila bHLH proteins are encoded
by an -100-kb stretch of genomic DNA, termed the
achaete-scute complex (AS-C), containing four genes desig-
nated achaete (ac), scute (sc), letbal of scute (l'sc), and
asense 1'a/. Analysis of the effects of loss-of-function muta-
tions indicate that the Achaete (Ac) and Scute (Sc) proteins
participate in determination of neuronal stem cells, called
neuroblasts in fl ies, while the Asense (As) protein is re-
quired for differentiation of the progeny of these cells into
neurons. (Note that the term neuroblasts refers to stem cells
in flies but to precursor cells in mammals.) These functions
are analogous to the roles of MyoD and Myf5 in muscle de-
termination and of myogenin in differentiation. Two other
Drosophila proteins, designated Da and Emc, are analo-
gous in structure and function to vertebrate E2A and Id, re-
spectively. For example, heterodimeric complexes of Da
with Ac or Sc bind to DNA better than the homodimeric
forms of Ac and Sc. Emc, like Id, lacks any DNA-binding
domain; it binds to Ac and Sc proteins, thus inhibiting their
association with Da and binding to DNA. The similar func-
tions of these myogenic and neurogenic proteins are de-
picted in Figure 21-24.

myogenin mRNA
^. /V\^+

Muscle precursor
genes

Fly neurogenesis

genes Emc precursor
genes

A family of bHLH proteins related to the Drosophila
Achaete and Scute proteins has been identified in verte-
brates. One of these, called neurogenin, controls the forma-

tion of neuroblasts. In situ hybridization experiments
showed that neurogenin is produced at an early stage in the
developing nervous system and induces production of Neu-
roD, another bHLH protein that acts later (Figure 21'-25a).
Injection of large amounts of neurogeniz mRNA into Xeno-
pas embryos further demonstrated the ability of neurogenin
to induce neurogenesis (Figure 21,-25b). The function of neu-
rogenin is analogous to that of the Achaete and Scute in
Drosophila; likewise, NeuroD and Asense may have analo-
gous functions in vertebrates and Drosophila.

Specification and Differentiation of Muscle

r Development of skeletal muscle begins with the signal-
induced determination of certain mesoderm cells in somites
as myoblasts. Following their proliferation and migration,

myoblasts stop dividing and differentiate into multinucle-

ate muscle cells (myotubes) that express muscle-specific
proteins (see Figure 21'-20).

r Four myogenic bHLH transcription factors-MyoD,
myogenin, Myf5, and MRF4, collectively called muscle-
regulatory factors (MRFs)-associate with E2A and MEFs

to form large transcriptional complexes that drive myogen-

esis and expression of muscle-specific genes.

r Dimerization of bHLH transcription factors with differ-
ent partners modulates the specificity or affinity of their

binding to specific DNA regulatory sites, and also may pre-

vent their binding entirely.

r The myogenic program driven by MRFs depends on the

SITVSNF chromatin-remodeling complex, which makes

target genes accessible.
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( a )

neuroD mRNA

r The myogenic program is inhibited
tein to MyoD, which blocks binding

by binding of Id pro-
of MyoD to DNA,

neurogenin mRNA

A EXPERIMENTAL FIGURE 21-25 tn situ hybridization and
injection experiments demonstrate that neurogenin acts
before NeuroD in vertebrate neurogenesis. (a) Sections of rat
neural tube were treated with a probe specific for neurogenrn mRNA
(/eft) or neuroD mRNA (nght) The open space in the center is the
ventricle, and the cells l ining this cavity constitute the subventricular
layer All the neural cells are born in the subventricular layer and then
migrate outward (see Figure 21-12), As i l lustrated in these
micrographs, neurogenin mRNA is produced in proliferating
neuroblasts in the subventricular layer (arrow), whereas neuroD

B-tubulin mRNA neurogenin mRNA

mRNA is present in migrating neuroblasts that have left the
ventricular zone (arrow). (b) One of the two cells in early Xenopus
embryos was injected with neurogenrn mRNA (inj) and then stained
with a probe specific for neuron-specific mRNAs encoding B-tubulin
(/eft) or NeuroD (right). The region of the embryo derived from the
uninjected cell served as a control (con) The neurogenrn mRNA
induced a massive increase in the number of neuroblasts expressing
neuroD mRNA and neurons expressing B-tubulin mRNA in the region
of the neural tube derived from the injected cell lrrom Q Ma et al ,
1996, Cell 87:43; courtesyof D J Anderson l

may yield unequal daughter cells, for example, one that re-
mains attached to a stalk and one that develops flagella used
for swimming.

Essential to asymmetric cell division is polarization of
the parental cell and then differential incorporation of parts
of the parental cell into the two daughters (Figure 21-26). A
variety of molecular mechanisms are employed to create and
propagate the initial asymmetry that polarizes the parental
cell. In addition to being different, the daughter cells must
often be placed in a specific orientation with respect to sur-
rounding structures. 

'When 
stem cells divide asymmetrically,

the cell that remains in contact with niche signals will persist
as a stem cell. Therefore, the mitotic spindles and cell polar-
ity must be aligned with the overall tissue so that differenti-
ating cells move off in the right direction, and so that at least
one daughter remains in the stem-cell niche to perpetuate the
stem-cell population. This phenomenon is exemplified in the
division of neural stem cells during embryonic development
(see Figure 21-12b).

We begin with an especially well-understood example of
asymmetric cell division, the budding of yeast cells, and
move on to recently discovered protein complexes important
for asymmetric cell divisions in multicellular organisms. Nfe
see in the yeast example an elegant system that links asym-
metric division to the process of controlling cell type.

Yeast Mating-Type Switching Depends upon
Asymmetric Cell  Division
S. cereuisiae cells use a remarkable mechanism to control the
differentiation of the cells as the cell l ineage progresses.'Sfhether 

a haploid yeast cell exhibits the ct or a maring rype

and by histone deacetylases, which repress activation of
target genes by MRFs.

r Migration of myoblasts to the limb buds is induced by
scatter factor/hepatocyte growth factor (SF/HGF), a pro-
tein signal secreted by mesenchymal cells (see Figure 21,
23). Myoblasts must express both the Pax3 and Lbxl tran-
scription factors to migrate.

r Terminal differentiation of myoblasts and induction of
muscle-specific proteins do not occur until myoblasts stop
dividing and migrating.

r Neurogenesis in Drosopbila depends upon a set of four
neurogenic bHLH proteins that are conceptually and struc-
turally similar to the vertebrate myogenic proteins (see
Figure 21-24 ).

r A related vertebrate protein, neurogenin, is required for
formation of neural precursors and also determines their
fate as neurons or glial cells.

Regulation of Asymmetric
Cell  Division
During embryogenesis, the earliest stage in animal develop-
ment, asymmetric cell division often creates the initial diver-
sity that ultimately culminares in formation of specific dif-
ferentiated cell types. Both stem cells and precursor cells can
divide asymmetrically via similar mechanisms, although the
details vary with the tissue. Even in bacteria, cell division
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A FIGURE 21-26 General features of asymmetric cell division.
Various mechanisms can lead to asymmetric distribution of
cytoplasmic components, such as particular proteins or mRNAs (red
dots), thereby forming a polarized parental cell Division of a
polarized cell wil l be asymmetric if the mitotic spindle is oriented so
that the localized cytoplasmic components are distributed unequally
to the two daughter cells, as shown here. However, if the spindle is
positioned differently relative to the localized cytoplasmic components,
division of a polarized cell may produce equivalent daughter cells.

is determined by which genes are present at the MAT locus
(see Figure 2t-1,71. As described in Chapter 7, the MAT lo-
cus in the S. cereuisiae genome is flanked by two "silent,"
transcriptionally inactive loci containing the alternative o or
a sequences (see Figure 7-33\. A specific DNA rearrange-
ment brings the genes that encode the cr-specific or a-specific
transcription factors from these silent loci to the active MAT
locus where they can be transcribed.

Interestingly, some haploid yeast cells can switch repeat-
edly between the cr and a types. Mating-type switching occurs
when the a allele occupying the MAT locus is replaced by the
a allele, or vice versa. The first step in this process is catalyzed
by HO endonuclease, which is expressed in mother cells but
not in daughter cells. Thus mating-type switching occurs only
in mother cells (Figure 21-27). Transcription of the HO gene
is dependent on the S\fVSNF chromatin-remodeling complex
(see Figure 7-431, the same complex that we encountered ear-
lier in our discussion of myogenesis. Daughter yeast cells aris-
ing by budding from mother cells contain a protein called
Ashlp (for Asymmetric synthesis of HO) that prevents re-
cruitment of the SWUSNF complex to the HO gene, thereby
preventing its transcription. The absence of Ashl from mother
cells allows them to transcribe the HO gene.

Recent experiments have revealed how the asymmetry in
the distribution of Ashl between mother and daughter cells
is established. ASHL mRNA accumulates in the growing bud
that will form a daughter cell due to the action of a myosin
motor protein (Chapter 17). This motor protein, called

/-\-o-Bud
t 0 )\ ^ /

Div is ion

'O @o
\  *o"n,

HOt t  \  \ t t t oHOt ransc r i p t i on
Sr 

\  \ "swi tching

M )o 'O@o

M D M D

A FIGURE 21-27 Switching of mating type in haploid yeast

cells. Division by budding forms a larger mother cell (M) and smaller
daughter cell (D), both of which have the same mating type as the
original cell (cr in this example) The mother cell can switch mating
type during G, of the next cell cycle and then divide again, producing

two cells of the opposite a type. Switching depends on transcription
of the HO gene, which occurs only in the absence of Ashl protein.

The smaller daughter cells, which produce Ashl protein, cannot
switch; after growing in size through interphase, they divide to form
a mother cell and daughter cell. Orange cells and arrows indicate
switch events

Myo4p, moves the ASHL mRNA, as a ribonucleoprotein

complex, along actin filaments in one direction only, toward

the bud (Figure 21,-281. Two connector proteins, termed

She2p and She3p (for S$7l5p-dependent HO expression)

tether the ASH1 mRNA to the Myo4p motor protein. By the

time the bud separates from the mother cell, the mother cell

is largely depleted of ASHI mRNA and thus can switch mat-

ing type in the following G1 before additional ASH1 mRNA

is produced and before DNA replication in the S phase.

Budding yeasts use a relatively simple mechanism to cre-

ate molecular differences between the two cells formed by

division. In higher organisms, as in yeast, the mitotic spindle

must be oriented in such a way that each daughter cell re-

ceives its own set of cytoplasmic components. Genetic stud-

ies in C. elegans and Drosophila have revealed the key par-

ticipants, a first step in understanding at the molecular level

how asymmetric cell division is regulated in multicellular or-

ganisms. To illustrate these complexities, we focus on asym-

metric division of neuroblasts in Drosophila'

Proteins That Regulate Asymmetry Are
Localized at Opposite Ends of Dividing
Neuroblasts in DrosoPhila

Fly neuroblasts, which are stem cells, arise from a sheet of

ectoderm cells that is one cell thick. As in vertebrates' the

Drosophila ectoderm forms both epidermis and the nervous

system, and many ectoderm cells have the potential to

Polarized
parental cel l

Local ized determinants
(pro te in  o r  mRNA)

Asymmetric
local izat ion
of cel l- fate
determinants
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Video: ASHl mRNA Localization
> FIGURE 21-28 Model for restriction of mating-type
switching to mother cells in S. cerevisiae. Ashl protein
prevents a cell from transcribing the HO gene whose encoded
protein init iates the DNA rearrangement that results in mating-
type switching from a to cr or a to a Switching occurs only in the
mother cell, after it separates from a newly budded daughter cell,
because of the presence of Ashl protein only in the daughter cell
The molecular basis for this differential localization of Ashl is the
one-way transport of ASHI mRNA into the bud. A l inking protein,
She2p, binds to specific 3' untranslated sequences in the ASHI
mRNA and also binds to She3p protein This protein in turn binds
to a myosin motor, Myo4p, which moves along actin fi laments
into the bud [See S Koon and B J Schnapp, 2001, Curr. Biology
11 :R166  I

assume either a neural or epidermal fate. Under the control
of genes that become active only in certain cells, some of
the cells increase in size and begin to loosen from the ecto-
dermal layer. At this point, the delaminating cells use the
DeltaArlotch signaling pathway to mediate lateral inhibi-
tion of their neighbors, causing them to retain the epider-
mal fate (see Figures 16-35 and 22-42). The delaminating
cells move inside and become spherical neuroblasts, while
the prospective epidermal cells remain behind and close up
to form a tight sheet. This process generates 50 neuroblasts

in each body segment, which will give rise to about 700
neurons per segment.

Once formed, the neuroblasts undergo asymmetric divi-
sions, at each division recreating themselves and producing a
ganglion mother cell (GMC) on the basal side of the neurob-
Iast (Figure 21-29). A single neuroblast will produce several
GMCs; each GMC in turn forms two neurons. Depending on
where they form in the embryo and consequent regulatory
events, neuroblasts may form more or fewer GMCs. Neurob-
Iasts and GMCs in different locations exhibit different

ASHI \,.--
mRNA 

- 
Bud

V V

Ectodermaf Cell Divisions in the Drosophila Embryo

Ectodermal cel ls> F|GURE 21-29 Asymmetric cell division during Drosophila
neurogenesis. The ectodermal sheet (tr) of the early embryo
gives rise to both epidermal cells and neural cells. Neuroblasts, the
stem cells for the fly neryous system, are formed when ectoderm
cells enlarge, separate from the ectodermal epithelium, and move
into the interior of the embryo (Z-4). Each neuroblast that arises
divides asymmetrically to recreate itself and produce a ganglion
mother cell, or GMC (E) Subsequent divisions of a neuroblast
produce more GMCs, creating a stack of these precursor cells (6)
Each GMC divides once to give rise to two neurons (Z). Neuroblasts
and their neuronal descendants can have different fates depending
on their location The micrograph shows an asymmetrically
dividing Drosophila neuroblast. The apical end (red) wil l form a
new neuroblast and the basal end (blue and red) wil l form a
GMC. The microtubules are labeled in green [photograph courtesy
of Dr. C Q Doe, University of Oregon l
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patterns of gene expression, an indicator of their fates.
Analysis of fly mutants led to the discovery of key proteins
that (1) establish apical-basal polarity in neuroblasts, (2)
align the mitotic spindle of dividing neuroblasts with their
polarity, and (3) direct formation of daughter cells whose fate
and size differ from that of neuroblasts. Genetic studies of
asymmetric cell divisions in the C. elegans early embryo inde-
pendently led to the discovery of important cell division
asymmetry proteins. The machinery controlling asymmetric
cell division is highly conserved and readily recognized from
worms to flies to mammals, indicating conservation of pro-
tein functions for more than half a billion years.

Basal and apical protein complexes congregate during
each neuroblast division, disperse, and then localize again
for the next round of division. Four protein complexes,
which we denote as MPSB, BPR DSL, and IPLG, govern the
entire process (Figure 21,-30\:

t BPP, an apical complex also known as the PAR complex,
is responsible for defining the end of the cell that will re-
main a neuroblast. It comprises Bazooka and Par6, both of
which containPDZ domains. and aPKC. an atypical iso-
form of protein kinase C.

t IPLG, a second apical complex, is composed of lnscute-
able (Insc), Partner of inscuteable (Pins), Locomotion defects
(Loco), and G;, a heterotrimeric G protein (Chapter 15). This
complex is critical for orienting the spindle during asymmet-
ric divisions.

r DSL, a complex that is fairly evenly distributed around
the cell, is composed of Discs-large (Dlg), Scribble (Scrib),

Protein complexesr I see MPSB IPLG

*  Neurob las t

+ GMC

and Lethal giant larvae (Lgl). Lgl reversibly associates with

the cytoskeleton. The DSL complex is mostly employed in

localizing basal proteins.

t MPSB, a basal complex, confers GMC cell fate. It includes

the coiled-coil scaffold protein Miranda, the homeodomain-

class transcription factor Prospero, the RNA-binding protein

Staufen, and a translational repressor protein called Brain

tumor (Brat).

Vith the key players in neuroblast asymmetric division in-

troduced. let's examine their functions more closely'

Apical Complexes and Spindle Orientation For local-

ized protein complexes to be differentially incorporated into

two daughter cells, the plane of cell division must be appro-

priately oriented. In dividing fly neuroblasts, the mitotic

spindle first aligns perpendicular to the apical-basal axis and

then turns 90 degrees to align with it at the same time that

the basal complexes become localized to the basal side (Fig-

ure 21.-31). The apical IPLG and BPP complexes, which are

already in place before spindle rotation, control the final ori-

entation of the spindle. This is supported by the finding that

mutations in any of the components of these complexes

eliminate the coordination of the spindle with apical-basal

polarity, causing the spindle orientation to become random.

The two apical protein complexes have different roles in

spindle orientation. First, the BPP complex responds to ex-

trinsic cues from the overlying ectoderm to form an apical

crescent at late interphase. In this way' the BPP complex

aligns neuroblast polarity with the surrounding tissue so that

the apical side of the neuroblast is always next to the ecto-

derm. Second, the BPP complex recruits the IPLG complex

to the apical cortex, and the BPP complex anchors one spin-

dle pole to the apical cortex, thereby aligning the spindle

along the apical-basal axis. The direct link with the spindle

is mediated by the NuMA protein, which joins the Pins pro-

tein of the IPLG complex to microtubules. The IPLG com-

plex is sufficient for anchoring the spindle and promoting

asymmetric division.

Basal Complex and the Determination of GMC Fate

During fly neuroblast divisions, the MPSB complex becomes

localized to the basal cortex prior to each division and re-

mains there while the basal part of the neuroblast becomes a

new GMC (see Figure 21,-30)' Miranda provides a scaffold

for the other three proteins in the complex (Prospero'

Staufen, and Brat) and is needed to muster them near the

basal plasma membrane. After each division, MPSB proteins

in the basally located daughter cell inhibit neuroblast proper-

ties and confer GMC properties. Prospero negatively regu-

Iates transcription of cell-cycle genes' which remain active in

the dividing neuroblast. Brat post-transcriptionally inhibits

the transcription factor Myc, a positive regulator of cell divi-

sion and negative regulator of cell size. In this way Brat helps

keep the GMC small and restrains its division- Genetic stud-

ies lrovide support for such involvement of Prospero and

Brat in determination of GMCs. For example, brat mutations

INTERPHASE
NEUROBLAST

ANAPHASE
NEUROBLAST

A FIGURE 21-30 Localized protein complexes that control
asymmetric cell division. (a) In the Drosophila neuroblast, the BPP
complex is localized apically in ectoderm cells and in delaminating
neuroblasts (steps Il-B in Figure 21-29) The IPLG complex is also
apically localized. The DSL complex (not shown) is distributed fairly
evenly around the cells. In response to regulation by BPP, the MPSB
complex localizes to the basal side, where it wil l be incorporated into
the ganglion mother cell (GMC). Mutations in genes that encode
polarized proteins disrupt asymmetric cell division and are therefore
fatal. Motor protein-mediated transport along cytoskeletal filaments
localizes the MPSB basal complex. [See C Q Doe and B Bowerman, 2001,
Curr. Opin Cell Biol 13:68, and A Wodarz, 7005, Curr. Opin Cell Biol. 17:4751
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Video: Mitotic Spindle Asymmetry in Drosophila Neuroblast Cell Division

l

A EXPERIMENTAL FIGURE 21-31 Time-lapse fluorescence
imaging reveals rotation of the mitotic spindle in
asymmetricalfy dividing neuroblasts. Early Drosophila embryos
were injected with a hybrid gene composed of the gene encoding
green fluorescent protein (GFP) fused to the gene encoding Tau, a
protein that binds to microtubules At the top are time-lapse images
of a single dividing neuroblast in a ilve embryo. The basal side is at the
top, and the apical side at the bottom At time 0, equivalent to

prophase, the two centrosomes are visible on opposite sides of the
cell. These function as the spindle poles; as mitosis proceeds, the
microtubules forming the mitotic spindle are assembled from the poles
(see Figure 18-34). In successive images (at 32,64, and 80 seconds), the
bipolar spindle can be seem to form and rotate 90 degrees to align with
the apical-basal axis, as schematically depicted at the bottom. [From J A
Kaltschmidt et al , 2000, Nature Cell Biol.2:7; courtesy of J Kaltschmidt and A H,
Brand, Wellcome/CRC lnstitute, Cambridge University.l

cause GMCs to enlarge into neuroblasts and keep dividing,
whereas loss of Prospero causes GMCs to remain small but
maintain neuroblast-style gene expression and proliferation.

How does the MPSB complex become located basally prior
to each neuroblast division? The answer is more complex than
Ashlp localization in yeast. Both apical BPP and uniform cor-
tical DSL complexes are involved. The BPP complex controls
MPSB localization. The atypical protein kinase C (apKC), a
component of the BPP complex, phosphorylates and thus inac-
tivates the Lgl protein, a component of the DSL complex. Lgl
is required to bring MPSB proteins ro the basal cortex. Since
aPKC is located at the apical end of the cells, Lgl is active only
in basal regions. The restriction of active Lgl to basal cortex ex-
plains how MPSB proteins are brought to the basal cortex
where they cause one daughter cell to become a GMC.

How does active, basal Lgl control localization of MpSB?
Although the full story is nor yer known, genetic and bio-
chemical studies show that actin, myosin II, and myosin VI
are involved. For instance, drug-induced disruption of actin
microfilaments blocks MPSB targeting to the neuroblast cor-
tex. Myosin VI binds Miranda (the "M" of MpSB) directly
and is also required for basal targeting of the MpSB complex.

Asymmetry of Daughter Cell Size A notable feature of
neuroblast asymmetric division is the pronounced difference
in the size of neuroblasts and GMCs. This cell-size difference
is regulated by the Pins and Go1 components of the IpLG com-
plex. The IPLG complex is brought to the apical cortex by
virtue of the association of its Insc component with the Baz
component of the BPP complex. \fhen a neuroblast divides to
produce a GMC and a neuroblast, the GMC is usually con-
siderably smaller. The spindle is oriented, as we have de-
scribed, in the apical-basal direction, and at metaphase of the
neuroblast division, the two halves of the spindle are about

equal in size. However the two centrosomes, one at each pole
of the spindle, behave differently. The basal centrosome,
marking the pole where the GMC will form, has few astral mi-
crotubules, while the apical centrosome enlarges and grows a
bushy mass of astral microtubules that make that pole of the
dividing neuroblast considerably larger (Figure 21-32).

INTERPHASE
NEUROBLAST

ANAPHASE
NEUROBLAST

Centrosome

Astral
microtubules

Neuroblast

-+ GMC
Cytoskeleton:

I nctin microfilaments

I Microtubules

A FIGURE 21-32 Orientation of mitotic spindle and difference
in daughter cell size in asymmetric division of neuroblasts.
Interactions between spindle microtubules and the lpLG apical
complex orient the spindle. Actin microfi laments (red) l ie just under
the cell surface at all t imes. Microtubules (blue) radiate from the
centrosome during interphase and then assemble into the mjtotic
spindle, attached to the duplicated centrosomes, during cell division.
Note the biased location of the centrosome during interphase, at the
apical end of the cell The asymmetry in daughter cell size begins with
differential assembly of astral microtubules, which are considerably
shorter and less abundant in the basal end of the dividing cell, which
forms the daughter ganglion mother cell (GMC). [Adapted from C e,
Doe and B Bowerman, 2001, Curr. Opin Cell Biol 13:681
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Genetic tests have shown redundant control of the cell-
size asymmetry between the two daughter cells. If either the
BPP apical complex or the IPLG apical complex is func-
tional, the cells formed will be the usual small GMC and
large neuroblast. In contrast, a double mutant with defects
in both the BPP and IPLG complexes (e.g., a double pins and
baz mutant) produces two daughter cells that are equal in
size. Double mutations that inactivate the Gg and G" sub-
units, but not the Go1 subunit, of the Gi protein component
of the IPLG complex, cause numerous astral microtubules to
form on both centrosomes. Over-production of the G9 pro-
tein has the opposite effect-no astral tubules on either cen-
trosome. From these genetic analyses we may conclude that
a normal function of the G9 protein is to selectively prevent
assembly of astral microtubules at the basal centrosome.
This regulation would involve the action of Gp/G" subunits
that are not part of the apical IPLG complexes. Indeed, Gp is
uniformly distributed all around the neuroblast cortex.

Heterotrimeric G proteins like the one in the IPLG com-
plex often are controlled by a G protein-coupled receptor
that, when activated, dissociates the trimer by binding G.
and releasing active GB/G, subunits (Chapter 15). No sign of
a G protein--coupled receptor has been found in the search
for proteins controlling neuroblast asymmetry. Instead Pins
and Loco, components of the IPLG complex, substitute for a
receptor in triggering dissociation of the inactive het-
erotrimeric G protein. Pins and Loco are partially redundant;
mutating both causes defects equivalent to mutation of either
the Gs or G, subunit. Pins and Loco bind to GDP'G.1 and act
like guanine nucleotide dissociation inhibitors, thereby keep-
ing G6 associated with GDP and allowing G6'GDP and
GB/G.' to act upon their (as yet unknown) targets. As would
be expected for a typical G protein cycle, a GTPase-activating
protein (GAP) and a GDP exchange factor (GEF) have also
been found to regulate neuroblast division asymmetry. The
GAP reaction inactivates the G protein by breaking down
GTP to GDP, while the GEF reaction recharges the G protein
for activity by bringing in a new GTP. The mechanism by
which the G protein component of the IPLG complex regu-
lates the activity of the centrosome remains unknown.

Summary of Asymmetry-Determining Protein Com-
plexes The initial course of events in polarizing and organ-
izing asymmetric cell division can be summarized as having
three phases: (1) establishment of cell polarity, (2) alignment
of the mitotic spindle with cell polarity, and (3) specification
of distinct sibling fates.

For phase 1, the BPP complex is already apically located
in all ectoderm cells. 

'$fhen 
some of those cells sink beneath

the surface to become neuroblasts, the apical localization of
BPP persists. The IPLG complex becomes apically located af-
ter the BPP complex. Acting through the evenly distributed
DSL complex, the two apical complexes direct the basal lo-
calization of MPSB.

For phase 2, the orientation of the spindle relative to the
ectoderm is an indirect outcome of the apically located BPP
complex, which links the already oriented ectoderm to the
IPLG complex. Mitotic spindle microtubules are joined to

the apical IPLG complex by the fly NuMA protein, thus ori-

enting the spindle.
For phase 3, as asymmetric cell divisions commence, each

neuroblast renews itself while budding off a smaller daughter

GMC in the interior (basal) direction. Different sibling fates

are specified by proteins incorporated into the daughter cells.

Neuroblasts have stem-cell properties and are determined to

retain that stem-cell fate by aPKC, a patt of the BPP complex

that promotes neuroblast self-renewal. Brat and Prospero,

components of the MPSB complex, are located in the smaller

interior (basal) daughter cell and promote GMC differentia-

tion. The G protein component of the IPLG complex activates

astral microtubule assembly in a dividing neuroblast, deter-

mining the size of the two poles and hence of the daughter

cells. Since IPLG is apically localized, the apical daughter cell
(a neuroblast) is larger than the basal daughter cell (a GMC).

From this summary, we can see how a set of protein com-

plexes coordinates multiple critical events during asymmet-

ric cell division: localization and activation of asymmetry

regulators, differential segregation of cell fate-determining

regulatory proteins, orientation of the spindle, and genera-

tion of different sized daughter cells.

Regulation of Asymmetric Cell Division

r Asymmetric cell division requires polarization of the di-

viding cell, which usually entails localization of some cyto-

plasmic components, and then the unequal distribution of

these components to the daughter cells (see Figure 21'-26).

r In the asymmetric division of budding yeasts' a myosin-

dependent transport system carries ASH1 mRNA into the

bud (see Figure 21'-28).

r Ashl protein is produced in the daughter cell soon after

division and prevents expression of HO endonuclease,

which is necessary for mating-type switching. Thus a

daughter cell cannot switch mating type, whereas the

mother cell from which it arises can (see Figure 21'-27).

r Asymmetric cell division in Drosophila neutoblasts de-

pends on two apical protein complexes (BPP' IPLG), a

basal complex (MPSB), and an evenly distributed complex

(DSL). The basal proteins are incorporated into the gan-

glion mother cell (GMC) and contain proteins that deter-

mine cell fate (see Figure 21,-30).

r Asymmetry factors exert their influence at least in part

by controlling the orientation of the mitotic spindle, so that

asymmetrically localized proteins and structures are differ-

entially incorporated into the two daughter cells (see

Figure 21,-32).

r The atypical protein kinase C (aPKC) in the BPP apical

complex phosphorylates the LGL protein, a component of

the DSL complex, but can do so only in the apical region,

since that is where BPP is located. Nonphosphorylated

LGL, which therefore exists only in basal regions, is active

in bringing MPSB to the cortex where it requires the actin

cytoskeleton to be anchored.
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r The general process of asymmetric cell division and the
protein complexes controll ing it are highly conserved
through evolutionary tlme.

Cell Death and lts Regulation
Programmed cell death is a counter-intuit ive but essential
cell fate. Cell death keeps our hands from being webbed,
our embryonic tails from persisting, our immune sysrem
from responding to our own proteins, and our brain from
being fi l led with useless electrical connections. In fact, the

majority of cells generated during brain development subse-
quently die.

Cellular interactions regulate cell death in two fundamen-
tally different ways. First, most if not all cells in multicellular
organisms require signals to stay alive. In the absence of such
survival signals, frequently referred to as trophic factors, cells
activate a "suicide" program. Second, in some developmental
contexts, including the immune sysrem, specific signals in-
duce a "murder" program that kills cells. lfhether cells com-
mit suicide for lack of survival signals or are murdered by
killing signals from other cells, death is mediated by a com-
mon molecular pathway. In this section, we first distinguish

Video: Cells Undergoing Apoptosis '&)

( b )

Mi ld  convo lu t ion
Chromat in  compact ion
and marg ina t ion
Condensation of cytoplasm

Breakup o f  nuc lear  enve lope
Nuc lear  f ragmenta t ion
Blebb ing
Cel l  f ragmenta t ion

Phagocytosis

Apoptotic body

Phagocytic cel l

  FIGURE 21-33 Ultrastructural features of cell death by
apoptosis. (a) Schematic drawings i l lustrat ing the progression of
morphologic changes observed in apoptotic cel ls Early in apoptosis,
dense chromosome condensation occurs along the nuclear periphery.
The cel l  body also shrinks, although most organelles remain intact
Later both the nucleus and cytoplasm fragment, forming apoptotic

bodies, which are phagocytosed by surrounding cells (b) photomi-
crographs comparing a normal cell (fop) and apoptotic cell (bottom)
Clearly visible in the latter are dense spheres of compacted chromatin
as the nucleus begins to fragment lPart (a) adapted from J Kuby, 1997,
lmmunology,3ded,W H Freeman &Co, p 53 Part(b) f rom M. J Arends
and A H Wyllie, 1991, lnt'\. Rev. Exp Pathol.32:2231

Apoptotic cel l
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programmed cell death from death due to tissue injurg then
consider the role of trophic factors in neuronal development,
and finally describe the evolutionarily conserved effector
pathway that leads to cell suicide or murder.

Programmed Cel l  Death Occurs Through
Apoptosis
The demise of cells by programmed cell death is marked by a
well-defined sequence of morphological changes, collectively
referred to as apoptosis, a Greek word that means "dropping
off" or "falling off," as leaves from a tree. Dying cells shrink
and condense and then fragment, releasing small membrane-
bound apoptotic bodies, which generally are engulfed by
other cells (Figure 21-33; see also Figure 1-19). The nuclei
condense and the DNA is fragmented. Importantly, the intra-
cellular constituents are not released into the extracellular
milieu where they might have deleterious effects on neighbor-
ing cells. The stereotypical changes in cells during apoptosis,
like condensation of the nucleus and engulfment by sur-
rounding cells, suggested to early workers that this type of
cell death was under the control of a strict program. This pro-
gram is critical during both embryonic and adult life to main-
tain normal cell number and composition.

The genes involved in controlling cell death encode pro-
teins with three distinct functions:

r "Killer" proteins are required for a cell to begin the
apoptotrc process.

r "Destruction" proteins do things like digest DNA in a
dying cell.

r "Engulfment" proteins are required for phagocytosis of
the dying cell by another cell.

At first glance, engulfment seems to be simply an after-death
cleanup process, but some evidence suggests that it is part of
the final death decision. For example, mutations in killer genes

always prevent cells from initiating apoptosis, whereas muta-
tions that block engulfment sometimes allow cells to survive
that would normally die. That is, cells with engulfment-gene
mutations can initiate apoptosis but sometimes recover. En-
gulfment involves the assembly of a halo of actin around the
dying cell, triggered by apoptosis proteins that activate Rac, a

monomeric G protein that helps regulate actin polymerizatron
(see Figure 17-42). A signal on the surface ofthe dying cell also
stimulates a receptor on neighboring cells, which initiates
membrane changes leading to engulfment.

In contrast to apoptosis, cells that die in response to tissue

damage exhibit very different morphological changes, referred

to as necrosis. Typically, cells that undergo this process swell
and burst, releasing their intracellular contents, which can
damage surrounding cells and frequently cause inflammation'

Neurotrophins Promote Survival of Neurons

The earliest studies demonstrating the importance of trophic
factors in cellular development came from analyses of the

developing nervous system. 
'$fhen 

neurons grow to make

connections to other neurons or to muscles, sometimes over

considerable distances, more cells grow than will eventually

survive. The neurons' cell bodies are located in the spinal

cord and adjacent ganglia, while their processes extend far

outside these regions. Those that make connections prevail

and survive; those that fail to connect die.

In the early 1900s the number of neurons innervating the

periphery was shown to depend upon the size of the tissue to

which they would connect, the so-called "tatget field." For

instance, removal of limb buds from the developing chick

embryo leads to a reduction in the number of sensory neu-

rons and motoneurons innervating the bud (Figure 21,-34).

Chick embryo

Sp ina l  cord
(cross section)

Motor neuron
generation:

Motor neuron
survival:

Opt ic  cup
and lens

Motor neurons

(a)  Amputa t ion  o f
deve lop ing  l imb bud

Spina l  cord

L imb bud

(b) Transplantat ion
of extra l imb bud

100o/o 100o/o

75o/o

100o/o100o/o

I  Motoon"rronapoptosis
Y

50YolOYo50Yo

A EXPERIMENTAL FIGURE 21-34 The survival of motor

neurons depends on the size of the muscle target field they

innervate. (a) Removal of a l imb bud from one side of a chick

embryo at about 2 5 days results in a marked decrease in the number

of motor neurons on the affected side. In an amputated embryo,

normal numbers of motor neurons are generated on both sides
(middld Later in development, many fewer motor neurons remain

on the side of the spinal cord with the missing l imb than on the

normal side (bottom). Note that only about 50 percent of the motor

neurons that originally are generated normally survive (b)

Transplantation of an extra l imb bud into an early chick embryo
produces the opposite effect, more motor neurons on the stde with

additional target t issue than on the normal side [Adapted from D

Purves, 1 988, Body and Brain: A Trophic Theory of Neural Connections,

Harvard University Press, and E R Kandel, J H Schwartz, and T M Jessell,

2OOO. Principles of Neural Science,4th ed , McGraw-Hill,, p 1054, Figure 53-11 l
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Conversely, grafting additional limb tissue to a limb bud
leads to an increase in the number of neurons in corresoon-
ding regions of the spinal cord and sensory ganglia. InJeed,
incremental increases in the target-field size are accompa-
nied by commensurate incremental increases in the number
of neurons innervating the target field. This relation was
found to result from the selective survival of neurons rather
than changes in their differentiation or proliferation. The
observation that many sensory and motor neurons die after
reaching their peripheral target f ield suggested that these
neurons compete for survival factors produced by the target
t ISSUC.

Subsequent to these early observations, scientists dis-
covered that transplantation of a mouse sarcoma tumor
into a chick led to a marked increase in the numbers of cer-
tain types of neurons. This finding implicated the tumor as
a rich source of the presumed trophic factor. To isolate and
purify this factor, known simply as nerve growth factor
(NGF), scientists used an in vitro assay in which outgrowth
of neurites from sensory ganglia (nerves) was measured.
Neurites are extensions of the cell cytoplasm that can grow
to become the long wires of the nervous system, the axons
and dendrites (see Figure 23-2).The later discovery that the
submaxillary gland in the mouse also produces large quanti-
ties of NGF enabled biochemists to purify and to sequence it.
A homodimer of two 118-residue polypeptides, NGF belongs
to a family of structurally and functionally related trophic
factors collectively referred to as neurotrophins. Brain-
derived neurotrophic factor (BDNF) and neurotrophin-3
(NT-3) also are members of this protein family.

Neurotrophins bind to and activare a family of recepror
tyrosine kinases called Trks (pronounced .,tracks',). (The
general structure of receptor tyrosine kinases and the intra-
cellular signaling pathways they activate are covered in
Chapter 16.) Each neurotrophin binds with high affinity to
one Trk receptor: NGF binds to TrkA; BDNR to TrkB; and
NT-3, to TrkC. NT-3 can also bind with lower affinity to

both TrkA and TrkB. Binding of these factors to their re-
ceptors provides a survival signal for different classes of
neurons. As neurons grow from the spinal cord to the pe-
riphery, neurotrophins produced by target tissues bind to
Trk receptors on the growth cones of the extending axons,
promoting survival of neurons that successfully reach tar-
gets. In addition, lerrotrophins bind to a distinct type of re-
ceptor called p75Nr* lNtR : neurotrophin recepior) but
with lower affinity. However, p75*t* forms heteromulti-
meric complexes with the different Trk receptors; this asso-
ciation increases the affinity of Trks for their ligands. De-
pending on the cell type, binding of NGF and BDNF to
p75*t' in the absence of TrkA may promore cell death
rather than prevent it. (The phenomenon of multiple neu-
rotrophins interacting with multiple similar receprors is
comparable to EGF-like ligands and their HER receptors, il-
lustrated in Figure 1,6-18).

To critically address the role of the neurotrophins in de-
velopment, scientists produced mice with knockout muta-
tions in each of the neurotrophins and their receptors. These
studies revealed that different neurotrophins and their corre-
sponding receptors are required for the survival of different
classes of sensory neurons (Figure 21,-35). For instance,
pain-sensitive (nociceptive) neurons, which express TrkA,
are selectively lost from the dorsal root ganglion of knock-
out mice lacking NGF or TrkA, whereas TrkB- and TrkC-
expressing neurons are unaffected in such knockouts. In
contrast, TrkC-expressing proprioceptive neurons, which
detect the position of the limbs, are missing from the dorsal
root ganglion in TrkC and NT-3 mutanrs.

A Cascade of Caspase Proteins Functions in One
Apoptotic Pathway
Neurotrophins and other signals that keep cells alive act
upon an evolutionarily conserved cell-death control system.
Key insights into the molecular mechanisms regulating cell

> EXPERIMENTAL FTGURE 21-35 Different
classes of sensory neurons are lost in
knockout mice lacking different trophic
factors or their receptors. In animals lacking
nerve growth factor (NGF) or its receptor TrkA,
small nociceptive (pain-sensing) neurons (blue)
that innervate the skin are missing These
neurons express TrkA receptor and innervate
NGF-producing targets. In animals lacking
either neurotrophin-3 (NT-3) or its receptor
TrkC, large propioceptive neurons (red)
innervating muscle spindles are missing Muscle
produces NT-3 and the propioceptive neurons
express TrkC Mechanoreceptors (orange),
another class of sensory neurons in the dorsal
root ganglion, are unaffected in these mutants.
[Adapted from W D Snldet I 994, Cett 77:627 ]
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Video: Programmed Cell Death in C. elegans Embryonic Development

death came from genetic studies using C. elegans. Of the

947 nongonadal cells generated during development of the

adult hermaphrodite form, 131 cells undergo programmed

cell death. Specific mutations have identif ied four genes

whose encoded proteins play an essential role in control-
l ing programmed cell death during C. elegans develop-
ment: ced-3, ced-4, ced-9, and egl-1.In ced-3 or ced-4 mu-

tants, for example, the 131 "doomed" cells survive (Figure

21,-36). The mammalian proteins that correspond most

closely to the worm CED-3, CED-4, CED-9, and EGL-1
proteins are indicated in Figure 21-37. In discussing the

worm proteins we will include the mammalian names in

parentheses to make it easier to keep the relationships

clear.
The confluence of genetic studies in worms and studies

on human cancer cells f irst suggested that an evolutionar-
i ly conserved pathway mediates apoptosis. The first mam-

malian apoptotic gene to be cloned, bcl-2, was isolated

from human foll icular lymphomas. A mutant form of this

gene, created in lymphoma cells by a chromosomal re-

arrangement, was shown to act as an oncogene that pro-

moted cell survival rather than cell death (Chapter 25).

The chromosome rearrangement ioins the coding region of

the bcl-2 gene to an immunoglobulin gene enhancer. The

combination results in over-production of BcI-2 protein

that keeps cancer cells alive when, otherwise, they would

become programmed to die. The human Bcl-2 protein and

< EXPERIMENTAL FIGURE 21-36 Mutations in the ced-3
gene block programmed cell death in C. elegans. (a) Newly

hatched mutant larva carry a mutation in the ced-7 gene. Because

mutations in this gene prevent engulfment of dead cells, highly

refracti le dead cells accumulate (arrows), facil i tating their

visualization (b) Newly hatched larva with mutations in both the

ced-l and ced-3 genes. The absence of refractile dead cells in

these double mutants indicates that no cell deaths occurred Thus

CED-3 protein is required for programmed cell death. lFrom H M

Ellisand H R Horvitz, 1986, Ce//91:818; courtesyof Hilary Ell isl

worm CED-9 protein are homologous' and a bcl-2 trans-

gene can block the extensive cell death found in ced-9 mu-

tant worms even though the two proteins are only 23 pet-

cent homologous. Thus both proteins act as regulators

that suppress the apoptotic pathway (see Figure 21'-37)' ln

addition, both proteins contain a single transmembrane

domain and are localized to the outer mitochondrial, nu-

clear, and endoplasmic reticulum membranes, where they

serve as sensors that control the apoptotic pathway in re-

sponse to external stimuli. As we discuss below, other reg-

ulators promote apoptosis.
In the worm apoptotic pathway' CED-3 (caspase 9) is re-

quired to destroy cell components during apoptosis. CED-4

(Apaf-1) is a protease-activating factor that causes auto-

cleavage of (and by) the CED-3 precursor protein, creating

an active CED-3 protease that initiates cell death (see Figure

21.-37). Cell death does not occur in ced-3 and ced-4 single

mutants or in ced-9/ced-3 do'lble mutants' whereas all cells

die during embryonic Iife in ced-9 mutants' so the adult form

never derrilops. These genetic studies indicate that the CED-

3 and CED-4 are "killer" proteins required for cell death'

that CED-9 (Bcl-2) suppresses apoptosis, and that the apop-

totic pathway can be activated in all cells. Moreover, the ab-

sence of cell death in ced-9/ced-3 double mutants suggests

that CED-9 acts "upstream" of CED-3 to suppress the apop-

totic pathway.
The mechanism by which CED-9 (Bcl-Z) controls CED-3

(caspase 9) is now known. CED-9 protein, which is normally

tethered to the outside of mitochondria, forms a complex

with CED-4 (Apaf-l), thereby preventing activation of CED-

3 by CED-4. As a result, the cell survives. This mechanism

fits with the genetics, which shows that the absence of CED-

t has no effeit if CED-3 is also missing (ced-3/ced-9 double

mutants have no cell death). The crystal structure of the

trimeric CED-4/CED-9 complex reveals a huge contact sur-

face between each of the two CED-4 molecules and the

single CED-9 molecule (Figure 21'-38it. The large contact
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X
A FIGURE 21-37 Evolutionary conservation of apoptosis
pathways. Simrlar proteins, shown in identical colors, play
corresponding roles in both nematodes and mammals (a) ln
nematodes, the protein called EGL-1 binds to CED-9 on the surface
of mitochondria; this interaction releases CED-4 from the CED-
9/CED-4 complex. Free CED-4 then activates autoproteolysrs of the
caspase CED-3, which destroys cell proteins to drive apoptosis These
relationships are shown as a genetic pathway, with EGL-l inhibit ing
CED-9, which in turn inhibits CED-4 Active CED-4 activates CED_3
(b) In mammals, homologs of the nematode proteins and other
proteins regulate apoptosts. The Bcl-2 protein ls similar to CED_9 in
promoting cell survival by preventing activation Apaf-1, which is
s imi lar  to  CED-4 Two BH3-only prote ins,  Bid and Bim, inhib i t  Bcl_2 to
allow apoptosis. Apoptotic stimuli damage mitochondria, leading to
release of several proteins that stimulate cell death. In parrrcurar,
cytochrome c released from mitochondria activates Apaf_1, which in
turn activates caspase-9 This init iator caspase then activates effector
caspases-3 and -7, eventually leading to cell death See text for
discussion of other mammalian proteins (SMAC/DIABLO and lAps)
that have no nematode homologs [Adapted from S J Riedl and y Shi,
2004, Nature Rev. Mol Cell Biol 5(11\:8911

surface makes the association highly specific, but in such a

BH3 domain. Since EGL-1 lacks most of the other domains of
CED-9, EGL-1 is called a BH3-only protein. The closest mam-
malian BH3-only proteins are Bim and Bid. Insieht into how

EGL-1 disrupts the CED-4/CED-9 complex comes from the
crystal structure of EGL-1 (Bid/Bim) complexed with CED-9
(Bcl-2). In this complex, the BH3 domain forms rhe key part of
the contact surface between the two proteins. CED,9 has a dif-
ferent conformation when bound by EGL-1 than when bound
by CED-4. This finding suggests that EGL-1 binding distorts
CED-9, making its interaction with CED-4 less probable and
Iess stable. Once EGL-1 causes dissociation of the CED-
4ICED-9 complex, the released CED-4 dimer dimerizes again
to make a tetramer, which then activates CED-3. Cell death
soon follows (Figure 21-39). Evidence for similar events has
been found in human cultured cells.

Evidence that the steps described here are sufficient for
caspase activation comes from experiments in which the
events were reconstituted in vitro (i.e., in solution) with pu-
rified components. CED-3, CED-4, a truncated CED-9 that
lacked its transmembrane mitochondrial membrane anchor,
and EGL-1 were purified, as was a CED-4/CED-9 complex.
Purif ied CED-4 (Apaf-1) was able to accelerate the auto-
catalysis of purif ied CED-3 (caspase 9), but addition of the
truncated CED-9 (Bcl-2) to the reaction mixrure inhibited
the autocleavage. When the CED-4/CED-9 complex was
mixed with CED-3, autocleavage dtd not occur, but addition
of EGL-1 to the reaction restored CED-3 autocleavage.

The effector proteins in the apoptotic pathwaS the cas-
pases, are named because they contain a key cysteine residue in
the catalytic site and selectively cleave proteins at sites just C-
terminal to aspartate residues. Caspases work as homodimers.

a/B-fold

CED-4

mitochondr ia l
memDrane

oclp-fold
He l ica l
domain

Hel ica l
d o m a i n

Winged
he l ix

  FIGURE 21-38 Structure of the CED-4/CED-g protein complex.
The crystal structure has two CED-4 molecules associated with one
CED-9 molecule The C-terminus of CED-9 (dark blue) serves to tether
the complex to the mitochondrial membrane CED-4 is composed of
four domains (CARD, o/g folds, winged helix domain, and another
helical domain) Each CED-4 molecule has a bound ATp and a Mgr*
ion which are visible as a cluster of orange and blue atoms within each
subunit [Based on N Yan et al , 2005, Nature 437:831 I
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  FfGURE 21-39 Activation of CED-3 protease in C. elegans.
EGL-1 protein, which is produced in response to signals that trigger
cell death, displaces CED-4 dimer from its association with CED-9 on
the surface of mitochondria (tr) The free CED-4 dimer combines with
another to form a tetramer (E), which catalyzes the conversion of the
CED-3 zymogen (an enzymatically inactive precursor of a protease)
into active CED-3 protease (B). This effector caspase then begins to
destroy cell components and thus init iate apoptosis, leading to cell
death (4) [Adapted from N Yan et al , 2005, Nature 437|831 I

with one domain of each stabilizing the active site of the

other. The principal effector caspase in C. elegans is CED-3,
while humans have 15 different caspases. AII caspases are
initially made as procaspases that must be cleaved to become

active. Such proteolytic processing of proproteins is used
repeatedly in blood clotting, generation of digestive enzymes'
and generation of hormones. In vertebrates, initiator caspases
(e.g., caspase-9) are activated by autoproteolysis induced by

other types of proteins (e.g., Apaf-l), which help the initia-

tors to aggregate. Activated initiator caspases cleave effector

caspases (e.g., caspase-3) and thus quickly amplify the total

caspase activity level in the dying cell. The various effector

caspases recognize and cleave short amino acid sequences in

many different target proteins. They differ in their preferred

target sequences. Their specific intracellular targets include
proteins of the nuclear lamina and cytoskeleton whose cleav-

age leads to the demise of a cell.
In mammals and flies but not worms, apoptosis is regu-

lated by several other proteins (see Figure 21-37, right).For in-

stance, a family of inhibitor of apoptosis proteins (IAPs)' pro-

vides another way to restrain both initiator and effector

caspases. IAPs have one or more zinc-binding domains that can

bind directly to caspases and inhibit their protease activity.
(Baculovirus, a type of insect virus, produces a protein that

similarly binds to and inhibits caspases, thus preventing an in-

fected cell from committing suicide to stop a viral infection be-

fore new viruses can be made.) The inhibition of caspases by

IAPs, however, creates a problem when a cell needs to undergo

apoptosis. Mitochondria enter the picture once again, since

they are the source of a family of proteins, called SMAC/DIA-
BLOs, that inhibit IAPs. After cell injury, SMAC/DIABLOs

released from mitochondria bind to IAPs in the cytosol' thereby

blocking the IAPs from binding to caspases. By relieving IAP-

mediated inhibition, SMAC/DIABLOs promote caspase ac-

tivity and cell death. Three other mitochondria-associated

proteins-Ht ra2l Omi serine protease' apoptosis-inducing fac-

tor (AIF), and endonuclease G-also help to kill cells upon

their release from mitochondria following cell injury. Htra2l

Omi cleaves IAPs, thus relieving their restraint of apoptosis'

Since this regulation is catalytic, Htta2lOmi is a more power-

ful antagonist of IAPs than is SMAC/DIABLO. AIR a flavo-

protein that normally acts as a NADH oxidase, is cleaved by

Droteases and moves to the nucleus where it causes chromo-

io-e .o.rd.tsation and DNA fragmentation. These effects are

caspase-independent' so not all apoptosis involves caspases'

Pro-Apoptotic Regulators Permit Caspase

Activation in the Absence of Trophic Factors

Having introduced the major participants in the apoptotic

pathway, we now take a closer look at the workings of the mi-

iochondrial membrane proteins that regulate apoptosis' Al-

though the normal function of CED-9 andBcl-2 is to suppress

the cell-death pathwaS other intracellular regulatory proteins

promote apoptosis. The first pro-apoptotic regulator to be

identified, named Bax, is related in sequence to CED-9 and Bcl-

2. Overproduction of Bax induces cell death rather than pro-

tecting cells from apoptosis, as CED-9 and Bcl-2 do. Thus this

the intracellular signaling pathways regulating them.

Some Bcl-2 family members preserve or disrupt the in-

tegrity of the outer mitochondrial membrane, thereby control-

ling release of mitochondrial proteins such as cytochrome c' In

normal healthy cells' cytochrome c is localized between the in-

ner and outer mitochondrial membrane, but in cells undergo-

duces apoptosis. A variety of death-inducing stimuli cause Bax

-ono-.ti to move from the cytosol to the outer mitochon-

drial membrane where they oligomerize' Bax homodimers, but

not Bcl-2 homodimers ot Bcl-2lBax heterodimers, permit in-

flux of ions through the mitochondrial membrane' It remains

unclear how this ion influx triggers the release of cytochrome c'

The effect of Bcl-2 family members on the permeability

of the mitochondrial outer membrane has been mimicked in
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of Bcl-2 family members appears to reflect their general abil-
ity to alter mitochondrial membranes. In addition to in-
creased permeability, mitochondria normally undergo dra-
matic changes in their nerwork morphology by fusion and
fission during the cell-death process. Bcl-xl, a vertebrate
member of the Bcl-2 family, and CED-9 introduced into
mammalian cells, can induce mitochondrial fusion. Thus
these proteins appear to have profound abilities to engineer
the properties of outer mitochondrial membranes.

Once cytochrome c is released into the cytosol, it binds
to Apaf-1 (the mammalian homolog of CED-4) and pro-
motes activation of a caspase cascade leading to cell death
(see Figure 21-37, right).ln the absence of cytochrome c,
monomeric Apaf-1 is bound to dATp. After binding cy-
tochrome c, Apaf-1. cleaves its bound dATp into dADp and
undergoes a dramatic assembly process into a disc-shaped
heptamer, a 1,.4 megadalton wheel of death called the apop-
tosome (Figure 21-40). The apoptosome serves as an acriva-
tion machine for initiator and effector casDases.

Some Trophic Factors Induce Inactivation of a
Pro-Apoptotic Regu lator
We saw earlier that neurotrophins such as nerve growth fac-
tor (NGF) prorect neurons from cell death. In the absence of
trophic factors, however, the nonphosphorylated form of a
pro-apoptotic protein called Bad is associated with Bcl-2l

Bcl-xl at the mitochondrial membrane (Figure 21-41a).
Binding of Bad inhibits the anti-apoptotic function of Bcl-2/
Bcl-xl, thereby promoting cell death. Phosphorylated Bad,
however, cannot bind to Bcl-2lBcl-xl and is found in the cy-
tosol complexed to the phosphoserine-binding protein 14-3-
3. Hence, signaling pathways leading to Bad phosphoryla-
tion would be particularly attractive candidates for
transmitting survival signals.

A number of trophic factors including NGF have been
shown to trigger the PI-3 kinase signaling pathway, leading
to activation of protein kinase B (see Figure 16-30). Acti-
vated protein kinase B phosphorylates Bad at sites known to
inhibit its pro-apoptotic activity. Moreover, a constitutively
active form of protein kinase B can rescue cultured neu-
rotrophin-deprived neurons, which otherwise would un-
dergo apoptosis and die. These findings support the mecha-
nism for the survival action of trophic factors depicted in
Figure 21-41b. In other cell types, different trophic factors
may promote cell survival through post-translational modi-
fication of other components of the cell-death machinery.

Another mechanism by which neurotrophins can affect
apoptosis, this time positively, involves p75tt*, the low-
affinity neurotrophin receptor mentioned above. This protein
can either promote or inhibit apoptosis depending on the cel-
lular context. In certain neurons, neurotrophin signals such
as BDNF stimulate apoptosis by acting through p75NrR. In
these neurons, cleavage of p75MR by a membrane-bound

E
Cytochrome c release from
mitochondria binds Apaf-1

dATP hydrolysis

E
Procaspase 9 recruitment

to Apaf-1___+
Caspase 3 and IAP

recruitment to Apaf-1

A FIGURE 21-40 Assembly of the mammalian apoptosome. In
the absence of apoptosis triggers, Apaf-1 exists in the cytosot as an
inactive monomer bound to dATp Apaf-1 contains multiple WD4O
repeats, a dATP-binding CED-4 domain, and a CARD domain. Step
[: When apoptosis is triggered, damage to mitochondria allows
release of cytochrome c, which binds to Apaf-1 This interaction leads
to hydrolysis of the bound dATp to dADp and a change in the
conformation of Apaf-1. Step f, l: In its extended conformation,

Apaf-1 assembles into a seven-subunit complex, the apoprosome
Step $: Interaction of the apoptosome with the init iator procaspase_
9 stimulates the autocleavage and dimerization of the procaspase,
which is necessary for its activity. Active caspase-9 then acts upon
effector caspases such as caspase-3 Inhibitor of apoptosis proteins
(lAPs) are also bound by the apoptosome, although their exact
actions there are not understood lAdapted lromZ f. Schafer and S
Kornbluth, 2006, Devel. Cell 10:5491

Apoptosome
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(b) Presence of trophic factor: Inhibition

/

6;;b

/

(a) Absence of trophic factor: Caspase activation

'- Trophic factor receptor

of caspase activation

E

cytosol, where it binds to the adapter protein Apaf-1 (p), promoting

a caspase cascade that leads to cell death (Z|) (b) In some cells,

binding of a trophic factor, such as NGF (Il) stimulates Pl-3 kinase

activity, leading to the downstream activation of protein kinase B
(PKB), which phosphorylates Bad Phosphorylated Bad then forms a

complex with the 14-3-3 protein (U ). With Bad sequestered in the

cytosol, the anti-apoptotic Bcl-2lBcl-xl proteins can inhibit the

activity of Bax (B), thereby preventing the release of cytochrome c

and activation of the caspase cascade. [Adapted from B Pettman and

C E Henderson,1998, Neuron 20:633 l

Plasma membrane

Death.@^

/  

r - l

Cleavage of substrates

A FIGURE 21-41 Proposed intracellular pathways leading to
cell death by apoptosis or to trophic factor-mediated cell
survival in mammalian cells. (a) In the absence of a trophic factor,
the soluble pro-apoptotic protein Bad binds to the anti-apoptotic
proteins Bcl-2 and Bcl-xl, which are inserted into the mitochondrial
membrane (tr). Bad binding prevents the anti-apoptotic proteins
from interacting with Bax, a membrane-bound pro-apoptotic protein.
As a consequence, Bax forms homo-oligomeric channels in the
membrane that mediate ion flux [Z] Through an as-yet-unknown
mechanism, this flux leads to the release of cytochrome c into the

protease called ̂ y-secretase, releases the receptor's intracellular
domain, which is associated with a DNA-binding protein
called NRIF. The cleavage of p75MR leads to the ubiquitination
of NRIF and its movement to the nucleus where it stimulates
apoptosis, perhaps by regulating transcription. 1-Secretase is

the same protease that catalyzes the intramembrane cleavage
of the receptor Notch, thus activating it, and also of amyloid
precursor protein (APP) in the genesis of Alzheimer's disease
(see Figures 1.6-36 and L6-37).

Tumor Necrosis Factor and Related Death
Signals Promote Cell Murder by Activating
Caspases
Although cell death can arise as a default in the absence of

survival factors, apoptosis can also be stimulated by posi-

tively acting death signals. For instance, tumor necrosis fac-

tor (TNFa), which is released by macrophages, triggers the

cell death and tissue destruction seen in certain chronic in-

flammatory diseases (Chapter 24). Another important

death-inducing signal, the Fas ligand' is a cell-surface protein

produced by activated natural killer cells and cytotoxic T

iymphocytes. This signal can trigger death of virus-infected

cells, some tumor cells, and foreign graft cells.

Both TNF and Fas ligand act through cell-surface

"death" receptors that have a single transmembrane domain

and are activated when ligand binding brings three receptor

molecules into close proximity. The trimeric receptor com-

plex attracts a protein called FADD (Fas-associated death

domain), which serves as an adapter to recruit and in some

way activate caspase-8, an initiator caspase' in cells receiving

a death signal. The death domain found in FADD is a se-

quence that is present in a number of proteins involved in

apoptosis. Once activated, caspase-8 activates other caspases
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and the amplification cascade begins. To test the ability of the
Fas receptor to induce cell death, researchers incubated cells
with antibodies against the receptor. These antibodies, which
bind and cross-link Fas receptors, were found to stimulate
cell death, indicating that activation of the Fas receptor is suf-
ficient to trigger apoptosis.

Cell Death and tts Regulation

r All cells require trophic factors to prevent apoptosis and
thus survive. In the absence of these factors, cells commit
suicide.

r Genetic studies in C. elegans defined an evolutionarily
conserved apoptotic pathway with three major compo-
nents: membrane-bound regulatory proteins, cytosolic reg-
ulatory proteins, and effector proteases called caspases in
vertebrates (see Figure 21-37).

r Once activated, apoptotic proteases cleave specific intra-
cellular substrates leading to the demise of a cell. proteins
(e.g., CED-4, Apaf-1), which bind regulatory proteins and
caspases, are required for caspase activation (see Figures
21-39 and21-40\.

r Pro-apoptotic regulator proteins (e.g., Bax, Bad) pro-
mote caspase activation, and anti-apoptotic regulators
(e.g., Bcl-2) suppress activation. Direct interactions be-
tween pro-apoptotic and anti-apoptotic proteins lead to
cell death in the absence of trophic facors. Binding of ex-
tracellular trophic factors can trigger changes in these in-
teractions, resulting in cell survival (see Figure 21-41).

r The Bcl-2 family contains both pro-apoptotic and anti-
apoptotic proteins; all are single-pass transmembrane pro-
teins and engage in protein-protein interactions. Bcl-2 mole-
cules can restrain the release of cytochrome c from
mitochondria, inhibiting cell death, while pro-apoptotic fac-
tors stimulate membrane breakdown that allows cytochrome
C to escape, bind to Apaf-1, and thus activate caspases.

r Binding of extracellular death signals, such as rumor
necrosis factor and Fas ligand, to their receptors activates
an associated protein (FADD) that in turn triggers the cas-
pase cascade leading to cell murder.

Cell birth, lineage, and death, which lie at the heart of the

a y,ard long, pulsating multinucleate muscle cells, exquisitely
light-sensitive retina cells, ravenous macrophages thai recog-
nize and engulf germs, and all the hundreds of other cell
types. Regulators of cell lineage produce this rich variety by
controlling two critical decisions: (1) when and where to

activate the cell cycle (Chapter 20) and (2) whether the rwo
daughter cells will be the same or different. A cell may be
just like its parent, or it may embark on a new path.

Cell birth is normally carefully resrricted to specific lo-
cales and times, such as the basal layer of the skin or the root
meristem. Liver regenerates when there is injury, but liver
cancer is prevented by restricting unnecessary growth at
other times. Cell lineage is patterned by the asymmetric dis-
tribution of key regulators to the daughter cells of a division.
Some of these regulators are intrinsic to the parent cell, be-
coming asymmetrically distributed during polarization of
the cell; other regulators are external signals that differen-
tially reach the daughter cells. Asymmetry of cells becomes
asymmetry of tissues and whole organisms. Our left and
right hands differ only as a result of cell asymmetry.

Some cells persist for the life of the organism, but others
such as blood and intestinal cells turn over rapidly. Many
cells live for awhile and are then programmed to die and be
replaced by others arising from a stem-cell population. pro-
grammed cell death is also the basis for the meticulous elim-
ination of potentially harmful cells, such as autoreacrive im-
mune cells, which attack the body's own cells, or neurons
that have failed to properly connect. Cell-death programs
have also evolved as a defense against infection, and virus-
infected cells are selectively murdered in response to death
signals. Viruses, in turn, devote much of theiieffort to evad-
ing host defenses. For example, p53, a transcription factor
that senses cell stresses and damage and activates transcrip-
tion of pro-apoptotic members of the b cl-2 gene familS is in-
hibited by the adenovirus E1B protein. It has been estimated
that about a third of the adenovirus genome is directed at
evading host defenses. Cell death is relevant to toxic chemi-
cals as well as viral infections; malformations due to poisons
often originate from excess apoptosis.

Failures of programmed cell death can lead to uncon-
trolled cancerous growth (Chapter 25). The proteins that
prevent the death of cancer cells therefore become possible
targets for drugs. A tumor may contain a mixture of cells,
some capable of seeding new tumors or continued uncon-
trolled growth, and some capable only of growing in place
or for a limited time. In this sense the tumor has its own stem
cells, and they must be found and studied, so they become
vulnerable to medical intervention. One option is to manip-
ulate the cell-death pathway by sending signals that will
make cancer cells destroy themselves.

Much attention is now being given to the regulation of
stem cells in an effort to understand how dividing popula-
tions of cells are created and maintained. This has clear im-
plications for repair of tissue: for example, to restore dam-
aged eyes, torn cartilage, degenerating brain tissue, or failing
organs. One interesting possibility is that some populations
of stem cells with the potential to generate or regenerate tis-
sue are normally eliminated by cell death during later devel-
opment. If so, finding ways to selectively block the death of
these cells could make regeneration more likely. Could the
elimination of such cells during mammalian development be
the difference between an amphibian capable of limb regen-
eration and a mammal that is not?
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cells 905
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cells 905
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trophic factors 935

1. What two properties define a stem cell? Distinguish be-
tween a totipotent stem cell, a pluripotent stem cell, and a
precursor (progenitor) cell.

2. Where are stem cells located in plants? $7here are stem
cells located in adult animals? How does the concept of stem
cell differ between animal and plant systems?

3. ln 1997 , Dolly the sheep was cloned by a technique called
somatic cell nuclear transfer (or nuclear-transfer cloning). A
nucleus from an adult mammary cell was transferred into an
egg from which the nucleus had been removed. The egg was
allowed to divide several times in culture, then the embryo
was transferred to a surrogate mother who gave birth to
Dolly. Dolly died in 2003 after mating and giving birth herself
to viable offspring. \Uhat does the creation of Dolly tell us
about the potential of nuclear material derived from a fully
differentiated adult cell? Does the creation of Dolly tell us any-
thing about the potential of an intact, fully differentiated adult
cell? Name three types of information that function to pre-
serve cell type. \Which of these types of information was
shown to be reversible by the Dolly experiment?

4. The roundworm C. elegans has proven to be a valuable
model organism for studies of cell birth, cell lineage, and cell
death.'What properties of C. elegans render it so well suited
for these studies? Vhy is so much information from C. ele-
gans experiments of use to investigators interested in mam-
malian development?

5. How are retroviruses used in tracing experiments that
map cell lineages?

6. In the budding yeast S. cereuisiae, what is the role of the

MCM1 protein in the following?

a. transcription of a-specific genes in a cells

b. blocking transcription of ct-specific genes in a cells

c. transcription of a-specific genes in ct cells

d. blocking transcription of a-specific genes in ct cells

7. ln S. cereuisiae, what ensures that a and a cells mate

with one another rather than with cells of the same mating

type (i.e., a with a or ct with a)?

8. Exposure of C3H L0Tlz ceIls to 5-azacytidine, a nu-

cleotide analog, is a model system for muscle differentiation.

How was S-azacytidine treatment used to isolate the genes

involved in muscle differentiation?

9. Through the experiments on C3H 1'0Ty2 cells treated

with 5-azacytidine, MyoD was identified as a key transcrip-

tion factor in regulating the differentiation of muscle. To

what general class of DNA-binding proteins does MyoD be-

long? How do the interactions of MyoD with the following

proteins affect its function? (alE2A, (b) MEFs' (c) Id.

L0. The mechanisms that regulate muscle differentiation in

mammals and neural differentiation in Drosophila (and

probably mammals as well) bear remarkable similarit ies.
'What 

proteins function analogous to MyoD, myogenin, Id,

and E2A in neural cell differentiation in Drosophila? Based

on these analogies, predict the effect of microinjection of

myoD mRNA on the development of Xenopus embryos.

11. Predict the effect of the following mutations on the abil-

ity of mother and daughter cells of S. cereuisiae to undetgo

mating-type switching following cell division:

a. loss-of-function mutation in the HO endonuclease

b. gain-of-function mutation that renders HO en-

donuclease gene constitutively expressed independent of

SIUTI/SNF

c. gain-of-function mutation in SVUSNF that renders

it insensitive to Ashl

12. Asymmetric cell division often relies on cytoskeletal ele-

ments to generare or maintain the asymmetric distribution of

cellular factors. In S. cereuisiae, what factor is localized to

the bud by myosin motors? In Drosophila neuroblasts, what

factors are localized apically by microtubules ?

13. How do studies of brain development in knockout mice

support the statement that apoptosis is a default pathway in

neuronal cells?

14. 
'S7hat 

morphologic features distinguish programmed

cell death and necrotic cell death? TNF and Fas ligand bind

cell-surface receptors to trigger cell death. Although the

death signal is generated external to the cell, why do we con-

sider the death induced by these molecules to be apoptotic

rather than necrotic?

15. Predict the effects of the following mutations on the

ability of a cell to undergo apoptosls:

a. mutation in Bad such that it cannot be phosphory-

lated by protein kinase B (PKB)

b. overexpression of Bcl-2

c. mutation in Bax such that it cannot form homodimers
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One common characteristic of cancer cells is a loss of func-
tion in the apoptotic pathway. Vhich of the mutations listed
above might you expect to find in some cancer cells?
16. How do IAPs (inhibitor of apoptosis proteins) interact
with caspases to prevent apoptosis? How do mitochondrial
proteins interact with IAPs to prevent inhibition of apoptosis?

Analyze the Data

The immortal-strand hypothesis postulates that when a stem
cell divides asymetrically to produce one "new" stem cell
and one progenitor cell, the new stem cell receives the sister
chromatids containing the oldest strand of DNA (the
immortal strand). The other daughter cell, a progenitor cell
that eventually gives rise to differentiated cells. receives the
sister chromatids containing more recent DNA strands (see
diagram below). If the immortal-strand mechanism actually
operates, it would prevent the accumulation of mutations in
adult stem cells that otherwise would occur during each
round of DNA replication.

Oldest
strand

ord
strand

New
strand

Stem cel l

Mitosis

Asymmetric
ce l l  d iv is ion

Stem cel l Progenitor cel l

Muscle satell i te cells are progenitors for myoblasts and
are the source of cells that result in muscle growth after
birth and muscle repair after in;'ury. The satell i te cells
can replenish themselves, suggesting that they also have
properties of stem cells. To test the immortal-strand

hypothesis, researchers recently conducted the following
studies:

a. Satellite cells were isolated from mouse muscle
fibers and cultured in vitro in the presence of BrdU, a nu-
cleotide analog that is incorporated into DNA during repli-
cation. After 4 days in BrdU, all satellite cells in the culture
were extensively labeled with BrdU (pulse), as expected if
these cells underwent symmetric divisions. The cells were
then incubated for 18 hours in the absence of BrdU (chase),
a period of time that corresponds to approximately two cell
divisions in these cells. The images below show two exam-
ples of muscle satellite cells undergoing division after this
18-hr incubation in the absence of BrdU. The blue labeling
(Hoechst) shows total DNA, the red labeling shows where
BrdU-containing DNA is located.

The majority of the cells appear like the dividing cell in
the top panel, but about 1.5 percent of dividing cells appear
like that in the lower panel. Can you explain these observa-
tions? Given that mice have 40 chromosomes, could the seg-
regation of the BrdU-labeled sister chromatids, observed in
the lower panel, have occurred by chance?

b. Satellite cells were subjected to a BrdU pulse-chase
experiment similar to that described in part (a) above and
then were assessed for the production of Numb, a protein
whose presence or absence allows two daughter cells to
adopt different developmental fates. The micrographs below
show a dividing cell stained for Numb (green) and for BrdU-
containing DNA (red). \fhat do you expect to be the out-
come of the daughter cell that acquires Numb? How might
you determine if Numb is involved in generating co-segrega-
tion of the older DNA strands?

Phase

Phase

I 
s-nt aru

J
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c. Suppose you conducted a pulse-chase experiment
using an established cultured cell line, but asymmetric divi-
sions like that observed in the lower panel in part (a) above
were not observed. Explain this result.
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From a single cell to a human embryo. Twenty hours after the
fertilization of a human egg, the male and female pronuclei are
about to fuse and combine the genetic information from father and
mother. Forty-six days later the embryo, 2 cm long, is beginning to
develop organs and tissues, nourished by blood entering through
the umbilical cord ICourtesy of The Lennart Nilsson Award Board ]

ust as notes and chords blend into a symphong genes,
proteins, and cells act as an integrated system during
embryogenesis, the development of an embryo. Signals

flow within and between cells, and massive waves of gene
expression allow thousands of types and shapes of cells to
form (Chapters 7, 15, 16). For normal embryogenesis, the
cell cycle must be regulated, as described in Chapter 20, so
that cell growth and division occur at the right times and
places; cell lineages like those described in Chapter 21 must
be organized in time and space; mechanisms described in
Chapters 17-19 must organize cells into tissues, organs, and
whole bodies; and cell death (Chapter 2L) must be pro-
grammed so that the webbing-not the fingers-is removed.

In this chapter we explore the regulation of early-stage
animal embryos to observe developmental mechanisms in
context.'We concentrate on insects and mammals, with some
examples from other animal species, as well as plants. After
a brief summary of early development, we describe how eggs
and sperm are made, how fertilization occurs, and the spe-
cial genetic properties of early mammalian cells. Then we
look at the earliest cell divisions in mammalian development
and the creation of different layers of tissues. The formation
of repeating segments in animal embryos and the genes that
eventually cause those segments to differ are discussed next.
!7e also examine several particularly informative aspects of
later animal development, including formation of the left-
right asymmetry of the bodS control of cell fates in the early
nervous system, and the patterning of limbs. As we cover
various topics, we will see how different experimental ap-
proaches-lineage tracing, genetic screens, mosaic animals,
manipulations of signaling proteins, and transplantation-

CHAPTER

THE MOLECULAR
CELL BIOLOGY OF
DEVELOPMENT

have been used to discover and analyze key molecular and

cellular events that build animals.
Let's start by thinking about a simple situation in which

a sheet of cells has formed through cell division, but all the

cells are identical. To form a working tissue, each cell has to

do its iob. Some may divide, some may bend, some may send

out a signal. Each cell must somehow learn its location and

fate, and start to differentiate appropriately' Differentiation

may entail activation of certain genes, production of partic-

ular proteins, an increase or decrease in cell division,

changed shape, changed surface properties and adhesion to

other cells, the release of secreted signals, the acquisition of

electrical activity, polarization along one or more axes,
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migration, or a combination of any of these. A mistake in
any aspect of cell differentiation early in development can be
fatal to the organism.

The fascination of developmental cell biology lies in dis-
covering how the integrated system of development works
and why it is so successful despite variations in environment,
inherited genes, cell numbers, and nutrition. At the same
time, this field offers a new way to explore evolution and hu-
man origins: how animal forms and species arose, are main-
tained, and change. In addition, many diseases are most
readily understood in the context of normal developmental
processes gone awry. And it all begins with a single cell!

Highl ights of Development
Single-celled organisms can go through complex develop-
mental lfe cycles during which their shapes and behaviors
may change dramatically. An example is the life cycle of the
malaria plasmodium discussed in Chapter 1 (see Figure 1-4).
In this chapter, however, we concentrate on development of
multicellular animals. The earliest stages of animal develop-
ment accomplish several crucial goals: combination of ma-
ternal and paternal genomes in a new organism; an increase
in the number of cells; formation of three main layers of
cells, the first step in creation of different cell and tissue
types; and the laying out of the main organization of the
embryo-front to back, head to tail, and left to rieht.

Development Progresses from Egg and Sperm
to an Ear ly  Embryo
The development of a new organism begins with the fusion
of male and female gametes: an egg (oocyte), carrying a set
of chromosomes from the mother, and a sperm, carrying a
set of chromosomes from the father. The gametes, or sex
cells, are haploid because they have gone through meiosis
and thus contain only one set of chromosomes (see Figure
5-3). They combine in a process called ferti l izarion, creating
the initial single cell, the zygote, that has two sets of chro-
mosomes (one maternal and one paternal) and is therefore
diploid. The zygote begins to divide in a process called cleav-
age, which produces a mass of cells that often look rather
similar to each other (Figure 22-1).The progeny of these ini-
tial cells will gradually become different, forming all the
organs and tissues.

Early in embryogenesis the cells divide into two distinct
sets: germ-line cells, which will give rise to gametes, and
somatic cells, which will form most of the body but are not
passed on to future progeny. Germ-line cells are carriers of
genetic alterations and, in some cases, inherited disease
states, but anything that happens to the DNA of somatic
cells cannot be passed on to future generations.

In order for a functioning organism to develop, the em-
bryo must become polarized. That is, cells on one side (left-
right or head-tail or front-back) behave differently than cells
on another side. The information that sets the oolarities of

2-ce l l
stage

30 hours

--J v 4 davs
-Z^

ffi
trrtorrtuYrl{

20 hours

5 days

,ffi
r9 \xqs
e] :e;1
\1_ F1\re./

Blastocyst

/ r - w ) p l'^--q.J 
\)

{',7 o <1,\
1-7nf^{/

! wlLJ I

--t-/--- f'../r\, at-u\ . . . . . . . - "

51/2-6 days A cu:Vtl
{|u<

A
lmplantat ion

Endometrium (prooestational staqe)

A Ff GURE 22-1 Early stages in human development. This
drawing depicts ferti l ization, cleavage (cell divisions), and
implantation in the context of the oviduct and uterus where these

Oocyte
in  me ios is

events occur The timing is indicated in terms of hours or days after
release of an egg from the ovary. [Adapted from T.W Sadler, Langman's
Medical Embryology,9Ih ed , Lippencott Williams and Wilkins, Figure 2-1 1 l

Fert i l izat ion
12-24 hours

First cleavage

Oviduct

950 C H A P T E R  2 2  |  T H E  M O L E C U L A R  C E L L  B | O L O G Y  O F  D E V E L O P M E N T



the embryo may be provided in the form of localized pro-
teins or RNA molecules in the egg or the location where the
sperm enters the egg, which can cause local changes that be-
gin the process of polarization. Alternatively, a random
asymmetry of the early embryo may become fixed as the
embryo's final polarity.

To create the initial tissue layers, sheets of cells fold and
some cells move inward, a process called gastrulation. The
embryo becomes more three-dimensional and consists of
three germ layers: the ectoderm ("outer skin"), the meso-
derm ("middle skin"), and the endoderm ("inner skin"). Al-
though the concept of three germ layers is really an oversim-
plification of the more complex truth, each layer gives rise to
particular tissues and structures, even in rather diverse ani-
mals, and thus the terms have had enough value to persist
(see Figure 21-3). The cell movements that generate the germ
layers require that the surface properties of cells change to
release or cement connections between cells. Cells in the
early embryo can form either loose-knit masses classified as
mesenchyme or sheets called epithelia. In the course of
development, cells can go back and forth between these two
states. Epithelia are usually polarized, one side of the sheet
being described as basal and the other apical.

Early in development, cells begin to signal using the var-
ious types of secreted proteins discussed in Chapters 15 and
16. For signaling to be useful in creating new cell types, some
cells must make the signal, while others make the receptor.
Cells that are able to sense and respond to a signal are de-
scribed as competenr. The polarization of the early embryo
that begins to make cells different allows some cells to be-
come signal producers and other cells to become signal re-
ceiversl some cells both produce and receive signals. Induc-
tion is the process whereby a signal sent from one cell or set
of cells influences the fates of other cells. For example, a sig-
nal may induce precursor cells to form neural tissue.

Embryonic cells are constantly sampling their local envi-
ronment to see how it conforms to their genetically pro-
grammed expectations. The absence of an expected signal or
the presence of an inappropriate one can cause a cell to die,
divide, move, change identity, or change shape. One signal
can inform a cell about its location along the dorsal-ventral
(back-front) body axis, while another tells the cell its anterior-
posterior (head-tail) position. Yet a third signal could tell the
cell to commence mitosis. A cell can integrate multiple sig-
nals and thus respond simultaneously to different signals. In
some cases, a cell's final response will not be a simple sum-
mation of the multiple signals. Instead, one signal may mod-
ify the cell's response to another signal. In addition to local
signals, long-distance signals such as hormones, which can
reach much or all of a developing or mature animal, coordi-
nate the timing of events, stimulating growth or triggering
other changes.

Some developmental signals act in a concentration-
dependent manner. That is, the receiving cells respond in one
way to high signal levels and in a different way to low signal
levels. Generally, cells close to the source of a signal will be
exposed to high levels, and cells farther away to lower levels.
Thus the location of the source, the location of cells that

have the relevant receptor, and the ability of the signal to

move through tissue will govern where particular responses

to a concentration-dependent signal occur.

As the Embryo Develops, Cell  Layers Become
Tissues and Organs

Molecular cell biology underlies the ways individual cells

differentiate into different cell types, say those forming a

kidney or the skin. Critical to cell differentiation is activa-

tion of specific genes, such as the genes that encode various

keratins, the fibrous proteins of the skin. In addition to the

differential gene expression that creates and charactetizes a

type of cell, the formation of tissues and organs depends on

the proper arrangements of cells. For example, the light-

sensitive cells of the eye must be arrayed on the retina sur-

face, and muscle cells must be arranged so that they can

move the lens and focus the image on the retina. Thus for-

mation of organs and tissues depends on communication

between cells as well as movements and rearrangements of

cells. The branching patterns of blood vessels, and the

proper connections between nerves and muscles, are possible

because developing cells communicate.
The process of forming all the working parts of the

body-the heart, liver, kidney, gonads, lungs' etc'-is

known as organogenesis. Organogenesis often involves

bending and folding layers of cells. An epithelial sheet of

cells can bend if cells along a stripe down the middle all con-

strict their apical end, while the other end is relaxed. Such

coordinated changes in cytoskeletal shape and organization

are crucial in organogenesis, as are signals between different

tissue layers. Circulatory systems and hearts typically un-

dergo organogenesis earlg since abundant oxygen must be

delivered to every cell.
Distinct cell types from distinct lineages collaborate to

form an organ. The skin has epidermis from the ectoderm

and dermis from the mesoderm; the lens of the eye derives

from one cell lineage and retina from another; limbs are

made of muscle and bone and nerves and skin. Signals be-

tween tissues of different origins allow formation of proper

structures at the right times and places.

The organization of whole tissues, known as pattern

formation, underlies much of the beauty of the natural

world: flowers, butterfly wings, faces, coral reef fish; warn-

ing colors, camouflage, and mimicry. Symmetric patterns are

common in animals: Our left hand mirrors our right hand,

for instance. Both hands are made of the same stuff; only the

pattern differs. Patterns often include repeating units like

body segments or vertebrae or fingers. Variations on the re-

peats confer different functions, like opposable thumbs.

Symmetry breaking, or asymmetric patterning, is crucial to

development of many animals, including humans. For exam-

ple, our growing heart twists in a particular helical way to

begin forming heart chambers.
Although this chapter concentrates on development of

the embryo, development continues after birth of an animal.

Many tissues continue to grow and develop until the adult

staqe is reached. And, as discussed in Chapter 21, some
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tissues such as skin, blood, hippocampus (part of the brain),
intestinal lining, and the eyes of fish continuously regenerate
even in adults, or regenerate after injury (e.g., liver). In many
animals, ecological complexities such as changing conditions
or migrations trigger metamorphosls. Insect embryos, for in-
stance, metamorphose to become larvae (juveniles), which
subsequently metamorphose to become adults; salmon
metamorphose to adapt from fresh to salt water.

Aging also can be viewed as a developmental process. As
an animal ages, many cell types undergo physiological
changes that underlie changes in organ and tissue functions.
That aging is a genetically programmed aspect of develop-
ment is apparent from observations of seemingly similar tis-
sues aging at different rates in different animal species. Ag-
ing can also be strongly influenced by environmental factors,
so as in many developmental processes there is an interplay
between genes, nutrition, and experience.

Genes That Regulate Development
Are at the Heart of Evolution
Evolution is a process of change in the forms and abilities of
living organisms over generations. Just as no two humans
are identical (even "identical" twins are not). differences are
found within any group of organisms. Occasionally the dif-
ferences confer an advantage in reproduction. In fact the
process of evolution has been employed by farmers and
others for thousands of years, selecting plants and animals
with useful properties and selectively breeding those. The
enormous variation among strains of dogs, for example,
has resulted from selection by humans over perhaps
10,000-20,000 years. The fossil record shows that natural
selection, which has operated for hundreds of millions of
years, has led to changes far greater than the differences
among dogs. Changes in climate, geology, location and the
presence of other creatures created new ecological niches
and animals evolved in ways that allowed life in many of
them.

Since the form and functions of any organism are con-
trolled by an increasingly well-understood battery of
development-regulating genes, changes in such genes must
account for the heritable changes that underlie the evolution
of different animals and plants. However, the mutations un-
derlying inherited evolutionary changes, whether the selec-
tion was by humans or by natural causes, generally have
been unknown in the pasr. This is beginning to change with
the current surge of knowledge about which genes matter to
the development of tissues and organs, along with the
increasing availability of DNA sequences from many organ-
isms. These advances are revealing the molecular genetic dif-
ferences that distinguish varieties of plants and animal.

Many changes in genes are harmful, and changes in
genes that control growth and/or development might be ex-
pected to have major deleterious effects. Indeed, many in-
herited human genetic syndromes (a syndrome ls a group
of disease features that tend to occur together) involving
birth defects or cancer have been linked to develoomental
qenes.

The conservation of most types of developmentally im-
portant proteins across diverse animal species indicate that
these proteins existed in animal ancestors half a billion years
ago. In many cases, particular proteins have remained en-
gaged in generating a particular organ or tissue type over all
that time, despite the dramatic morphological distinctions
between, say, insect and mammalian hearts. The similarities
in gene functions among animal species have allowed infer-
ences to be drawn about human gene functions and disease
processes based on information from many different species.

Evolution of animal form could in principle depend upon
the emergence of new genes and new proteins, but relatively
few such cases are known. Instead changes in body form
over generations appear to be due primarily to alterations in
hundreds of thousands of short regulatory DNA sequences
that influence the transcription of genes and the processing
of RNA. Most of the working protein "hardware" is similar
in animals of vastly different morphology, but the "soft-
ware" can change readily and rapidly.

Highlights of Development

r The paternal and maternal genomes come together in the
fertilized egg.

r Germ-line cells make eggs and sperm and some are in-
herited by progeny; somatic cells make all the rest of the
body but are not passed on to progeny.

r During embryogenesis, a largely symmetric fertilized hu-
man egg becomes an early embryo that is asymmetric along
the anterior-posterior (head-tail), left-right, and dorsal-
ventral (back-front) axes (see Figure22-1).

r An early embryo forms three initial layers of cells-
endoderm, mesoderm, and ectoderm-that give rise to dif-
ferent tissues and organs.

r Embryonic cells communicate with each other via se-
creted protein signals that bind to receptors on receiving
cells, triggering changes in the receiving cells that lead to
their differentiation into specific cell types. This process, in
which one type of cell, or group of cells, sends a signal that
affects the fates of other cells, is called induction.

r Organogenesis is the process of forming all the working
tissues and organs of the body.

r Pattern formation is the process of organizing the
shapes, sizes, and colors of tissues and organs during de-
velopment.

r Many genes have been identified that conrrol develop-
ment, and damage to such genes can lead to birth defects,
cancer, or t issue degeneration,

r Many rypes of development-regulating genes are evolu-
tionarily conserved. Not only can the genes be identified in
a wide spectrum of animal types, but in many cases a gene
plays a similar role in seemingly very different animals. This
reflects the evolution of animals from common ancesrors.
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Gametogenesis and Ferti I ization
lfhether in the comfort of a womb or the shelter of a shell.
embryos confront similar challenges: starting with the right
chromosomes, obtaining nutrit ion, organizing growth, mak-
ing diverse cell types, and creating pattern.

Germ- l ine Cel ls  Are Al l  That  We lnher i t

The setting aside of germ-line cells early in development has
been hypothesized to protect chromosomes from damage by
reducing the number of rounds of replication they undergo
or by allowing special protection of the cells that are critical
to heredity. Whatever the reason, early segregation of the
germ line is widespread (though not universal) among ani-
mals. In contrast, plants do nothing of the sort: Most meris-
tems, the groups of dividing cells at the tips of growing
shoots and roots, can give rise to germ-line cells. One conse-
quence of the early segregation of germ-line cells is that the
loss or rearrangement of genes in somatic cells cannot affect
the inherited genome of a future zygote.

Fruit f l ies (Drosophila) were crit ical in working out
many fundamental aspects of chromosome behavior begin-
ning almost a century ago. Now they are used to investi-
gate development, genomics, and molecular cell biology,
and a variety of mutant f l ies serve as models of human dis-
eases. These model organisms also are useful for examining
gametogenesis, the creation of eggs loogenesisl and sperm
(spermatogenesis) .

Drosophila oogenesis begins with a stem cell that divides
asymmetrically to generate a single germ-line cell (or simply
germ cell), which divides four times to generate 16 cells. One
of these cells will complete meiosis (see Figure 5-3), becom-
ing an oocyte; the other 15 cells become nwrse cells, which
synthesize proteins and mRNAs that are transported
through cytoplasmic bridges to the oocyte (Figure 22-2).The

proteins and mRNAs provided by the nurse cells are neces-

sary for maturation of the oocyte and for the early stages of

embryogenesis; they also play a key role in organizing the

main body of a fly. At least one-third of the Drosophila

genome is represented in the mRNA contributed by the

mother to the oocyte, a substantial dowry. Each group of

16 cells is surrounded by a single layer of somatic cells called

the follicle, which deposits the eggshell. The mature oocyte'

or egg, is released into the oviduct, where it is fertilized; the

fertilized egg (the zygotel is then laid'
In mammals, about 2,500 germ-line cell precursors, the

primordial germ cells (PGCs) form during gastrulation and

migrate to a part of the abdominal cavity's mesoderm

where the gonad (ovary or testis) wil l eventually form'

These primordial germ cells produce Kit protein, a cell-

surface receptor for Steel, a mitogenic protein signal se-

creted from cells along the path of PGC migration. Thus,

as the primordial germ cells migrate, they divide under the

influence of Steel. After arriving at their destination in the

gonads, primordial germ cells prepare for either oogenesis

or spermatogenesls.
As shown in Figure 22-3a, primordial germ cells in the

developing human ovary continue dividing during months

2-7 of gestation to produce about six mill ion primary

oocytes. Of these, about 400,000 survive to puberty and

about 500 wil l be ovulated during a l ifetime. The primary

oocytes begin meiosis but are arrested at the first meiotic

prophase. Because of this prophase arrest, primary

oocytes are tetraploid, which provides extra copies of the

genome to help provision the unusually large egg cell.

Some oocytes remain in the first meiotic prophase for

nearly 50 years. Puberty triggers rapid growth of primary

oocytes, which wil l eventually be about 200 pm in diame-

ter. Meiosis continues at ovulation, but is completed only

after fertilization. Each meiosis yields a single mature

oocyte, or egg cell.
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  FfGURE 22-2 Drosophila oogenesis. A single germ-cell
precursor gives rise to fifteen nurse cells (green) and a single oocyte
(yellow) early in oogenesis ([) The early oocyte is about the same
size as the neighboring nurse cells; the foll icle, a layer of somatic
cells, surrounds the oocyte and nurse cells The nurse cells begin to
synthesize mRNAs and proteins necessary for oocyte maturation,
and the foll icle cells begin to form the eggshell Midway through
oogenesis (Z), the oocyte has increased in size considerably The
mature egg (B) is surrounded by the completed eggshell (gray) The

nurse cells have been discarded, but mRNAs synthesized and
translocated to the oocyte by the nurse cells function in the early

embryo Polar granules located in the posterior region of the egg

cytoplasm mark the region in which germ-line cells wil l arise. The

asymmetry of the mature oocyte (e.g , the off-center position of the

nucleus) sets the stage for the init ial cell-fate determination in the

embryo After its release into the oviduct, ferti l ization of the egg

triggers embryogenesis lAdapted from A J F Griff iths et al , 1993, An

lntroduction to Genetic Analyso 5th ed , W H Freeman and Company, p 643 l
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Primary germ cells that migrate to the developing male
testis have a completely different fate (Figure 22-3b). In the
testis, they are arrested in G1 of the cell cycle and no meiosis
occurs. After birth these arrested cells, called spermatogonia,
resume mitosis. Their mitosis is a bit Deculiar. in that incom-
plete cytokinesis causes cells with briiged cytoplasm (syncy-
tia, "same cells") to form. From the spermatogonia come
primary spern'ratocytes, the cells that enter meiosis. still with

< FIGURE 22-3 Mammalian gametogenesis. In both males and
females, the process of gamete formation begins in the embryo and
is completed in the adult. (a) Oogenesis begins with proliferation of
primordial germ cells (PGCs) in the early embryo and their
accumulation at the site where the ovary wil l form. Primary oocytes
become arrested in meiosis I unti l puberty. Upon ovulation, an oocyte
completes meiosis I and arrests in meiosis Il. Meiosis l l  is completed if
the ooryte is fertilized Each meiosis yields a single haploid oocyte; the
other products of meiosis become polar bodies, which are nonfunctional.
(b) Spermatogenesis also begins with PCGs multiplying in the embryo
and accumulating in the developing testis. Unlike oocyte precursors,
sperm precursors (spermatogonia) arrest in G1 of the cell cycle and
do not commence meiosis unti l after birth, Subsequent mitotic and
meiotic cell divisions are incomplete, yielding haploid spermatids with
bridged cytoplasm (syncytia) Spermatids differentiate into mature
sperm in a process called spermiogenesis (see Figure 22-4) lAdapted
from L Wolpert et al, 2001, Principles of Development,2nd ed, Oxford
University Press, Figure 12-18 l

cytoplasmic bridges. Each meiosis produces four haploid
gametes, or spermatids, connected to each other by cytoplas-
mic bridges. These bridges allow synchronization of germ-
cell maturation and sharing of substances between cells; thus
the haploid cells resulting from meiosis can share products of
the unique X or Y chromosome each haploid cell carries.

Spermatids undergo a dramatic differentiation process
(spermiogenesls) that generates mature sperm cells (Figure
22-4).The Golgi apparatus moves to one end of the cell to
form the auosomal cap over the nucleus, while the flagellum
begins to form at the other end of the cell. Mitochondria co-
alesce near the base of the flagellum, ready to provide ATP
for swimming. Much of the cytoplasm is extruded, the cyto-
plasmic bridges are lost, and the nucleus condenses to a mere
shadow of its former self, driven by the arginine-rich protein
protamine, which displaces the normal histones from the
chromatin. The sperm is ready to go.

In humans, formation of a sperm cell from a spermato-
cyte takes about two months. Human males produce about
108 sperm/day and more than 1012 in a lifetime. Human
sperm are about 50 pm long, but Drosophila sperm are con-
siderably larger. Amazingly, the sperm in one fly species are
about 5.8 cm long, which is twenty times longer than the
male fly that produces them! A mature sperm consists of a
head, containing the acrosome and condensed nucleus, and
a flagellum tail. The tail contains a complex structure, the
axoneme, composed of microtubules and dynein motor pro-
teins whose movements propel the sperm toward the egg (see
Figures 18-29-18-31.). Mitochondria at the base of the tail
provide energy in the form of ATP to power axoneme
movement.

Mutations that damage motor proteins in sperm fla-
gella can cause steri l i ty. In the inherited disease

Kartagener's syndrome, for instance, defects in the dynein
arms of the axoneme (sometimes caused by mutation of the
dynein gene itself) cause immotile cilia and flagella. The
consequences include male inferti l i ty and situs inversus.
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A FIGURE 22-4 Spermiogenesis. The differentiation of a
spermatid (Il) into a mature sperm cell (@) involves a series of
dramatic morphological changes At one end, the acrosomal cap
forms over the nucleus, which becomes highly condensed. At the
other end, the flagellum elongates, and much of the cytoplasm
around its base is lost, leaving a sheath of mitochondria Although
not depicted, each spermatid is connected by cytoplasmic bridges to
adjacent spermatids (see Figure 22-3b) These are severed during
spermiogenesis, so each mature sperm cell can move independently.
[Adapted from K Kalthoff , 1996, Analysis of Biological Development, McGraw-
Hil l ,  Figure 3 9, and L Wolpert et al,  1998, Principles of Development, 1sted,
Oxford University Press, Figure 12 21 l

Situs inversus is a birth defect in which the heart and other
organs are located on the wrong side of the body. This ab-
normality results from the immotility of cilia that would
normally polarize the left-right axis of the body during gas-
t ru lat ion,  as we shal l  see in  Sect ion22.3. l

Several crit ically important events happen during ga-
metogenesis. In both sexes meiosis reduces the number of
chromosomes to a haploid set. The sorting of chromo-
somes that goes on is itself an extraordinary generator of
variation. Since there are 23 pairs of chromosomes in hu-
mans and there is an equal chance of retaining either one
of a pair in a particular gamete, 223 different possible
combinations of chromosomes could emerge from meio-
sis. Among human populations, there is single nucleotide
sequence heterogeneity about once in a thousand base

pairs, so an average size human chromosome of about
130 x 10o bp wil l have 130,000 differences from its ho-
molog. Add to this diversity the process of recombination
(about one crossover per chromosome) that gives rise to
new combinations of sequences, and the diversity is strik-
ing. Male gametogenesis also governs the sex of the next
generation: Sperm carrying an X chromosome produce
female offspring, while those carrying a Y chromosome
produce male offspring.

Fert i l izat ion Uni f ies the Genome

Ferti l ization can be a spectacular event, as when all the
coral animals of the Great Barrier Reef of Australia release
eggs and sperm on the same night once each year at a full
moon. The process of fertilization, which results in union
of an egg and sperm, comprises several challenging events:
penetration of an egg by a single sperm cell, assembly of a
diploid (no more and no less) genome, completion of the
egg's meiotic division, and initiation of a proper program
of gene activation. Sperm were first described in the late
1600s, and eggs, being much largeq were recognized much
earlier. Fertilization itself, however, was not directly ob-
served and documented unti l the late 1800s. Pioneering
studies on fertilization were done with sea urchin eggs and
sperm because both eggs and sperm are easy to isolate,
grow in culture, and watch. Observation of the fusion of
the haploid pronuclei of the egg and sperm helped to dispel
the earlier idea that sperm were contaminating animals
living in semen.

It is remarkable that a sperm is ever able to reach and
penetrate an egg. In humans, for instance, each sperm is
competing with more than 100 million other sperm for a
single egg, and it must swim a long distance to approach
the egg. Moreover, the egg has multiple surrounding layers
that restrict sperm entry. Although sperm are streamlined
for speed and swimming abilitS only a few dozen reach the
egg in the oviduct (see Figure 22-1'1. The flagellum of hu-
man sperm contains about 9000 dynein motors that f lex
microtubules in the axoneme, causing successive bending
that propels the sperm forward (see Figure 18-31). Esti-
mates of the force produced by a single dynein motor pro-

tein range ftom 
'1.-6 picoNewtons (pN). Since 1 pN is

enough to l ift a red blood cell, a sperm clearly packs a lot

of motor power.
The acrosomal cap (or simplS acrosome), found at the

tip of the sperm head, is a membrane-bound compartment
specialized for interaction with the oocyte. The acrosome's
membrane is just under the plasma membrane at the sperm
head; on the other side of the acrosome, its membrane is jux-

taposed to the nuclear membrane (see Figure 22-41. lnside

the acrosome are soluble enzymes including hydrolases and
proteases. Once a sperm approaches an egg, it must first
penetrate a layer of cumulus cells that are derived from the

ovarian follicle where the oocyte matured. The sperm then
encounters the zona pellucida, a gelatinous extracellular
matrix, =6 p,m thick, that surrounds the egg (Figure 22-5a).
The zona pellucida is composed largely of three glycoproteins

o @ ,
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(a ) < FIGURE 22-5 Gamete fusion during fertilization.
(a) Mammalian eggs, such as the mouse oocyte shown here, are surrounded
by a ring of translucent material, the zona pellucida, which provides a
binding matrix for sperm. The diameter of a mouse egg is =70 pm, and the
zona pellucida is =6 pm thick. The polar body is a nonfunctional product of
meiosis Scale bar :30 p.m. (b) In the initial stage of fertilization, the sperm
penetrates a layer of cumulus cells sunounding the egg ([) to reach the
zona pellucida. Interactions between GalT, a protein on the sperm surface,
andZP3, a glycoprotein in the zona pellucida, trigger the acrosomal reaction
(Z), which releases enzymes from the acrosomal vesicle Degradation of the
zona pellucida by hydrolases and proteases released during the acrosomal
reaction allows the sperm to begin entering the egg (B). Specific
recognition proteins on the sur{aces of egg and sperm facilitate fusion of
their plasma membranes. Fusion and subsequent entry of the first sperm
nucleus into the egg cytoplasm (4 and S) trigger the release of Ca2*
within the oocyte Cortical granules (orange) respond to the Ca2+ surge by
fusing with the oocyte membrane and releasing enzymes that act on the
zona pellucida to prevent binding of additional sperm [Part (a) courtesy of
Doug Kline Part (b) adapted f rom L Wolpert et al , 2001, Principles of Development,
2nd ed , Oxford Press, Frgure 1 2-22 l
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calIed 2P1., 2, and 3, the most interesting of which is ZP3
because it binds sperm. The sugar residues on ZP3 are
needed for the sperm to recognize the oocyte; their removal
prevents fertilization. The sugars onZP3 are bound by beta-
1,4-galactosyltransferase-I (GalT) on the surface of the
sperm. \lhen ZP3 on the egg induces aggregation of multi-
ple copies of GalT on the head of one sperm, a G protein cas-
cade in the sperm cell is triggered, resulting in exocytosis of
the acrosome and release of its contents onto the surface of
the egg (Figure 22-5b, steps I and Z). This process com-
monly is called the acrosomal reaction. Sperm lacking GalT
are unable to bind ZP3 or undergo the acrosomal reaction,
although other proteins of the sperm surface allow GalT-
deficient sperm to sti l l  bind to the zona pellucida. The
recognition of ZP3 is species specific, thus preventing the
formation of an inviable embryo with a sperm from one
species and oocyte from another.

As the released acrosomal enzymes digest the zona pellu-
cida, the sperm can penetrate this barrier to its entry. The
plasma membranes of the sperm and egg then touch and
fuse, allowing the sperm nucleus to enter the egg (Figtre 22-
5, steps B-E). Again, specific recognition proteins have
been discovered that mediate membrane fusion, including
CD9, an integrin in the egg plasma membrane, and Izumo,
an immunoglobulin-domain protein in the sperm plasma
membrane (Figure 22-6). Proteins such as Izumo and CD9
could become targets for controlling fertility.

Following mating of animals, sperm are in a race to ap-
proach and fuse with an egg. Under normal circumstances,
many sperm cells are likely to reach each available egg. The
first sperm to successfully penetrate the zona pellucida and
fuse with an egg triggers a dramatic response by the egg that
prevents polyspermy, the entry of other sperm that would
bring in excess chromosomes. After the first sperm succeeds in
fusing with the surface of the oocyte, a flux of Ca2* flows
through the oocyte at about 5-10 p,m/sec, starting from the
site of sperm entry. One effect of this Caz* flux is to cause
vesicles located just under the plasma membrane of the egg,
called cortical granules, to release their contents through the
plasma membrane and form a shielding fertilization mem-
brane that blocks other sperm from entering. In this cortical
reaction, the movement of the granules is controlled by a rich
assembly of actin microfilaments that forms from globular
actin in response to sperm entry. The Ca2* flux induced by
spermtgg fusion also acts as an effective signal for beginning
development of the zygote. Among the earliest events to occur
is completion of meiosis by the egg (recall that it is blocked in
meiosis I, see Figure 22-3a). The haploid egg and sperm nuclei
can then fuse, yielding the diploid nucleus of the zygote.

An oocyte contributes a considerable dowry to the newly
formed zygote.In mammals and many other animal species,
all the mitochondrial DNA in the zygote comes from the egg;
no sperm mitochondrial DNA survives fertilization. Female-
specific mitochondrial DNA inheritance has been used to
trace maternal heritage in human history, for example fol-
lowing early humans from their origins in Africa. Little or no
transcription occurs during oocyte meiosis and the first em-
bryo cleavages, so during this time the oocyte's RNA is

Hoechst 33342

  EXPERIMENTAL FIGURE 22-5 A sperm membrane protein
mediates sperm-egg membrane fusion. lzumo, a protein in the
plasma membrane of both mouse and human sperm, facil i tates
fusion between sperm and oocyte membranes (a) Hamster eggs
stripped of their zona pellucida were inseminated with heterozygous
lzumo*/ and homozygous lzumo-l- mouse sperm. Phase-contrast
micrographs show a single egg surrounded by multiple sperm Six
hours after insemination, Hoechst 33342, which stains sperm heads
blue, was added to the medium. lnthe lzumo*/- sperm, the white
arrowheads indicate swell ing sperm heads reacting with the egg
after staining with Hoechst 33342. No fusion was observed with
lzumo /- sperm. (b) In a second experiment, zona-free hamster eggs
were inseminated with wild-type human sperm in the presence of
anti-human lzumo (anti-hlzumo) or control lgG antibody After 6
hours, the samples were stained with Hoechst 33342. Fusion was
observed in the control sample (white arrowheads) but not in the
presence of anti-hlzumo antibody The inactivated sperm do not
trigger a polyspermy block. lFrom N Inoue et al , 2005, Nature 434:2341

crucial. Among the most abundant are histone mRNAs that

have short poly-A tails and as a result are translated

inefficiently. Translation of these histone mRNAs is regu-

lated by a stem-loop binding protein (SLBP) that binds to

nucleotides in the 3' untranslated sequence. SLBP, regulated
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by phosphorylation, cycles with the cell cycle so that histone
mRNA is stabilized and translated preferentially during S
phase. Other oocyte mRNAs are differentially activated dur-
ing early embryonic development.

Genomic lmprinting Controls Gene Activation
According to Maternal or Paternal
Chromosome Or ig in
One might expect that the two pronuclei contributed by the
sperm and oocyte would have equal capacity to activare
genes, except for the difference between the X and Y chro-
mosomes. Yet even after fertrlization, when the paternally
and maternally derived chromosomes are in the same
nucleus, their male or female origin continues to have a lin-
gering influence. This phenomenon has been revealed by
experiments with mouse embryos. Diploid embryos can be
constructed from two male pronuclei or two female pronu-
clei, which in theory should be adequate. However, zygotes
with two male-derived haploid genomes form good extra-
embryonic tissues but highly defective embryos. Conversely,
zygotes with two female-derived haploid genomes form
quite good embryos but poor yolk sacs and placentas, which
are extra-embryonic tissues.

The explanation for these results is a process called
genomic imprinting, which occurs during spermatogenesis and
oogenesis. Imprinting is accomplished by modifications of the
chromatin, but not the DNA sequence, in the developing ga-
metes so that only certain genes are accessible for subsequent
activation and transcription. In humans, for example, the gene
for insulinlike growth factor 2 (Igf2) is present on both copies
of chromosome 11. in the embryo, but is inactivated on the
chromosome derived from the mother. Conversely, in some hu-
mans the lgf-2r gene on the male-derived chromosome 5 is in-
active, whereas the female-derived allele is active. Igf-2r en-
codes a receptor for lgf-2, which transports Igf-2 to the
lysosome for degradation. Imprinting does not alter the
nucleotide sequence of DNA. For that reason either the mater-
nal or paternal copy of every chromosome, if it ends up in a fer-
tilized gamete, can function in development of progeny.

Abnormalities in gene imprinting that cause defects in
growth, a variety of inherited diseases, and cancer, highlight
the importance of this process. The mechanism of imprinting
involves differential methylation of DNA during germJine
differentiation. The most common and important rype of
methylation alters CpG dinucleotides, which occur about 30
million times in the mammalian genome. Commonly 50-80
percent of the C residues in CpG dinucleotides are modified
by several DNA methyltransferases. Most CpG methylations
are erased in primordial germ-line cells during embryonic de-
velopment, thus allowing reactivation of imprinted genes.
Subsequent re-methylation as germJine cells develop differen-
tially affects some genes depending on whether a chromosome
is going through oogenesis or spermatogenesis (i.e., whether
the animal is male or female). Thus eggs and sperm end up
with different, distinct imprints. After fertrlization, a second

wave of demethylation occurs in cleavage and blastocyst-stage
mouse embryos, though this does not affect imprinted genes.

The reason imprinting has evolved is unclear. Relatively
few genes, about eighty in mammals, are known to be im-
printed. However, the genes regulated in this manner play a
role in controlling embryonic growth and development. This
observation suggests a possible relation between growth
control and the maternal or paternal origin of the genes.

Too Much of a Good Thing: The X Chromosome
ls Regulated by Dosage Compensation
Males have one X chromosome and females have two.
Because of this difference in the number of X chromosomes
in the two sexes, a female embryo potentially will make twice
as much of each of the products encoded by X-chromosome
genes as a male does. That double-dose turns out to be
toxic, and a variety of mechanisms have evolved in many
species, including humans, to restore a viable balance of
sex-chromosome gene expresslon.

About four days after ferilization, mammalian embryos
consist of an outer sheath of cells, which will become extra-
embryonic tissue such as the placenta, and an inner mass of
cells, which will form the embryo proper. At this stage, one of
the rwo X chromosomes (either X-from the maternal parent
or Xo from the paternal parent) in each of the inner cells of a
female embryo becomes highly condensed and transcription-
ally inactive. Half the cells are left with an active Xu chromo-
some; the other half, with an activeX- chromosome. X inac-
tivation is a mechanism of dosage compensatioz that ensures
that males and females produce roughly similar levels of X-
chromosome gene products. Once an embryonic cell under-
goes X inactivation, the same X chromosome (X- or Xp)
remains active and the other remains inactive in all the descen-
dants of that cell. Thus all women are, in this sense, genetic
mosaics, since half their cells have an activeX* and half have
an active Xu. Because the two X chromosomes differ on aver-
age at 1in 1000 base pairs, the cells in females will no longer
be identical with respect to active X{inked genes. Males, in
contrast, have the same active X chromosome in every cell.

Mammalian dosage compensation requires a region of the
X chromosome called the X-inactivation center (Figure 22-7a).
Vithin this region are tvvo genes, Xlsf and Tsix, that both en-
code long RNAs. Because the genes overlap and are transcribed
in opposite directions, their RNA products are antisense with
respect to each other (hence the reversed names). Xlsr RNA,
which is made from only one of the two X chromosomes in a
female cell, actually coats the chromosome from which it is
made. Since Xrsl RNA does not move to the other X chromo-
some, that X is not coated and as a result remains active.

The mechanism for triggering expression of the Xlst gene
from only one chromosome is incompletely understood. Cis-
acting control elements in the X-inactivation center appear to
detect the presence of the two X chromosomes in female cells
(Figure 22-7b). A clue about the sensing process comes from
the observation that the two X-inactivation centers in a female
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coated X chromosome. This and other early changes trigger
a series of chromatin modifications that lead to compaction
and transcriptional inactivity.

Gametogenesis and Ferti l ization

r Early in mammalian embryogenesis, the primordial germ
cells migrate to the gonads and begin, but do not complete,
the production of gametes (oocytes or sperm) in utero.

r In mammalian oogenesis, primary oocytes arrested in
meiosis form in the embryo and are stored in the ovary;
they complete meiosis, forming haploid mature oocytes
(.ggs), following fertilization (see Figure 22-3a1. Oocytes
contain a pool of mitochondria, mRNAs, and other mate-
rials necessary for early development.

I In mammalian spermatogenesis, germ-line precursors
form in the embryo and are stored in the testis; these
diploid cells undergo meiosis after birth, forming haploid
spermatids (see Figure 22-3b). Differentiation of sper-
matids (spermiogenesis) yields mature sperm, elongated
cells with a long flagella and compressed nucleus.

r During fertilization, sperm initially recognize and bind
to the gelatinous layer (zona pellucida) on the outside of
the oocyte. This interaction, which involves glycoproteins
(e.g.,ZP3l in the zona pellucida and proteins on the sperm
surface, triggers the acrosomal reaction in the sperm. En-
zymes released from the sperm acrosome degrade the zona
pellucida, leading to fusion of the sperm and egg plasma
membranes (see Figure 22-5).

r Fertilization must be restricted to a single sperm to pre-
vent chromosome imbalances. Sperm-egg fusion induces
changes in the oocyte that exclude entry of other sperm.

r Although the sperm and oocyte each contribute a hap-
loid genome, genomic imprinting restricts which alleles are
active in each cell. In the case of some imprinted genes, the
paternal copy is active in the embryo and the correspon-
ding maternal copy is inactive, or vice versa.

r Males survive with one X chromosome, but the two X
chromosomes in females could lead to a double dose of X-
gene products that is harmful. This situation is avoided in
human females by inactivation of one of the two X chro-
mosomes in every cell of an early embryo, a process called

dosage compensatio n (see F igure 22-7 ).

Cell Diversity and Patterning
in Early Vertebrate Embryos
Fertilization produces a single cell, the zygote, which divides
rapidly. \Within a few days, the newly formed cells start send-
ing and receiving various signals that largely determine their
future fates. The first distinctions to appear are tlvo different

5 k b

Centromere

p Xrst nrun coats the chromosome
from which it is transcribed.

Active X

I  Changes in chromatin in Xlsf-coated
X chromosome inactivate
most transcript ion from the
chromosome.

  FIGURE 22-7 Dosage compensation in mammalian females.
Early in embryogenesis, one of the female X chromosomes becomes
highly compacted in a special chromatin structure; this compacted,
transcriptionally inactive chromosome is called a Barr body The
mechanism that detects the presence of two X chromosomes in the
female embryo involves a region on the X chromosome, the X-
inactivation center (XlC), diagrammed in (a). The transient pairing of
the XlCs on the maternal and paternal X chromosomes in females
init iates the process of dosage compensation, outl ined in (b). Since
pairing and subsequent events occur randomly in each cell, half the
cells wil l have the maternally derived X inactivated and the other
half wil l have the paternally derived X inactivated Since male embryos
have only one X chromosome no XIC pairing can occur and no Xrst
RNA is produced, hence there is no X-chromosome inactivation

cell transiently co-localize prior to one of the X chromosomes
becoming inactive. This colocalization may result in (1) low
expression of Tsix from the chromosome that will be inacti-
vated, which leads to (2) a temporary chromatin-regulated si-
lencing of Xist transcription, followed by (3) a surge of high
Xlst expression leading to inactivation of the chromosome.

After production of Xlsz RNA, Polycomb-group proteins
modify Iysine 27 residues on histone H3 tails of the Xist-

Inact ive X

X
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A FIGURE 22-8 Cleavage divisions in the mouse embryo. There
is l i tt le cell growth during these divisions, so that the cells become

cell rypes and then the initial polarization of the embryo along
its various axes. In time. further distinctions lead to formation
of multiple cell layers from which tissues and organs begin to
form. Much of this early fate determination requires signaling
systems that we discussed in Chapters 15 and 16. The general
theme is that a few cells will begin to produce a signal, and
other cells will produce the receptors that make them respon-
sive to that signal; signal reception then induces the produc-
tion of certain transcription factors that regulate batteries of
genes to control the fate of the receiving cell.

Cleavage Leads to the First Differentiat ion
Events

The zygote is the ultimate totipotent cell because it has the
capability to generate all the cell types of the body. Fertiliza-
tion is quickly followed by cleavage, cell divisions that take
about one day each in the mouse. In mammals, cleavage di-
visions occur before the embryo is implanted in the uterus
wall (see Figure 22-1).The condensed, transcriptionally in-
active chromatin from the sperm returns to a more normal
state by replacement of the sperm's special histones with
normal histones provided by the oocyte.

Initially the cells are fairly spherical and loosely attached
to each other (Figure 22-81. As demonsrrated experimentally
in sheep, each cell at the eight-cell stage has the potential to
give rise to a complete animal. Three days after fertilization
the 8-cell embryo divides again to form the 15-cell morula
(from the Greek for "raspberry"), after which the cell affini-
ties increase substantially and the embryo undergoes com-
paction, a process that depends in part upon the surface mol-
ecule E-cadherin (Chapter 19). Compaction is driven by
increased cell-cell adhesion and initially results in a more
solid mass of cells, the compacted morula. Next, some
cell-cell adhesions diminish, and fluid begins to flow into an
internal cavitS the blastocoel. Additional divisions produce
a blastocyst-stage embryo, composed of =64 cells that have
separated into two cell types: trophectoderm (TE), which
will form extra-embryonic tissues like the placenta, and the
inner cell mass (ICM), which gives rise to the embryo proper.

progressively smaller. See text for discussion. [Copyright Oxford University
Press, T. Fleming l

Whether a cell assumes a TE or ICM fate is determined
by its location within very early embryos. This can be
demonstrated experimentally by placing a labeled cell on the
outside or the inside of a very early embryo (Figure 22-9)
Labeled cells placed on the outside form extra-embryonic
tissues (TE fate) almost exclusively, and those inserted inside
preferentially form embryo tissues (ICM fate). DNA mi-
croartay analysis of gene expression at each stage of early
development reveal dramatic changes in which genes are
expressed as the embryo progresses from the 2-cell to blas-
tocyst stage. Even these very early embryos use'Wnt, Notch,
and TGFB signaling pathways (Chapter 16).

Both ICM and TE cells have the properties of stem
cells: That is, each type can divide to renew itself and to
start its own distinct l ineage that produces diverse popula-
tions of differentiated cells. The inner cell mass is the
source of embryonic stem (ES) cells, which can contribute
to any part of the embryo (see Figure 21.-7). The isolation
of these cells as cell l ines has enabled dramatic advances in
mouse genetic manipulations. The earliest known sign of
the ICM fate is expression of the Oct4 gene, which is a
critical regulator for maintaining cells in a plastic pluripo-
tent state.

As shown in Figure 22-9a,ICM cells are located on one
side of the blastocoel, while TE cells form a hollow ball
around the inner cell mass and blastocoel. At this blasto-
cyst stage, the TE cells are in an organized epithelial sheet,
with cell-cell junctions between adjacent cells. In contrast,
the ICM cells are a loose mass that can be described as
mesenchyme, a term commonly applied to loosely organ-
ized and loosely attached cells. During development, cells
often undergo an epithelial-mesenchymal transition, or the
reverse. Epithelial cells form sheets that act as a barrier,
move in harmony, and have a clear polar character from
one side of the sheet to the other. Mesenchymal cells are
bold individuals, less responsive to peer pressure. With
their ability to cut loose from each other, they can migrate
as individual cells, seed new organs, form circulating blood
cells, and adhere in a three-dimensional mass, such as the
inner cell mass.
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Four -ce l l  embryo
(b lTransp lan t ing  a  s ing le  ce l l  in to  a  mouse moru la

Trophectoderm

A EXPERIMENTAL FIGURE 22-9 Cell location determines cell
fate in the early embryo, (a) A 4-cell embryo normally develops into
a blastocyst consisting of trophectoderm (TE) cells on the outside and
inner cell mass (lCM) cells inside (b) In order to discover whether
position affects the fates of cells, transplantation experiments were
done with mouse embryos First, recipient morula-stage embryos had
cells removed to make room for implanted cells Then donor morula-
stage embryos were soaked in a dye that does not transfer between
cells Finally, labeled cells from the donor embryos were injected into
inner or outer regions of the recipient embryos, as shown in the

The Genomes of  Most  Somat ic  Cel ls
Are Complete
What is happening to the genome during early embryonic
stages? Although different parts of the genome are transcribed
in different cells, the genome itself is thought to be identical in
nearly all cells. One well-documented exception occurs during
development of lymphocytes from hematopoietic precursors.
Segments of the genome are rearranged or lost during lympho-
cyte development, generating clones of lymphocytes whose
genomes are unique (Chapter 24). Also, mature erlthrocytes
(red blood cells) lack a nucleus and thus have no nuclear
genome. Most somatic cells, however, appear to have an intact
genome, equivalent to that in the germ line.

Evidence that at least some somatic cells have a complete
and functional genome comes from the successful produc-
tion of cloned animals by nuclear-transfer cloning. In this
procedure, the nucleus of an adult (somatic) cell is intro-
duced into an egg that lacks its nucleus; the manipulated egg,
which contains the diploid number of chromosomes and is
equivalent to a zygote, then is implanted into a foster
mother. The only source of genetic information to guide de-
velopment of the embryo is the nuclear genome from the
donor somatic cell. The frequent failure of such cloning ex-
periments raises questions about how many adult somatic
cells do in fact have a complete functional genome. Even the
successes, l ike the famous cloned sheep "Dolly," have some
medical problems. Even if differentiated cells have a physi-
cally complete genome, clearly only portions of it are tran-

micrograph The recipient embryo is held in place by a slight vacuum
applied to the holding pipette (c) The subsequent fates of the
descendants of the transplanted labeled cells were monitored For
simplicity, 4-cell recipient cells are depicted, although morula-stage (16-

cell) embryos were used as both donors and recipients The results,
summarized in the graphs, show that outer cells ovewhelmingly form
trophectoderm and inner cells tend to become inner cell mass but also
form considerable trophectoderm lParts (a) and (c) adapted from L
Wolpert et al , 2OO 1 , Principles of Development, 2nd ed , Oxford Press, Figure 3-

1 2 Part (b) from R L Gardner and J Nichols, 1991 , Human Reprod 6:25-35.1

scriptionally active (Chapters 6 and 7). A cell could, for ex-

ample, have an intact genome, but be unable to properly re-

activate it due to inherited chromattn states.
Further evidence that the genome of a differentiated cell

can revert to having the full developmental potential char-

acteristic of an embryonic stem cell comes from experi-

ments in which differentiated olfactory sensory neurons

were genetically marked with green fluorescence protein
(GFP) and then used as donors of nuclei. S7hen the nuclei

from differentiated olfactory cells were implanted into enu-

cleated mouse oocytes, 14 percent of the oocytes developed

into blastocysts that produced GFP. These GFP-marked

blastocysts were used to derive embryonic stem (ES) cell

l ines, which were then used to generate mouse embryos.

After implantation into female mice, these embryos' de-

rived entirely from olfactory neuron genomes' formed

healthy mice. Thus the genome of a differentiated cell can

be reprogrammed completely to form all t issues of a

mouse.

Gastrulation Creates Mult iple Tissue Layers,
Which Become Polarized

The embryonic cells composing the inner cell mass of the

blastocyst have impressive abilities, but they hardly look like

an embryo. Soon after the blastocyst implants into the uter-

ine wall, the loose-knit conglomeration of ICM cells is turned

into a multi-layered structure with head-tail' front-back, and

(c )t a )

Rec ip ien t  In jec t ion
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left-right polarity. As depicted in Figure 22-10, the inner cell
mass initially separates into two layers called the hypoblast
and the epiblast. The epiblast will form the embryo proper.
The hypoblast wil l form extra-embryonic structures that
connect to the mother's circulation, Other extra-embryonic
structures will form from the trophectoderm, called the tro-
ph o blast after implantation.

In the mouse, in which axis formation has been studied
extensively, the first sign of the anterior-posterior axis be-
comes apparent at 5.5 days (2 weeks in humans). At this
time a visible groove, the primitiue streak, forms on the sur-
face of the epiblast in the region that will become the poste-
rior of the embryo. Along the primitive streak, cells leave the
epiblast layer and move into the space between the epiblast
and hypoblast in the process of gastrulation (Figure 22-11).
The first cells to invaginate form embryonic endoderm;

< FIGURE 22-10 Human development from days 7 to 11 after
ferti l ization. lmplantation of the blastocyst into the wall of the
uterus occurs at about 7 days (see Figure22-1 for earlier stages). The
blastocyst is polarized in that the inner cell mass (lCM) is at one end
and the blastocoel (f luid-fi l led cavity) at the other, both encased in
trophectoderm cells, which are now known as the trophoblast By
day 7 (tr), the ICM cells of the blastocyst have already begun to
separate into two layers-the hypoblast (green) and the epiblast
(blue). The epiblast wil l form the embryo proper and the hypoblast
wil l form extra-embryonic structures (in addition to those formed by
trophoblast) Next, the trophoblast cells proliferate and invade the
wall of the uterus (E), which is necessary for the embryo to start
receiving nourishment from the mother. By day 9 (B), the amniotic
cavity (gray), which forms between the epiblast and the trophoblast, is
enlarging By 10-1 1 days (4), the embryo (now the size of a period
on this page) is fully implanted and is being supplied by the maternal
circulatory system The extra-embryonic endoderm (white) is derived
from the hypoblast and wil l form the yolk sac, a remnant of our
evolutionary history when our ancestors required significant amounts
of yolk to nourish the embryo The two cell layers of the implanted
embryo are transformed into the three germ layers during the next
stage, gastrulatron [Adapted from 5 F. Gilbert, 2006, Developmental
Biology, 8th ed , Sinauer Press, Figure 1 1 -33 l

Amniotic cavity

Ep ib las t Amniob las ts

Yolk sac

Invag ina t ing  Endoderm
mesoderm ce l l s

  FIGURE 22-11 Gastrulation in animals. During gastrulation,
epiblast cells migrate to create the three germ layers: ectoderm,
mesoderm, and endoderm. Cells in the different layers have largely
distinct fates and therefore represent distinct cell l ineages (a) Shown
here is a sketch of a human embryo about 16 days after ferti l ization
of an egg The first cells to move from the epiblast into the rnterior
form endoderm. They displace the hypoblast (not shown) and appear
as a layer along the bottom of the interior space The next cells to
invaginate become mesoderm The remaining epiblast cells become
ectoderm (b) Scanning electron micrograph of a cross section of a
similar-stage embryo [Part (a) adapted from N A Campbell and J B
Reece, 2005, Biology, 7lh ed , Pearson/Benjamin Cummings, Figure 47 13
Part  (b)  courtesy of  Kathy Sul ik ,  Univers i ty  of  North Carol ina-Chapel  Hi l l  l
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later arrivals become mesoderm. Cells that do not invaginate
to become endoderm or mesoderm remain behind in the
epiblast to become ectoderm. The post-gastrulation embryo
proper thus has three germ layers and is polarized along the
dorsal-ventral axis and the anterior-posterior axis. The ecto-
derm will make neural and epidermal cells; the mesoderm
will make muscle, connective tissue, and blood; the endo-
derm will make gut epithelia.

Once the three germ layers are established, they subse-
quently divide into cell populations with different fates. There
appears to be a progressive restriction in the range of cell types
that can be formed from stem cells and precursor cells as de-
velopment proceeds. An early embryonic stem cell, as we've
seen, can form every type of cell; an ectodermal cell has a
choice between neural and epidermal fates; a keratinocyte pre-
cursor can form skin but not neurons. These observations
raise two important questions: How are cell fates progres-
sively restricted during development? Are these restrictions ir-
reversible? Such questions are often addressed with transplant
experiments, asking what a cell will do when moved to an ab-
normal position in an embryo. 

'lDfill 
it retain the fate of the old

location, or adopt a fate appropriate to the new location? In
addressing such questions, it is important to remember that
what a cell in its normal in vivo location will do may differ
from what a cell is capable of doing if it is manipulated exper-
imentally. Thus the observed limits to what a cell can do may
result from natural regulatory mechanisms or may reflect a
failure to find conditions that reveal the cell's full potential.

The fates of different parts of the early embryo were de-
termined in the early days of embryology by marking am-
phibian or chick embryo cells with ink and tracking them.
More recently, chimeric animals composed of chicken and
quail cells have been used to study cell-fate determination
during embryonic development. Embryos composed of cells
from both bird species develop fairly normally, yet the cells
derived from each donor are distinguishable under the mi-
croscope. Thus the contributions of the different donor cells
to the final bird can be ascertained. In addition to testing
which cells can form which types of tissue, the rigidity of
cell-fate determination can be tested.'When cells from one
germ layer are transplanted into one of the other layers, they
do not give rise to cells appropriate to their new location.
Thus the endoderm, mesoderm, and ectoderm are not only
morphologically distinct; they are firmly determined as dif-
ferent cell types with different fates.

In vertebrates, secreted protein signals are involved in di-
recting not only the initial formation of the germ layers but
also their polarization along the body axis. In the remainder
of Section 22.3, we examine the role of secreted signals and
their antagonists in early development.

Signal Gradients May Induce Different Cell  Fates

The most intensive and revealing studies of gastrulation and
formation of the initial tissues have been done in the clawed
toad Xenopus laeuis (more commonly described as a frog).
By dissecting and transplanting Xenopzs tissues, develop-
mental biologists have identified powerful signals that direct
cell fates in the early embryo. Some of these signals have

been found to function in similar ways in early mammalian

embryos.
The Xenopu.s egg is huge, about 1 mm in diameter. After

fertilization, this giant cell divides, initially without growth,

to make successively smaller cells that vary in size. Once the

embryo is a ball of cells, a blastocoel cavity opens within the

ball. The cells at one end of the embryo are large; this side of

the embryo is called the uegetal pole. Cells at the opposite end

are smaller; this side is known as the dnimdl pole. Morpho-
logical and molecular markers clearly reveal the polarization

of the embryo by the midblastula stage. For example, the pro-

teins VegT and Vg-1 are molecular markers for the vegetal
pole. On what will become the dorsal side ("back") of the

embryo, the protein B-catenin accumulates to high levels. The
position of B-catenin accumulation is controlled by the site of

sperm entry. As we have seen in Chapter 16, B-catenin is ac-

tivated as a transcription factor by Vnt signals (see Figure

L6-32). Even in the absence of a Wnt signal, accumulated B-
catenin can trigger the induction of specific genes.

The accumulation of B-catenin is the earliest known indi-

cator of the frog dorsal-ventral axis. More importantly, B-
catenin is essential for the formation of two signal-emitting

centers on the dorsal side of the late blastula: the Nieuwkoop

center and the BCNE (blastwla chordin and noggin expres-

sion) center (Figure 22-1,2). The Nieuwkoop center forms

where Vegl Vg-1, and high levels of B-catenin overlap, that
is, in the vegetal part of the dorsal side. Some of the future en-

doderm is located in this same region. The Nieuwkoop center

releases Nodal proteins, which are members of the trans-

forming growth factor B (TGFB) family of secreted protein

signals (Chapter 16). The BCNE center, which forms where

future neural-ectoderm cells arise, is detectable through its

expression of genes encoding some transcription factors as

well as Chordin and Noggin. These two secreted proteins are

antagonists of bone morphogenetic proteins (BMPs)' other

members of the TGFB family. Thus the BCNE center seems to

be mainly involved in preventing BMP action' At the equator

of the slightly later, gastrula-stage embryo, a central belt of

cells that forms between the ectoderm at the animal pole and

the endoderm at the vegetal pole becomes the mesoderm.

During Xenopus gastrulation, the cells forming the future en-

doderm and mesoderm invaginate by the same sort of process

that occurs in mammalian embryos (see Figure 22-111.
'We 

know now that the mesoderm is induced by sig-

nals, particularly TGFB signaling proteins. In the search

for mesoderm-inducing factors, researchers added every-

thing but the kitchen sink to early frog embryos. A

remarkable range of molecules was found to induce meso-

derm cells, including many that could not possibly be nat-

ural inducers. For a molecule to be considered a genuine'

natural inducer, it has to meet three criteria: (1) the mole-

cule has to be necessary for mesoderm induction to occur
(based on interference or mutants); (2) it has to be suffi-

cient to induce mesoderm from cells not normally fated to

be mesoderm (based on ectopic expression tests, that is,

expression in abnormal sites); and (3) it has to be pro-

duced at the right t ime and place in a normal embryo
(based on antibody staining or in situ hybridization). Few
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A FfGURE 22-12 Signaling centers in the early Xenopus
embryo. Cross-sections of the embryo at three stages are shown.
The three germ layers-endoderm (yellow), mesoderm (red), and
ectoderm (blue)-are determined by the gastrula stage (!) They
derive from earlier embryos (0 and Z), which are polarized by VegT
(a transcription factor) and Vg-1 (a TGFB signal) to form the animal

molecules fit all these requirements, but some TGFp
proteins do.

In some cases, the induction of cell fates involves a bi,
nary choice: In the presence of a signal, the cell is directed
down one developmental pathway; in the absence of the sig-
nal, the cell assumes a different developmental fate or fails
to develop at all. Such signals can work in a relay mode.
That is, an init ial signal induces a cascade of induction in
which cells close to the signal source are induced to assume
specific fates; they, in turn, produce other signals to orga-
nize their neighbors (Figure 22-13a). Alternativelg a signal
may induce different cell fates, depending on its concentra-
tion. In this gradient mode, the fate of a receiving cell is
determined by the amount of the signal that reaches it,

A Ff GURE 22-'13 Two modes of inductive signaling. In the relay
mode (a), a short-range signal (red arrow) stimulates the receiving
cell to send another signal (purple), and so on for one or more
rounds In the gradient mode (b), a signal produced in localized
source cel ls  (p ink cel ls)  reaches nearby cel ls  in  larger  amounts than
the amounts reaching distant cells lf the receiving cells respond
differently to different concentrations of the signal (indicated by
width of the arrows), then a single signal may create multiple cell
woe5

! Early gastrula

Ectoderm

Ventral
mesoderm

Nieuwkoop Endoderm Spemann
center organlzer

pole and by Nodal signals from the Nieuwkoop center to form
ventral-to-dorsal cells Mesoderm is induced by signals coming from
the vegetal region to the central embryo Dorsal-ventral cell fates
are also controlled by signals from the Spemann organizer in the
gastrula See text for further discussion. [Adapted from L Wolpert et al ,
2001 , Principles of Development, 2nd ed , Oxford Press, Figure 3-35 l

which is related to its distance from the signal source (Fig-
ve 22-13b). Any substance that can induce different re-
sponses depending on its concentration is often referred to
as a morphogen.

The concentration at which a signal induces a specific
cellular response is called a threshold. A graded signal, or
morphogen, exhibits several thresholds, each one correspon-
ding to a specific response in receiving cells. For instance, a
low concentration of an inductive signal causes a cell to as-
sume fate A, but a higher signal concentration causes the cell
to assume fate B. In the gradient mode of signaling, the sig-
nal is newly created, and so it has not built up to equal lev-
els everywhere. AlternativelS the signal could be produced
at one end of a field of cells and destroyed or inactivated at
the other (the "source and sink" idea), so a graded distribu-
tion is maintained.

Studies with activin, a TGFB-type signaling protein that
can alter cell fate in early Xenopus embryos, have provided
insight into how cells determine the concentration of a
graded inductive signal. Activin helps organize the meso-
derm along the dorsal-ventral axis of an animal. Specific
genes are used as indicators of the tissue-creating effects of
signals such as activin. For instance, a low concentration of
activin induces expression of the Xenopus brachyury
(Xbra) gene throughout the early mesoderm. Xbra is a tran-
scription factor necessary for mesoderm development.
Higher concentrations of activin induce expression of the
Xenopws goosecoid (Xgsc) gene. Xgsc protein is able to
transform ventral into dorsal mesoderm; so the local induc-
tion of Xgsc by activin causes the formation of dorsal,
rather than ventral, mesodermal cells near the activin
source.

Using 35S-labeled activin, scientists demonstrared that
Xenopus blastula cells each produce some 5000 type II TGFB-
like receptors that bind activin. Findings from additional
experiments showed that maximal Xbra expression was
achieved when about 100 receptors were occupied. At a

Vegetal pole

(a )  Re lay  s igna l ing

(b)  Grad ien t  s igna l ing
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concentration of activin at which 300 receptors were occu-
pied, cells began expressing higher levels of Xgsc. Similar
results were obtained with blastula cells experimentally
manipulated to produce sevenfold higher levels of the activin
type II receptor. These findings indicate that blastula cells
measure the absolute number of ligand-bound receptors
rather than the ratio of bound to unbound receptors, and
confirm the importance of signal concentration.

Signal Antagonists Inf luence Cell Fates and
Tissue Induction

The most dorsal of the mesoderm cells in the early frog gas-
trula become a famous signaling center called the Spemann
organizer (Figure 22-12, B). This organizer, reported by
Spemann and Mangold in 1,924, can be transplanted into a
host embryo, where it takes over part of the host embryo
and causes the formation of a nearly complete new axis
(Figure 22-1,4). The Spemann organizer is formed under the
influence of Nodal and perhaps other signals from the
Nieuwkoop center.

The Spemann organizer is the source of a remarkable
number of secreted signal antagonists. These include
Chordin and Noggin (BMP antagonists); Frzb-1, Crescent,
sFRP2, and Dkk-1 (!7nt antagonists); and the multi-signal
antagonist Cerberus, which dampens the effects of lfnt
and BMP and Nod,al signals. Ifhen Noggin is applied to
embryos that lack a functional Spemann organizer, the
embryos develop normally. This finding shows that Nog-
gin all by itself can mimic the effect of the Spemann or-
ganizer. A ventral signaling center, at the opposite end of
the mesoderm from the Spemann organizer, makes several
signals including BMP4 (a TFGB family signal). Thus the

  EXPERIMENTAL FIGURE 22-14 Atransplanted Spemann
organizer directs formation of a new body axis in host embryo.
(Iop) Normal frog embryo at swimming tadpole stage. (Boftom) When
the Spemann organizer, a powerful signaling center, is transplanted
into an early host embryo so that it now has two organizers (right, the
implant is the white patch at the bottom), much of the main neural
and mesodermal axis is duplicated (left). See text for discussion [From
E de Robertis and H. Kuroda, 2004, Ann. Rev. Cell Devel Biol 2O:2851.

two signaling centers, one dorsal and one ventral, appear

to battle each other for control of cell fates across the

mesoderm.
You have undoubtedly noticed that many of the mole-

cules involved in tissue formation in early embryos are signal

antagonists. One effect of such an antagonist can be to

sharpen or move a boundary between cell types. A signal

coming from source cells is progressively less potent with

distance; at some point, it falls below a threshold amount

and is without effect. If a secreted antagonist comes from the

opposite direction, it will block the action of the signal even

in cells receiving above-threshold amounts.
'We 

see an example of this phenomenon in the formation

of neural cells in the anterior of frog embryos. NormallS se-

creted TGFB proteins preuent the formation of neural cells

near the animal pole of Xenopus embryo. When the animal

pole is removed and placed into culture' it is called the "an-

imal cap." Production of BMP4 (a TGFB family signal; see

Chapter 151 by an animal cap prevents formation of neural

tissue in the culture. The effect of signals and other regula-

tors on neural induction can be tested by exposing parts of

the animal cap from Xenopus embryos to individual pro-

teins and seeing whether neural cells form. This type of in

vitro experiment first revealed the ability of Chordin to an-

tagonize BMP4 and induce neural-cell identity. Only when

BMP signaling is successful can non-neural cell types form.

Together, these data led to a simple model in which Chordin

prevents BMP4 from binding to its receptor. In principle, in-

hibition could occur by the direct binding of Chordin to

BMP receptors or to BMP molecules themselves. Biochemi-

cal studies demonstrated that Chordin binds BMP2 and

BMP4 homodimers or BMP4/BMP7 heterodimers with high

affinity (Ka : 3 x 10-10 M) and prevents them from bind-

ing to their receptors (Figure 22-75). Chordin-mediated in-

hibition of BMP signaling is relieved by Xolloid protein, a

protease that specifically cleaves Chordin in Chordin-BMP

complexes, releasing active BMP'
Cerberus, another antagonist secreted from cells in the

Spemann organizer,is named after the mythological guardian

dog with three heads because it has binding sites for three

different types of powerful signals-Wnt, Nodal, and BMP'

The binding of these signals by Cerberus prevents activation

of their respective receptors. By inactivating \il(nt, Nodal,

and BMP signals having roles in the development of the

trunk and tail of the body, Cerberus promotes head

development.
ln Xenopus, neural induction seems to be the default

state that must be actively blocked in order for other cell

types to develop. In chicks and mammals, however, fibrob-

last growth factor (FGF), BMPs, and Wnt appear to be nec-

essary signals for induction of neural tissue in the posterior

embryo. In the anterior, the actions of BMP and'!7nt are pre-

vented by antagonists (Figure 22-1'61. These antagonists are

produced in a region called the node, which is functionally

equivalent to the Spemann organizer in frogs. The node is a

depression at the anterior end of the primitive streak; during

gaitrulation, the streak with the node leading it gradually

expands forward toward the head.
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  Ff GURE 22-15 Modulation of BMP4 signalin g in Xenopus
by Chordin and Xolloid, (a) Chordin binds BMp4, a TGFB-family
secreted protein signal, and prevents it from binding to its receptor
See Figure 16-4 to review the TGFB signaling pathway (b) Xolloid

Signaling

specifically cleaves Chordin in the Chordin-BMP4 complex, releasing
BMP4 in a form that can bind to its receptor and trigger signaling
[See S Piccolo el al , 1997, Cell 91:407]

Sorting out all the signals and antagonists involved in de-
termining cell fates along the three body axes will require
much additional research. Nonetheless, biologists now have
identified most of the powerful regulators that cause the for-
mation of different tissue types in the early embryo, includ-
ing those that control differences between the left and right
sides of the body.

A Cascade of  S ignals  Dis t inguishes Lef t
from Right
Having discussed dorsal-ventral and anterior-posterior axis
formation, we turn next to the genetic controls that organize

the left-right axis. Antibody staining and in situ hybridiza-
tion have been used to look at gene expression in late gas-
trula embryos. One of the most striking and interesting find-
ings has been that some genes are active on only the left or
only the right side of the embryo. These include genes en-
coding three secreted protein signals: Sonic hedgehog, FGF,
and Nodal (Figure 22-17). Experiments in which genes with
this type of expression pattern were disrupted have shown
that such genes are not merely responding to left-right infor-
mation; they are part of the system for controlling the subse-
quent pattern of the embryo. An animal tissue or organ may
exhibit left-right asymmetry in two ways: by forming prima-
rily on one side of the body or by having an asymmetric

Wnts, BMPs, FGFs < FIGURE 22-16 Regulators of anterior-posterior cell fates in
the mouse embryo. The late gastrula embryo, which is actually
curled, is depicted here as a flattened oval with three layers,
ectoderm, mesoderm, and endoderm The primitive streak, where
future mesoderm cells moved inside during gastrulation, is indicated
as a purple area on the surface of the oval The node (green circle)
is a signaling center that forms earlier and eventually becomes the
notochord (see Figure 22-39). Regulatory signals that control
anterior-posterior patterning are indicated above the oval. Wnt, BMB

Posterior and FGF secreted signaling proteins are made by posterior t issues and
direct cells to assume posterior-cell fates such as neural t issue The

primitive actions of BMP and Wnt proteins are blocked in the anterior embryo
streak by antagonistic proteins that are made by cells in the node and

accumulate there [Adapted from S F. Gilbert, 2006, Developmental Biology
8th ed ,  Sinauer Press,  Figure 1 1-41 l

BMBWnt
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(al Drosoph i I a developmental stages

Embryonic development
-1 day

Three larval  stages
-4 days

(b) lmaginal  d iscs,  precursors to the adul t

Egg

Third
instar
larva

Pupa

A FIGURE 22-22 Major stages in the developmentol Drosophila
and location of imaginal discs. (a) The fertilized e99 develops into a
blastoderm and undergoes cellularization in a few hours The larva, a
segmented form, appears in about 1 day and passes through three
stages (instars) over a 4-day period, developing into a prepupa. Pupation
takes =4-5 days, ending with the emergence of the adult fly from the
pupal case. (b) Groups of ectodermal cells called imaginal discs are set
aside at specific sites in the larval body cavity. During pupation, these give
rise to the various body parts indicated Other precursor cells give rise to
adult muscle, the nervous system, and other internal structures. lPart (a)

courtesy Kaye Suyama Part(b) adapted from J W Fristrom etal,'1969, in E W
Hanly. ed , Park City Symposium on Problems in Biology, University of Utah Press,
o  J d r l

to the oocyte as a dowry from the mother. The dorsal-ventral

control system involves differential transport of a transcrip-

tion factor called Dorsal into the nuclei of the syncytial

embryo. This transcription factor, related to the vertebrate

NF-rB protein, is present in its inactive form throughout the

cytoplasm of the syncytial embryo. A signal proteln concen-

trated on the ventral side of the embryo triggers the NF-rB

signaling pathway (see Figure 1'6-35),leading to activation

of Dorsal and its translocation into nuclei. As a result, Dor-

sal enters ventral nuclei at a high level' lateral nuclei at a

modest level, and dorsal nuclei not at all (Figure 22-23)'

Thus Dorsal acts in a graded fashion and has the property of

a morphogen, even though this protein is not secreted' The

differential entry of the Dorsal transcription factor into nu-

clei, which controls subsequent cell fates, is governed by a

complex signaling process that starts during oogenesis in the

follicle cells and is transmitted to the developing embryo' We

will not pursue the details of dorsal-ventral patterning fur-

ther and will instead concentrate on anterior-posterior

patternlng.
To decipher the molecular basis of cell-fate determina-

tion and patterning along the three body axes, investigators

have cloned genes identified in screens for mutations that af-

fect the body plan; determined the spatial and temporal pat-

terns of mRNA production for each gene and the distribu-

tion of the encoded proteins in the embryo; and assessed the

effects of mutations on cell differentiation, tissue patterning'

and the expression of other regulatory genes. The principles

of cell-fate determination and tissue patterning learned from

Drosophila have proved to have broad applicability to ani-

mal development.

Transcript ional Control Specif ies the Embryo's

Anterior and Posterior
'We 

turn now to determination of the anterior-posterior axis

in the early fly embryo while it is still a syncytium' The

process begins during oogenesis when maternal mRNAs pto-

iuced by nurse cells are transported into the oocyte and

become localized in discrete spatial domains (see Figure

anterior cell fates.
Bicoid protein is a homeodomain-type transcription fac-

tor that activates expression of certain anterior-specific

genes discussed later' In the syncytial fly embryo, Bicoid

f,rotein spreads through the common cytoplasm away from

,h. 
"rrt.riot 

end where it is produced from the localized

mRNA. As a result' a Bicoid protein gradient is established

along the anterior-posterior axis of the syncytial embryo'

Since the effects of Bicoid are concentration-dependent' it is

acting as a morphogen. Evidence that the Bicoid protein

gradiint determines anterior structures was obtained

ihro,tgh injection of synthetic bicoid mRNA at different

locations in the embryo. This treatment led to the formation

of anterior structures at the site of iniection, with progres-

sively more posterior structures forming at increasing dis-

tances from the iniection site' Another test was to make flies

that produced extra anterior Bicoid protein; in these flies,

the anterior structures expanded to occupy a greater pro-

portion of the embrYo.
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(a) Wild type

(b) Mutant-no Dorsal

Mutant-nuclear Dorsal everywhere
n
U

All mesoderm

I-i I I I Il"i"l"T"k

creates a dorsal-ventral polarity in twrst expression and mesoderm
induction. Inactive cytoplasmic NF-nB on the dorsal side fails to
activate twist. (b) A mutant lacking Dorsal makes no mesoderm cells.
(c) Conversely, in a mutant that has Dorsal in the nuclei of all cells, all
cells differentiate as mesoderm [Adapted from L Wolpert et al , principles
of Development,2nd edition, Oxford Press, Figure 5-14 l

- =

o

o

(c)

o

A gradient of the transcription
ral cell fates in the early
omolog of vertebrate NF-xB (See

Figure 16-35) (a) In wild-type embryos, more Dorsal protein enters
the nuclei on the ventral side Once inside a nucleus, Dorsal activates
target genes such as fwist, which encodes a transcription factor that
directs mesoderm formation The differential entry of Dorsal thus

orly in parallel (Figure 22-25a-c). Analysis of the hunch-
back gene revealed that it contains three low-affinity and
three high-affinity binding sites for Bicoid protein. Experi-
ments with syntheric genes containing either all high-affin-
ity or all low-affinity Bicoid-binding sites demonstrated rhat
the affinity of the site determines the threshold concentra-
tion of Bicoid at which gene rranscription is activated (Fig-
ure 22-25d, e). In addition, the number of Bicoid-binding
sites occupied at a given concentration has been shown to
determine the amplitude, or level, of the transcription
response.

Threshold above which
fr4list gene is activated

Ventral mesoderm

,:)
c
o

a

Threshold above which
fwrsf gene is activated

Threshold above which
fr4list gene is activated
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l l l l ;  overview Animation: Gene Control in Embryonic Development

1 5 0  m i n

1 6 0  m i n

1 8 0  m i n

2 1 0  m i n

< EXPERIMENTAL FIGURE 22-24 Maternally derived bicoid

mRNA is localized to the anterior region of early Drosophila

embryos. All embryos shown are positioned with anterior to the

left and dorsal at the top In this experiment, in situ hybridization

with a radioactively labeled RNA probe specific for bicoid mRNA

was performed on whole-embryo sections 2 5-3.5 hours after

ferti l ization This time period covers the transition f rom the syncytial

blastoderm to the beginning of gastrulation After excess probe

was removed, probe hybridized to maternal bicoid mRNA (dark

s i lver  gra ins)  was detected by autoradiography Bicoid prote in is  a

t ranscr ipt ion factor  that  acts a lone and wi th other  regulators to

control the expression of certain genes in the embryo's anterior

region fFrom P W Ingham, 1988, tVature 335:25; photographs courtesy of

P W Ingham l

translational level rather than the transcriptional level' As

uniformly distributed throughout the embryo, its translation

is prevented in the posterior region by another maternally

deiived protein called Nanos, which is localized to the pos-

terior end of the embryo' The set of genes required for pos-

terior locali zation of Nanos protein is also required for

germ-line cells to form at the posterior end of the embryo'

bn. of these genes (staufen) is necessary for development of

primordial germ cells (PGCs) in zebrafish. Thus at Ieast

so-e g.t--line regulators have existed since fish and flies

had a common ancestor.

< EXPERIMENTAL FIGURE 22-25 Maternally derived Bicoid

controls expression of the embryonic hunchback (hb) gene

along the anterior-posterior axis' (a-c) lncreasing the number of

bicoid genes in mother fl ies changed the Bicoid gradient in the early

embryo,  leading to a corresponding change in the gradient  of

Hunchback protein produced from the hunchback gene in the

embryo's genome. fhe hunchback promoter contains three high-

affinity and three low-affinity Bicoid-binding sites. Transgenic fl ies

carrying a reporter gene linked to a synthetic promoter containing

either four high-affinity sites (d) or four low-affinity sites (e) were

prepared In response to the same Bicoid protein gradrent in the

embryo, expression of the reporter gene controlled by a promoter

carrying high-affinity Bicoid-binding sites extended more posteriorly

than did transcription of a reporter gene carrying low-affinity sites. This

result indicates that the threshold concentration of Bicoid that activates

hunchback transcription depends on the affinity of the Bicoid-binding

site Bicoid regulates other target genes in a similar fashion [Adapted
from D St Johnston and C NUssleln-Volhard,1992, Ce//68:201 l

Findings from studies of Bicoid's ability to regulate tran-
scription of the hunchback gene show that variations in the
levels of transcription factors, as well as in the number or

affinity of specific regulatory sequences controlling different
target genes, or both, contribute to generating diverse patterns

of gene expression during Drosophila development. Similar
mechanisms are employed in other developing organisms.

Translation Inhibitors Reinforce Anterior-
Posterior Patterning

Cell fates at the posterior end of the fly embryo are specified

by a different mechanism-one in which control is at the

Copies of Bicoid protein
bicoidgene gradient in
in mother embryo Promoter Expression pattern

(a )  0

Anterior -> Posterior

( b )  1

(c )  2

(d)  2

Low-affinity Bicoid-
b ind ing  s i tes

C O N T R O L  O F  B O D Y  S E G M E N T A T I O N :

!

o

hunchback

High-  Low-
affinity affinity
B ico id -  B ico id -
b ind ing  b ind ing
site site

Synthetic

High-affinity Bicoid-
b ind ing  s i tes

Synthetic
J-----------}
I F--\rrz-

S
U
U(e)  2
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Figure 22-26 lllustrates how translational regulation by
Nanos helps to establish the anterior -+ posterior Hunch-
back gradient needed for normal fly development. Transla-
tional repression of hunchback mRNA by Nanos depends

( a )

on a specific sequence in the 3'-untranslated region of the
mRNA, the Nanos-response elements (NRE). Along with
two other RNA-binding proteins, Nanos binds to the NRE
in hwnchbac& mRNA. The results of genetic and molecular
studies suggest that Nanos promotes deadenylation of
hunchback mRNA and thereby decreases its translation. In
the absence of Nanos, the accumulation of maternal Hb pro-
tein in the posterior region leads to failure of the posterior
structures to form normally, and the embryo dies. Con-
versely, if Nanos is produced in the anterior, thereby inhibit-
ing the production of Hb from both maternal and embryonic
hunchback mRNA, anterior body parts fail to form, again a
lethal consequence. Translational control due to the action
of an inhibitor, mRNA localization, or both, may be a
widely used strategy for regulating development. For in-
stance, specific mRNAs are localized during the develop-
ment of muscle cells, and during cell division in the budding
yeast Saccharomyces cereuisiae (see Figure 2I-28).

Insect Segmentation ls Control led by a Cascade
of Transcript ion Factors
In both insects and vertebrates, the anterior-posterior (head-
tail) axis is divided into a set of repeats, or more precisely re-
peats with variations: vertebrae and associated ganglia in
vertebrates, body segments in insects. Specific genes control
subdivision of the embryo into repeats, while other genes
control the differences between repeats. As noted already,
not all vertebrae have attached ribs, and only some of an in-
sect's body segments have legs growing from them. Ve dis-
cuss the genes controlling segmentation of insects in this sec-
tion and the rather different type of regulation underlying
vertebrate segmentation in the next section. Then we delve
into the genes that control differences between segmenrs.

Once the gap genes have been properly activated in the
Drosophila embryo, the next steps on the road to body seg-
mentation are controlled by a transcription-factor (TF) cas-
cade in which one TF controls a gene encoding another TR
which in turn conrrols expression of a third TF. At each step,
more than one gene may be regulated. Such a TF cascade can
generate a population of cells thar may all look alike but dif-
fer at the transcriptional level. TF cascades have both a tem-
poral and a spatial dimension. At each step in a cascade. for
instance. RNA polymerase and ribosomes can take more
than an hour to produce a transcription factor from its cor-
responding mRNA. Spatial factors come into play when cells
at different positions within an embryo synthesize different
transcription factors.

The rough outline of cell fates that is laid down in the
syncytial fly embryo is refined into a system for precisely con-
trolling the fates of individual cells. Discovery of the relevant
regulators came from a genetic screen for mutants with al-
tered embryo body segments. In additio n to hunchback, four
other gap genes-Krilppel, knirps, giant, and tailless-are
transcribed in specific spatial domains beginning about 2 hours
after fertilization (Figure 22-27a). Expression of these genes,
like that of hunchbacft, is regulated first by marernal factors
and then by cross-interactions among the gap genes.

Hunchback
protein derived
from maternal RNA

N a n o s
p  ro te i n

hb mRNA (materna l )

Nanos
protein

(b)

Anterior

I
I+

Posterior

Nano
protei

-@en
Nanos promotes

deadenylat ion

Iv
No hb translat ion

Iv
Abdomina l

deve lopment

;;-+AAAAAAA3'
mRNA

Translat ion of hb mRNA

Iv
Anterior

development

Hb pro te in

hb mRNA (materna l )

Anterior posterior

A FIGURE 22-26 Role of Nanos protein in excluding maternally
derived Hunchback (Hb) protein from the posterior region of
Drosophila embryos. (a) Both nanos (blue) and hunchback (red)
mRNAs derived from the mother are distributed uniformly in the
ferti l ized egg and early embryo. Nanos protein, which is produced
only in the posterior region, subsequently inhibits translation of
maternal hb mRNA posteriorly. (b) Diffusion of Nanos protein from its
site of synthesis in the posterior region establishes a posterior _+
anterior Nanos gradient. A complex of Nanos and two other proteins
inhibits translation of maternal hb mRNA. As a consequence,
maternally derived Hb protein is expressed in a graded fashion that
parallels and reinforces the Hb protein gradient resulting from Brcoid_
controlled transcription of the embryos hb gene (see Figure 22_25)
[See C Wreden el al , 1997 , Development 124:30151

Early embryoFenilized egg
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( a )

Video: Expression of Segmentation Genes in a Drosophila Embryo

Gap-gene pro te ins (b)  Hunchback  and Kr r ippe l  (c )

Kri ippel

A EXPERIMENTAL FIGURE 22-27 Gap genes and pair-rule
genes are expressed in characteristic spatial patterns in early
Drosophila embryos. Fixed, permeabilized embryos were stained
with fluorescence-labeled antibodies specific for a particular protein
All embryos shown are positioned with anterior to the left and dorsal
at the top (a) These syncytial embryos were stained individually for
the proteins encoded by four of the five gap genes Transcription of
Ihe Kruppel, knirps, and giant gap genes is regulated by Hunchback,
Bicoid, and Caudal (b) This syncytial embryo was doubly stained to
visualize Hunchback protein (red) and Kruppel protein (green) The
posterior Hunchback protein visible here is only weakly visible in part
(a)  due to the p lane of  focus The yel low band ident i f ies the region
in which product ion of  these two gap prote ins over laps (c)  In  th is
b lastoderm-stage embryo,  Fushi  tarazu (b lue)  and Even-sk ipped
(brown) proteins, encoded by the pair-rule genes ffz and eve,
respectively, are expressed in stripes Each stripe corresponds to the
primordial cells of one body segment Altogether about 14 segments

All the gap-gene proteins are transcription factors. Be-

cause these proteins are distributed in broad overlapping
peaks (F igure 22-27b),  each cel l  a long the anter ior-poste-
rior axis contains a particular combination of gap-gene

proteins that activates or represses specific genes within
that cell. Indeed, something l ike a battle ensues, because

some gap proteins repress the transcription of genes en-

coding other gap proteins. Although they have no known

extracellular l igands, some gap proteins resemble nuclear
receptors, which are intracellular proteins that bind
l ipophi l ic  l igands (e.g. ,  s tero id hormones)  capable of

crossing the plasma membrane. Most l igand-nuclear re-

are formed No morphological evidence of segmentation can be

seen at this stage, but staining for the RNA or protein products of

pair-rule genes reveals the beginnings of a segmented body plan

(d) The relationship between the early segment primordia (lower

embryo), expression stripes of one pair-rule gene (dark gray), and

the eventual larval segments that are formed (upper larva) is

depicted. The colors indicate the different segments, from head to

tail, and how they correspond from embryo to larva' The larval

head is barely visible externally. Note that each segment develops

from a prrmordium that is about four cells wide (in the head-to-

tail direction) and about 60 cells around Half of the segments

develop from cells that express the pair-rule gene and half from

the "interstripes" that do not; the interstripes express a different

pair-rule gene. T : thoracic segments; A : abdominal segments

IPart (a) adapted from G Struhl et al , 1 992, Cell 59:23]. Part (b) courtesy

of M Levine Part (c) courtesy of Peter Lawrence Part (d) courtesy of

Nipam Patel  l

n rps

{|'

ceptor complexes function as transcription factors (see

Figure 7-50). The sequence similarity between gap pro-

teins and nuclear receptors suggests that gap genes may

have evolved from genes whose transcription was con-

trolled by signals that could cross membranes, such as the

steroid hormones. The use of such signal-controlled genes'

rather than TF cascades, could explain how early cell-fate

specification operates in animals that do not have a syncy-

t ia l  s tage.
The fates of cells distributed along the anterior-posterior

axis are specified early in fly development. At the same time'

cells are responding to the dorsal-ventral control system'
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Each cell is thus uniquely specified along both axes. If each
of the five gap genes were expressed in its own section of the
embryo, at just one concentration, only five cell types could
be formed. The actual situation permits far greater diversity
among the cells. The amount of each gap protein varies from
Iow to high to low along the anterior-posterior axis, and the
expression domains of different gap genes overlap. This
complexity creates combinations of transcription factors
that lead to the creation of many more than five cell types.
RemarkablS the next step in Drosophila development gen-
erates a repeating pattern of cell types from the rather
chaotic non-repearing pattern of gap-gene expressron
domains.

stripes, separated by "interstripes" where that pair-rule gene
is not transcribed (Figure 22-27d). Murant embryos that
lack the function of a pair-rule gene have their body seg-
ments fused together in pair-wise fashion-hence the name
of_this class of genes. The expression stripes for each pair-
rule gene partly overlap with those of other pair-rule gines;
so each gene must be responding in a unique way ro gap-
gene and other earlier regulators.

The transcription of pair-rule genes is controlled by tran-
scription factors encoded by g"p and maternal genes. Be-
cause gap and maternal genes are expressed in broad, non-
repeating bands, the question arises: How can such a
non-repeating pattern of gene activities confer a repeating
pattern such as the striped expression of pair-rule genes? To
answer this question, we consider the transcription of the
euen-skipped (eue) gene in stripe 2, which is controlled by
the maternally derived Bicoid protein and the gap proteins
Hunchback, Kri-ippel, and Giant. All four of these transcrip-
tion factors bind to a clustered set of regulatory sires, or
enhancer, located upstream of the eue promoter (Figure
22-28a). Hunchback and Bicoid activate the transcription of
eue in a broad spatial domain, whereas Kriippel and Giant
repress eue transcrrption, thus creating sharp posterior and
anterior boundaries. The combined effects of these proteins,
each of which has a unique concentration gradient along the
anterior-posterior axis, initially demarcates the boundaries
of stripe 2 expression (Figure 22-28b).

Expression of the other eue stripes also depends on
specific enhancers. Each stripe of eue expression is formed in
response to a different combination of transcriptional regu-
lators acting on a specific enhancer, so the non-repeating dis-
tributions of regulators create repeating patterns of pair-rule
gene repression and activation. If even one enhancer is
bound by an activating combination of transcriptional

Video: EstablishingEve Expression in Drosophila Embryogenesis ffi
(a)  eye gene t ranscr ipt ion regulat ion < FfGURE 22-28 Control ol even-skipped (eve) stripe 2 in the

Drosophila embryo. Only one of the eye gene stripes is represented.
Within each eue stripe, a segment boundary wil l later form Thus eye
function gives rise to half the segment boundaries in the embryo
(a) Diagram of the 815-bp enhancer controll ing transcrrption of the
pair-rule gene eye in stripe 2 This regulatory region contains binding
sites for Bicoid and Hunchback proteins, which activate the transcription
of eve, and for Giant and Kruppel proteins, which repress its
transcription The enhancer is shown with all binding sites occupied,
but in an embryo occupation of sites wil l vary with position along the
anterior-posterior axis (b) Concentration gradients of the four
transcription factors that regulate eve stripe 2 The coordinated effect
of the two repressors (J) and two activators (t) determine the precise
boundaries of the second anterior eue stripe Only in the orange
region is the combination of regulators correct for the eye gene to be
transcribed in response to the stripe 2 control element. Further
anterior, Giant turns eye off; further posterior, the level of Bicoid
activator is too low to overcome repression by Kruppel. Expression of
other stripes is regulated independently by other combinations of
transcription factors that bind to enhancers not depicted in part (a)
[See S Small et al , 1 991, Genes & Devel. 8:827 |

Stripe 2
en na  ncer

B ico id  ( t )
Act ivators ( t )  !

(b) eve str ipe 2 regulat ion

Hunchback  ( t )  G ian t  (0 ) eve str ipe 2 Kr i ippe l  ( { )

I

Start of
t ranscr ip t ion

G i a n t  ( { )
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regulators, the presence of other enhancers in an inactive,
"off" state (not bound to a regulator) will not prevent tran-
scription. For instance, in Eve stripe 2, the right combination
and amounts of Hunchback and Bicoid create an "on" state
that activates transcription even though other enhancers are
present in the inactive state. In each stripe, at least one en-
hancer is bound by an activating combination of regulators.
Note that this system of gene control is flexible and could be
used to produce non-repeating patterns of transcription if
that was useful to an animal.

Similar responses to gap and maternal proteins govern
the striped patterns of transcription of the two other pair-
rule genes, runt and hairy. Because the enhanc ers of rwnt and
hairy respond to different combinations of regulators, the
eue, runt, and hairy expression stripes partly overlap one an-
other, with each stripe for any one gene offset from a stripe
for another gene. Subsequently, other pair-rule genes, in-
cluding fusbi tarazu (ftz) and paired, become active in re-
sponse to the Eve, Runt, and Hairy proteins, which are tran-
scription factors, as well as to maternal and gap proteins.
The outcome of this transcription-factor cascade is a pattern
of overlapping stripes.

The initial pattern of pair-rule stripes, which is not very
sharp or precise, is sharpened by autoregulation. The Eve
protein, for instance, binds to its own gene and increases
transcription in the stripes, a positive autoregulatory loop.
This enhancement does not occur at the edges of stripes
where the initial Eve protein concentration is low; so the
boundary between stripe and interstripe is fine-tuned.

The pair-rule genes direct formation of the embryo's seg-
ment boundaries. Since each pair-rule gene is expressed in
stripes and each stripe overlaps one segment boundary, each
pair-rule gene contributes to half the segment boundaries.
Acting together, all the pair-rule genes form all the segment
boundaries and also control other pattern elements within
each segment. In early embryos each segment primordium is
about four cells wide along the anterior-posterior axis,
which corresponds to the approximate width of pair-rule
expression stripes. With pair-rule genes active in alternating
four-on four-off patterns, the repeat unit is about eight cells.
Each cell expresses a combination of transcription factors
that can distinguish it from any of the other seven cells in the
repeat unit. Under the control of pair-rule proteins and the
later-acting segment-polarity genes, the repeating morphology
of segments begins to emerge; it is completed about 10 hours
after fertrlization. As cell-fate determination progresses in
the fly embryo, a variety of signaling proteins begin to play
a role. These include Hedgehog and'!7nt, which are encoded
by segment-polarity genes and are produced in stripes, one
stripe within each segment, under the control of pair-rule
gene products. The broader and earlier-formed stripes of
pair-rule gene expression overlap in certain regions, and
that's where particular combinations of pair-rule transcrip-
tion factors give rise to the fine pattern of segment-polarity
gene stripes. Note that the onset of signal-based controls
allows cells to respond to what their neighbors have done
and make adjustments. Otherwise parts of the pattern might
be missing or duplicated.

From the broad maternal gradient of Bicoid to the single-

cell precision of the segment-polarity genes' the fly embryo is

progressively subdivided into repeating units. One can read-

ily imagine how changes in stripe-specific enhancers,

amounts of particular transcription factors, and the range of

signals during evolution could modify the pattern of seg-

ments in different organisms.

Vertebrate Segmentation ls Control led
by Cyclical Expression of Regulatory Genes

Now we return to vertebrates to examine how segmentation

in these animals compares with that in insects. After the

three body axes have been established in a vertebrate em-

bryo, dramatic changes take place along all of them. One of

the most visible changes is the initiation of a repeating pat-

tern that later gives rise to vertebrae and ribs. This is pat-

terning along the anterior (head) to posterior (tail) axis. In

mice and humans, the first sign of the vertebrae appears in

the mesoderm that accumulates under the primitive streak.

The mesoderm forms, you wil l recall, by an epithelial-

mesenchymal transition in which cells along the primitive

streak cut loose and migrate inside (see Figure 22-11'). On

each side of the midline axis, mesoderm composed of loose

mesenchymal cells begins to round up to form pairs of spher-

ical epithelia caIIed somites. Somites initially form at the an-

terior and successively appear pair by pair in the posterior

direction (Figure 22-29a), giving them value as a way to

stage embryos. This striking case of a mesenchymal-epithelial

transition has huge consequences for the embryo. From

somites come the vertebrae and ribs, the muscles of the body

wall and limbs, and the dermis (inner skin) of the back.

Without somites, we would be blobs.
The mesoderm that has not yet formed somites is called

from the tail, a retinoic acid signal from the head, and Wnt

and Notch signals within the presomitic mesoderm.The fgfS
gene is expressed in the presomitic mesoderm where it is

iorming near the posterior tip of the embryo. Because /gf8
mRNA is unstable, the highest level of FGF8 protein builds

(Figure 22-29b).
The most remarkable aspect of somite-formation regula-

tion in vertebrates was first discovered in studies of the

chicken gene hairyl, which is related to one of the

Drosophila pair-rule segmentation genes. In situ hybridiza-

tion of developing somites in chick embryos showed that

hairyl transcripts are produced in cycles, with the duration

of one cycle corresponding to the time it takes to form one

somite (90 minutes in a chick, longer in mammals). A wave
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(a) Early embryo (5 pairs of somites)

Somites

Anterior

(b ) FGFS protein

Posterior

Growth and
matu rat ion

Presomitic mesoderm Tail bud

A FIGURE 22-29 Progressive formation of somites in human
embryos. (a) Five pairs of somites have formed at the anterior of the
earlier embryo on the left. Somite formation proceeds toward the
posterior, and in the later embryo on the right, nine pairs have formed
In both micrographs, the developing head is on the left and the tail bud
on the right (b) Gradients of FGF8, a secreted protein made in the tail

of hairyl expression moves from posterior to anterior in the
presomitic (unsegmented) mesoderm. Subsequent investiga-
tions revealed a rather large number of genes that undergo
cycles of expression, and all turned out to be related to the
Notch or ril/nt signaling pathways. Mutations in either path-
way cause drastic defects in somite formation. In humans.
for instance, mutations affecting Notch pathway compo-
nents cause Alagille syndrome and Jarcho-Levin syndrome,
both of which are associated with malformed vertebrae.

For both the Notch and Wnt pathways, feedback loops
are established that cause temporal cycling of expression.
For example, the hesT gene encodes a transcription factor
involved in Notch signal transduction. rWhen transcription
of hesT is stimulated by a FGF signal from the posterio; pre-
somitic mesoderm, a burst of HesT protein production
occurs (Figure 22-30a). HesT protein, in rurn, controls the
expression of target genes that contribute to somite forma-
tion. Because HesT also acts as a repressor of its own gene,
binding to its gene and turning it off, the HesT protein ac-
cumulates only until it reaches a high enough level to re-
presses hes7 transcription. This negative autoregulation
thus limits the duration of hes7 expression. Each part of the
presomitic mesoderm does the same thing in turn: hes7

expression just as a somite forms, another burst in the cells
that will form the subsequent somite, and so on. If Notch or
Wnt feedback loops are blocked, somites are highly abnor-
mal, but the details of how both pathways control shaping
of the somites are not known.

bud, and retinoic acid from the head, control somite formation from
presomitic mesoderm, which first arises in the tail bud High levels of
FGF8 prevent maturation of presomitic cells into somites in the
posteriol whereas high levels of retinoic acid acts to stimulate formation
of somites lPart (a) Kohei Shiota/Congenital Anomaly Research Center, Kyoto
University. Part (b) adapted from A F. Schier; 2004, Nature 427i4031

'We 
can now understand the two different strategies for

controlling the formation of repeating body parts in insects
and vertebrates. In Drosophila, the regulation differs for
each body segment: different combinations of gap tran-
scription factors, activated in specific regions along the an-
terior-posterior axis by maternal influences, regulate pair-
rule gene stripes, and pair-rule transcription factors in turn
combine to regulate the still finer stripes of segment-polarity
gene transcription. Each stripe has a distinct regulatory his-
tory involving different gap or pair-rule proteins. Thus
repeat formation is controlled by spatial differences. In
contrast, repeating vertebrate somites are formed by the
same regulatory process occurring again and again. A
remarkable feedback system creates a cyclical clock that
causes the genes responsible for building somites to be
expressed in bursts. Thus repeat formation is controlled by
temporal (time) differences.

Differences Between Segments Are Control led
by Hox Genes
Despite the differences in how repeating body parts are formed
in insects and vertebrates, the two groups of animals are reuni-
fied in employing the same family of genes to creare variation
among the repeats. These are the Hox genes, which control dif-
ferences in cell identities and indeed the identities of whole
parts of an animal along the anterior-posterior axis. These dif-
ferences are superimposed upon the underlying reperitive na-
ture of some of the tissues. Hox genes encode highly related
transcription factors containing the homeodomain motif
(Chapter 7). Indeed, what unifies the whole group of Hox pro-
teins is a similar DNA-binding homeodomain sequence; the
proteins have little else in common. The homeodomain se-
quences are also the basis for classifying all the Hox genes.

Late embryo (9 pairs of somites)
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(a) Activation of hesT transcript ion

A FIGURE 22-30 Control of cyclical gene expression in the
developing somites. (a) An init ial burst of hesZ transcription is
t r iggered by a posi t ive s ignal ,  probably FGFS As HesT prote in (a
Notch pathway component) accumulates, it eventually binds to its
own gene and turns off transcription Thrs process is repeated, once
per forming somite, in increasingly posterior regions of the presomitic

Mutations in Hox genes often cause homeosis-that is, the
formation of a body part having the characteristics normally
found in another part at a different site. For example, some
mutant flies develop legs on their heads instead of antennae.
Loss of function of a particular Hox gene in a location where it
is normally active leads to homeosis if a different Hox gene be-
comes derepressed there; the result is the formation of cells and
structures characteristic of the derepressed gene. A Hox gene
that is abnormally expressed where it is normally inactive can
take over and impose its own favorite developmental pathway
on its new location (Figure 22-3I).

Organization of Hox Genes Classical genetic studies in
Drosophila led to discovery of the first Hox genes (e.g., Aa-
tennapedia and Ultrabithorax). Corresponding genes with
similar functions (orthologs) have since been identified in
most animal species. Each Hox gene is transcribed in a par-
ticular region along the anterior-posterior axis in a remark-
able arrangement where the order of genes along the chro-

(b) Sequential induction and autoregulat ion of hesT

S i g n a l

Head Ta i l

/1

mesoderm (b) The FGF8 signal continues to be at the posterlor end,
so progressively more posterior presomitic mesoderm is triggered to

activate cyclical Notch and Wnt expression programs, leading to
somite formation The red circles represent bursts of transcription of
genes encoding Notch and Wnt signaling components and the
negative feedback loops that shut them down

mosomes is colinear with the order in which they are ex-

pressed along the anterior-posterior axis (Figure 22-32a).

The fly Hox genes are located at two locations on the same

chromosome but are effectively one cluster of eight Hox

genes. At one end of the cluster are "head" genes, which are

transcribed specifically in the head and are necessary for for-

mation of head structures. Next to them are genes actiYe and

functional in the thorax. and at the other end of the cluster

are abdomen genes. The arrangement reflects evolutionary

gene duplications and is retained because the genes share

regulatory sequences such as enhancers (Chapter 7). The ex-

pression domains of Hox genes can overlap' so the develop-

ment of a particular body structure can depend upon more

than one gene.
ln Drosophila, the spatial pattern of Hox-gene transcrip-

tion is regulated by maternal, gap' and pair-rule transcription

factors. The protein encoded by a particular Hox gene con-

trols the organization of cells within the region in which that

Hox gene is expressed. For example, a Hox protein can direct

Normal

  FIGURE 22-31 Hox-gene phenotypes. Like other Hox genes, the
lJltrabithorax (lJbx) gene controls the organization of cells within the
region in which it is expressed. lt normally acts in preventing wing
formation, so that normal f l ies have a single pair of wings Mutations
in Hox genes often lead to the formation of a body part where it does

Ubx mutant

not normally exist,  In the mutant shown here, the loss of Ubx function

from the third thoracic segment al lows wings to form where normally

there are only balancer organs cal led halteres. IFrom E B Lewis, 1978,

Nature276i565 Reprinted by permission from Nafure, copyright 1978,

Macmil lan Journals Limited l
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(a )  Drosoph i la

(b)  Mouse

  FIGURE 22-32 Relation between Hox gene clusters in
Drosophila and mammals. (a) The single Drosophrla Hox cluster
is  sp l i t  in to two chromosomal  |ocat ions;  one gene group is  the
Antennapedia complex and the other is the Bithorax complex. The
genes that control head formation are at the 3' end of the cluster
(yellow/red shades), those that control formation of the abdomen
are at the 5' end (blue/green shades), and the ones in-between
control thoracic structures (purple), as i l lustrated in the fly drawing,
whrch shows where the different genes are expressed (b) The
arrangement of genes in the mouse and human Hox gene clusters
is similar to that in Drosophila, but there are four clusters and each
of them is missing some of the set of genes For example, the class
1 Hox genes of mice and humans are similar to the /ab gene of
Drosophila, based on encoded protein sequences There is a class 1

3' 5'
Bithorax comolex

gene in Hox a, b, and d clusters but not in the c cluster Evidently
three is enough. In contrast, the class 4 gene is represented in all of
the mammalian clusters. Another difference from insect to mammal
is that mammals have "extra" versions of the posterior genes (class
9 and up) that correspond to the abd-type genes in fl ies The
drawings of the fly and mouse embryo indicate where Hox genes are
transcribed, from which it can be seen that the order has been
preserved during the roughly half bil l ion years since they had a
common ancestor The drawings are a simpilf ication, since in many
cases a gene is expressed with a sharp anterior boundary as well as
a graded pattern going toward the tail, and expression patterns
vary between different t issues [Adapted from L Wolpert et al , 2001,
Principles of Development, 2nd ed , Oxford University Press, Box 4-4al

mouse "knockouts" missing one or more Hox genes from
one numerical class show considerable redundancy among
the 39 total genes.

Evolution of Hox Gene Clusters Hox clusters are the
most dramatic example of the conservation of gene group-
ings across a wide range of animals. Their organization is so
striking that they serve as useful tools for studying evolu-
tion. The single Hox cluster in Drosophila is represented
four times in mammals (see Figure 22-32). Comparisons of
the genome sequences of a variety of vertebrates have re-
vealed that the copies of the Hox clusters are far from per-
fect. During evolution, some species have lost one or more
Hox genes; in other species, Hox genes have become dupli-
cated within a cluster. The transitions between different
clusters and losses and gains of individual Hox genes
among present-day organisms allow ancestral forms to be
deduced (Figure 22-33). For example, in the time since frogs
and humans had a common ancestor, about 370 million
years ago, frogs have lost Hox genes b13 and d12. As more
studies are done of how Hox genes control body morphol-
ogy, it will be increasingly possible to relate evolurionary
changes in Hox genes to pattern formation in the embryos

Antennaped ia
comptex

Hoxa, chromosome 6
3', 5'

Hoxb, chromosome 11

Hoxc, chromosome 15

Hoxd, chromosome 2

or prevent the local production of a secreted signaling protein,
cell-surface receptor, or transcription factor that is needed to
build an appendage on a particular body segment. Drosophila
Hox proteins control the transcription of target genes whose
encoded proteins determine the diverse morphologies of body
segments. Much remains to be learned about how morphol-
ogy is controlled by these target genes, but some rargers en-
code powerful Y/nt and TGFB signals. The association of Hox
proteins with their binding sites on DNA is assisted by cofac-
tors that bind to both Hox proteins and DNA, adding speci-
ficity and affinity ro rhese interacrions.

How about vertebrates? In contrast to flies, which have a
single Hox gene cluster, mammals have four copies of the
Hox cluster, a-d, located on different chromosomes (Figure
22-32b). \Within each cluster, the genes are numbered 1, at
the head end, to 13, at the tail end. The different copies of a
particular gene (e.g., Hox4) in the four clusters are closer to
each other in sequence than to Hox genes of another numer-
ical class. Although the mammalian Hox genes are clearly
related to the fly Hox genes, there has been an expansion of
fly abd-type genes in vertebrates (Hox classes 8-13). 

'Vfithin

each cluster some genes have been lost, evidently because the
other two or three copies are sufficient. Experiments with
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  FIGURE 22-33 Evolution of vertebrate Hox clusters. Genome
projects in which all genes are sequenced from different organisms,
as wel l  as focused studies of  Hox genes,  are prov id ing ins ight  in to
the evolution of the Hox clusters. The Hox clusters shown here in
dark green, blue, yellow, and red are based on sequencing of the
genomes of  the indicated present-day organisms.  Compar ing
sequences from a variety of vertebrates reveals that the copies of the
Hox clusters are far from perfect: In some species, one or more genes
have been lost, while tn others, genes have been duplicated within a
cluster. Since the fossil record and studies of DNA sequence conservation
have established the relationships between the organisms shown

they control. This genomics approach to exploring evolu-
tion will yield more detailed biological histories as more
genomes are sequenced.

Functions of Vertebrate Hox Proteins Vertebrate Hox
proteins control the different morphologies of vertebrae, of re-
peated segments of the hindbrain, and of the digits of the limbs.
Mutations affecting some of the most posterior Hox genes in
humans cause inherited syndromes that involve polydactyly
(extra fingers or toes) and syndactyly (fused fingers or toes).
Particular Hox genes are active in many other tissues too. As in
flies, mammalian Hox proteins often act in combination to con-

Loss of 1 gene

-410 Mya

Loss of 5 genes

A
t l f f i

c - . .

Hypothetical ancestor

+ Exsist ing gene sequence known
+ Hypothetical gene sequence currently unknown
+ Described pseudogene

A
B

D

Loss of 1 gene

Shark

here, it is possible to deduce the arrangement of Hox genes in
hypothetical ancestors (genes in l ight colors) and reconstruct an

outline of the events that happened in the evolution of the Hox

clusters The approximate distances in time (Mya : mil l ion years ago)

since any pair of species had a common ancestor are indicated in red

type. Of course, not all ancestors are represented here, so not every

steo can be deduced. As more studies are done of how Hox genes

control body morphology, it wil l be increasingly possible to relate

evolutionary changes in Hox genes to pattern formation in the
embryos they control. [Adapted from S Hoegg and A Meyer, 2005, Trends

Genet 21:.441 l

trol target genes, and they use cofactors of the same types used

by flies. Mutations affecting some of these cofactors have been

implicated in human cancer.
As in flies, Hox-gene expression domains in early verte-

brate embryos respond to seemingly invisible boundaries

that correspond later to transitions between morphologi-

cally distinct repeating body units. Each Hox gene is ex-

pressed in some somites but not others (Figure 22-34)-They

are expressed first in presomitic mesoderm, where they con-

trol the morphology of the vertebrae that will form later.

Vertebrae are classified into groups according to their

morphology and position along the anterior-posterior axis.
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Wild type
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  FIGURE 22-34 Expression of the mouse Hoxcl| gene in
somites. The anterior boundary of Hoxcl0 expression (arrow) is
clearly visible in this 9-day-old embryo lFrom M Carapuco er al , 2005,
Genes & Devel 19:21161

The effects of Hox mutations on vertebral development have
been studied with engineered mouse mutants. In one of the
most striking experiments, mice were produced that lack
functional Hoxa10, HoxcL0, and Hoxd10 genes (there is no
Hoxb10). These mice exhibited a dramatic transformation
of vertebral patterns. Lumbar and even sacral vertebrae,
which normally have no ribs, developed with varying de-
grees of partial ribs (Figure 22-35). Probably even more Hox
genes would have to be changed for a complete transforma-
tion. The inference is that the normal role of Hox10 tran-
scription factors is to prevent rib development.

Hox-Gene Expression ls Maintained by a Variety
of  Mechanisms
'Sfhen 

Hox genes are turned on, their transcription must
continue to maintain cell properties in specific locations. As
in the case of the pair-rule gene euen-skipped, the regulatory
regions of some Hox genes contain binding sites for their en-
coded proteins. Thus Hox proteins can help to maintain
their own expression through many cell generations using an
autoregulatory loop.

Another mechanism for maintaining normal patterns of
Hox-gene expression requires proteins that modulate chro-
matin structure. These proteins are encoded by two classes of
genes referred to as the Trithorax group and Polycomb group.
The pattern of Hox-gene expression is initially normal in
Polycomb-group mutants, but eventually Hox-gene rranscnp-
tion is derepressed in places where the genes should be inac-
tive. The result is multiple homeotic transformations, indicat-
ing that the normal function of Polycomb proteins is to keep
Hox genes in a transcriptionally inactive state. The results of
immunohistological and biochemical studies have shown that
Polycomb proteins bind to multiple chromosomal locations
and form large complexes containing different proteins of the
Polycomb group. The current view is that the transient repres-
sion of genes set up by patterning proteins earlier in develop-
ment is "locked in" by Polycomb proteins. This stable poly-
comb-dependent repression may result from the ability of
these proteins to assemble inactive chromatin structures
(Chapter 7). Polycomb complexes contain many proteins,

  EXPERf MENTAL FIGURE 22-35 Hoxl0 genes regulate
vertebra shape. Separate knockout mice were constructed, each
l a c k i n g a p o r t i o n  o f  t h e H o x l 0 a , c , o r  d g e n e  E a c h o f  t h e s e
genes is on a different chromosome In each case, heterozygous
mice survived because they have a second, wild-type, copy of the
gene. The mice were crossed to construct a strain heterozygous
for  mutat ions at  a l l  three genet ic  loc i  Crossing these mice
together  generated some homozygous mutant  embryos Iack ing
both copies of  a l l  three Hox70 genes.  Skeletons f rom 18.5 day
mutant embryos and wild-type embryos were isolated and stained
to reveal the details of the skeletons. These top-view and cross-
sect ional  d iagrams,  based on the sta ined skeletons,  i l lust rate the
results. In wild-type mice, the thoracic (T) vertebrae have ribs,
wi th the most  poster ior  r ib  on T13.  Lumbar (L)  ver tebrae (b lue
bracket) and sacral (S) vertebrate (red bracket) do not have ribs.
Mutants that are homozygous for all three Hoxl0 genes have ribs
on lumbar ver tebrae (e g ,  L3)  that  would normal ly  have been
r ib less,  and even on some sacra l  r ibs (e g ,  S2) .  The insets show
cross sections of different vertebrae and ribs to reveal their shapes
in that  d imension.  From these resul ts  we can infer  that  Hox10
prote ins are normal ly  requi red to suppress r ib  format ion on the
developing lumbar and sacra l  ver tebrae.  Since the Hoxl0 genes
are normal ly  expressed rn th is  region of  the embryo,  th is
conclus ion makes sense l f  any one Hoxl0 gene is  funct ioning,
the extra r ibs are not  seen,  or  only  rare ly  seen,  sothe Hoxl0
genes have at  least  par t ia l ly  redundant  f  unct ions.  [Adapted f rom
D M Wel l ik  and M R Capecchi ,  2003, Science 301:363 l
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including histone deacetylases, and appear to inactivate tran-
scription by modifying histones to promote gene silencing.

'Whereas 
Polycomb proteins repress expression of certain

Hox genes, proteins encoded by the Trithorax group of
genes are necessary for maintaining expression of Hox
genes. Like Polycomb proteins, Trithorax proteins bind to
multiple chromosomal sites and form large multiprotein
complexes, some with a mass of =2 x 106 Da, about half the
size of a ribosome. Some Trithorax-group proteins are ho-
mologous to the yeast S\fVSNF proteins, which are crucial
for transcriptional activation of many yeast genes. Trithorax
proteins stimulate gene expression by selectively remodeling
the chromatin structure of certain loci to a transcriptionally
active form (see Figure 7-43).The core of each complex is an
ATPase, often of the Brm class of proteins. There is evidence
that many or most genes require such complexes for tran-
scription to take place.

Many regulators of Hox-gene expression have been im-
plicated in leukemia. Chromosomal translocations that fuse
the genes encoding these regulators to novel sequences,
sometimes causing a gene encoding a chimeric protein to
form, are frequently found in leukemia patients. Such fu-
sions, for instance, can create oncogenes that cause white
blood cells to grow uncontrollably (see Figure 25-20l.Hox
genes are active in blood cells, though Hox functions in
those cells are incompletely understood.

Homeotic genes-that is, genes like the Hox genes that
control development of whole parts of the body-are also
important in plant development, as we shall see now. Again
the homeotic genes superimpose a set of variations on an un-
derlying repeat pattern.

Flower Development  Requi res Spat ia l ly
Regulated Production of Transcript ion Factors

Gn It may seem a long jump from animal segmentation to

@ plants, but in terms of the molecules that control pattern
formation, many principles are similar. Like vertebrae or insect
segments, flowers have repeating parts. The basic mechanisms
controlling development in plants are much like those in
Drosophila: differential production of transcription factors,
controlled in space and time, specifies cell identities. Our un-
derstanding of cell-identity control in plants benefited greatly
from the choice of Arabidopsis thaliana as a model organism.
This plant has many of the same advantages as flies and worms
for use as a model system: It is easy to groq mutants can be
obtained, and transgenic organisms can be made. We will focus
on certain transcription-control mechanisms regulating the
formation of cell identity in flowers. These mechanisms are
strikingly similar to those controlling cell-type and anterior-
posterior regional specification in yeast and animals. I

Floral Organs A flower comprises four different organs
called sepals, petals, stamens, and carpels, which are arranged
in concentric circles called whorls. Whorl 1 is the outermost;
whorl 4, the innermost. Arabidopsis has a complete set of floral
organs, including four sepals in whorl 1, four petals in whorl 2,

six stamens in whorl 3, and two carpels containing ovaries in

whorl 4 (Figure 22-36a). These organs grow from a collection

of undifferentiated, morphologically indistinguishable cells

called the floral meristem. As cells within the center of the floral

meristem divide, four concentric rings of primordia form se-

quentially. The outer-ring primordium, which gives rise to the

sepals, forms first, followed by the primordium giving rise to the

petals, then the stamen and carpel primordia.

Floral Organ-ldentity Genes Genetic studies have shown

that normal flower development requires three classes of floral
organ-identity genes, designated A, B' and C genes. Mutations

in these genes produce phenotypes equivalent to those associ-

ated with homeotic mutations in flies and mammals; that is, one

part of the body is replaced by another. In plants lacking all A,

B, and C function, the floral organs develop as leaves (Figure

22-36b,left).
The loss-of-function mutations that led to the identification

of the A, B, and C gene classes are summarized in Figure

22-36b (rigbt\. On the basis of the various homeotic pheno-

types observed, scientists proposed a model to explain how the

three classes of genes control floral-organ identity. According

to this ABC model for specifying floral organs, class A genes

specify sepal identity in whorl 1 and do not require either class

B or class C genes to do so. Similarly, class C genes specify

also postulates that A genes repress C genes in whorls 1' andZ

and, conversely C genes repress A genes in whorls 3 and 4.

To determine if the actual expression patterns of class A'

B, and C genes are consistent with this model, researchers

cloned these genes and assessed the expression patterns of

their mRNAs in the four whorls in wild-type Arabidopsis

plants and in loss-of-function mutants (Figure 22-37a, b).

Consistent with the ABC model, A genes are expressed in

whorls 1. and 2, B genes in whorls 2 and 3, and C genes in

whorls 3 and 4. Furthermore, in class A mutants' class C

genes are also expressed in organ primordia of whorls 1 and

2; similarly, in class C mutants' class A genes are also ex-

pressed in whorls 3 and 4. These findings are consistent with

the homeotic transformations observed in these mutants.

To test whether these patterns of expression are func-

tionally important, scientists produced transgemc Ara-

bidopsis plants in which floral organ-identity genes were

expressed in inappropriate whorls. For instance, the intro-

duition of a transgene carrying class B genes l inked to an

A-class promoter leads to the ubiquitous expression of class

B genes in all whorls (Figure 22-37c). In such transgenics'

whorl 1, now under the control of class A and B genes' devel-

ops into petals instead of sepals; likewise, whorl 4, under the

control of both class B and class C genes, gives rise to stamens

instead of carpels. These results support the functional im-

portance of the ABC model for specifying floral identity'
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Wild-type f loral organs

Sepa ls  (whor l  1 )

Sequencing of floral organ-identity genes revealed that
many encode proteins belonging to the MADS family of tran-
scription factors, which form homo- and hetero-dimers. Thus
floral-organ identity may be specified by a combinatorial
mechanism in which differences in the activities of different

Wild type

Class  A
muta nts

Class B
mutants

Class  C
mutants

(a)  Wi ld  type

wl w2 W3 W4

A_

se pe st ca

(b) Loss of function

wl w2 w3 W4

B-

(-

pe pe st st

pe se

whorl (W1, W2, W3, W4) The observed floral organ in each whorl
is indicated as follows: sepal : se; petals : pe; stamens : st;
and carpels : ca See text for discussion [See D Wiegel and E M
Meyerowitz, 1994, Cell 78:203, and B A Krizek and E M Meyerowitz, 1996,
Development 122:11 l

se pe
  EXPERIMENTAL FtcURE 22-37 Expression patterns of class
A, B, and C genes support the ABC model of f loral organ
specification. Depicted here are the observed expression patterns of
the floral organ-identity genes in wild-type, mutant, and transgenic
Arabidopsis. Colored bars represent the A, B, and C mRNAs in each
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homo- and heterodimeric forms of various A, B, and C pro,
teins regulate the expression of subordinate downstream
genes necessary for the formation of the different cell types in
each organ. Other MADS transcription factors function in
cell-type specification in yeast and muscle (Chapter 21).

Loss-of-function homeotic mutations

Whor l

< FfGURE 22-36 Floral organs and the effects
of mutations in organ-identity genes. (a) Flowers
of wild-type Arabidopsis thaliana have four sepals
in whorl 1, four petals in whorl 2, six stamens in
whorl 3, and two carpels in whorl 4 The floral
organs are found in concentr ic  whor ls  as d ia-
grammed at right. (b) ln Arabidopsrs with mutations
in all three classes of f loral organ-identity genes,
the four floral organs are transformed into leaf-
like structures (/eft) Phenotypic analysis of mutants
identif ied three classes of genes that control
specification of f loral organs in Arabidopsis
(right). Class A mutations affect organ identity in
whor ls  1 and 2:  sepals (green) become carpels
(purple)  and peta ls  (orange) become stamens
(red) Class B mutations cause transformation of
whorls 2 and 3: petals become sepals and stamens
become carpels. In class C mutations, whorls 3
and 4 are transformed: stamens become petals
and carpels become sepals [See D Wiegel and E M
lvleyerowitz, 1994, Cell 78:203 l

(c) B-gene transgenic

w1 w2 w3 W4

Petals
(whorl 2)

Stamens
(whorl 3)

Carpels
(whor l  4 )
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had proper axis formation but failed to undergo neurulation.
To demonstrate that miRNAs, and not some other molecule af-
fected by Dicer, are responsible for the problem, scientists at-
tempted to rescue the mutant fish embryos by injecting them
with a prominent class of preformed miRNA duplexes. This
succeeded to a remarkable degree, restoring much of the defec-
tive neural development. k will be fascinating to learn in the fu-
ture how miRNAs control neural tube morphogenesrs.

Signal  Gradients  and Transcr ip t ion Factors
Specify Cell  Types in the Neural Tube
and Somites
As we've seen already, developmental signals can act in relay
fashion, a sort of bucket brigade in which each cell receives one
signal and passes on another, or in graded fashion, in which
different concentrations of one signal induce different cell fates
(see Figure 22-13). Graded signals, or morphogens, are impor-
tant in specifying cell fates in different parts of rhe neural tube:
motor neurons in the ventral part, a variety of interneurons in
the lateral parts, and sensory neurons in the dorsal part. The
different cell types can be distinguished, prior to morphological
differentiation, by the proteins that they produce.

Graded concentrations of Sonic hedgehog (Shh), a verte-
brate equivalent of Drosophila Hedgehog, determine the
fates of at least four cell types in the chick ventral neural tube.
These cells are found at different positions along the
dorsoventral axis in the following order from ventral to dor-
sal: floor-plate cells, motor neurons, V2 interneurons, and V1
interneurons. During development, Shh is initially produced
at high levels in the notochord, which directly contacts the
ventral-most region of the neural tube (Figure 22-40a). The
Shh from the notochord induces the most ventral neural-
tube cells to form floor-plate cells, a type of non-neuronal
glial cell (Chapter 23). Floor-plate cells also produce Shh,
forming a Shh-signaling center in the ventral-most region of
the neural tube. Antibodies to Shh protein block the forma-
tion of the different ventral neural-tube cells in the chick,
and these cell types fail to form in mice homozygous for mu-
tations in the Sonic hedgehog (Shh) gene.

To determine whether Shh-triggered induction of ventral
neural-tube cells is through a graded or a relay mechanism, sci-
entists added different concentrations of Shh to chick neural-
tube explants. In the absence of Shh, no ventral cells formed. In
the presence of very high concentrations of Shh, floor-plate
cells formed; whereas, at a slightly lower concentrarion, motor
neurons formed. 

'When 
the level of Shh was decreased another

twofold, only V2 neurons formed. And, finallg only V1 neu-
rons developed when the Shh concentration was decreased an-
other twofold. These data strongly suggest that in the develop-
ing neural tube different cell types are formed in response to a
ventral -+ dorsal gradient of Shh, though exactly when in de-
velopment the signal has its impact is unknown. The accumu-
lating evidence for gradients does not rule out additional relay
signals that may yet be discovered.

Cell fates in the dorsal region of the neural tube are de-
termined by BMP proteins (e.g., BMP4 and BMPT), which
belong to the TGFB family. Recall that TGFB-type signals

(a) Graded induction of dif ferent cel l  types in the neural tube
by  Shh and BMP s igna ls

Dorsal
Roof plate Ep idermis

N e u r a l
tube

Sensory
neu rons

V1 neurons

V2 neurons

Motor
neurons

Somites

F loor  p la te Notochord

(b)  Responses  o f  neura l - tube ce l l s  to  g raded Shh and BMP s igna ls
a long dorsa l -vent ra l  ax is

Nkx6.1 Nkx2.2

  FIGURE 22-40 Regulation of neural-cell fate in vertebrates.
(a) Sonic hedgehog (Shh) secreted by cells in the notochord induces
floor-plate development The floor plate, in turn, produces Shh,
which forms a ventral -+ dorsal gradient that induces additional cell
fates In the dorsal region, BMP proteins (TGFPtype signals) secreted
from overlying ectoderm cells and subsequently from roof plate cells.
(b) The relative concentrations of Shh and BMP are indicated by the
colored gradients Cell fates in the neural tube can be detected by
the differential production of all the transcription factors shown
between the gradients High to moderate levels of Shh induce
expression of the Nkx2 2 and Nkx6 / genes (J) but block production
of the five transcription factors indicated at the top (T) Even low
levels of Shh can block expression of Dbxl and Pax7, both genes
whose expression is promoted by BMP signals coming from cells in
the dorsal neural tube The border between Pax6 and Nkx2 2, and
between Dbx2 and Nkx6 1, is further sharpened by mutually
repressive interactions; each protein turns off the gene encoding the
other protein The outcome of all this is a set of different cell fates
(e g , motor neurons or sensory neurons) along the dorsal-ventral
axis Each cell type contains a unique blend of transcription factors,
which presumably control expression of many other genes that
confer distinctive properties on cells that type [See T. M Jessell, 2000,
Nature Rev. Genet 'l:2Ol

PaxT Dbxl Dbx2 lrx3 Pax6

Nkx6.1
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and their antagonists are critical in determining dorsal cell
fates in early frog embryos. A Drosophila TGFB signal called
Dpp also functions in determining dorsal cell fates in early fly
embryos. Indeed, TGFB signaling appears to be an evolution-
arily ancient regulator of dorsoventral patterning. In verte-
brate embryos, BMP proteins secreted from ectoderm cells
overlying the dorsal side of the neural tube promote the for-
mation of dorsal cells such as sensory neurons (see Figure
22-40a). Thus cells in the neural tube sense multiple signals
that originate at opposite positions on the dorsoventral axis.
By integrating the signals from both origins, each cell
embarks on a particular course of differentiation.

The gradients of Shh and TGFB spreading out from the
ventral and dorsal sides of the neural tube activate or repress
the production of particular transcription factors in neural-tube
cells at different positions along the dorsal-ventral axis (Figure
22-40b). When these transcription factors are first made, the
boundaries benveen them are fuzzy,butsome ofthe boundaries
sharpen due to mutually repressive cross-regulation.

Similar mechanisms determine cell fates in the somites,
which give rise to body wall muscle (myotome), the inner
layer of skin called the dermis (dermatome), and the verte-
brae (sclerotomel. These different cell fates are induced by
signals from surrounding tissues. For instance, Shh coming
from the notochord induces sclerorome. Thus the same sig-
nal. Shh. induces motor neurons in the neural tube and
bone primordia in the somites. The receiving cells are pre-
programmed to respond in distinct ways to the same inducer
depending on their prior history. Somites also receive signals
from other directions, such as Wnt from the dorsal neural
tube, that induce different subsets of cells.

Most Neurons in the Brain Arise in the Innermost
Neural Tube and Migrate Outward
The cortex of the brain is a thin sheet of cells organized into
half a dozen layers. This portion of our anatomy-required for
the most-advanced thinking abilities-is the source of our
greatest pride and feelings of superioriry for better or worse,
over other living things. Development of the neural tube, which
is initially a single cell layer thick, into a brain requires both the
generation of vast numbers of neq progenitor cells from stem
cells and the organization of those new cells into layers.

The new cells form mostly in the subuentricular zone, the
inner lining of the neural tube lying closest to the ventricles,
which are the fluid-filled cavities inside the brain that arise
from the interior of the neural tube. Cells take up their final
positions in a simple inside-out order, forming the innermost
Iayer first and then, progressively, the outer ones (see Figure
21,-1,2). Thus neurons born late have to migrate past the
older cells that have akeady taken up their stations. The mi-
gration of some cells involves inreractions with radial glia,
support cells that elongate to span the entire distance from
the subventricular zone to the outer layer of the cortex. In
addition some cells undergo remarkable tangential migra-
tion at right angles to the ventricle-to-surface plane.

Scientists have used timeJapse microscopy to observe the
behaviors of migrating neurons. Their movemenr is not

smooth or continuous. Instead, the cells move vigorously for a
time, pause and extend processes in what appears to be a test-
ing of the waters, and then resume motion in either the original
direction or another. In some cases neurons seem to move over
each other; in other cases they follow the processes of glia cells.
Migrating cells are responding to a wide variety of guidance
cues in the form of surface molecules and secreted signals,
while internally each cell undergoes dramatic shape changes.

Once neurons reach their final destinations, and often while
they are in transit, they form long processes to communicate
with other cells: the dendrites, which receive signals, and the
axons, which transmit signals, sometimes over distances greater
than a meter. Ve will discuss how the correct wiring pattern is
built, to the extent that it is understood, in Chapter 23.

Latera l  Inh ib i t ion Mediated by Notch Signal ing
Causes Early Neural Cells to Become Different

The development of the nervous system provides examples of
an important general mechanism for ensuring that all neces-
sary structures are built, but not in excessive numbers. This
mechanism called lateral inhibition, consists in essence of a cell
communicating to surrounding cells "I am doing this, so you
should make something else." Adjacent cells with equivalent or
near-equivalent potential are in this way directed toward dis-
tinct fates. Genetic analyses of Drosophila neural development
first revealed the role of the highly conserved Notch/Delta
pathway in lateral inhibition. The Drosophila proteins Notch
and Delta are the prototype receptor and ligand, respectively,
in this signaling pathway. Both proteins are large transmem-
brane proteins whose extracellular domains contain multiple
EGFlike repeats and binding sites for the other protein. Al-
though Delta is cleaved to make an apparently soluble version
of its extracellular domain, findings from studies with geneti-
cally mosaic Drosophila have shown that the Delta signal
reaches only adjacent cells.

Interaction between Delta and Notch triggers the
proteolytic cleavage of Notch, releasing its cytosolic seg-
ment, which translocates to the nucleus and regulates the
transcription of specific target genes (see Figure 16-36). ln
particular, Notch signaling activates the transcription of
Notch itself and represses the transcription of Deha, thereby
intensifying the difference between the interacting cells (Fig-
ure 22-41a). Notch-mediated signaling can give rise to a
sharp boundary between two cell populations or can single
out one cell from a cluster of cells (Figure 22-41b1. Notch
signaling controls cell fates in most tissues and has conse-
quences for differentiation, proliferation, the creation of cell
asymmetry, and apoptosis. Here we describe two examples
of Notch signaling in cell-fate determination.

Loss-of-function mutations in the Notch or Deba genes
produce a wide spectrum of phenorypes in Drosophila. One
consequence of such mutations in either gene is an increase in
the number of neuroblasts in the central nervous system. In
Drosophila embryogenesis, a sheet of ectoderm cells becomes
divided into two populations of cells: those that move inside the
embryo develop into neuroblasts, which give rise to neurons;
those that remain external form the epidermis and cuticle (see
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( a ) In t r ins ica l l y  Ex t r ins ica l l y
Equ iva len t  b iased b iased

I

Fie ld Cluster

Ftgwe 21-29). As some of the cells enlarge and then loosen
from the ectodermal sheet to become neuroblasts, they signal to
surrounding cells to prevent their neighbors from becoming
neuroblasts-a case of lateral inhibition. Notch,/Delta signaling
is used for this inhibition; in embryos lacking the Notch recep-
tor or its ligand, all the ectoderm precursor cells become neural.

The role of Notch signaling in specifying neural cell fates
has been studied extensively in the developing Drosophila pe-
ripheral nervous system. In flies, various sensory organs arise
from proneural cell clusters, which produce bHLH transcrip-
tion factors, such as Achaete and Scute, that promote neural
cell fates. In normal development, one cell within a proneural
cluster is somehow anointed to become a sensory orgctn pre-

( a )
Induc t ion  o f

p roneura lc lus te r  Determinat ion

Lower level
o f  Emc

A FIGURE 22-42 Role of Notch-mediated lateral inhibition in
formation of sensory organ precursors (SOPs) in Drosophila.
(a) Extracellular signaling molecules and transcription factors, encoded
by early-patterning genes, control the precise spatiotemporal pattern
of proneural bHLH proteins such as Achaete and Scute (yellow) Most
cells within the field express Emc (orange), a related protein that
antagonizes Achaete and Scute, A small group of cells, a proneural
cluster, produce proneural bHLH proteins The region of a proneural
cluster from whrch an SOP will form expresses lower levels of Emc,
giving these cells a bias toward SOP formation Interactions among
these cells, mediated by Notch signaling, leads to accumulation of
Notch-regulated E(spl) repressor proteins in neighboring cells (blue),
restricting SOP formation to a single cell (green) (b) Init ially, achaete
(ac) and other proneural genes are transcribed in all the cells within a

< FfGURE 22-41 Amplilication of an initial bias to create
different cell types by Notch-mediated lateral inhibit ion. (a) A
difference between two init ially equivalent cells may arise randomly
(/eft) Alternatively, interacting cells may have an intrinsic bias (center)
or an extrinsic bias(right) For instance, cells that have received different
proteins in an asymmetric cell division wil l be intrinsically biased; those
that have received different signals (orange) will be extrinsically biased
Regardless of  how the smal l  in i t ia l  b ias ar ises,  Notch becomes
predominant in one of the two cells, promoting its own expression and
repressing production of its l igand Delta in that cell. In the other cell,
production of Delta predominates The outcome is reinforcement of the
smali init ial difference. (b) Notch-mediated lateral inhibit ion may create
a sharp boundary in an init ial f ield of cells, such as along the edge of
the developing Drosophila wing, or distinguish a central cell from a
surrounding cluster of cells, as in neural precursor establishment
[Adapted from S Artavanis-Tsakonas et al , 1999, Science234:710]

cursor (SOP).In the other cells of a cluster, Notch signaling
leads to the repression of proneural genes, and so the neural
fate is inhibited; these nonselected cells give rise to epidermis
(Figure 22-42). Temperature-sensitive mutations that cause
functional loss of either Notch or Delta lead to the develop-
ment of additional SOPs from a proneural cluster. In con-
trast, in developing flies that produce a constitutively active
form of Notch (i.e., active in the absence of a ligand), all the
cells in a proneural cluster develop into epidermal cells.

To assess the role of the Notch pathway during primary
neurogenesis in vertebrates, scientists injected mRNA en-
coding different forms of Notch and Delta tnto Xenopus
embryos. Injection of mRNA encoding the constitutively
active cytosolic segment of Notch inhibited the formation
of neurons. In contrast, injection of mRNA encoding an
altered form of Delta that prevents Notch activation led to

(b )

I
Cell fate: SOP

I
proneural cluster, as are Notch and Delta Achaete and other
proneural bHLH proteins promote expression of Delta. When one cell
at random begins to produce slightly more Achaete (/eft), its
production of Delta increases, leading to stronger Notch signaling in
all i ts neighboring cells (right) ln the receiving cells, the Notch
signaling pathway activates a transcription factor designated Su(H),
which in turn stimulates expression of E(spl) genes. F(sp/) expression
stays low in the high-Delta (left) cell, allowing a neural, i,e. SOB fate
In the right cell, the E(spl) proteins specifically repress transcription of
ac and other proneural genes The resulting decrease in Achaete
leads to a decrease in Delta, thus amplifying the init ial random
difference among the cells As a consequence of these interactions
and others, one cell of a proneural cluster is selected as a SOP; all the
others lose their neural potential and develop into epidermal cells

( b )

D i f fe ren t ia t ion

SOP

T]

:11
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the formation of too many neurons. These findings indicate
that in vertebrates, as in Drosophila, lateral inhibition me-
diated by Notch signaling controls neural precursor cell
fates. Similarly in the nematode Caenorhabditis elegans,
Notch signaling is used during vulva development to form
distinct adjacent cell types by lateral inhibit ion. The Notch
signaling pathway is used during the formation of many or-
gans and tissues, but not always for lateral inhibit ion.

Cell-Type Specification in Early Neural Development

r The vertebrate nervous system develops from ectoderm
cells, which are initially arranged in a sheet formed during
gastrulation. Folding of this ectodermal sheet (the neural
plate) first forms the neural tube in the process of neurula-
tion (see Figures 22-38 and 22-39).

r The notochord, a rod of mesoderm lying underneath (ven-
tral to) the neural tube, is a source of signaling proteins that
induce cell fates in surrounding tissues. For example, Sonic
hedgehog (Shh) from the notochord influences the fates of
nearby cells in the neural tube, somites, and endoderm.

r Shh is a morphogen that directs certain cell fates at high
doses and other cell fates at lower doses. It tends to pro-
mote ventral fates, like floorplate. Its influence is tempered
by other signals such as BMP, a TGFB-type signal coming
from overlying ectoderm that promotes dorsal neural fates
(see Figure 22-40).

r The cells of the neural tube, which is initially one cell thick,
proliferate and form neural precursor cells that migrate radi-
ally outward to form the layers of the brain and spinal cord.

r During normal Drosophild neurogenesis, only some
ectodermal cells form neurons; others form other ectoderm-
derived cells like skin. The balance between cell types is reg-
ulated by lateral inhibition involving Notch signaling. In this
process, cells that have taken on a neural fate rnstruct sur-
rounding cells not to do so (see Figures 22-41 and 22-42).

Growth and Patterning of Limbs
Vertebrate limb development provides a beautiful example of
how the actions of individual cells combine to creare Darrern.
Vertebrate l imbs grow from small "buds" composed of an in-
ner mass of mesoderm cells surrounded by a iheath of ecto-
derm (Figure 22-43). Hindlimbs and forelimbs are obviously
related, as are left and right limbs. If the limbs were broken
down into their constituent molecules or cells, the composi-
tion of all four would be nearly identical, yer their shapes dif-
fer in ways that are absolutely crucial to successful life. Pat-
tern formation-that is, organizing those molecules and cells
into a coherent whole-is a central goal of studying the mo-
lecular cell biology of limb development. Where would birds
be with four legs instead of a pair each of legs and wings?
Birds have in fact been a prime experimental animal for stud-
ies on limb development, since chick embryos can be readily
accessed in the egg during the period of limb formatron.

1 1 days

1 3 days

14 days

1 5 days

^ ,,o;; Limb devetopment in the mouse. Limb buds,
which consist of an inner mass of mesoderm cells and outer layer of
ectoderm, form at specific locations on the embryo s flank Outgrowth
and patterning along the three axes leads to formation of the all the
limb structures [From L Wolpert et al , 2001, Principles of Development, 2nd
ed , Oxford University Press, Figure 10-5 l

In testing various theories of limb development in the
chick, researchers have subjected embryos to transplantation,
injected them with signaling proteins or signal-producing cells,
and introduced retroviruses that direct gene expression in ab-
normal sites. The continued growth of the animal in the egg
then is observed to see the effect of any particular treatment.
Because it is relatively easy to reduce or eliminate a gene's func-
tion in mice, genetic experiments have been useful in studying
limb development in these animals. The results from the two
experimental systems are largely in agreement.

Hox Genes Determine the Right  P laces for  L imbs
to Grow
The first event in vertebrate limb development is determina-
tion of where, along the head-tail axis, limb growth will begin.'We 

are not millipedes; decisions must be made. In both insects
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(a )  E f fec t  o f  reduced or  no  FGF10

(b) Effect of ectopic FGF10

and vertebrates, the Hox genes control where limbs are made.
The mesoderm that gives rise to limb buds, called intermedi-
dte mesoderm, is located adjacent to the somite mesoderm;
mesoderm farther from somites is called laterdl plate meso-
derm. Expression of Hox genes in the intermediate mesoderm
influences the position of limb-bud formation by controlling
expression of genes (e.g., Tbx and Pitxl) that encode other
transcription factors in the lateral plate mesoderm. The Tbx
and Pitxl proteins, in turn, control production of secreted sig-
nals that are required for limb development.

Among these signals are fibroblast growth factor 10
(FGF10), which is secreted from cells in the lateral plate

< EXPERf MENTAL FIGURE 22-44 lhe effect of altering FGF10
function on limb development in the mouse. (a) Gene knockout
mice, lacking a f unctional part of the fgf 1 0 gene, were constructed by
recombination These photographs of mouse embryos a few days
before birlh show that mice heterozygous for the fgf 1 0 gene (+/-) are
fairly normal, but homozygous mice (-/-) have severely impaired l imb
development compared with that in wild-type mice (+/+) These
genetic data prove the importance of f ibroblast growth factor 10
(FGF10), a secreted signal protein, for l imb development (b) To test
whether FGF10 is capable of triggering l imb development, experiments
with chick embryos were done These embryos are advantageous
because the embryo can continue to grow after a surgical operation
Beads soaked in FGF10 protein were surgically implanted in the flank of
a mid-stage chick embryo prior to l imb development, in a region where
no limb would normally develop FGF'I 0, but not control substances,
was able to induce the formation of a fifth l imb The young chick
shown here, from a FGF1O-treated embryo, has an extra (ectopic) leg
Only half of the chicks skeleton is shown IPart (a) from Min et al , 1998,
Genes & Devel 12:3156 Part (b) from M J Cohn et al , 1 995, Ceil AO:739 l

mesoderm and initiates outgrowth of a limb from specific re-
gions of the embryo's flank. Mouse mutants lacking FGF10
develop without limbs (Figure 22-44a). Conversely, implan-
tation of a bead soaked in FGF10 at sites in the flank of a
chick embryo where a limb does not normally form causes an
extra limb to grow (Figure 22-44b). These results demon-
strate the remarkable inductive capabilities of FGF. Wnt sig-
naling also plays a role in the initial outgrowth of limb buds.

Limb Development  Depends on In tegrat ion
of  Mul t ip le  Ext racel lu lar  S ignal  Gradients

The three axes of a limb bud and developed limb-anterior-
posterior (thumb to little finger), dorsal-ventral (back of hand
versus palm), and proximal-distal (shoulder to fingers)-are
shown in Figure 22-45. Early limb development is marked by
fcrrmation of two important signaling centers: the apical ecto-
dermal ridge (AER), a region of surface ectoderm at the distal
tip of the emerging limb bud and the zone of polarizing actiu-

tty (ZPA) in mesoderm at the posterior end of the bud.

Mesoderm
s e l l s

AER ce l l s

+ DistalProximal €

L imb bud

A FfGURE 22-45 fhe axes of the l imb bud and the hand. A
l imb bud ( le f t )  and fu l l y  deve loped l imb,  a  hand in  th is  example
( r igh t ) ,  has  th ree  axes :  an ter io r -pos ter io r  ( thumb to  l i t t le  f inger ) ,
p rox ima l -d is ta l  (shou lder  to  f ingers ) ,  and dorsa l -vent ra l  (back  o f

Posterior

Proximal Distal

hand versus  pa lm)  In  the  deve lop ing  l imb bud,  the  ap ica l  ec todermal

r idge (AER)  is  a  source  o f  f ib rob las t  g rowth  fac to r  (FGF)  s igna ls ,  and

the  zone o f  po la r iz ing  ac t iv i t y  (ZPA)  i s  a  source  o f  Son ic  hedgehog
(sh h)

Anter ior

Poster ior

Normal

Anterior
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Lateral plate Surface ectoderm
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FgflO ;, FgfB Shh f rgtu+ rsts

  FIGURE 22-46 lntegration of three signals in vertebrate
limb development along the proximal-distal and anterior-
poster ior  axes.  Each l imb bud grows out  of  the f lank of  the
embryo (a) A fibroblast growth factor (FGF) signal, probably FGF10,
comes from the mesoderm in specific regions of the embryo's flank,
one region for  each l imb FGF10 acts on a local  region of  sur face
ectoderm cal led the apical  ectodermal  r idge (AER) because i t  wi l l
form a prominent  r idge (b)  The ectoderm that  receives a FGF10
signal  is  induced to produce FGFB, another  secreted s ignal  At  the
poster ior  end of  the l imb bud,  FGFB induces t ranscr ipt ion of  the
Sonic hedgehog (Shh) gene (c) Shh signaling induces transcription
of the gene encoding FGF4 in the AER, FGFB and FGF4 promote
continued proliferation of the mesoderm cells, causing outgrowth of
the l imb bud Shh also stimulates this outgrowth and confers posterior
characteristics on the posterior part of the l imb Development along
the dorsal-ventral axis depends on a Wnt signal that is not shown here

In response to FGF10, the AER begins to secrete FGF8 and
later FGF4. Both of these signals drive persistent division of
mesoderm cells and therefore conrinued limb outgrowth. Sonic
hedgehog (Shh) is produced in the ZPA of the posterior limb
bud (Figure 22-46); indeed it is Shh secretion that defines the
ZPA. The FGF signals confer a distal fate on cells in the limb
bud, and Shh confers a posterior fate. If Shh is added to the an-
terior part of the bud, the limb that eventually forms will have
two posterior patterns of bones in mirror-image, and no ante-
rior. Along the dorsal-ventral axis, a\Ynt7a signal directs cells
to form ventral cell types. The \7nt7a, FGF4, and FGF8 signals
promote the transcription of Shh, and Shh signaling promotes
the transcription of the Fgf4 and FgfS genes. Thus the signals
are mutually reinforcing in cells that are close enough; cells too
far from one of the reinforcing signals will cease making their
own signal. In this wag the strength and movement of signals
is tied to the eventual size and shape of the limb.

The main developmental task in the formation of limbs
and organs is to organize a few cell types (e.g., mesenchyme,
vascular, epithelial) into complex multicellular srructures. As
we've just seen, cells in the midst of the limb bud are exposed
to gradients of multiple signals (FGFs, Shh, and Wnt) that
provide the initial guidelines for this building process. By in-
tegrating these signals, each cell is directed to express specific

transcription factors depending on its location relative to the
three limb axes. The action of these transcription factors in
turn control formation of the various parts of the limb.

Since each of the limb-bud signals must be produced in
exactly the right cells, there is much interest in learning how
their genes are controlled. The Shh gene, for example, is tran-
scribed only in the ZPA cells of the posterior limb bud in re-
sponse to FGF and other factors. Initial efforts to describe the
transcriptional enhancer that controls Shh transcription in
the limb bud failed. The mystery was solved when four fami-
lies were found with a high frequency of polydactyly, an in-
herited abnormality marked by the presence of extra digits on
the hands and feet. The mutation involved in each family
mapped to a region of the genome in the vicinity of the hu-
man Shh gene, although the protein-coding parts of Shh were
normal. These findings strongly suggested that damage to the
enhancer controlling Shh transcription caused the abnormal
development resulting in polydactyly in these families.

The Shh limb enhancer is quite remarkable in two re-
spects. First, this regulatory sequence is located inside the
transcription unit of another gene. Second, it is located
about one million base pairs away from the Shh promoter!
This is the Guinness record for long-distance regulation of
gene transcription. Recent sequence comparisons have
shown a high degree of sequence similarity throughout the
=7-kb Sbh enhancer in mice and humans. A smaller region of
sequence similarity, the core sequence, also occurs in ricefish
(Figure 22-471. All four polydactylous families were found
to have mutations that changed the sequence of the Shh
enhancer, as did two polydactylous mouse strains. These
findings demonstrate the power of using the evolutionary
conservation of DNA sequences to understand gene regula-
tion and account for human disease.

Hox Genes Also Contro l  F ine Pat tern ing
of Limb Structures
Once limb-bud growth and Shh production have gotten un-
derway, Shh induces Hox-gene expression, starting at the
posterior of the bud. Subsequently, expression of the Hox
genes undergoes a complex series of changes and spreads
more anteriorly along the bud. The transcription factors
produced from Hoxd11-Hoxd13 in posterior cells in turn
stimulate expression of Shh in the posterior. As the bud
grows during the period 9.0-10.5 days after fertilization, the
domains of Hoxd-gene expression spread out (Figure 22-48).
The Hox genes remain active in the distal limb bud, where
digits will be formed. The combinations of Hox transcrip-
tion factors in the cells of the developing limb bud, in their
elaborate overlapping patterns, are responsible for fine-scale
control of l imb pattern. Humans carrying murarions in
Hoxd13 have an inherited l imb malformation syndrome
called synpolydactyly, marked by duplications of fingers and
toes. This defect demonstrates the crucial nature of Hoxd13
for normal limb development. In mice, deleting aIl Hoxa and
Hoxd genes causes limbs to develop as short stubs without
any distal structures, confirming the importance of Hox
genes in mouse limb development.
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r Outgrowth of the limb bud along the proximal-distal axis
is driven by a FGF signal that emerges from the apical ecto-
dermal ridge (AER) at the outermost part of the bud. Pat-
terning of the bud along the anterior-posterior axis depends
upon Sonic hedgehog (Shh) signal produced in the zone of
polarizing activity (ZPA) in the posterior bud (see Figure
22-46). A lil/nt signal directs cells to form ventral cell types.

r Information from FGR Shh, and 
'Sfnt 

signals is inte-
grated by cells, so that each assumes its proper fate and role
in the developing limb.

r Shh regulates expression of Hox genes in complex over-
lapping patterns during limb-bud development (see Figure
22-48). The Hox genes are important for regulating de-
tailed pattern in the limb, for example, of the different dig-
its and the bone, muscle, and nerve they contain.

You have undoubtedly noticed that the same classes of signals
and transcription factors are used again and again during de-
velopment of a polarized embryo. There are three reasons for
this. First, much to the amazement and relief of biologists, the
number of different classes of signals and of transcription
factors is not too large, perhaps 20 different types of signals
for example. For each type of signal, the standard signal-
transduction pathway is quite well known (Chapter 15). Vari-
ations on the standard are interesting, but it is often fairly safe
to predict what will happen when a particular signal (e.g.,
BMP) reaches a cell. and how to detect and measure the cell
response to the signal. Second, the protein classes and gene
systems involved in development are, to a high degree, con-
served in most animals. This conservation has created a com-
mon "molecular genetic" language among biologists working
on the development of many organisms, allowing them to
share in discovery and understanding. Third, the patterns of
evolution of development are becoming clear. Understanding
how development is controlled allows us to understand much
better how distinct animal forms can arise from mutations
that change the actions of developmental regulators. What use
is all this work, you might ask. Two answers seem obvious:
understanding our origins and using our knowledge of animal
development to prevent and treat human diseases.

Darwin understood the importance of embryology to his
theory and wrote extensively on the subject. But the genetic
and molecular cell biology mechanisms underlying evolution
were completely unknown in his time. Now we have rich detail
about how genes control animal form, and a flood of new in-
formation is pouring in. New fossils are found regularly of in-
termediate ancestral forms that link present-day animals. For
example, fossils that appear to represent common ancesters to
whales and hippos have been found, as well as the creature
Tiktaalik that looks like a fish with scales, but has four legs.
Such ancient creatures provide clues about how changes in de-
velopmental processes-pattern forming processes-underlie
evolution. As the networks of interactions that control devel-
opment of each particular tissue are traced, we will be able to

understand how alterations of some components can change
animal form and function. Among all the changes that led to
animal diversity-that made bats able to navigate by sonar and
moths able to "sniff" single molecules and cheetahs that can
run at 60 mph-were changes that made us what we are.

Genetic damage to any of the developmental regulators
are likely to lead to birth defects, cancer, degenerative disease,
and altered resistance to infection. Indeed, all of these condi-
tions have been observed, and their relationship to faulty de-
velopment established. Thus developmental biology is a rich
source of new information about the causes of human disease.
Since many proteins work in pathways, linking one develop-
mental regulator to a disease has often led to identification of
additional human genes tied to the same disease. Apart from

finding human disease genes, there is the very real prospect of
applying our knowledge of development to spur tissue regen-

eration and promote faster, better healing. Regeneration of
blood cells from bone marrow transplants that contain
hematopoietic stem cells is now a well-established procedure.
There is every likelihood that a flood of new therapies will

emerge as manipulation of signals and other developmental
proteins becomes more precise and sophisticated. The ability
to transfer knowledge from a wide variety of animal embryos
to human biology, a triumph of evolutionary theory and prac-

tice, is a foundation for the next stages of medical advances.
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t. In differentiated cells, only selected genes are tran-

scribed. Yet, except for lymphocytes and erythrocytes' most

somatic cells contain the same nuclear genome. 
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2. Compare and contrast the action of morphogens in-
volved in dorsal-ventral specification in Xenopus laeuis and
Dro sop h ila melano gaster.

3. Using in situ hybridization with a probe specific for dor-
sal mRNA, where in the syncytial Drosophila embryo would
you expect dorsal to be expressed? Using immunohisto-
chemistry with an antibody specific for Dorsal protein,
where would you expect to detect Dorsal protein?

4. A microarray analysis of wild-type fly embryos and dorsal
mutant embryos would be expected to yield information on all
genes regulated by Dorsal protein. \Why? Other than new genes
regulated by Dorsal, one would expect to see changes rn regu-
lation of previously identified genes. Expression of which genes
would be increased or decreased in dorsal mutants?
5. Deleting the 3' UTR of the bicoid gene would yield what
phenotype in a mutant fly? \fhy?

6. How can the group of five gap genes specify more than
five types of cells in Drosophila embryos?
7. At which stage in embryological development do
somites form? $fhat factors affect their development?
8. Sfhat is homeosis? Give an example of a floral homeotic
mutation and describe the phenotype of the mutant and the
normal function of the wild-type gene product.
9. Hox-gene expression can be maintained through many
cell generations. What molecular mechanisms are involved
in this process?

10. Describe an experiment with Xenopus embryos that
demonstrates the role of the Notch pathway in regulating
the formation of neurons in vertebrates.
11. What is the evidence that a gradient of Sonic hedgehog
leads to development of different cell types within the chick
neural tube?

12. Vhat evidence implicates fibroblast growrh factor 10
(FGF10) in l imb development?

13. Synpolydactyly is an inherited human abnormality char-
acterized by duplicated fingers and toes. !(/hat type of muta-
tion could cause this abnormality? 

'Sfhat 
stage of develop-

ment would be affected?

Analyze the Data

ln Drosophila. maternally produced mRNAs and proteins that
determine the body axes are transported from nurse cells into
the developing oocyte. During early oogenesis, one of these ma-
ternal mRNAs, oskar, is dispersed throughout the oocyte and is
not translated. By mid-oogenesis, osAar mRNA is transported
to the posterior pole of the oocyte where it is translated; the Os-
kar protein then initiates formation of most abdominal seg-
ments and the germJine cells. This developmental process is de-
fective in oskar nonsense (osANS) mutants. To further
understand the role of oskar mRNA and irs protein in
Drosopbila development, a new mutant (oskX) was generated
(see A. Jenny et a1.,2006, Deuelopment 133:2827-2833). In this
fly mutant, the oskar gene contains a transposable element (TE)
in its first exon (E1), as diagrammed here. For simpliciry introns
are represented as thin black lines separating the exons:

3 'UTR

Promoter E1 E2 E3 E4

a. Northern blot analysis using a probe complementary
to oskar mRNA or to rp49 mRNA was performed on mRNA
isolated from egg chambers, which contain nurse cells and the
developing oocyte, in wild-type and mutant flies. The results
are shown in part (a) of the figure below. Micrographs of two
egg chambers that were subjected to in situ hybridization with
a probe directed against os&ar mRNA are shown in part (b).
The egg chamber on the left is from a wild-type female; the egg
chamber on the right is from an osAX female. Hybridization
appears as white staining in the micrographs.

\What do these data suggest about the osftX mutation rela-
tive to the osftNS mutation? What is the purpose of probing
for rp49 mRNA?

b. Further study revealed that females hemizygous (only
one allele present in the animal) for osANS lay eggs that, when
fertilized, develop into embryos lacking posterior structures. In
contrast, females hemizygous for osAX produce ooyctes that
begin to form but then degenerate. S7hat information do these
observations provide about the function of Oskar protein?

c. The following rescue experiments were undertaken.
Several transgenes carrying different domains ofthe oskar gene
were constructed and introduced individually into females hem-
izygous for the osAX mutation. The ability of females express-
ing each transgene to lay eggs was then monitored. In all trans-
gene constructs, the oskar ptomoter was replaced with a yeast
inducible promoter (UAS). As diagrammed in part (a) of the

TE
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Wild type osk X mutant
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figure below, the first transgene construct includes the entire
wild-type oskar gene with its three introns (UAS oskWT). For
simpliciry introns are not depicted in the drawings. In the sec-
ond construct, the wild-type oskar gene lacks its three introns
(UAS oskAi(1,2,3)). In the third construct, 3' untranslated re-
gion (UTR) of the wild-type oskar gene is replaced with the 3'
UTR from an irrelevant gene (UAS oskK1O). The final con-
struct contains only the 3' UTR of the oskar gene (UAS osk3'
UTR). The relative eggJaying ability of the transgenic females is
shown in part (b). The white bar (*t"t) is a measure of the
eggs laid on average by nontransgenic wild-type females.
(a)  E1 E2 E3 E4

UAS 3'UTR

1.60

X  r  r n

T

'| 
t.zo

tr
E  1 .00

5

€ 0.80

6

3; 0.60
uJ

Offspring from females expressing transgenes 1 or 2 were
normal, whereas those arising from females expressing
transgene 4 lacked abdominal segments. 

'What 
other infor-

mation can be deduced from these observations about the
role of oskar in Drosophila development?
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cLASSTC EXPERIMENT 22

USING LETHAL MUTATIONS TO STUDY DEVELOPMENT
C. Nrlsslein-Volhard and E. Wieschaus, 1980, Nature 287:.795

One of the most fascinating questions
in developmental biology concerns the
proper formation of an embryo. How
does a fertilized egg "know" how to
form a complex organism? Scientists
have puzzled over how to address this
question for a long time. In 1980,
Christiane Niisslein-Volhard and Eric
l7ieschaus first reported studies with
the fruit fly Drosophila melanogaster
in which a genetic approach was used
to address this question.

Background
To examine complex processes such as
development of an embryo from a fer-
tilized egg, biologists often collect mu-
tant organisms that differ from the
normal (wild-type) organism. To apply
this genetic approach to developmen-
tal biology, geneticists first look for
mutant organisms that display an ob-
vious defect in overall formation. Early
work uncovered a number of genes in-
volved in the development of the fruit
fIy Drosophila melanogaster. ln the
first genes examined, the mutations re-
sulted in the birth of flies with obvious
physical defects, such as the presence
of an extra set of wings. Because this
approach relied on examining viable
flies with physical malformations, it
missed many developmentally impor-
tant genes that, when mutated, result
in the death of the fly embryo.

In the late 1.970s. Niisslein-Volhard
and Wieschaus began their pioneering
work on the development of Drosophila
embryos. They sought to identify as
many genes in the developmental process
as possible by looking for genes that,
when mutated. resulted in the death of
the embryonic fly. Their work unveiled
several key genes active in the early de-
velopment of not only Drosophila, but
higher organisms as well.

The Experiment

Geneticists develop systematic meth-
ods, known as genetic screens, to
search for mutations that affect biolog-
ical processes. Niisslein-Volhard and
$Tieschaus had to consider several pre-
vious observations on Drosophila de-
velopment when they designed their
screen. First, they knew that genes ex-
pressed in the egg, called maternal-
effect genes, as well as genes expressed
after fertrlization in the developing em-
bryo, called zygotically actiue genes,
controlled the early development of an
embryo. They chose to focus on isolat-
ing mutations that affect the zygoti-
cally active genes. Second, they had to
consider that the Drosophila genome
is diploid, which means that the prog-
eny receive a copy of each gene from
both parents. Scientists had previously
demonstrated that DrosoPhila re-
quired only a single wild-type copy of
most genes in order to develop into a
viable fly. This made it likely that re-
cessive mutations in developmentally
active genes would not result in embry-
onic death, the phenotypic screen used
by Ntisslein-Volhard and'$Tieschaus.
Therefore, they had to breed mutant
Drosophila to obtain flies that were
homozygous for the mutations of in-
terest.

The overall mutation rate in a nat-
urally occurring population is quite
low If a geneticist were to search for
mutants in a natural population, he or
she would have to examine a large
number of individuals. To circumvent
this difficulty, Niisslein-Volhard and
'!Tieschaus 

induced mutations in a
Drosophila population at the onset of
the screen by feeding a mutagenic
chemical to male flies and mating them
to a genetically defined population of

wild-type female fl ies in a process
known as a genetic cross. The resulting

progeny would be heterozygous for
any mutations on the chromosomes
they received from the father. The het-

erozygotes were then bred as separate
lines, in essence isolating each new mu-
tation in a separate fly stock. Flies
within each stock then were crossed
with each other to generate homozy-
gous embryos. If the mutation affected
a gene needed for embryogenesis, the
homozygous embryos would die but
could be examined for phenotype. The
mutant gene, however, would not be
lost as it could be recovered in the het-
erozygous flies of that same stock.

Using this screen, Niisslein-Volhard
and Wieschaus amassed a large collec-
tion of mutant flies. The next step was
to assign the various mutants to spe-
cific classes, based on their phenotype.
They focused on the segmentation of
the larvae. 

'$Thereas 
all mutants in

their screen necessarily displayed the
phenotype of embryonic lethality they
differed greatly in their segmentation
defects. To classify these defects,
Niisslein-Volhard and l7ieschaus ex-

amined the larvae under the micro-
scope. They compared the body Pat-
tern of a wild-type viable larva to those
of the embryonic lethal mutants. By

comparing these patterns, they uncov-
ered three classes of genes that affect
segmentation, which they called gap,
pair-rule, and segment-P olaritY.

Gap mutants are missing uP to eight
segments from the overall body which
results in a smaller body due to the

death of some of the embryo cells. Three

mutants-knirps, hunchback, and the
previously characterized Krilppel-felI
into this class, as shown in the accom-
panying photographs. The next class

of mutants, the pair-rule mutants' had

deletions of alternating segments of

the body, which caused roughly half-

normal-size larval bodies to form. Six
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Normal Kriippel hunchback

previously uncharacterized mutants-
paired, euen-skipped, odd-skipped,
odd-paired, fushi tarazu, dnd runt-
were placed in this class. The final set
of mutants, the segment-polarity mu-
tants, had the same overall number of
segments as wild-type larvae. But a
part of the body partern within each
segment was deleted in each mutant.
The deleted porrion of the pattern
within each segment was replaced by a
mirror image of the portion that
remained. Niisslein-Volhard and
rWieschaus's initial screen uncovered
six mutants of this class, three of
which-goo seberry, hedgehog, and
patched-had not been previously ob-
served.

Discussion
In the first published report of their
screen, Niisslein-Volhard and'sfieschaus
described 15 mutations that affected
segmentation. Of these, only five were

Knirps

in previously identified genes. Ifhen
they completed the study-often re-
ferred to as the Heidelberg screens-
they had identified 139 different genes
that, when mutated, resulted in embry-
onic death. These mutants fell into 17
different classes including the ones
described here. Together these genes
act in a field of equivalent cells and di-
rect each cell to take on a fate appro-
priate to its position within the field. In
this way some cells form segment ante-
rior, some make bristles, some make
sensory organs, and so forth. Genes
that control these sorts of organizing
cell-fate decisions are called pattern-

formation genes. As molecular tech-
niques evolved, scientists cloned many
of these genes and characterized their
gene products. These mutants formed
the base for the next quarter century
of research into the development of
Drosopbila. Moreover, many verte-
brate pattern-formation genes are
close homologs of the corresponding

< FIGURE 1 A viable, wild-type larva (Normal) is compared with
three larvae that have mutations in the gap genes Kr1ppel,
hunchback, or knirps. Thoracic segments are labeled T1-T3, whereas
abdominal segments are designated A1-A8. Gap mutants are
missing entire segments from the body plan, as i l lustrated by the
labeled segments on the left. lFrom C Nusslein-Volhard and E Wieschaus,
1980, Nature 287:7951

fly genes, and use similar molecular
mechanisms to organize cells, tissues,
and organs. Thus the work of
Niisslein-Volhard and \Tieschaus
greatly advanced the study of develop-
ment in all vertebrates, including our-
selves.

The majority of genes identified by
Niisslein-Volhard and Wieschaus en-
code transcription factors, but their
screen also uncovered genes encoding
signaling molecules, receptors, en-
zymes, adhesion molecules, cytoskele-
ton proteins, and some proteins whose
functions remain unknown. Mam-
malian genes related to some of the
Drosophila genes uncovered by
Niisslein-Volhard and Wieschaus sub-
sequently were found to be important
in human diseases such as cancer and
birth defects. In 1995, the Nobel Foun-
dation awarded its prize for Physiol-
ogy and Medicine to Niisslein-Volhard
and \flieschaus for their pioneering
work.
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The convoluted surface of the cerebrum and (lower right)

the cerebeilum [O Ralph Hutchingstuisuals Unlimited]

hen humans wish to view themselves as the pinna-
cle of evolution, the assertion is usually related to
the brain. since manv of our other abilities fare

poorly in comparison with other animals. The complexity of
the human brain is staggering and seems adequate to ac-
count for its amazing abil it ies. In the 1.3-kg adult human
brain (78 percent of which is water!), there are about 1011
nerve cells, called neurons. The number of human brain neu-
rons is comparable to the estimated 1011 stars in our galaxn

the Milky Way. The neurons in one human bratn are con-
nected by some 1014 synapses, the iunction points where two
or more neurons communicate. \X/ith 6.5 x 10o people on
rhe  ea r th ,  t he re  a re  abou t  6 .5  x  1023  human  synapses  i n  ex -

istence, which is also about the total number of stars in the

universe . . . so far as we know. Using our neurons, we can
keep searching for more.

Right this moment you are vigorously employing neurons

to detect and interpret visual information. Neurons gobble
ATP, made exclusively from glucose, at a tremendous rate.
Although the brain is only about 2 percent of the body's
mass, it uses about 20 percent of the body's resting energy.
This extensive brain energy is used to drive electrical signal-
ing along neurons, which are often elongated cells, and
chemical signaling between them. The electrical pulses that

travel along neurons are called action potentials, and infor-

mation is encoded as the frequency at which action poten-

tials are fired. Owing to the speed of electrical transmission,
neurons are champion signal transducers, much faster than
cells that secrete hormones or developmental signaling pro-

teins. The rapidity of neural signaling makes it possible to
handle large amounts of information quickly. The amazing
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complexity of our neural network makes possible sophisti-

cated perception, analysis, and response, and forms the cel-

lular machinery underlying instinct, learning, memory' and

emoilon.
In this chapter we will focus on neurobiology at the cell

and molecular level. We will start by looking at the general

architecture of neurons and at how they carry signals (Figure

23-1). Next. we wil l look at ion flow, channel proteins, and

membrane properties: how electrical pulses move rapidly

along neurons. Third, we will examine communication be-

tween neurons: electrical signals traveling along a cell must

be translated into a chemical pulse between cells and then

back into an electrical signal in the receiving cells. In the

t
t

OUTL INE

23Jl  Neurons and Gl ia:  Bui ld ing Blocks of
the Nervous SYstem

23.2 Voltage-Gated lon Channels and the
Propagation of Action Potentials
in Nerve Cel ls

73.3 Communication at SYnaPses

23.4 Sensat ional  Cel ls :  Seeing,  Feel ing,  Hear ing,
Tast ing,  and Smel l ing 1027

23.5 The Path to Success: Controll ing Axon
Growth and Targeting 1 040

1 006

1 0 1 8

1 001



A

)

l!,

( h )(f)

  FIGURE 23-1 l l lustrations of the nervous system and nerve
cells by Ramon y Cajal (1852-1934). (a) Sensory and motor
nervous systems of a worm (A : sensory cells of the skin, C : motor
cells with crossed processes, G : terminal ramifications of a motor
neuron on a muscle) (b) Cross sectron of a spinal cord (c) Sectron
through the optic lobe of a chameleon (numbers indicate layers from
deep to superf ic ia l ;  A,  C,  D:  Shepherd s crook cel ls)  (d,  e)  Cel ls  in
the nuclear layer of the kitten superior coll iculus (f) Chiasm (crossinq

high-throughput signal processing and analysis. rWe refer to
the processing as "thinking," and molecular cell biology is at
the heart of it.

place) and central projection of human visual pathways (c : crossed
bundle of the optic nerve, d : large uncrossed bundle, Rv :
projection of the mental image-the arrow-onto visual areas of the
cerebral cortex) (g) Neurons in the fusrform layer of the human
motor cortex (A, E : pyramidal cells, a : axon) (h) Motor neurons
terminating on rabbit muscles (a : terminal arborization of an axon,
4 : point where myelin sheath ends, n : branch of a nerve).

Neurons and Glia: Building Blocks
of the Nervous System

In this section we take an initial look at the structure of neu-
rons and how they propagate electrical and chemical signals.
Neurons are distinguished by their elongated, asymmetric
shape, by their highly localized proteins and organelles, and
most of all by a set of proteins rhat controls the flow of ions
across the plasma membrane. Because one neuron can re-
spond to the inputs from multiple neurons, generate electrical
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signals, and transmit the signals to multiple neurons, a nerv-
ous system has considerable powers of signal analysis' For

example, a neuron might pass on a signal only if it receives
five simultaneous activating signals from input neurons. The

receiving neuron measures both the total amownt of incom-

ing signal and whether the five signals are roughly synchro-
nous.Input from one neuron to another can be either exci-

tatory-combining with other signals to trigger electrical
transduction in the receiving cell-or inhibitory, discourag-
ing such transmission. Thus the properties and connections
of individual neurons set the stage for integration and re-

finement of information. 
'$7e 

will begin by looking at how

signals are received and sent, and in subsequent parts of the

chapter we will look at the molecular details of the machin-

ery involved.

In format ion F lows Through Neurons f rom
Dendrites to Axons

Neurons arise from roughly spherical newroblast precursors.

Newly born neurons can migrate long distances while still in

the form of simple round cells before growing into dramati-
cally elongated cells. Fully differentiated neurons take many

forms, but generally share certain key features (see Figure

23-1). The nucleus is found in a rounded part of the cell

called the cell body (Figure 23-21. Branching cell processes

called dendrites (from the Greek for "treelike") are found at

one end, and are the main structure where signals are re-

ceived from other neurons via synapses. Incoming signals are

also received at synapses that form on neuronal cell bodies.

Neurons often have extremely long dendrites with complex
branches, particularly in the central nervous system. This al-

lows them to form synapses with, and receive signals from' a

large number of other neurons-up to tens of thousands.
Thus the converging dendritic branches allow signals from

many cells to be received and integrated by a single neuron.

(a)  Mul t ipo lar  in terneuron

Dendr i te
I

(b )  Motor  neuron

'When 
a neuron is first differentiating' the end of the cell

opposite the dendrites undergoes dramatic outgrowth to form

a long extended arm called the axon, which is essentially a

transmission wire. The growth of axons must be controlled so

that proper connections are formed, a process called axon

guidance that is discussed in Section 23.5. The diameters of

"*orr, 
rr"ry from just a micrometer in certain nerves of the hu-

man brain to a millimeter in the giant fiber of the squid' Ax-

ons can be meters in length (in giraffe necks, for example), and

next neuron. The asymmetry of the neuron' with dendrites at

one end and axon termini at the other, is indicative of the uni-

directional flow of information from dendrites to axons'

they have other important roles. Much current work is de-

voted to learning how glia build the myelin insulators that

control neuronal electrical transmission, provide growth fac-

tors and other signals to neurons' receive signals from neu-

rons, and influence the formation of synapses.

lnformation Moves as Pulses of lon Flow

Cal led Act ion Potent ia ls

Nerve cells are members of a class of excitable cells, which

also includes muscle cells, cells in the pancreas, and some oth-

ers. The term indicates that the cells can build up a voltage

across their plasma membranes, the membrane potential and

Direct ion of  act ion ootent ia l

Nodes
of Ranvier

Mye l in
sheath

Axon
termina l

I

Musc le

Axon
termina l

< FIGURE 23-2 Typical morphology of
two types of mammalian neurons. Action
potentials arise in the axon hil lock and are
conducted toward the axon terminus (a) A

multipolar interneuron has profusely branched
dendrites, which receive signals at synapses
with several hundred other neurons. Small
voltage changes imparted by inputs in the
dendrites can sum to give rise to the more
massive action potential, which starts in the
hil lock. A single long axon that branches
laterally at its terminus transmits signals to
other neurons (b) A motor neuron innervating
a muscle cell typically has a single long axon
extending from the cell body to the effector
cel l .  ln  mammal ian motor  neurons,  an
insulating sheath of myelin usually covers all

oarts of the axon except at the nodes of
Ranvier and the axon terminals The myelin
sheath is composed of cells called g/r,a

- i

Dendr i te
Direct ion of  act ion potent ia l

h i l lock

Ce l l  body
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that this voltage can be discharged (allowed to come back to
zero voltage or even swing to positive) in various ways and
for various purposes (Chapter 11). The voltage in a typical
neuron, called the resting potential because it is the state
when no signal is in transit, is established by ion pumps in the
plasma membrane. The pumps use energy, in the form of
ATP, to move positively charged ions out of the cell. The re-
sult is a net negative charge inside the cell compared with the
outside environment. A typical resting potential is -60 mV.

Neurons have a language all their own. The signals take
the form of brief local voltage changes, from negative inside to
positive, an event designated depolarization. A powerful surge
of depolarizing voltage change, moving from one end of the
neuron to the other, is called an action potential.
"Depolarization" is somewhat of a misnomer, since the neu-
ron goes from negative inside to neutral to positive inside,
which could be accurately described as depolarization fol-
lowed by the opposite polarization (Figure Z:-:1. et the peak
of an action potential, the membrane potential can be as much
as *50 mV (inside positive), a net change of =110 mV. As we
shall see in greater detail in Section 23.2, the voltage change
(which is eventually added to other voltage changes ro creare
the action potential) begins at the dendrite end ofthe cell in re-
sponse to inputs from other cells and moves along the axon to
the axon terminus. Action potentials move at speeds up to 100

negative-inside resting potential (repolarization). Theresrora_
tlon process chases the action potential down the axon to the
terminus, leaving the neuron ready to signal again. Action po-

tentials are all or none. Once the threshold to start one is
reached, a full firing occurs. The signal information is there-
fore carried primarily not by the intensity of the action poren-
tials, but by the timing and frequency of them.

Some excitable cells are not neurons. Muscle contraction
is triggered by motor neurons that synapse directly with ex,
citable muscle cells (see Figure 23-2b).Insulin secretion from
the beta cells of the pancreas is triggered by neurons. In both
cases the activating event involves an opening of plasma

Axon of
presynaptic cell

Synapt ic
vesicle

Exocytosis of
neu rotra nsm it ter

+50 mV

-60 mV

Time ---->

  EXPERIMENTAL FTGURE 23-3 Recording of an axonal
membrane potential over time reveals the amplitude and
frequency of action poentials. An action potential is a suooen,
transient depolarization of the membrane, fol lowed by reporarization to
the resting potential of about -60 mV The axonal membrane potential
can be measured with a smalj  electrode placed into i t  (see Figure 1.1_1g)
This recording of the axonal membrane potential in this neuron shows
that i t  is generating one action potential about every 4 mil l iseconds
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Synaptic cleft

Postsynaptic
cel l

Direct ion of

Receptors for
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f  s igna l ing

Axon te rmina l
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ce  l l

Synaptic vesicles

Synaptic cleft
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ce l l
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A FIGURE 23-4 A chemical synapse. (a) A narrow region-the
synaptic cleft-separates the plasma membranes of tne presynaprrc
and postsynaptrc cells Arrival of action potentials at a synapse causes
release of neurotransmitters (red circles) by the presynaptic cell, their
diffusion across the synaptic cleft, and their binding by specific
receptors on the plasma membrane of the postsynaptic cell. Generally
these signals depolarize the postsynaptic membrane (making the
potential inside less negative), tending to induce an action potential in
it (b) Electron micrograph shows a dendrite synapsing wtrn an axon
terminal f i l led with synaptic vesicles In the synaptic region, the plasma
membrane of the presynaptic cell is specialized for vesicle exocytosis;
synaptic vesicles containrng a neurotransmitter are clustered in these
regions The opposing membrane of the postsynaptic cell ( in this case,
a neuron) contains receptors for the neurotransmitter. [part (b) from C
Raine et al , eds , 1981, Basic Neurochemistry 3d ed, Little, Brown, p 32 l
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membrane channels that causes changes in the transmem-
brane flow of ions and in the electrical properties of the
regulated cells.

ln format ion F lows Between Neurons
via Synapses

What starts an action potential? Axon termini from one neu-
ron are closely apposed to dendrites of another, at the junction

called a synapse (Figure 23-4). The axon termini of the presy-

naptic cell use exocytosis to release small molecules called
neurotransmitters. Neurotransmitters, glutamate or acetyl-
choline, for example, diffuse across the synapse in about 0.5 ms
and bind to receptors on the dendrite of the adiacent neuron.
Binding of neurotransmitter triggers opening or closing of spe-

cific ion channels in the plasma membrane of postsynaptic cell
dendrites, leading to changes in the membrane potential at
this point. The ensuing local depolarization, if large enough'
triggers an action potential. Transmission is unidirectional,
from the axon termini of the presynaptic cell to dendrites of
the postsynaptic cell. In some synapses, the effect of the neu-
rotransmitters is to hyperp olarize and therefore lower the like-
lihood of an action potential in the postsynaptic cell. A single
axon in the central nervous system can synapse with many
neurons and induce responses in all of them simultaneously.
Conversely, sometimes multiple neurons must act on the post-

synaptic cell roughly synchronously to have a strong enough
impact to trigger an action potential. Neuronal integration of
depolarizing and hyperpolarizingsignals determines the likeli-
hood of an action potential.

Thus neurons employ a combination of extremely fast

electrical transmission along the axon with rapid chemical

communication between cells' Now we will look at how a

chain of neurons, a circuit, can achieve a useful function'

The Nervous System Uses Signal ing Ci rcu i ts

Composed of  Mul t iP le Neurons

In complex multicellular animals, such as insects and mam-

mals, various types of neurons form signaling circuits. A

sensory neulon reports an event that has happened' like the

arrival of a flash of light or the movement of a muscle. A mo-

tor neuron carries a signal to a muscle to stimulate its con-

traction (Figure 23-5, and see Figure 23-2b). An interneuron

bridges other neurons, sometimes allowing integration or

divergence of signals, sometimes extending the reach of a

signal. In a simple type of circuit called a reflex arc interneu-

rons connect multiple sensory and motor neurons' allowing

one sensory neuron to affect multiple motor neurons and

one motor neuron to be affected by multiple sensory neu-

rons; in this way interneurons integrate and enhance re-

flexes. For example, the knee-jerk reflex in humans (see Fig-

ure 23-5) involves a complex reflex arc in which one muscle

is stimulated to contract while another is inhibited from con-

tracting. The reflex also sends information to the brain to

announce what happened. Such circuits allow an organism

to respond to a sensory input by the coordinated action of

sets of muscles that together achieve a single purpose.

These simple signaling circuits, however, do not directly

explain higher-order brain functions such as reasoning, com-

puiation, and memory development. Typical neurons in the

brain receive signals from up to a thousand other neurons

and, in turn, can direct chemical signals to many other neu-

rons. The output of the nervous system depends on its circuit

Ouadr iceps muscle "- -*-.*/ --
Sensory -J
neu ro n

Sensory neuron
cel l  body Axon carr ies

informat ion to brain

Sp ina l  co rd

Dorsal- root  J

gang l i on

Motor neuron

S-
B iceps
musc le
( f lexor)

Mo to r  neu ron
axon  t e rm ina l

-  Knee cap

A FIGURE 23-5 The knee-jerk reflex. A tap of the hammer
stretches the quadriceps muscle, thus triggering electrical activtty in the
stretch receptor sensory neuron The action potential, traveling in the
direction of the top blue arrow sends srgnals to the brain so we are
aware of what is happening, and also to two kinds of cells in the dorsal-
root ganglion that is located in the spinal cord One cell, a motor
neuron that connects back to the quadriceps (red), stimulates muscle

Motor neuron

Inhib i tory
I  nterneu ron

contraction so that you kick the person who hammered your knee The

second connection activates, or "excites," an inhibitory interneuron
(black) The interneuron has a damping effect, blocking activity by a

flexor motor neuron (green) that would, in other circumstances, activate

the hamstring muscle that opposes the quadriceps In this way, relaxation

of the hamstring is coupled to contraction of the quadrrceps This is a

reflex because movement requires no conscious decision
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properties-the wiring, or interconnections, between neu-
rons and the strength of these interconnections. Complex as-
pects of the nervous system, such as vision and conscious-
ness, cannot be understood at the single-cell level. but onlv
at  the level  of  networks of  nerve cel ls  ihat  can be studied by
techniques of systems analysis. The nervous sysrem ls con-
stantly changing; alterations in the number and nature of the
interconnections between individual neurons occur, for ex-
ample, in the formation of new memones.

Neurons and Gl ia:  Bui ld ing Blocks of  the
Nervous System

r Neuron are highly asymmetric cells composed of den-
drites at one end, a cell body containing the nucleus, a long
axon ,  and  axon  te rm in i .

r Neurons carry information from one end to the other us-
ing pulses of ion flow across the plasma membrane.
Branched cell processes, dendrites, at one end of the cell re-
ceive chemical signals from other neurons, triggering ion
flow. The electrical signal moves rapidly ro axon termini at
the other end of the cell (see Figure 23-2).

r Glial cells are ten times as abundant as neurons and serve
many purposes such as building the insulation that coats
neurons and supporting the formation of new synapses.

A resting neuron carrying no signal has protern pumps
at move ions across the plasma membrane. The move-

ment of ions such as K+ and Na* and Cl creares a net neg-
ative charge inside the cell. This voltage is called the resting
potential and usually is about -60 mV (see Figure 23-3).

a stimulus causes channel proteins to open so that ions
flow more freely, a strong pulse of voltage change may
down the neuron from dendrites to axon termini. The

cell goes from being -60 mV inside to +50 mV inside, rel-
ative to the extracellular world. This pulse is called an
action potential.

r The action potential travels down the neuron because a
change in voltage near the dendrites triggers a change in
voltage in the cell body, which in rurn does the same to the
proximal and then distal axon, and so forth.

r Neurons connect across small gaps called synapses.
Since an action potential cannot jump the gap, atthe axon
termini of the presynaptic cell the signal is converted from
electrical to chemical to stimulate the postsynaptic cell.
r Upon stimulation by an action potential, axon termini
release, by exocytosis, small packets of chemicals called
neurotransmrtters. Neurotransmitters diffuse across the
synapse and bind to receptors on the dendrites on the other
side of the synapse. These receptors initiate a new axon po-
tential in the postsynaptic cell (see Figure 23-4).

Neurons form circuits. They may consist of sensory neu-
ns, interneurons, and motor neurons, as in the knee-ierk

response (see Figure 23-5).

Voltage-Gated lon Channels and
the Propagation of Action Potentials in
Nerve Cells
Action potentials are propagated because a change in volt-
age in one part of the cell triggers the opening of channels in
the next section of the cell. Voltage-gated channels therefore
lie at the heart of neural transmission (Chapter 11). In this
section, we first introduce some of the key properties of ac-
tion potentials, which move rapidly along the axon. I7e then
describe how the voltage-gated channels responsible for
propagating action potentials in neurons operate. Thus elec-
tric signals carry information within a nerve cell, while
chemical signals, discussed in the next section, carry infor-
mation from one neuron to another, or from a neuron to a
muscle or other target cell.

The Magnitude of the Action potential ls Close
to Ep.
Operation of the Na*/K* pn-p generates a high concentra-
tion of K+ and a low concentration of Na+ in the cytosol, rel-
ative to those in the extracellular medium (Chapter 11). The
subsequent outvvard movement of K+ ions through nongated
K- channels is driven by the K+ concentration gradient
(cytosol ) medium), generating the resting membrane poten-
tial. The entry of Na* ions into the cytosol from the medium
also is thermodynamically favored, driven by the Na+ concen-
tration gradient (medium > cytosol) and the inside-negative
membrane potential (see Figure 11-24). However, mosr Na+
channels in the plasma membrane are closed in resting cells, so
little inward movement of Na* ions can occur (Figure 23-6a).

If enough Na* channels open, the resulting influx of
Na- ions will more rhan compensate for the efflux of K+
ions through open resting K+ channels. The result would be
a net inward movement of cations, generating an excess of
positive charges on the cytosolic face and a corresponding
excess of negative charges (owing to the Cl- ions ., left

behind" in the extracellular medium after influx of Na*
ions) on the extracellular face (Figure 23-6b). In other
words, the plasma membrane is depolarized to such an ex-
tent that the inside face becomes oositive.

The magnitude of the membrane potenrial at the peak of
depolarization in an action potential is very close to the Na+
equil ibrium potential Ey^ given by the Nernsr equation
(Equation I1.-2), as would be expected if opening of voltage-
gated Na* channels is responsible for generating action po-
tentials. For example, the measured peak value of the action
potential for the squid giant axon is 35 mV, which is close to
the calculated value of En1, (55 mV) based on Na+ concen-
trations of 440 mM outside and 50 mM inside. The rela-
tionship befween the magnitude of the action potential and the
concentration of Na+ ions inside and outside the cell has
been confirmed experimentally. For instance, if the concen-
tration of Na* ions in the solution bathing the squid axon is
reduced to one-third of normal, the magnitude of the depo-
larization is reduced by 40 mV, nearly as predicted.
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charges on the exoplasmic face diffuse a short distance away

from the initial site of depolarization. This passiue spread of

positive and negative charges depolarizes (makes the inside

less negative) adjacent segments of the plasma membrane'

causing opening of additional voltage-gated Na* channels in

these segments and an increase in Na* influx. As more Na*

ions enter the cell, the inside of the cell membrane becomes

more depolarized, causing the opening of yet more voltage-

gated Na+ channels and even more membrane depolariza-

iion, setting into motion an explosive entry of Na+ ions. For

a fraction of a millisecond, the permeability of this region of

the membrane to Na* becomes vastly greater than that for

K*, and the membrane potential approaches Ev" the equi-

librium potential for a membrane permeable only to Na-

ions. As the membrane potential approaches E51", however,

further net inward movement of Na* ions ceases, since the

concentration gradient of Na* ions (outside > inside) is now

offset by the inside-positive membrane potential Ev". The

action potential is, at its peak' close to the value of E1q".

Figure 23-7 schematically depicts the critical structural fea-

tures of voltage-gated Na+ channels and the conformational

changes that cause their opening and closing. In the resting

state, a segment of the protein on the cytosolic face-the gate-

obstructs the central pore, preventing passage of ions' A small

depolarization of the membrane triggers movement of posi-

tively charged uoltage-sensiag o. helices toward the exoplasmic

surface, causing a conformational change in the gate that opens

the channel and allows ion flow. After about 1 ms, further Na-

influx is prevented by movement of the cytosol-facing channel-

inactiuating segment into the open channel. As long as the

membrane remains depolarized, the channel-inactivating seg-

ment remains in the channel opening; during this refractory pe-

riod,thechannel is inactivated and cannot be reopened. A few

milliseconds after the inside-negative resting potential is

reestablished, the channel-inactivating segment swings away

from the pore and the channel returns to the closed resting

state, once again able to be opened by depolarization.

Voltage-Gated K+ Channels The repolarization of the

membrane that occurs during the refractory period is due

Iargely to opening of voltage-gated K+ channels' The subse-

quent increased efflux of K* from the cytosol removes the

excess positive charges from the cytosolic face of the plasma

membrane (i.e., makes it more negative), thereby restoring

the inside-negative resting potential. ActuallS for a brief in-

stant the membrane becomes hyperpolarized. At the peak of

this hyperpolarization, the potential approaches E6' which

ized, and close only when the membrane potential has re-

turned to an inside-negative value. Because the voltage-gated

K* channels open slightly after the initial depolarization, at

the height of the action potential, they sometimes are called

delayed K* channels. Eventually all the voltage-gated K* and

Na+ channels return to their closed resting state. The only

tc
140 mM

uuu
Na* channels

(closed)

Lq\
140 mM

a FIGURE 23-6 Depolarization of the plasma membrane due
to opening of gated Na+ channels. (a) In resting neurons, a type
of nongated K* channel is partially open, but the more numerous
gated Na* channels are closed The movement of K* ions outward
establishes the inside-negative membrane potential characteristic of
most cells (b) Opening of gated Na* channels permits an influx of
sufficient Na* ions to cause a reversal of the membrane potential
In the depolarized state, voltage-gated K* channels open and sub-
sequently repolarize the membrane Note that the flows of ions are
too small to have much effect on the overall concentration of either
Na* or K* in the cytosol or exterior f luid.

Sequent ia l  Opening and Clos ing of  Vol tage-
Gated Na+ and K+ Channels  Generate Act ion
Potentials
The cycle of changes in membrane potential and return to
the resting value that constitutes an action potential lasts
1-2 milliseconds and can occur hundreds of times a second
in a typical neuron (see Figure 23-3). These cyclical changes
in the membrane potential result from the sequential open-
ing and closing first of uoltage-gated Na* channels and then
of uohage-gated K* channels. The role of these channels in
the generation of action potentials was elucidated in classic
studies done on the giant axon of the squid, in which multi-
ple microelectrodes can be inserted without causing damage
to the integrity of the plasma membrane. However, the same
basic mechanism is used by all neurons.

Voltage-Gated Na+ Channels As just discussed, voltage-
gated Na+ channels are closed in resting neurons. A small
depolarization of the membrane causes a conformational
change in these channel proteins that opens a gate on the cy-
tosolic surface of the pore, permitting Na- ions to pass

through the pore into the cell. The greater the initial mem-

brane depolarizatron, the more voltage-gated Na* channels
that open and the more Na- ions that enter.

As Na* ions flow inward through opened channels, the
excess positive charges on the cytosolic face and negative

K+

Voltage-gated Na* Na* M+

K+ channel M* channels
(open) (open)
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Cha  nne l - i nac t i va t i ng
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Closed Na* channel

In i t ia l  depo lar iza t ion ,  movement
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channel

A FIGURE 23-7 Operational model of the voltage-gated Na+
channe l .  Four  t ransmembrane domains  in  the  pro te in  cont r ibu te  to
the central pore through which ions move The cri t ical components
that control movement of Na+ ions are shown here in the cutaway
views depict ing three of the four transmembrane domains I l  In the
closed, rest ing state, the voltage-sensing ct hel ices, which have
posit ively charged side chains every third residue, are attracted to the
negatrve charges on the cytosol ic side of the resting membrane This
keeps the gate segment in a posit ion that blocks the cnanner,
preventing entry of Na* ions I In response to a smail
depolarization, the voltage-sensing hel ices rotate in a screwlike

open channels in this baseline condition are the non-sated K+
channels that generate the resting membrane porenri;1, which
soon returns to i ts usual value (see Figure 23-6a).

The patch-clamp tracings in Figure 23-8 reveal the essen-
t ial propert ies of voltage-gated K+ channels. In this experi-
ment, small  segments of a neuronal plasma membrane were

lnactive Na* channel
(refractory periodl

Return of voltage-sensing
cr hel ices to rest ing posit ion,
inac t iva t ion  o f  channe l
(0.5-1 .0 ms )

manner toward the outer membrane surface, causing an immediate
conformational change in the gate segment that opens the channel
f l  The voltage-sensing hel ices rapidly return to the resting posit ion,
and the channel- inactivating segment moves into the open channel,
preventing passage of further ions 4 Once the membrane is
repolarized, the channel- inactivating segment is displaced from the
channel opening and the gate closes; the protein reverts to the
closed, rest ing state and can be opened again by depolarization
[See W A Catterall, 2001, Nature 409:988; M Zhou et al , 2001. Nature
411:657; and B A Yi and L Y Jan, 2000, Neuron 27:4231

held clamped at different voltages, and the flux of electric
charges through the patch due to flow of K* ions through
open K+ channels was measured. At the modest depolarizing
voltage of -10 mV, the channels in the membrane patch
open infrequently and remain open for only a few millisec-
onds, as judged, respectively, by the number and width of

Na*

Open Na+ channel

EzE

r 1 /  '  l ! t i r r i ' i , t  1 i  O t ) i j r )

1 .  r ' r t l i ; l n i  t ) i r S l V

K- ions outward (cytosol ic to exoplasmic face) across the
membrane Increas ing  the  membrane depo lar iza t ion  ( i  e  ,  the
c lamping  vo l tage)  f  rom -  10  mV to  +50 mV increases  the
probab i l i t y  a  channe l  w i l l  open,  the  t ime i t  s tays  open,  and the
amount  o f  e lec t r i c  cur ren t  (numbers  o f  ions)  tha t  pass  th rough i t .
[From B Pallota et a1, 1981, Nature 293:47 1, as modif ied by B Hil le, 1992,
lon Channels of Excitable Membranes, 2d ed , Sinauer, p 122 l
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* 2 0 m v  :  -

10  mv

200 ms
  EXPERIMENTAL FTGURE 23-8 probabi l i ty  of  channel
opening and current  f lux through indiv idual  vo l tage-gated
K* channels increases with the extent of membrane
depolarization. These patch-clamp tracings were obtained from
patches of neuronal plasma membrane clamped at three different
potent ia ls ,  +50,  +20,  and -10 mV The upward deviat ions in  the
current  ind icate the opening of  K* channels and movement of
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the upward blips on the tracings. Further, the ion flux
through them is rather small, as measured by the electric cur-
rent passing through each open channel (the height of the
blips). Depolarizing the membrane further to +20 mV
causes these channels to open about twice as frequently.
Also, more K* ions move through each open channel (the
height of the blips is greater) because the force driving cy-
tosolic K* ions outward is greater at a membrane potential
of +20 mV than at -10 mV. Depolarizing the membrane
further to +50 mV, the value at the peak of an action poten-
tial, causes opening of more K- channels and also increases
the flux of K* through them. Thus, by opening during
the peak of the action potential, these K* channels permit the
outward movement of K* ions and repolarization of the
membrane potential while the voltage-gated Na* channels
are closed and inactivated.

More than 1.00 voltage-gated K* channel proteins have
been identified in humans and other vertebrates. As we dis-
cuss later, all these channel proteins have a similar overall
structure, but they exhibit different voltage dependencies,
conductivities, channel kinetics, and other functional prop-
erties. Many open only at strongly depolarizing voltages, a
property required for generation of the maximal depolariza-
tion characteristic of the action potential before repolariza-
tion of the membrane besins.

Action Potentials Are Propagated
Unid i rect ional ly  Wi thout  Diminut ion

The generation of an action potential relates to the changes
that occur in a small patch of the neuronal plasma mem-
brane. At the peak of the action potential, passive spread of
the membrane depolarization is sufficient to depolarize a
neighboring segment of membrane. This causes a few voltage-
gated Na+ channels in this region to open, thereby in-
creasing the extent of depolarization in this region and
causing an explosive opening of more Na* channels and
generation of an action potential. This depolarization
soon triggers opening of voltage-gated K* channels and
restoration of the resting potential. The action potential
thus spreads as a traveling wave away from its init ial site
without diminution.

As noted earlier, during the refractory period voltage-
gated Na+ channels are inactivated for several mil l isec-
onds. Such previously opened channels cannot open during
this period even if the membrane is depolarized owing to
passive spread. As i l lustrated in Figure 23-9,the inabil ity of
Na* channels to reopen during the refractory period en-
sures that action potentials are propagated only in one di-
rection, from the axon initial segment where they originate
to the axon terminus. This property of the Na* channels
also l imits the number of action potentials per second that
a neuron can conduct. This is important, since it is the fre-
quency of action potentials that carries the information.
Reopening of Na* channels upstream of an action potential
(i.e., closer to the cell body) also is delayed by the mem-
brane hyperpolarization that results from opening of voltage-
gated K" channels.

Nerve Cells Can Conduct Many Action Potentials
in the Absence of ATP

The depolarizaion of the membrane during an action po-

tential results from movement of just a small number of Na*

ions into a neuron and does not significandy affect the intra-

cellular Na+ concentration. A typical nerve cell has about 10

voltage-gated Na+ channels per square micrometer 1pm21 of

plasma membrane. Since each channel passes =5000-10,000

ions during the millisecond it is open (see Figure 11-22), a

maximum of 10s ions per pm2 of plasma membrane will

move inward during each action potential.
To assess the effect of this ion flux on the cytosolic Na*

concentration of 10 mM (0.01 moVL), typical of a resting

axon, we focus on a segment of axon 1 micrometer (pm) lon^g

and 10 pm in diameter. The volume of this segment is 78 pmr,

or 7.8 x 10 1a liters, and it contains 4.7 x 108 Na+ ions:

ber of Na* ions in this segment by only one part in about

1.50: (4.7 x 108) + (3.1 x 106). Likewise, the repolarization

of the membrane due to the efflux of K* ions through volt-

age-gated K* channels does not significantly change the

intracellular K' concentration.
Because so few Na* and K* ions move across the plasma

membrane during each action potential, the ATP-driven

Na*/K* pump that maintains the usual ion gradients plays

no direct role in impulse conduction. Since the ion move-

ments during each action potential involve only a minute

fraction of the cell's K* and Na* ions, a nerve cell can fire

hundreds or even thousands of times in the absence of ATP.

All Voltage-Gated lon Channels Have
Simi lar  St ructures

Having explained how the action potential is dependent on

regulated opening and closing of voltage-gated channels, we

turn to a molecular dissection of these remarkable proteins.

After describing the basic structure of these channels' we fo-

cus on three questions:

r How do these proteins sense changes in membrane

potential?

r How is this change transduced into opening of the channel?

r 
'What 

causes these channels to become inactivated shortly

after opening?

The initial breakthrough in understanding voltage-gated ion

channels came from analysis of fruit flies (Drosopbila

melanogaster) carrying the shaker mutation' These flies

shake vigorously under ether anesthesia, reflecting a loss of

motor control and a defect in certain motor neurons that

have an abnormally prolonged action potential. Researchers

suspected that the shaker mutation caused a defect in chan-

nel function. Cloning of the gene involved confirmed that
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> FIGURE 23-9 Unidirect ional conduction
of an action potential due to transient
inactivation of voltage-gated Na*
channels. At t ime 0, an action potential (red)
is  a t  the  2-mm pos i t ion  on  the  axon;  the  Na+
channe ls  a t  th is  pos i t ion  are  open and Na+
ions are f lowing inward The excess Na+ ions
diffuse in both direct ions along the inside of
the  membrane,  pass ive ly  spread ing  the
depolarization Because the Na+ channels at
the '1 -mm posit ion are st i l l  inactivated (green),
they cannot yet be reopened by the small
depolarization caused by passive spread; the
Na-  channe ls  a t  the  3-mm pos i t ion ,  in
contrast, begin to open Each region of the
membrane is refractory ( inactive) for a few
mrl l iseconds after an action potential has
passed Thus,  the  depo lar iza t ion  a t  the  2-mm
site at t ime 0 tr iggers action potentials
downstream only; at 

. l  
ms an action potential

i s  pass ing  the  3-mm pos i t ion ,  and a t  2  ms an
action potential rs passing the 4-mm posit ion

the defective protein was a channel. The shaker mutation
prevents the mutant channel from opening normally imme-
diately upon depolarization. To test whether the wild-type
shaker gene encoded a K* channel, cloned wild-type shaier
cDNA was used as a template to produce shaker mRNA in a
cell-free system. Expression of this mRNA in frog oocyres
and patch-clamp measurements on the newly synthesized
channel protein showed that its functional proDerties were
ident ica l  wi th those of  rhe vol tage-gare<J K channel  in  rhe
neuronal membrane, demonstrating conclusiveiy that the
shaker gene encodes this K+-channel protein.

The Shaker K* channel and most other voltage-gated K*
channels that have been identif ied are tetrameric proteins
composed of four identical subunits arranged in the mem-
brane around a central pore. Each subunit is constructed of
six membrane-spanning cr helixes, designated S1-S6, and a p

2 3 4
Distance a long axon (mm)

2 3 4
Distance a long axon (mm)

segment (Figure 23-10a). The 55 and 56 helices and the p
segment are structurally and functionally homologous to
those in the nongated resting K+ channel discussed earlier
(see Figure 11.-19). The 55 and 56 helices form the lining of
the channel through which the ion travels. The S1-S4 helices
act as a voltage sensor (with 54 acting as the primary sensor)
and are described as paddles owing to the way they protrude
from the central complex. The N-terminal "ball" extending
into the cytosol from S1 is the channel-inactivaring segment.

Voltage-gated Na* channels and Ca2* channels are
monomeric proteins organized into four homologous domains,
I-IV (Figure 23-10b). Each of these domains is similar to a
subunit of a voltage-gated K* channel. However, in contrast
to voltage-gated K+ channels, which have four channel,
inactivating segments, the monomeric voltage-gated channels
have a single channel-inactivating segment. Except for this
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minor structural difference and their varying ion permeabilities,
all voltage-gated ion channels are thought to function in a simi-
lar manner and to have evolved from a monomeric ancestral
channel protein that contained six transmembrane a helices.

Vol tage-Sensing 54 c  Hel ices Move in  Response
to Membrane Depolar izat ion
The understanding of channel-protein biochemistry is advanc-
ing rapidly owing to new crystal structures for bacterial and
shaker potassium channels and other channels. One method
used to obtain crystals of these difficult membrane proteins
was to surround them with bound fragments of monoclonal
antibodies (Fab's; Chapter 24);in other cases they were crys-
tallized in complexes with normal protein-binding partners.

The structures of the channels reveal remarkable arrange-
ments of the voltage-sensing domains, and suggest how parts
of the protein move in order to open the channel. The
tetramer has a pore whose walls are formed by helices S5 and
56 (Figure 23-1la). Outside that core structure four arms, or
"paddles," protrude into the surrounding membranel these
are the voltage sensors, and they are in minimal contact with
the pore. Sensitive electric measurements suggested that the
opening of a voltage-gated Na* or K* channel is accompa-
nied by the movement of 12-14 protein-bound positive
charges from the cytosolic to the exoplasmic surface of the
membrane. The moving part of the protein is composed of
helices S1-S4; 54 accounts for much of the positive charge
and is therefore the primary voltage sensor, with a positively
charged lysine or arginine every third or fourth residue.
Arginines in 54 have been measured moving as much as 1.5

< FIGURE 23-10 Schematic depictions of the
secondary structures of voltage-gated K+ and
Na* channels. (a) Voltage-gated K* channels are
composed of four identical subunits, each containing
600-700 amino acids, and six membrane-spanning
ct helices, S1-56. The N-terminus of each subunit,
located in the cytosol and labeled N, forms a globular
domain (orange ball) essential for inactivation of the
open channel The S5 and 56 helices (green) and
the P segment (blue) are homologous to those in
nongated resting K+ channels, but each subunit
contains four additional transmembrane o helices.
One of these, 54 (red), is the primary voltage-
sensing o helix and is assisted in this role by helices
S1-3 (b) Voltage-gated Na* channels are monomers
conta in ing 1800-2000 amino acids organized into
four transmembrane domains (l-lv) that are similar
to the subunits in voltage-gated K* channels. The
single channel-inactivating segment, located in the
cytosol between domains l l l  and lV contains a
conserved hydrophobic motif (H; yellow) Voltage-
gated Ca2* channels have a similar overall
structure Most voltage-gated ion channels also
contain regulatory (F) subunits that are not
depicted here [Part (a) adapted from C Miller, 1992,
Curr. Biol 2.573, and H Larsson er al , 1996, Neuron
16:387; part (b) adapted from W A Catterall, 2001,
Nature 409:988 l

nm as the channel opens, which can be compared with the =5-

nm thickness of the membrane or the L.2-nm diameter of

the cr helix itself. The movement of these gating charges (or

voltage sensors) under the force of the electric field triggers a

conformational change in the protein that opens the channel.

Thus the 54 helix is the key part of the voltage sensor, which

then moves the S1-S4 helices across much of the membrane.

The most unusual aspect of the voltage-sensitive channel

structures is the presence ofcharged groups' e.g.' arginines, in

contact with lipid. The location of the voltage sensor helps to

explain earlier experiments where a non-voltage-sensitive

channel was converted into a voltage-sensing channel by

adding to it voltage-sensing domains' Such an experiment

would seem unlikely to work if the voltage sensors had to be

deeply embedded in the core stmcture.
Studies with mutant Shaker K* channels support the im-

portance of the 54 helix in voltage sensing. 
'When 

one or

more arginine or lysine residues in the 54 helix of the Shaker

K* channel were replaced with neutral or acidic residues'

fewer positive charges than normal moved across the mem-

brane in response to a membrane depolarization, indicating

that arginine and lysine residues in the 54 helix do indeed

move across the membrane. In other studies, mutant Shaker

oroteins in which various 54 residues were converted to

cysteine were tested for their reactivity with a water-soluble

cysteine-modifying chemical agent that cannot cross the

membrane. On the basis of whether the cysteines reacted

with the agent added to one side or the other of the mem-

brane, the results indicated that in the resting state amino

acids near the C-terminus of the 54 helix face the cytosol; af-

ter the membrane is depolarized, some of these same amino

PROPAGATION OF  ACT ION POTENTIALS  IN  NERVE CELLS  .  1011

(b )  Vo l t age -ga ted  Na*channe l  (monomer )

VOLTAGE-GATED ION CHANNELS AND THE
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A FIGURE 23-11 Molecular structure of a voltage-sensitive
potassium channel. The two ribbon diagrams show models of the
potassium channel in (a) open and (b) closed states Since the molecule
is a tetramer of the same subunit, four copies of each helix are visible;
the ones farthest away are seen only dimly. The brown (S5) and green
(56) alpha helices span the membrane, with the interior of the cell at
the bottom and exterior at the top The purple spheres represent K+
ions, which pass through the open channel and occupy part of the
closed channel without passing through The 56 (green) helices l ine
the pore Note how the helices are tlghtly packed at the bottom in
(b), closing the channel so that the K* ion cannot pass through
[compare the distances between S5 helices as shown by the arrows
below (a) and (b) I The 54-55 linker, located in the cytoplasm, connects
the 54 helix (not shown) to the S5 helix (brown). For clarity, helices S1
through 54 have been omitted from the model; they would normally
be attached to the end of the S4-S5 linker and protrude from the
molecule as the voltage-sensing "paddles " These paddles move from

acids become exposed to the exoplasmic surface of the chan-
nel. These experiments directly demonstrated movement of
the 54 helix across the membrane, as schematically depicted
in Figure 23-7 for voltage-gated Na+ channels.

The structure of the open form of a mammalian Shaker
K* channel has been contrasted with the closed structure of
a crystall ized bacterial K* channel. The results suggest a
model for the closing of the channel in response to move-
ments of the voltage sensors across the membrane (Figure
23-11.a, b). In the model, the voltage sensors, composed of
helices S1-S4, move in response to voltage and exert a

Exterior

Central
cavity

Membrane

Cytosol

Padd le

Latera I
w indow

B subuni t

N-terminus

near the interior to the exterior of the membrane in response to
depolarization. Since each one is attached to an S4-S5 linker, each
linker and its attached S5 helix is moved, in turn moving 56 helices,
which opens the pore The structure of the open mammalian channel
(a) has been determined The closed-channel structure in (b) is
hypothetical, but is based on observations of a closed bacterial
potassium-channel structure. (c) The ball-and-chain model for
inactivation of voltage-gated K* channels in three-dimensional
cutaway view of the inactive state In addition to the four cr subunits
(tan and gray) that form the channel, these channel proteins have four
regulatory B subunits (purple) At the N terminus of each of the B
subunit proteins is a small domain (purple "ball" on the end of the
purple "chain") that controls the opening of the central pore. In this
il lustration the N terminus of one subunit has moved through a lateral
window to block the pore [Parts (a) and (b) from S B Long, E B Campbell,
and R MacKinnon, 2005, Science 309:903-908; part (c) adapted from R
Aldrich, 200 1, Nature 411:643, and M Zhou et al, 200'1, Nature 4'11:657 l

torque on a linker helix that connects 54 to 55. In the open-
channel conformation, the position of the S4-S5 linkers al-
Iows the 55 helices to lie at about a 45" angle to the plane of
the membrane (Figure 23-11a, brown helices), and the pore
inside has a'1.2-nm opening. 

'lfhen 
the cell is repolarized and

the voltage sensor moves toward the intracellular membrane
surface, the S4-S5 linkers are twisted down, toward the inside
of the cell. The 55 helices are consequently moved more or-
thogonal to the plane of the membrane (Figure 23-11b, brown
helices). This position leaves the 55 and 56 helices in closer
proximiry squeezing the channel closed (Figure 23-11a, b; the
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double headed arrows indicate spacing between adjacent 55
helices). Thus the gate probably is composed of the cytosol-
facing ends of the 55 and 55 helices, where the pore is
narrowest.

Movement  of  the Channel - lnact ivat ing Segment
into the Open Pore Blocks lon Flow
An important characteristic of most voltage-gated channels is
inactivation; that is, soon after opening they close sponta-
neously forming an inactive channel that will not reopen un-
til the membrane is repolarized. In the resting state, the posi-
tively charged globular balls at the N-termini of the four
subunits in a voltage-gated K* channel are free in the cytosol.
Several milliseconds after the channel is opened by depolar-
ization, one ball moves through an opening (lateral window)
between two of the subunits and binds in a hydrophobic
pocket in the pore's central cavity, blocking the flow of K*
ions (Figure 23-L1,c). After a few milliseconds, the ball is dis-
placed from the pore, and the protein reverts to the closed,
resting state. The ball-and-chain domains in K+ channels are
functionally equivalent to the channel-inactivating segment
in Na- channels.

The experimental results shown in Figure 23-12 demon-
strate that inactivation of K* channels depends on the ball
domains, occurs after channel opening, and does not require
the ball domains to be covalently linked to the channel pro-
tein. In other experiments, mutant K* channels lacking por-
tions of the =40-residue chain connecting the ball to the S1

0 2 0 4 0 6 0 8 0
T ime  (ms )

  EXPERIMENTAL FIGURE 23-12 Experiments with a mutant K+
channel lacking the N-terminal globular domains support the
ball-and-chain inactivation model. The wild-type Shaker K' channel
and a mutant form lacking the amino acids composing the N-terminal
ball were expressed in Xenopus oocytes The activity of the channels
then was monitored by the patch-clamp technique When patches
were depolarized from -0 to +30 mV the wild-type channel opened
for =5 ms and then closed (red curve) The mutant channel opened
normally, but could not close (green curve) When a chemically
synthesized ball peptide was added to the cytosolic face of the patch,
the mutant channel opened normally and then closed (blue curve). This
demonstrated that the added peptide inactivated the channel after it
opened and that the ball does not have to be tethered to the protein in
order to function [From W N Zagotta et al , 1990, Science 250:568 ]

helix were expressed in frog oocytes. Patch-clamp measure-

ments of channel activity showed that the shorter the chain,

the more rapid the inactivation, as if a ball attached to a

shorter chain can move into the open channel more readily.

Conversely, addition of random amino acids to lengthen the
normal chain slows channel inactivation.

The single channel-inactivating segment in voltage-gated
Na* channels contains a conserved hydrophobic motif com-
posed of isoleucine, phenylalanine) methionine, and threo-
nine (see Figure 23-1,0b). Like the longer ball-and-chain do-

main in K* channels, this segment folds into and blocks the

Na*-conducting pore until the membrane is repolarized (see

Figure 23-71.

Myelination Increases the Velocity
of  lmpulse Conduct ion

As we have seen, action potentials can move down an

axon without diminution at speeds up to 1 meter per sec-

ond. But even such fast speeds are insufficient to permit

the complex movements typical of animals. In humans, for

instance. the cell bodies of motor neurons innervating leg

muscles are located in the spinal cord, and the axons are

about a meter in length. The coordinated muscle contrac-

tions required for walking, running, and similar move-

ments would be impossible if i t took 1 second for an action

potential to move from the spinal cord down the axon of

a motor neuron to a leg muscle. The solution is to wrap

cells in insulation that increases the rate of movement of

an action potential. The insulation is called a myelin

sheath (see Figure 23-2b). The presence of a myelin sheath

around an axon increases the velocity of impulse conduc-

tion to 10-100 meters per second. As a result, in a typical

human motor neuron, an action potential can travel the

length of a 1-meter-long axon and stimulate a muscle to

contract within 0.01 seconds.
In nonmyelinated neurons, the conduction velocity of an

action potential is roughly proportional to the diameter of

the axon, because a thicker axon will have a greater number

of ions that can diffuse. The human brain is packed with rel-

atively small, myelinated neurons' If the neurons in the hu-

man brain were not myelinated' their axonal diameters

would have to increase about 10,000-fold to achieve the

same conduction velocities as myelinated neurons. Thus ver-

tebrate brains, with their densely packed neurons, never

could have evolved without myelin.

Action Potentials "Jump" from Node to Node
in Myelinated Axons

The myelin sheath surrounding an axon is formed from many

glial cells. Each region of myelin formed by an individual glial

cell is separated from the next region by an unmyelinated

area of axonal membrane about 1 pm in length called the

node of Ranuier (or simplg node; see Figure 23-2).The ax-

onal membrane is in direct contact with the extracellular

Mutant  Shaker  K+ channe l

Wild-type Shaker K' channel
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A FIGURE 23-13 Conduction of action potentials in
myelinated axons. Because voltage-gated Na+ channels are
localized to the axonal membrane at the nodes of Ranvier, the influx
of Na* ions associated with an action potential can occur only at
nodes When an action potential is generated at one node (step Il),
the excess positive ions in the cytosol, which cannot move outward
across the sheath, diffuse rapidly down the axon, causing sufficient
depolarization at the next node (step [) to induce an action
potential at that node (step B) By this mechanism the action
potential jumps from node to node alonq the axon

fluid only at the nodes. Moreover, all the voltage-gated Na+
channels and all the Na+/K+ pumps, which maintain the
ionic gradients in the axon, are located in the nodes.

As a consequence of this localization, the inward move-
ment of Na* ions that generates the action potential can oc-
cur only at the myelin-free nodes (Figure 23-13). The excess
cytosolic positive ions generated at a node during the mem-
brane depolarization associated with an action potential
spread passively through the axonal cytosol to the next node
with very little loss or attenuation, since they cannot cross
the myelinated axonal membrane. This causes a depolariza-
tion at one node to spread rapidly to the next node, permit-
ting the action potential, in effect, to jump from node to
node. The transmission is called sahatory conduction. This
phenomenon explains why the conduction velocity of myeli-
nated neurons is about the same as that of much larger diam-
eter unmyelinated neurons. For instance, a 12-p,m-diameter
myelinated vertebrate axon and a 600-pm-diameter unmyeli-
nated squid axon both conduct impulses at L2 mls.

Gl ia Produce Myel in  Sheaths and Synapses
Of the four types of glia (three of which are shown in Fig-
ure 23-14), two produce myelin sheaths: oligodendrocytes
make sheaths for the central nervous system (CNS), and
Schwann cells make them for the peripheral nervous sys-
tem. Astrocyfes, a third type, are necessary for neurons to
produce synapses and use them to communicate with other
neurons. The fourth type, microglia, produce survival fac-

tors for cells and carry out immune functions. These cells
participate in inflammatory responses and constitute a part
of the CNS immune system. They can differentiate to form
phagocytic cells with characteristics of macrophages (Chap-
ter 241. Microglia form in the bone marro% are not related
by l ineage to neurons or to other glia, and wil l not be dis-
cussed further.

Oligodendrocytes Oligodendrocytes form the spiral
myelin sheath around axons of the central nervous system
(Figure 23-14c). Each oligodendrocyte provides myelin
sheaths to multiple neurons. The major protein constituents
are myelin basic protein (MBP) and proteolipid protein (PLP).
MBP, a peripheral membrane protein found in both the CNS
and the PNS, has seven RNA splicing variants that encode dif-
ferent forms of the protein. It is synthesized 6y ribosomes lo-
cated in the growing myelin sheath (Figure 23-14c), an example
of specific transport of mRNAs to a peripheral cell region. The
localization of MBP mRNA depends on microtubules.

Damage to proteins produced by oligodendrocytes un-
derlies a prevalent human neurological disease, multi-

ple sclerosis (MS). MS is usually characterized by spasms
and weakness in one or more l imbs, bladder dysfunction, lo-
cal sensory losses, and visual disturbances. This disorder-
the prototype demyelinating disease-is caused by patchy
Ioss of myelin in areas of the brain and spinal cord. In MS
patients, conduction of action potentials by the demyeli-
nated neurons is slowed, and the Na* channels spread out-
ward from the nodes, lowering their nodal concentration.
The cause of the disease is not known but appears to involve
either the body's production of auto-antibodies (antibodies
that bind to normal body proteins) that react with MBP or
the secretion of proteases that destroy myelin proteins. A
mouse mutant, shiuerer, has a deletion of much of the MBP
gene, Ieading to tremors, convulsions, and early death. Sim-
ilarly human (Pelizaeus-Merzbacher disease) and mouse
Ui*pylt mutations in the gene coding for the other major
protein of CNS myelin, PLP, cause loss of oligodendrocytes
and inadequate myelination. I

Schwann Cells Schwann cells form myelin sheaths
around peripheral nerves. A Schwann cell myelin sheath is
a remarkable spiral wrap (see Figure 23-14b). A long axon
can have as many as several hundred Schwann cells along
its length, each contributing insulation to an internode
stretch of  about  1-1.5 pm of  axon.  Not  a l l  axons are
myelinated, for reasons that are not known. Mutations in
mice that eliminate Schwann cells cause the death of most
neurons.

In contrast to oligodendrocytes, Schwann cells each ded-
icate themselves to one axon. The sheaths are composed of
about 70 percent lipid (rich in cholesterol) and 30 percent
protein. In the peripheral nervous system the principle pro-
tein constituent (-80 percent) of myelin is called protein 0
(Pe), an integral membrane protein that has immunoglobulin
(Ig) domains. MBP is also an abundant component. The ex-
tracellular Ig domains bind together the surfaces of

Node o f
Ranv ie r

Mye l in
sheath

t
N a *

E
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(a) Central nervous system neurons
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A FIGURE 23-14 Three types of glia cells. (a) Astrocytes interact
with neurons but do not insulate them (b) Each Schwann cell insulates
a section of a single peripheral nervous system axon (c) A single
oligodendrocyte can myelinate multiple CNS axons lFrom B Stevens,

sequential wraps around the axon to compact the spiral of
myelin sheath (Figure 23-15b). Other proteins play this kind
of role in the CNS.

In humans, peripheral myelin, l ike CNS myelin, is a
target of autoimmune disease, antibodies forming

against  P6.  The Gui l la in-Barre syndrome (GBS),  a lso
known as acute inflammatory demyelinating polyneuropa-
thy, is one such disease. GBS is the most common cause of
rapid-onset paralysis, occurring at a frequency of 10-t.
The cause is unknown. The common inherited neurological
disorder called Charcot-Marie-Tooth disease, which dam-
ages peripheral motor and sensory nerve function, is due to
overexpression of the gene that encodes PMP22 protein,
another constituent of peripheral nerve myelin. I

2003, Curr. Biol 13:469, and adapted from D L

2005, Nature Rev. Neurosci 6:683-690, Photos:

and Doug Field f  rom NIH l

(b) Peripheral nervous system neuron

Sherman and P Brophy,

Courtesy of  Varsha Shukla

Interactions between glia and neurons control the placement

and spacing of myelin sheaths, and the assembly of nerve-

transmission machinery at the nodes of Ranvier. Voltage-

gated Na* channels and Nan/K* pumps' for example, con-

gregate at the nodes of Ranvier through interactions with

cytoskeletal proteins. 
'$fhile 

all the details of the node as-

sembly process are not understood, a number of key players

have been identified. In the PNS, where the process has been

most studied, surface adhesion molecules in the Schwann

cell membrane interact with neuronal adhesion molecules.

The glial membrane immunoglobulin cell-adhesion rnolecule
(lgCAM) called newrofascinl55 contacts two axonal pro-

teins, contactin and contactin-associated protein at the edge

of the node. These cell-cell contact events create boundaries

at each side of the node.

Schwann
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A FIGURE 23-15 Formation and structure of a myelin sheath in
the peripheral nervous system. (a) At high magnification the
specialized spiral myelin (My) membrane appears as a series of layers,
or lamellae, of phospholipid bilayers wrapped around the axon (Ax);
Mit : mitochondrion (b) Close up view of three layers of the myelin
membrane spiral The two most abundant membrane peripheral
myelin proteins, Po and PMP22, are produced only by Schwann cells.
The exoplasmic domain of a Po protein, which has an immunoglobulin
fold, associates with similar domains emanating from pe proteins in
the opposite membrane surface, thereby "zippering" together the
exoplasmic membrane surfaces in close apposition These interactions

The channel proteins and other molecules that will accu-
mulate at the node are initially dispersed through the axons.
Then axonal proteins, including two IgCAMs called NrCAM
and neurofascinlSS, as well as ankyrin G (Chapter 17),
accumulate within the node. The two IgCAMs bind to a
single transmembrane domain protein called gliomedin
that is expressed in the glial cell. Experimenrs rhat elimi-
nated gliomedin production showed that without it nodes
do not form, so it is a key regulator. Ankyrin in the node
contacts BIV spectrin, a major constituent of the cytoskele-
ton,  thus tether ing the node's prote in complex to the
cytoskeleton. Na* channels become associated with neuro-
fascin186, NTCAM, and ankyrin G, firmly trapping the
channel where it is needed. As a result of these multiple
protein-protein interactions, the concentration of Na*
channels is roughly a hundredfold higher in the nodal
membrane of myelinated axons than in the axonal mem-
brane of nonmyelinated neurons.

Astrocytes The third type of glial cell is the astrocyte,
named for its starlike shape (see Figure 23-14a). These can
constitute more than a third of brain mass and half of the
brain's cells. There are two kinds. Proloplasmic astrocytes
are in the gray matter (the areas rich in cell bodies); f ibrous
astrocytes are in the white matter (the areas composed
mainly of axonsl it is the myelin that makes it look white).
The astrocytes make long thin processes that envelop all the
brain's blood vessels.

D
D

are stabil ized by binding of a tryptophan residue on the tip of the
exoplasmic domain to l ip ids in  the opposi te membrane Close
apposition of the cytosolic faces of the membrane may result from
binding of the cytosolic tail of each P0 protein to phospholipids in
the opposite membrane PMP22 may also contribute to membrane
compaction Myelin basic protein (MBP), a cytosolic protein, remains
between the closely apposed membranes as the cytosol is squeezed
out [Part (a) @ Science VU/C Rainel/isuals Unlimited; part (b) adapted from
L Shapiro et  a l  ,  1996, Neuron 17i435,  and E J Arroyo and S S Scherer,

2000, Histochem Cell Biol 113:1 l

Astrocytes are crit ical regulators of the formation of
the blood-brain barrier. A mass of blood vessels in the
brain supplies oxygen and removes C02, and delivers glu-
cose and amino acids, with capil laries within a few mi-
crometers of every cell. These capil laries form the blood-
brain barrier, which prevents, for example, blood-borne
circulating neurotransmitters and some drugs from enter-
ing the brain. The barrier consists of a set of t ight junc-
tions (Chapter 19) made by the endothelial cells that form
the walls of capil laries. Astrocytes promote specialization
of  these endothel ia l  ce l ls ,  making them less permeable
(Figure 23-1,6) .

Many synapses and dendrites are also surrounded by as-
trocyte processes. Astrocytes produce abundant extracellular
matrix proteins, some of which are used as guidance cues by
migrating neurons, and a host of growth factors that carry a
variety of types of information to neurons. The Ca2*, K*.
Na-, and Cl channels, among others, found in the plasma
membranes of astrocytes influence the concentration of free
ions in the extracellular space, thus affecting the membrane
potentials of neurons and of the astrocytes themselves. Astro-
cytes also take up glutamate, a neurotransmitter, from extra-
cellular spaces and turn it into glutamine. 

'When 
nearby

neurons have fired, glutamate binds to glutamate receprors
on astrocytes, enabling the astrocytes to sense the event.
Astrocytes are joined to each other by gap junctions, so
changes in ionic composition in any of them are communi-
cated to others, over distances of hundreds of mrcrons.
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Voltage-Gated lon Channels and the Propagation
of Action Potentials in Nerve Cells

r Action potentials are sudden membrane depolarizations
followed by a rapid repolarization. They originate at the
axon initial segment and move down the axon toward the
axon terminals, where the electric impulse is transmitted to
other cells via a synapse (see Figures 23-3 and23-6).

r An action potential results from the sequential opening and
closing of voltage-gated Na* and K* channels in the plasma
membrane of neurons and muscle cells (see Figure 23-9).

r Opening of voltage-gated Nat channels permits influx
of Na* ions for about 1 ms, causing a sudden large
depolarization of a segment of the membrane. The channels
then close and become unable to open (refractory) for several
milliseconds, preventing further Na* flow (see Figure 23-7).

< FIGURE 23-16 Astrocytes interact with endothelial cells at the
blood-brain barrier. The purpose of the blood-brain barrier is to
control what types of molecules can travel out of the bloodstream into
the brain and vice versa The formation of the banier by the
endothelial cells that make up blood vessel walls entering the brain is
directed by surrounding astrocytes Capil laries in the brain are formed
by endothelial cells with tight junctions that are impermeable to most
molecules Transport between cells is blocked, so only small molecules
that can diffuse or substances specifically transported through cells can
cross the barrier. The endothelial cells have transporters and permeability
characteristics that allow oxygen and C02 across but selectively prevent
other substances from crossing Astrocytes surround the blood vessels,
in contact with the endothelial cells, and send secreted protein signals
to induce the endothelial cells to produce a selective barrier. Unless
there is a specific carrier involved, l ipid-soluble molecules stand the best
chance of getting across, though they may travel poorly in the blood.
Electrolytes, l ike Na+ and Cl-, are moved across by specific channel
and transport proteins. The brain's endothelial cells have less vesicle
transport than most endothelial cells, presumably since transport is
more selective The endothelial cells (burgundy) are ensheathed by a
layer of basal lamina (orange) and contacted on the outside by
astrocyte processes (tan). Pericytes are mesenchymal cells that provide

support to the capil laries. [From N J Abbott, L R6nnbdck, and E Hansson,
2006, Nature Rev. Neurosci 7:41-53]l

r As the action potential reaches its peak, opening of voltage-
gated K+ channels permits efflux of K* ions, which repo-

larizes and then hyperpolarizes the membrane. As these

channels close, the membrane returns to its resting poten-

tial (see Figure 23-3).

r The excess cytosolic cations associated with an action
potential generated at one point on an axon spread pas-

sively to the adjacent segment, triggering opening of voltage-
gated Na+ channels and movement of the action potential

along the axon.

r Because of the absolute refractory period of the voltage-
gated Na* channels and the brief hyperpolarization result-

ing from K* efflux, the action potential is propagated in

one direction only, toward the axon terminus'

r Voltage-gated Na ' and Ca2 " channels are monomeric

proteins containing four domains that are structurally and

functionally similar to each of the subunits in the

tetrameric voltage-gated K t channels'

r Each domain or subunit in voltage-gated cation channels

contains six transmembrane a helices and a nonhelical P seg-

ment that forms the ion-selectiviry pore (see Figure 23-10).

r Opening of voltage-gated channels results from movement

of the positively charged 54 ct helices toward the extracel-

lular side of the membrane in response to a depolarization

of sufficient magnitude.

r Closing and inactivation of voltage-gated cation channels

result from movement of a cytosolic segment into the open
pore (see Figure 23-11c).

r Myelination, which increases the rate of impulse con-

duction up to a hundredfold, permits the close packing of

neurons characteristic of vertebrate brains.
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r In myelinated neurons, voltage-gated Na* channels are
concentrated at the nodes of Ranvier. Depolarization at
one node spreads rapidly with little attenuation to the next
node, so that the action potential jumps from node to node
(see Figure 23-13).

r Myelin sheaths are produced by glial cells that wrap
themselves in spirals around neurons. Oligodendrocytes
produce myelin for the CNS; Schwann cells, for the PNS
(see Figure 23-14).

r Astrocytes, a third type of glial cell, wrap their processes
around synapses and blood vessels. Astrocytes secrete pro-
teins that stimulate synapse formation, and also induce the
endothelial cells of blood vessels to oroduce a blood-brain
barrier that limits transepithelial flow of subsrances lsee
Figure 23-16).

Communication at Synapses
As we have discussed, electrical pulses transmit signals along
neurons, but signals are transmitted between neurons and
other excitable cells by chemical signals. Synapses are the
junctions where presynaptic neurons release these chemical
signals, or neurotransmitters, that act on a postsynaptic tar-
get cell (Figure 23-4), which can be another neuron or a
muscle or gland cell. Neurotransmitters are small, water-sol-
uble molecules (e.g., acetylcholine, dopamine). The cell-cell
communication at chemical synapses goes in one direction:
pre- to postsynaptic cell. Arrival of an action potential at an
axon terminal leads to opening of voltage-sensitive Ca2*
channels and an influx of Ca2*, causing a localized rise in
the cytosolic Ca2* concentration in the axon terminus. The
rise in Caz* in turn rriggers fusion of small (40-50-nm)
synaptic vesicles containing neurotransmitters with the
plasma membrane, releasing neurotransmitters from this
presynaptic cell into the synaptic cleft, the narrow space sep-
arating it from posrsynaptic cells. The membrane of the
postsynaptic cell is located within approximarely 50 nm of
the presynaptic membrane.

Neurotransmitter receptors fall into two broad classes:
ligand-gated ion channels, which open immediately upon
neurotransmitter binding, and G protein-coupled receptors.
Neurotransmitter binding to a G protein-coupled receptor
induces the opening or closing of a separate ion-channel pro-
tein over a period of seconds to minutes. These "slow" neu-
rotransmitter receptors are discussed in Chapter 15 along
with G protein-coupled receptors that bind different types
of ligands and modulate the activity of cytosolic proteins
other than ion channels. Here we examine the structure and
operation of the nicotinic acetylcholine receptor found at
many nerve-muscle synapses. It was the first ligand-gated
ion channel to be purif ied, cloned, and characteized at
the molecular level, and provides a paradigm for other
neurotransmitter-gated ion channels.

The duration of the neurotransmitter signal depends on
the amount of transmitter released by the presynaptic cell,
which in turn depends on the amount of transmitter that

had been stored and upon the frequency of action poten-
tials arriving at the synapse. The duration of signal also de-
pends on how rapid ly  any remain ing neurotransmit ter  is
retrieved by the presynaptic cell. Presynaptic cell plasma
membranes, as well as glia, contain transporter proteins
that pump neurotransmitters across the plasma membrane
back into the cell, thus keeping the extracellular concentra-
tions of transmitter low.

Here we focus first on how synapses form and how they
control the regulated secretion of neurotransmitters in the
context of the basic principles of vesicular trafficking outlined
in Chapter 14. Next we look at the mechanisms that limit the
duration of the synaptic signal, and how neurotransmirters
are received and interpreted by the postsynaptic cell.

Formation of Synapses Requires Assembly of
Presynaptic and Postsynaptic Structures
Axons extend from the cell body during development, guided
by signals from other cells along the way so that the axon rer-
mini will reach the correct location (see Section 23.5). As ax-
ons grow, they come into contact with the dendrites of other
neurons, and often at such sites synapses form. In the CNS,
synapses with presynaptic specializations occur frequently all
along an axon, in contrast to motor neurons, which form
synapses with muscle cells only at the axon termini.

Neurons cultured in isolation wil l not lorm synapses
very efficiently, but when glia are added, the rate of synapse
formation increases substantially. Astrocytes and Schwann
cells send signals to neurons to stimulate the formation of
synapses and then help to preserve them (Figure 23-17).To

t l c m  I
  EXPERIMENTAL FIGURE 23-17 Signals from astrocytes have
been shown to induce synapse formation. lmmunostaining for the
presynaptic protein synaptotagmin (red) and the postsynaptic protein
PSD-95 (yellow) yields few measured puncta (dots of stain) in control
retinal ganglion cells cultured in the absence of astrocytes (/eft).
However, a 3-5-fold increase in puncta occurs when these cells are
cultured in the presence of astrocytes or the astrocyte protein product
thrombospondin (right) (rTSP2 : the recombinant thrombospondin 2
that was used). Astrocytes secrete thrombospondin, which by itself has
much the same effect on synapse formation as astrocytes themselves.
Scale bar is 30 pm. [Reproduced with permission from K S Christopherson
et al . 2005. Cell 12O:421-433 |
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discover the signals involved, culture medium in which glia
had been incubated was added to neuron cultures, and
synapse formation was stimulated. By purifying different
substances from that medium it was possible to identify the
signal. Thrombospondin (TSP) protein, a component of ex-
tracellular matrix, was found to be the active agent. Confir-
mation came from mice lacking two tbrombospondin geflesi
the mice had only 70 percent of the normal number of
synapses in their brains. TSP probably does not work alone,
as it is not as potent in inducing synapses as are whole glia.
Another molecule that appears to account for some of the
synapse-inducing activity of glia is cholesterol, and direct
contact between glia and neurons may contribute as well.

Mutual communication between neurons and the glia
that surround them is frequent and complex. The signals and
information they carry is an area of active research. There is
even evidence that neurons form synapses on glia. \fhile glia
do not have action potentials, they do have complex arrays
of channels and ion fluxes.

At the site of a synapse, the presynaptic cell has hundreds
to thousands of synaptic vesicles, some docked at the mem-
brane and others waiting in reserve. The release into the
synaptic cleft occurs in the actiue zone, a specialized region
of the plasma membrane containing a remarkable assem-
blage of proteins whose functions include modifying the
properties of the synaptic vesicles and bringing them into po-
sition for docking and fusing with the plasma membrane.
Mewed by electron microscopg the active zone has electron-
dense material and fine cytoskeletal filaments (Figure 23-18).
The active zone is assembled gradually, with synaptic vesi-
cles accumulating first, then cytoskeletal elements, and then
other proteins. A similarly dense region of specialized struc-
tures is seen across the synapse in the postsynaptic cell, the
postsynaptic density (PSD). Cell-adhesion molecules that
connect pre- and postsynaptic cells keep the active zone and
PSD aligned. After release of synaptic vesicles in response ro
an action potential, the presynaptic neuron retrieves synap-
tic vesicle membrane proteins by endocytosis both within
and outside the active zone.

The induction of PSD assembly has been extensively
studied at the neuromuscular iunction (NMJ). At these
synapses acetylcholine is the neurotransmitter produced by
motor neurons, and its receptor, AChR, is produced by the
postsynaptic cell, which is a muscle cell. Muscle cell precur-
sors, myoblasts, put into culture will spontaneously fuse into
multinucleate myotubes that look similar to normal muscle
cells (Chapter 21.). As myotubes form, AChR is produced
and inserted into the plasma membrane of the myotubes,
reaching a density of about 1000 receptors/pm2. The AChR
is dispersed through the membrane, but if neurons are added
to the culture, the AChR starts to concentrate at points of
contact with the neurons. The neurons cause movement of
preexisting AChR and also induce the myotubes to produce
additional AChR. The density of receptors in a mature
synapse reaches about 10,000-20,000/p"m2, while elsewhere
in the plasma membrane the density is <10/pm2.

These observations led to an investigation of the mutual
signaling by neurons and myotubes. The conclusion from
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A FIGURE 23-18 Synaptic vesicles in the axon terminal near
the region where neurotransmitter is released. In this longitudinal
section through a neuromuscular junction, the basal lamina l ies in the
synaptic cleft separating the neuron from the muscle membrane,
which is extensively folded Acetylcholine receptors are concentrated
in the postsynaptic muscle membrane at the top and part way down
the sides of the folds in the membrane. A Schwann cell surrounds
the axon terminal [From J E Heuser and T. Reese, 197], in E R Kandel,
ed , Ihe Nervous System, vol 1, Handbook of Physiology, Williams and
Wilkins, p 266 l

this work is that muscle cells begin to organize their postsy-
naptic structures before there is any discernible influence of
motor axons. The arrival of an axon stabilizes and further
modifies the structures that have formed.

Neurotransmitters Are Transported into
Synaptic Vesicles by H*-Linked Antiport
Proteins
In this section, we focus on how neurotransmitters are pack-
aged in membrane-bound synaptic uesicles in the axon
terminus. Numerous small molecules function as neuro-
transmitters at various synapses. \f ith the exception of
acetylcholine, the neurotransmitters shown in Figure 23-19
are amino acids or derivatives of amino acids. Nucleotides
such as ATP and the corresponding nucleosides, which lack
phosphate groups, also function as neurotransmitters. Each
neuron generally produces just one type of neurotransmitter.

All the "classic" neurotransmitters are synthesized in the
cytosol and imported into membrane-bound synaptic vesi-
cles within axon terminals, where they are stored. These
vesicles are 40-50 nm in diameter, and their lumen has a low
pH, generated by operation of a V-class proton pump in the
vesicle membrane. Similar to the accumulation of metabolites

t
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(derived from tyrosine)

< FIGURE 23-19 Structures of several small molecules that
function as neurotransmitters. Except for acetylcholine, all these
are amino acids (glycine and glutamate) or derived from the indicated
amino acids The three transmitters synthesized from tyrosine, which
contain the catechol moiety (blue highlight), are referred to as
catecholamines

in plant vacuoles (see Figure 1,1,-28), this proton concentra-
tion gradient (vesicle lumen > cytosol) powers neurotrans-
mitter import by ligand-specific H*-linked antiporters in the
vesicle membrane.

For example, acetylcholine is synthesized from acetyl
coenzyme A (acetyl CoA), an intermediate in the degrada-
tion of glucose andfatty acids, and choline in a reaction cat-
aly zed by choline acetyltransferase:

CH"
t -

CH3-C-S-CoA +  HO-CH2-CH2-N+-CH3

Acetyl CoA Choline 
CHs

o 
?r.

CH3-C-O-CH2-CH2-N*-CHs +  CoA-SH

Acetylcholine 
CH:

Synaptic vesicles take up and concentrate acetylcholine from
the cytosol against a steep concentration gradient, using an
Ht/acetylcholine antiporter in the vesicle membrane. Curi-
ously, the gene encoding this antiporter is contained entirely
within the first intron of the gene encoding choline acetyl-
transferase, a mechanism conserved throughout evolution
for ensuring coordinate expression of these two proteins.
Different H+/neurotransmitter antiport proteins are used for
import of other neurotransmitters into synaptic vesicles.

Synaptic Vesicles Loaded with Neurotransmitter
Are Localized near the Plasma Membrane
Neurotransmitters are synthesized by enzymes in the cytosol
and then transported into synaptic vesicles by transporter pro-
teins dedicated to the task. For example glutamate is imported
into synaptic vesicles by proteins called uesicular glutamate
transporters (VGLUTs). VGLUTs are highly specific for glu-
tamate but have rather low substrate affinity (K- : 1-3mM).
The transporters are antiporters, moving glutamate into
synaptic vesicles while protons move in the other direction.
The membrane-potential gradient that drives the transport
process is established by a vacuolar-type MPase (Chapter 11).

The exocytosis of neurotransmitters from synaptic vesicles
involves targeting and fusion events similar to those that lead
to release of secreted proteins in the secretory pathway (Figure
23-20). However, several unique features permit the very rapid
release of neurotransmitters in response to arrival of an action
potential at the presynaptic axon terminal. For example, in
resting neurons some neurotransmitter-filled synaptic vesicles
are "docked" at the plasma membranel others are in reserve in
the active zone near the plasma membrane at the synaptic cleft.

o
tl
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A FIGURE 23-20 Cycling of neurotransmitters and of synaptic
vesicles in axon terminals. Most synaptic vesicles are formed by
endocytic recycling as depicted here The entire cycle typically takes
about 60 seconds. Step [:The uncoated vesicles employ a variety of
antiporters (blue) and other transport proteins (green) to import
neurotransmitters (red dots) from the cytosol. Step Z: Synaptic vesicles
loaded with neurotransmitter move to the active zone Step B:
Vesicles dock at defined sites on the plasma membrane of
a presynaptic cell. Synaptotagmin prevents membrane fusion and
release of neurotransmitter Botulinum toxin prevents exocytosis by
proteolytically cleaving VAMP, the v-SNARE on vesicles. Synaptotagmin
does not participate in steps 4-E or [, though it is still present. For
simplicity, it is not shown. Step Zl: In response to a nerve impulse
(action potential), voltage-gated Ca2* channels in the plasma
membrane open, allowing an influx of Ca2* from the extracellular

In addition, the membrane of synaptic vesicles contains a spe-
cialized Caz*-binding protein that senses the rise in cytosolic
Ca2* after arrival of an action potential, triggering rapid fu-
sion of docked vesicles with the presynaptic membrane.

A highly organized arrangement of cytoskeletal fibers in
the axon terminal helps localize synaptic vesicles in the active
zone. The vesicles themselves are linked together by synapsin,
a fibrous phosphoprotein associated with the cytosolic surface
of all synaptic-vesicle membranes. Filaments of synapsin
also radiate from the plasma membrane and bind to vesicle-
associated synapsin. These interactions probably keep synap-

medium. The resulting Ca2*-induced conformational change in
synaptotagmin leads to fusion of docked vesicles with the plasma
membrane and release of neurotransmitters into the synaptic cleft
Step E: After clathrin/AP vesicles containing v-SNARE and
neurotransmitter transporter proteins bud inward and are pinched off
in a dynamin-mediated process, they lose their coat proteins Dynamin
mutations such as shlbrre in Drosophila block the re-formation of
synaptic vesicles, leading to paralysis At the same time, Na- symporter
proteins take up neurotransmitter from the synaptic cleft, which limits
the duration of the action potential and partially recharges the cell with
transmitter. Step 6: Vesicles are recovered by endocytosis, creating
uncoated vesicles, ready to be refilled and begin the cycle anew Unlike
most neurotransmitters, acetylcholine is not recycled. See the text for
details [SeeK Takei etal ,1996,J Cell Biol. 133:1237; VMurthyandC
Stevens, 1 998, Nature 392:497; and R Jahn et al , 2003, Cell 112:519 I

tic vesicles close to the part of the plasma membrane facing the

synapse. Indeed, synapsin knockout mice, although viable, are

prone to seizures; during repetitive stimulation of many neu-

rons in such mice, the number of synaptic vesicles that fuse

with the plasma membrane is greatly reduced. Thus synapsins

are thought to recruit synaptic vesicles to the active zone'

Rab3A, a GTP-binding protein located in the membrane

of synaptic vesicles, is also required for targeting of neuro-

transmitter-filled vesicles to the active zone of presynaptic

cells facing the synaptic cleft. Rab3A knockout mice, like

synapsin-deficient mice, exhibit a reduced number of synaptic

Movement of vesicle
to active zone

l .  t . '

Botulinum -1 SNARE
toxin I comolex
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vesicles able to fuse with the plasma membrane after repeti-
tive stimulation. The neuron-specific Rab3 is similar in se-
quence and function to other Rab proteins that participate
in docking vesicles on particular target membranes in the
secretory pathway.

Inf lux of Ca2+ Triggers Release
of Neurotransmitters
The exocytosis of neurotransmitters from synaptic vesicles
involves vesicle-targeting and fusion events similar to those
that occur during the intracellular transport of secreted and
plasma-membrane proteins (Chapter 13). Two features crit-
ical to synapse function differ from other secretory path-
ways: (1) secretion is tightly coupled to arrival of an action
potential at the axon terminus, and (2) synaptic vesicles are
recycled locally to the axon terminus after fusion with the
plasma membrane. Figure 23-20 shows the entire cycle
whereby synaptic vesicles are filled with neurotransmitter,
release their contents, and are recycled.

Depolarization of the plasma membrane cannot, by ir-
self, cause synaptic vesicles to fuse with the plasma mem-
brane. In order to trigger vesicle fusion, an action potential
must be converted into a chemical signal-namely, a local-
ized rise in the cytosolic Ca2+ concentration. The transduc-
ers of the electric signals are uoltage-gated Ca2* channels lo-
calized to the region of the plasma membrane adjacent to the
synaptic vesicles. The membrane depolarization due to ar-
rival of an action potential opens these channels, permitting
an influx of Ca2* ions from the extracellular medium into
the axon terminal.

A simple experiment demonstrates the importance of
voltage-gated Ca2* channels in release of neurotransmrtters.
A preparation of neurons in a Ca2*-containing medium is
treated with tetrodotoxin, a drug that blocks voltage-gated
Na- channels and thus prevents conduction of action poten-
tials. As expected, no neurotransmirters are secreted into the
culture medium. If the axonal membrane then is artificially
depolarized by making the medium =100 mM KCI in the
presence of extracellular Ca2* , neurotransmitters are re-
leased from the cells because of the influx of Ca2* through
open voltage -gated Caz* channels. Indeed, patch-clampiig
experiments show that voltage-gated Ca2*channels, l ike
voltage-gated Na* channels, open transiently upon depolar-
ization of the membrane.

Two pools of neurotransmitter-filled synaptic vesicles are
present in axon terminals: those docked at the plasma mem-
brane, which can be readily exocytosed, and those ln reserve
in the active zone near the plasma membrane. Each rise in
Ca2* triggers exocytosis of about 10 percent of the docked
vesicles. Membrane proteins unique to synaptic vesicles then
are specifically internalized by endocytosis, usually via the
same types of clathrin-coated vesicles used to recover other
plasma-membrane proteins by other types of cells. After the
endocytosed vesicles lose their clathrin coat, they are rapidly
refilled with neurotransmitter. The ability of many neurons
to fire 50 times a second is clear evidence that the recycling
of vesicle membrane proteins occurs quite rapidly. The ma-

chinery of endocytosis and exocytosis is highly conserved,
and is explained extensively in Chapter 14.

A Calc ium-Binding Prote in Regulates Fusion of
Synaptic Vesicles with the Plasma Membrane
Fusion of synaptic vesicles with the plasma membrane of
axon terminals depends on SNAREs, the same type of pro-
teins that mediate membrane fusion of other regulated secre-
tory vesicles (Figure 23-20). The principal v-SNARE in
synaptic vesicles (VAMP) tightly binds syntaxin and SNAP-
25,the principal I-SNAREs in the plasma membrane of axon
terminals, to form four-helix SNARE complexes. After fu-
sion, SNAP proteins and NSF within the axon terminal pro-
mote disassociation of VAMP from I-SNAREs, as in the fu-
sion of secretory vesicles depicted previously (Figure 14-10).

Strong evidence for the role of VAMP in neurotrans-
mitter exocytosis is provided by the mechanism of ac-

tion of botulinum toxin, a bacterial protein that can cause
the paralysis and death characteristic of botulism. a type of
food poisoning. The toxin is composed of two polypeptides:
One binds to motor neurons that release acetylcholine at
synapses with muscle cells, facilitating entry of the other
polypeptide, a protease, into the cytosol of the axon termi-
nal. The only protein this protease cleaves is VAMP (see Fig-
ure 23-201. After the botulinum protease enters an axon ter-
minal, synaptic vesicles that are not already docked rapidly
lose their ability to fuse with the plasma membrane because
cleavage of VAMP prevents assembly of SNARE complexes.
The resulting block in acetylcholine release at neuromuscu-
lar synapses causes paralysis. However, vesicles that are al-
ready docked exhibit remarkable resistance to the toxin,
indicating that SNARE complexes may aheady be in a
partially assembled, protease-resistant state when vesicles
are docked on the presynaptic membrane. I

The signal that triggers exocytosis of docked synaptic vesi-
cles is a rise in the Ca"* concentration in the cytosol near
vesicles from <0.1 pM, characteristic of resting cells, to
1-100 pM following arrival of an action potential in stimu-
lated cells. The speed with which synaptic vesicles fuse with
the presynaptic membrane after a rise in cytosolic Ca2* (less
than 1 ms) indicates that the fusion machinery is entirely as-
sembled in the resting state and can rapidly undergo a con-
formational change leading to exocytosis of neurotransmit-
ter. A Ca2*-binding protein called synaptotagmin,located in
the membrane of synaptic vesicles, is thought to be a key
component of the vesicle-fusion machinery that triggers exo-
cytosis in response to Ca'- (see Figure 23-20).

Several lines of evidence support a role for synaptotagmin
as the Ca2+ sensor for exocytosis of neurotransmitters. Mutant
embryos of Drosophila and C. elegans that completely lack
synaptotagmin fail to hatch and exhibit very reduced, unco-
ordinated muscle contractions. Laruae with partial loss-of-
function mutations of synaptotagmin survive, but their neurons
are defective in Ca2+-stimulated vesicle exocytosis. Moreover,
in mice, mutations in synaptotagmin that decrease its affinity
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for Cazt cause a corresponding increase in the amount of cy-
tosolic Ca2* needed to trigger rapid exocytosis. The precise
mechanism of synaptotagmin function is still unresolved.

Signal ing at  Synapses ls  Terminated by
Degradation or Reuptake of Neurotransmitters
Following their release from a presynaptic cell, neurotrans-
mitters must be removed or destroyed to prevent continued
stimulation of the postsynaptic cell. Signaling can be termi-
nated by diffusion of a transmitter away from the synaptic
cleft, but this is a slow process. Instead, one of two more
rapid mechanisms terminates the action of neurotransmrt-
ters at most synapses.

Signaling by acetylcholine is terminated when it is hy-
drolyzed to acetate and choline by acetylcbolinesterase, an
enzyme localized to the synaptic cleft. Choline released in this
reaction is transported back into the presynaptic axon termi-
nal by a Na*/choline symporter and used in synthesis of more
acetylcholine. The operation of this transporter is similar to
that of the Na+-linked symporters used to transport glucose
into cells against a concentration gradient (see Figure 11-25).

\fith the exception of acetylcholine, all the neurotrans-
mitters shown in Figure 23-19 are removed from the synaptic
cleft by transport into the axon terminals that released them.
Thus these transmitters are recycled intact, as depicted in Fig-
:ure 23-20 (step p ). Transporters for GABA, norepinephrine,
dopamine, and serotonin were the first to be cloned and stud-
ied. These four transport proteins are all Na*-linked sym-
porters. They are 60-70 percent identical in their amino acid
sequences, and each is thought to contain 12 transmembrane
ct helices. As with other Na+ symporters, the movement of
Na* into the cell down its electrochemical gradient provides
the energy for uptake of the neurotransmitter. To maintain
electroneutrality, Cl often is transported via an ion channel
along with the Na- and neurotransmitter.

ffi Neurotransmitters and their transporters are targets
fl of a variety of powerful and sometimes devastating
drugs. Cocaine inhibits the transporters for norepinephl
rine, serotonin, and dopamine. Binding of cocaine to the
dopamine transporter inhibits reuptake of dopamine, thus
prolonging signaling at key brain synapses; indeed, the
dopamine transporter is the principal brain "cocaine recep-
tor." Therapeutic agents such as the antidepressant drugs
fluoxetine (Prozac) and imipramine block serotonin up-
take, and the tricyclic antidepressant desipramine blocks
norepinephrine uptake. I

Fly Mutants Lacking Dynamin Cannot Recycle
Synaptic Vesicles

Synaptic vesicles are formed primarily by endocytic budding
from the plasma membrane of axon terminals. Endocytosis
usually involves clathrin-coated pits and is quite specific, in
that several membrane proteins unique to the synaptic vesicles
(e.g., neurotransmitter transporters) are specifically incorpo-
rated into the endocytosed vesicles. In this way, synaptic-

vesicle membrane proteins can be reused and the recycled
vesicles refilled with neurotransmitter (see Figure 23-20).

As in the formation of other clathrin/AP-coated vesicles,
pinching off of endocytosed synaptic vesicles requires the
GTP-binding protein dynamin (see Figure 1,4-1,9). Indeed,
analysis of a temperature-sensitive Drosophila mutant called
shibire (shi), which encodes the fly dynamin protein, pro-

vided early evidence for the role of dynamin in endocytosis.
At the permissive temperature of 20'C, the mutant flies are
normal, but at the nonpermissive temperature of 30 "C, they
are paralyzed (shibire, "paralyzed," in Japanese) because
pinching off of clathrin-coated pits in neurons and other
cells is blocked. When viewed in the electron microscope, the
sEl neurons at 30 "C show abundant clathrin-coated pits

with long necks but few clathrin-coated vesicles. The ap-
pearance of nerve terminals in sbl mutants at the nonpermis-
sive temperature is similar to that of terminals from normal
neurons incubated in the presence of a nonhydrolyzable ana-
log of GTP (see Figure 14-20). Because of their inability to
pinch off new synaptic vesicles, the neurons in slrl mutants

eventually become depleted of synaptic vesicles when flies
are shifted to the nonpermissive temperature, leading to a
cessation of synaptic signaling and to paralysis.

Opening of Acetylcholine-Gated Cation
Channels Leads to Muscle Contraction

In this section we look at how binding of neurotransmitters
by receptors on postsynaptic cells leads to changes in their
membrane potential, using the communication between mo-

tor neurons and muscles as an example. At these synapses,
often called neuromuscular junctions, acetylcholine is the
neurotransmitter. A single axon terminus of a frog motor
neuron may contain a million or more synaptic vesicles, each
containing 1000-10,000 molecules of acetylcholine; these
vesicles often accumulate in rows in the active zone (see Fig-

ure 23-18). Such a neuron can form synapses with a single
skeletal muscle cell at several hundred points.

The nicotinic acetylcholine receptor, which is expressed
in muscle cells, is a ligand-gated channel that admits both
K* and Na*. These receptors are also produced in the brain
and are important in learning and memory; acetylcholine re-

ceptor loss is observed in schizophrenia, epilepsy, drug ad-

diction, and Alzheimer's disease. Antibodies against acetyl-

choline receptors constitute a major paft of the autoimmune
reactivity in the disease myasthenia gravis. The receptor is so

named because it is bound by nicotine; it has been implicated
in addiction to nicotine by tobacco smokers. The receptor is

also the target of potent neurotoxins, such as the conotoxins
produced by certain Pacific Ocean snails. There are at least

14 different isoforms of the receptor, which assemble into

homo- and heteropentamers with varied properties.

The effect of acetylcholine on this receptor can be deter-
mined by patch-clamping studies on isolated outside-out
patches of muscle plasma membranes (see Figure 1'1'-21,c)'

Such measurements have shown that acetylcholine causes

opening of a cation channel in the receptor capable of

transmitting 15,000-30,000 Na* or K* ions per millisecond.
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A FIGURE 23-21 Sequential activation of gated ion channels at a
neuromuscular junction, Arrival of an action potential at the terminus
of a presynaptic motor neuron induces opening of voltage-gated
Ca2* channels (step tr) and subsequent release of acetylcholine,
which triggers opening of the l igand-gated acetylcholine receptors in
the muscle plasma membrane (step Z) The open channel allows an
influx of Na* and an efflux of K* The Na+ influx produces a localized
depolarization of the membrane, leading to opening of voltage-gated
Na- channels and generation of an action potential (step p) When
the spreading depolarization reaches T tubules, it is sensed by voltage-
gated Ca2+ channels in the plasma membrane Through an unknown
mechanism (indicated as ?) these channels remain closed but influence
Ca2* channels in the sarcoplasmic reticulum membrane (a network of
membrane-bound compartments in muscle), releasing stored Ca2* into
the cytosol (step 4) The resulting rise in cytosolic Ca2* causes muscle
contraction by mechanisms discussed in Chapter 17

However, since the resting potential of the muscle plasma
membrane is near Es, the potassium equilibrium potenrial,
opening of acetylcholine receptor channels causes little increase
in the efflux of K* ions; Na* ions, on the orher hand, flow into
the muscle cell, driven by the Na+ electrochemical gradient.

The simultaneous increase in permeability to Na+ and K*
ions following binding of acetylcholine produces a net depo-
larization to about -15 mV from the muscle resting potential
of -85 to -90 mV. As shown in Figure 23-21, this localized
depolarization of the muscle plasma membrane triggers open-
ing of voltage-gated Na* channels, leading ro generation and
conduction of an action potential in the muscle cell surface
membrane by the same mechanisms described previously for
neurons. When the membrane depolarization reaches T
tubules, specialized invaginations of the plasma membrane, it
affects Ca2* channels in the plasma mimbrane apparently
without causing them to open. Somehow this causes opening
of adjacent Ca2*-release channels in the sarcoplasmic ieticul
lum membrane. The subsequent flow of stored Ca2* ions from
the^sarcoplasmic reticulum into the cytosol raises the cytosolic
Ca'- concentration sufficiently to induce muscle contraction.

Careful monitoring of the membrane potential of the mus-
cle membrane at a synapse wirh a cholinergic motor neuron

has demonstrated spontaneous, intermittent, and random =2-
ms depolarizations of about 0.5-1.0 mV in the absence of
stimulation of the motor neuron. Each of these depolariza-
tions is caused by the spontaneous release of acetylcholine
from a single synaptic vesicle. Indeed, demonstration of such
spontaneous small depolarizations led to the notion of the
quantal release of acetylcholine (later applied to other neuro-
transmitters) and thereby led to the hypothesis of vesicle exo-
cytosis at synapses. The release of one acetylcholine-contain-
ing synaptic vesicle results in the opening of about 3000 ion
channels in the postsynaptic membrane, far short of the num-
ber needed to reach the threshold depolarization that induces
an action potential. Clearly, stimulation of muscle contraction
by a motor neuron requires the nearly simultaneous release of
acetylcholine from numerous synaptic vesicles.

Al l  F ive Subuni ts  in  the Nicot in ic  Acety lchol ine
Receptor Contribute to the lon Channel
The acetylcholine receptor from skeletal muscle is a pentameric
protein with a subunit composition of o2B16. The cr, B, ̂ y, and
6 subunits have considerable sequence homology; on average,
about 35-40 percent of the residues in any two subunits are
similar. The complete receptor has fivefold symmerry, and the
actual cation channel is a tapered central pore lined by homol-
ogous segments from each of the five subunits (Figure 23-22).

The channel opens when the receptor cooperatively binds
two acetylcholine molecules to sites located at the interfaces of
the oE and e1 subunits. Once acetylcholine is bound to a re-
ceptor, the channel is opened within a few microseconds. Stud-
ies measuring the permeability of different small cations sug-
gest that the open ion channel is, at its narrowest, about
0.65-0.80 nm in diameter, in agreement with estimates from
electron micrographs. This would be sufficient to allow pas-
sage of both Na* and K* ions with their shell of bound water
molecules. Thus the acetylcholine receptor probably transports
hydrated ions, unlike Na* and K* channels, both of which al-
low passage only of nonhydrated ions (see Figure 11-20).

The central ion channel is lined by five homologous trans-
membrane M2 a helices, one from each of the five subunits
(see Figure 23-22a). The M2 helices are composed largely of
hydrophobic or uncharged polar amino acids, but negatively
charged aspartate or glutamate residues are located at each
end, near the membrane faces, and several serine or threonine
residues are near the middle. Mutant acetylcholine receptors
in which a single negatively charged glutamate or asparrare in
one M2 helix is replaced by a positively charged lysine have
been expressed in frog oocytes. Patch-clamping measurements
indicate that such altered proteins can function as channels,
but the number of ions that pass through during the open state
is reduced. The greater the number of glutamate or aspartate
residues mutated (in one or multiple M2 helices), the greater
the reduction in ion conductivity. These findings suggest that
aspartate and glutamate residues form a ring of negative
charges on the external surface of the pore that help to screen
out anions and attract Na* or K* ions as they enter the chan-
nel. A similar ring of negative charges lining the cytosolic pore
surface also helps select cations for passage (see Figure 23-22).

Acetylchol ine

Voltage-gated
Na*  channe l

N ico t in ic

f '  Sarcop lasmic
re t icu  lum
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( a ) < FIGURE 23-22 Three-dimensional structure of
the nicotinic acetylcholine receptor. (a) Schematic
cutaway model of the pentameric receptor in the
membrane; for clarity, the B subunit is not shown Each
subunit contains an M2 cr helix (red) that faces the
central pore Aspartate and glutamate side chains at
both ends of the M2 helices form two rings of negative
charges that help exclude anions from and attract
cations to the channel. The gate, which is opened by
binding of acetylcholine, l ies withrn the pore (b) Cross
section of the exoplasmic face of the receptor showing
the arrangement of subunits around the central pore
The two acetylcholine binding sites are located about 3
nm from the membrane surface

(b )
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The two acetylcholine binding sites in the extracellular do-
main of the receptor lie =4 to 5 nm from the center of the pore.
Binding of acetylcholine thus must trigger conformational
changes in the receptor subunits that can cause channel open-
ing at some distance from the binding sites. Receprors in iso-
lated postsynaptic membranes can be trapped in the open or
closed state by rapid freezing in liquid nitrogen. Images of such
preparations suggest that the five M2 helices rotate relative to
the vertical axis of the channel during opening and closing.'We 

have discussed the neuromuscular iunctron as an ex-
cellent example of how neurotransmitters and their recep-
tors work. Similar ideas apply to glutamate and GABA, the
two principal neurotransmitters in vertebrate brain. They
use ligand-gated channels that work along the same princi-
ples as AchR.

Nerve Cel ls  Make an Al l -or -None Decis ion to
Generate an Action Potential
At the neuromuscular junction, virtuaily every action potential
in the presynaptic motor neuron triggers an action potential in
the postsynaptic muscle cell that propagates along the muscle
fiber. The situation at synapses between neurons, especially
those in the brain, is much more complex because the postsy-
naptic neuron commonly receives signals from many presynap-
tic neurons. The neurotransmitters released from presynaptic
neurons may bind to an excitatory receptor on the postsynap-
tic neuron, thereby opening a channel that admits Na- ions or
both Na* and K* ions. The acetylcholine receptor just dis-
cussed is one of many excitatory receptors, and opening of such
ion channels leads to depolarization of the postsynaptic plasma
membrane, promoting generation of an action potential. In
contrast, binding of a neurotransmitter to an inhibitory recep-
tor on the postsynaptic cell causes opening of K* or Cl- chan-
nels, leading to an efflux of additional K* ions from the cytosol
or an influx of CI ions. In either case, the ion flow tends to hy-
perpolarize the plasma membrane, which inhibits generation of
an action potential in the postsynaptic cell.

A single neuron can be affected simultaneously by signals
received at multiple excitatory and inhibitory synapses. The

neuron continuously integrates these signals and determines
whether or not to generate an action potential. In this process,

the various small depolarizations and hyperpolarizations gen-

erated at synapses move along the plasma membrane from the
dendrites to the cell body and then to the axon initial segment,
where they are summed together. An action potential is gener-

ated whenever the membrane at the axon initial segment be-
comes depolarized to a certain voltage called the threshold
potential (Figure 23-23). Thus an action potential is generated

in an all-or-nothing fashion: depolarization to the threshold al-
ways leads to an action potential, whereas any depolarization
that does not reach the threshold potential never induces it.

Whether a neuron generates an action potential in the
axon initial segment depends on the balance of the timing,
amplitude, and localization of all the various inputs it re-

ceivesl this signal computation differs for each type of neu-

ron. In a sense, each neuron is a tiny computer that averages

all the receptor activations and electric disturbances on its

membrane and makes a decision whether to trigger an action
potential and conduct it down the axon. An action potential

will always have the same magnitude in any particular neu-

ron. As we have noted, the freqwency with which action po-

tentials are generated in a particular neuron is the important

parameter in its ability to signal other cells.

Gap Junct ions Also Al low Neurons to
Communicate

Chemical synapses employing neurotransmitters allow one-

way communication at reasonably high speed. However

sometimes signals go from cell to cell electrically, without the

intervention of chemical synapses. Electrical synapses de-
pend on gap junction channels that link two or more cells
(Chapter 19). The effect of gap junction connections is to per-

fectly coordinate the activities of joined cells. An electrical

synapse also is bidirectional; either neuron can excite the

other. In the neocortex and thalamus and some other parts of

the brain, electrical synapses are common. The key feature of

electrical synapses is their speed. \While it takes about 0.5-5 ms

for a signal to cross a chemical synapse, transmission across
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> EXPERIMENTAL FIGURE 23-23 Incoming
signals must reach the threshold potential
to trigger an action potential in a
postsynaptic cell. In this example, the
presynaptic neuron is generating about one
action potential every 4 mill iseconds Arrival of
each action potential at the synapse causes a
small change in the membrane potential at the
axon hil lock of the postsynaptic cell, in this
example a depolarization of =5 mV When
mul t ip le s t imul i  cause the membrane of  th is
postsynaptic cell to become depolarized to the
threshold potential, here approximately -40
mV an action potential is induced in it

-40 mV

-60 mV

an electrical synapse is almost instantaneous, on the order of
a fraction of a mill isecond. The cytoplasm is conrinuous
between the cells. In addition, the presynaptic cell (the one
sending the signal) does not have to reach a threshold at
which it can cause an action potential in the postsynaptic cell.
Instead, any electrical current continues into the next cell and
causes depolarization in proportion to the current.

An electrical synapse may contain thousands of gap chan-
nels, each composed of two hemichannels, one in each ap-
posed cell. Gap junction channels have a structure similar to
conventional gap junctions (Chapter 19). Each hemichannel
is an assembly of six copies of rhe connexin protein. Since
there are about 20 mammalian connexin genes, diversity in
channel structure and function can arise from the different
protein components. The 1.6-2.}-nm channel itself allows
the diffusion of molecules up to about 1000 Da in size and
has no trouble at all accommodating ions.

electr ic potential

Membrane potential in the postsynaptic cel l

the plasma membrane, releasing neurotransmitter mole-
cules into the synapse (see Figure 23-20).

r Communication between presynaptic and posrsynaptic
cells is abundant as a synapse is being formed. Cell-adhesion
molecules keep the cells aligned. Neurons induce the accumu-
lation of acetylcholine receptor, for example, in the postsy-
naptic muscle plasma membrane in the vicinity of a synapse.

r Synaptic vesicles fuse to the plasma membrane using cel-
lular machinery that is standard issue for exocytosis, in-
cluding SNAREs, syntaxin, and SNAP proteins. Synapto-
tagmin protein is the calcium sensor that detects the action
potential-stimulated rise in calcium that leads to synaptic
vesicle membrane fusion (see Figure 23-20).

r Dynamin, an endocytosis protein, is critical for the for-
mation of new synaptic vesicles, probably to "pinch off"
inbound vesicles.

r Neurotransmitter receptors fall into two classes: ligand-
gated ion channels, which permit ion passage when open,
and G protein-coupled receptors, which are linked to a
separate ion channel.

r At synapses impulses are transmitted by neurotransmit-
ters released from the axon terminal of the presynaptic cell
and subsequently bound to specific receptors on the post-
synaptic cell (see Figure 23-4).

r Low-molecular-weight neurotransmitters (e.g., acetyl-
choline, dopamine, epinephrine) are imported from the
cytosol into synaptic vesicles by H*-linked antiporters.
V-class proton pumps maintain the low intravesicular
pH that  dr ives neurorransmit ter  import  against  a con-
centration gradient.

r Arrival of an action potential at a presynaptic axon termi-
nal opens voltage-gated Ca2* channels, leading to a localized
rise in the cytosolic Ca'* level that triggers exocytosis of

Cell body

-  -S  
Axon h i l lock

Postsynaptic
cel l

\
\  Electrode to measure

Communication at Synapses

r Synapses are the junctions between a presynaptic
and a postsynaptic cell, and consist of small gaps.

r Neurotransmitters are released by the presynaptic
using exocytosis. They diffuse across rhe synapse and
to receptors on the postsynaptic cell, which can be a
ron or a muscle.

r Chemical synapses of this sort are unidirectional (see
Figure 23-4).

r Neurotransmitters (see Figure 23-19) are stored in hun-
dreds to thousands of synaptic vesicles in the axon termini
of the presynaptic cell (see Figure 23-1,8). 

'S7hen 
an action

potential arrives there, voltage-sensitive Ca2* channels
open and the calcium causes synaptic vesicles to fuse with
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synaptic vesicles. Following neurotransmitter release, vesicles
are formed by endocytosis and recycled (see Figure 23-20).

r Coordinated operation of four gated ion channels at the
synapse of a motor neuron and striated muscle cell leads to
release of acetylcholine from the axon terminal, depolar-
ization of the muscle membrane, generation of an action
potential, and then contraction (see Figure 23-21).

r The nicotinic acetylcholine receptor, a l igand-gated
cation channel, contains five subunits, each of which has a
transmembrane ct helix (M2) that lines the channel (see
Figure 23-22) .

r A postsynaptic neuron generates an action potential only
when the plasma membrane at the axon hillock is depolar-
ized to the threshold potential by the summation of small
depolarizations and hyperpolarizations caused by activa-
tion of multiple neuronal receptors (see Figure 23-23).

r Electrical synapses are direct, gap junction connections
between neurons. Electrical synapses, unlike chemical
synapses that employ neufotfansmitter systems, are ex-
tremely fast in signal transmission and are bidirectional.

Sensational Cells: Seeing, Feeling,
Hearing, Tasting, and Smell ing
Dramatic progress has been made in understanding how

our senses record impressions of the outside world, and

how that information is processed by the brain. In this sec-

tion we discuss cellular and molecular mechanisms and

specialized nerve cells underlying vision' touch, hearing,

taste, and olfaction.

The Eye Features Light-Sensit ive Nerve Cells

Vhile owls would favor hearing, and dogs smell, most hu-

mans would choose vision as the sense that provides the

most effective window on the world. Light is fast, about

300,000 km/s, and moves in straight l ines, so it is excellent

for information transfer. The human eye is a complex

structure that gathers light from the environment and fo-

cuses it on specialized l ight-sensitive nerve cells, which

send signals to the brain, where they are translated into an

image (Figure 23-24a).

( a )
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eup i t / ,
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< FIGURE 23-24 Structure of the
human eye and three classes of
neurons in the retina. (a) The main
tissues of the eye Incoming light passes
through the cornea, is focused by the
lens, and activates l ight-sensing cells
located in the retina. The iris restricts the
amount of l ight entering the lens The
lens is supported by the zonular f ibers,
and moved by the cil iary muscle The eye
is fi l led with transparent, cushioning,
vitreous fluid The fovea is the location
of the highest density of cells, and
consequently senses the highest-
resolution image There is a blind spot
(optic disc) where the optic nerve leaves
the eye (b) Detailed organization of cells
in the retina Note that incoming light
has to pass through multiple layers
of neurons before reaching the
photoreceptor cells, the rods and cones
The interneurons include horizontal cells;
bipolar cells, of which there are about a
dozen types; and amacrine cells, of
which there are more than 20 tYPes.
Retinal ganglion cells carry the signal
information to the optic nerve. The
two plexiform layers are where most
connections are made. lPart (a) adapted
from D Randall, W Burggren, and K French,
2002, Eckert Animal Physrology, 5th ed , W H
Freeman and Company, p 259; part (b) from
B Kolb and I Q Whishaw, 2006, An

lntroduction to Brain and Behaviot 2d ed ,
Worth, p 278 l
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The human retina (Figure 23-24b) is about 200 pm
thick. As we learned in Chapter 15, it contains two types of
photoreceptors, rods and cones, which are the primary
recipients of visual stimulation. Cones are involved in color
vision, while rods are stimulated by weak light, l ike moon-
light, over a range of wavelengths. In contrast to many other
sensory neurons, stimulated photoreceptor cells become by-
perpolarized, not depolarized. The photoreceptors synapse
on layer upon layer of interneurons that are innervated by
different combinations of photoreceptor cells. All these sig-
nals are processed and interpreted by the part of the brain
called the uisual cortex. In each eye we have about 6 million
cones and 120 mill ion rods, connecting to 540 mill ion visual
cortex cells, so a substantial part of our nervous system is
devoted to detecting and interpreting l ight.

Rods detect faint light, as low as a single photon, owing
to their sensitive visual pigment and their ability to amplify a

weak signal. Rods have a single pigment that allows an equal
response to a broad spectrum of wavelengths. Cones (Figure
23-25) come in the three types: red, green, and blue. The
brain deduces color information by comparing the signals
from a trio of cone cells, one of each kind, that share the same
receptiue field.The receptive field of each cell is measured as
an angle with its vertex at the cell. If cells are densely packed
and each has a small receptive field, highly detailed visual in-
formation is collected. If cells are less dense, have large re-
ceptive fields, or both, the image will have lower resolution.

Rods and cones are packed with light-absorbing pigments
consisting of an opsin protein covalently bound to a small
light-sensitive molecule called 11-cis-retinal. These pigments
are arranged in flattened membrane disks in the outer seg-
ments of rods and cones (Figure 23-25; also see Figure 15-16).
Opsin-containing disks are continuously replaced, completely
turning over about every 12 days. Opsins are G protein-<ou-
pled receptors that are activared when their bound retinal ab-
sorbs light. The pigment in rods is called rhodopsin. Light-in-
duced isomerization of the retinal portion of rhodopsin alters
the protein's conformarion, triggering a signaling pathway
that closes Na+ and Ca2* channels in the rod-cell membrane
(see Figure 15-18). The pigments in cones contain different
opsins, but they function similarly to rhodopsin.

Visual acuity depends on how finely the incoming light
can be reproduced as action potential signals in the map of the
retina and further along in the circuitry. The density and num-
bers of rods would suggest a higher-resolution image than we
actually see. In fact their signals converge onto a smaller num-
ber of bipolar cells, so some resolution is lost. In contrast the
cone cells have very high spatial resolution. Most of the retina
has a high density of rod cells and sparse cone cells. The ex-
ception is a central region called the fouea (see Figure 23-24a),
which is mostly made up of cone cells, about 150 cells across
its 300-pm diameter. In the fovea the cone cells have small re-
ceptive fields, on the order of 0.01 degree, which allows high-
resolution representation of incoming light patterns. The re-
ceptive fields of rod cells are generally larger, up to several
degrees, lowering the sharpness of the image. In dim light our
sight is blurry because we depend on rods rather than cones.

Eyes Reflect Evolutionary History
The eye structures of organisms reflect their different evolu-
tionary histories. The eyes of some simpler animals, such as
planarians, consist of a light-sensitive optic nerve accompanied
by pigment cells, without lenses or orher means to obtain a
sharp image. In contrast, the compound eyes of insects have
hundreds of lenses, one for each facet of the eye (see Figure
16-21). Yet, some of the proteins that regulate eye develop-
ment play the same role in a vast array of animals that have
strikingly different eyes. One of the most peculiar aspects of the
human retina, caused by the way our eyes evolved from more
primitive light-sensing structures, is that the photosensitive
cells lie behind the mass of neural connections. Light must
pass through the lens, vitreous fluid, and axons and dendrites

Pigment
ep i the l ium

  FIGURE 23-25 Rods and Cones. Vertebrates have two types of
photoreceptors, rods and cones, that differ morphologically and
functionally Cones detect color; rods detect l ight intensity but not
color and are more sensitive than cones to low light levels The
prgments that absorb l ight are packed into flattened disks in the
outer segments of rods and cones Note that the outer segments
containing the pigments are located on the innermost side of the
retina, so l ight must traverse layers of cells before reaching the sensory
organel les [Adapted f rom from D Randal l ,  W Burggren,  and K French,
2002, EckeftAnimal Physiology,5th ed, W H Freeman and Company, p 261 l
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and interneurons before reaching the photoreceptors (see Fig-
ure23-24b; note direction of incoming light). Compared with
optimal design of a light detector, the eye is backwards. The
arrangement is also the reason we have a blind spot.'Where
the optic nerve connects, no light can be sensed.

In tegrated In format ion f rom Mul t ip le  Gangl ion
Cel ls  Forms lmages of  the Wor ld

If each photoreceptor cell responds to a tiny point of light, how
is a larger image of the world assembled? The mass of neurons
in the visual system makes this problem seem insurmountable.
Fortunately the cells are organized in a rather simple hierarchi-
cal fashion that has allowed considerable progress to be made.
The first stage of information processing is done in the retina,
immediately after light is received by interneurons (see Figure
23-24b).In fact, processing of visual information begins at the
very first synapses where the photoreceptor cell connects to in-
terneurons. Interneurons allow signals from multiple photore-
ceptor cells to be combined and compared. By the time signals
leave the eye via the axons of retinal ganglion cells that consti-
tute the optic nerve, each signal conveys not a point of light but
a pattern of light. Let us start by looking at what sorts of pat-
tern information emerges from the retina.

The experimental approach to the problem uses electrical

therefore their corresponding retinal ganglion cells, have just

Podcast: Vision-Detecting and Recogniaing
Patterns
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in the size, position, and shape of the light spot are tested.
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and the retinal ganglion cells to which they connect (Figure 23- .ii-fu,. receptive field that corresponds to a specific part of the
24b, shown in yellow) are sensitive to particular patterns of retina. By exposing eyes to different i l lumination patterns and
retinal i l lumination. This is possible because each photorecep- simultaneously recording individual retinal ganglion neurons,
tor (rod or cone) cell simultaneously receives light and, a signal researchers discovered that each neuron responds to an annulus
from nearby photoreceptor cells. These lateral signals are car- (doughnut)-shaped field, a pattern described as center-

ried by horizontal cells, a type of interneuron (Figure 23-24b, surround Some cells fire trains of action potentials when the

shown in green). In essence, each photoreceptor cell compares center is dark and the periphery is l ight ("off-center f ield");

what it sees to what it learns its tr.ighbort aie seeing. some respond to the opposite pattern ("on-center field") (a)

Let's look at the consequences o] su.h 
"n ".r".rg!-.nt. 

The An on-center field Spof on center: a light spot focused on the

receptive field of a single bipolar cell is approximaiely circular, center of the cell's field triggers a series, or "train"' of action

and its information is p"r..d on to a ..tin"l g".gfi." cell thai potentials Spot on surround:a light spot focused on the

therefore has the same field. A single bipolar.-.ll ,"...iues i.rpots peripheral region of the same cell's f ield inhibits action

from a group of photoreceptor cells covering ,h; ;;;i;;;: 
potentials' Center illuminated; illumination of the entire center

cle. Each bipolar cell receives signals from a d,ii.i#.oa. .r 
ti.:i."t the field triggers a rapid burst of action potentials'

ceus. rhis iyp. or receptive rlrd p"tt.,n i,,.,"F1,;;;; i:::',ii":;T:f,ni !,lff:ni,iii?:iJ;ill,ll##,i,1"n'"'
surround (Figure 23-26). There is a critical added feature: a illumination:diffuse illumination of the cells entire receptive
bipolar cell responds to light shining in the center of its recep- field causes a weak response, i.e., a damping of the response
tive field-the group of photoreceptor cells near the center of seen if only the center is illuminated. (b) An "off-center" field
the circle-by producing a set of action potentials. However' of a cell that has the opposite property of the cell in (a).

action potentials are inhibited if light strikes photoreceptor lllumination of a spot in the center of the off-center cell's field

cells surrounding the central part of the circle (Figure 23-26a). inhibits action potentials, while a spot of l ight in the periphery

This type of cell is an on-center cell because light directed at the stimulates action potentials [Adapted from F. Delcomyn, 1998,

middle of the field turns the cell on. Some bipolar cells, and Foundations of Neurobiology, w H Freeman and company, p 265 )
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the opposite response: light in the center reduces the frequency
of action potentials, while light in the surround stimulates
more frequent action potentials (Figure 23-26b). This is an off-
center ceIl. The two types of cells, on-center and off-center, are
present in roughly equal numbers. Both types of cells sense the
relative light intensity in the center versus the surround, not the
absolute amount of light in either place. Bipolar and retinal gan-
glion cells are therefore contrast detectors.

How do bipolar cells integrate photoreceptor cell infor-
mation to detect center-surround patterns? To answer this

we will look at the connections of cone photoreceptor cells
to bipolar and horizontal interneurons (see Figure 23-24b).
On-center and off-center bipolar cells differ in the types of
channel proteins they use, giving opposite responses to the
same glutamate neurotransmitter. For simplicity, here we
will focus on bipolar on-center cells.

Bipolar and horizontal interneuron cells, like photorecep-
tor cells, lack voltage-gated Na* channels, so none of them
generate action potentials. Instead, the secretion of neurotrans-
mitters from the cells' synaptic termini is controlled by the

> Ff GURE 23-27 fhe influence of light
and dark on on-center cone cells in image
interpretation. (a) In the dark, a cone cell in
the center of the receptive field is depolarized,
resulting in the release of glutamate
Glutamate inhib i ts  the b ipolar  ce l l ,  causing i t
to hyperpolarize and thus preventing all but
rare action potentials Note that bipolar off-
center cells have the opposite response to
glutamate (b) When light strikes the cone cell,
i t becomes hyperpolarized, with a resultant
drop in glutamate secretion Free of the
inhibitory effect of glutamate, the bipolar cell
depolarizes, and frequent action potentials
result (c) The activity of a cone cell is affected
by surrounding cone cells through horizontal
cells that connect cells laterally lf only the
center cell is i l luminated, the cell wil l stimulate
the b ipolar  and consequent ly  the gangl ion
cells lf both center and surround cells are
i l luminated,  the center  ce l ls  s ignal  to  the
bipolar cell wil l be inhibited The system is
therefore a contrast detector, looking for l ight
patterns that i l luminate a small center spot but
not the surrounding retina Here are the steps
involved: Light striking the cone cell in the
surround of a receptive field hyperpolarizes it Il,
which results in a reduction in the release of
glutamate E This, in turn, results in
hyperpolarization of the horizontal cell,
causing it to release less inhibitory transmitter
to the center cone cell B The center cone
cell, in the absence of inhibit ion from surround
cel ls ,  is  depolar ized 4,  desensi t iz ing i t  to  l ight
and inducing an increase of glutamate release
to the on-center bipolar cell, as in (a) The
bipolar cell is therefore hyperpolarized g,
resulting in suppression of action potentials @
The schemata shown are h ighly  s impl i f ied,
since all the cells can be connected to more
than one cell at each stage of signal
transm ission

(a) Cone cel l  in
center of
receptive field

(b) Cone cel l  in
center of
receptive field

On-center
b ipo la r
cel I

Gang

Depolarized-40 mV

Inhibitory
glutamate
released

Hyperpolarized

Rare action
potentials

Hyperpolarized-65 mV

Glutamate
secretion
inh ib i ted

Depolarized

Frequent
action
potentials

Cone cel l  in
"surround" of
receptive field

Cone cel l  in
"surround" of
receptive field

E
Cone cell is hyper-
polarized-65 mV

---->
Optic
nerve

Cone cel l  in
"center" of
receptive field

E
Action potentials

E
Center cone cell is
depolarized-40 mV

E 
Hor izon ta l  ce l l

On-center
bypolar cell is
hyperpolarizedLight

Horizonta I
inh ib i ted

E

l i on  ce l l

@
(c )

p Glutamate
secrei lon
i nh ib i t ed
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degree of membrane polarization. In the dark, cone cells have
a membrane potential of about -40 mV, which opens voltage-
gated Ca2+ channels and causes the continuous release of the
neurotransminer glutamate (Figure 23-27a). This glutamate,
coming from cone cells in the center of a receptive field, hyper-
polarizes the bipolar neuron that covers that field, suppressing
action potentials. Light striking the center field cone cells hy-
perpolarizes them to about -65 mV by sup^pressing an inward
flow of Na* and other ions, closing the Ca'* channels and re-
ducing emission of glutamate (Figure 23-27b). This depolarizes
the bipolar neuron, which in turn depolarizes ganglion cells
and triggers action potentials to be sent to the brain.

On-center bipolar cells are most stimulated if the cone cells
in the center of the receptive field are illuminated and the sur-
round cone cells are in the dark. How do bipolar cells detect
the light condition in the surround part of the receptive field?
The surround input is mediated by horizontal cell interneurons
(see Figure 23-24b, green cells). If there ls light on a cone cell in
the surround region of the field, the horizontal cell that is con-
nected to that cone cell becomes hyperpolarized which means
it reduces inhibitory transmitter release onto the cone cell in the
center of the receptive field. The central cone cell becomes de-
polarized, as though it was in the dark, and consequently the
bipolar cell in the center of the receptor field is hyperpolarized
(see Figure 23-27c). Ganglion cell action potentials in the cen-
ter of the field are suppressed despite the light falling on the
central cone cells. Thus light in the surround inhibits sensing of
the light in the center, a contrast detector.

The retina's processing of visual information is just the be-
ginning of a hierarchical chain of pattern representation and in-
terpretation events. The refined processing of visual informa-
tion occurs, it must be remembered, by reading trains of action
potentials coming from the eye. In the visual cortex, cells are
found that are specifically sensitive to bars of light and dark,
and each cell prefers bars at a certain angle. It is easy to see how
the information that passes through retinal ganglion cells, the
center-surround information, can be used to detect a bar of light

or dark. If a visual cortex cell is stimulated by ganglion cells
whose visual fields are arranged in a line, the integrated pattern
would be a bar that passes through the centers of the individual
ganglion cells' center-surround patterns (Figure 23-28). Further

combinations can lead to recognition of more complex patterns

by single cells. Some cells respond to a change of light-on to

off or off to on. Others respond to edges, moving spots, or mov-
ing bars. Some cells in the higher levels of the visual cortex have

even been found to recognize a certain face.
The discovery of cells that integrate spatial information

from cells that have simple receptive fields was described by
Nobel prizewinner David Hubel, who made the discovery
with his collaborator Torsten Wiesel:

Our first real discovery came about as a surprise. For three
or four hours, we got absolutely nowhere. Then gradually

we began to elicit some vague and inconsistent responses
by stimulating somewhere in the midperiphery of the
retina. 

'We 
were inserting the glass slide with its black spot

into the slot of the ophthalmoscope when suddenly, over
the audio monitot the cell went off like a machine gun.

Circu la  r
center-su rrou no
receptive field

Cortical cel l
detects the
vert ical bar

Other cort ical
ce l l s  can

respond to
dif ferent
patterns

  FIGURE 23-28 Complex pattern recognition. A cortical cell

responds to the sum of multiple ganglion cell "centers," thus

detecting the vertical bar shown Other cortical cells respond to

different combinations of ganglion receptor f ields or combinations of

cortical neuron fields to recognize more complex patterns.

After some fussing and fiddling, we found out what was

happening. The response had nothing to do with the black

dot. As the glass slide was inserted, its edge was casting

onto the retina a faint but sharp shadow, a straight dark

line on a light background. That was what the cell wanted'

and it wanted, moreover, in just one narrow range of ori-

entations. This was unheard of. It is hard now to think

back and realize iust how free we were from any idea of

what cortical cells might be doing in an animal's daily life'

Mechanosensory Cells Detect Pain, Heat, Cold,

Touch, and Pressure

Our skin, especially the skin of our fingers, is expert at col-

lecting sensory information. Our whole body, in fact, has

numerous mechanosensors embedded in its various tissues'

These sensors frequently make us aware of touch, the posi-

tions and movements of our limbs or head (proprioception),

pain, and temperature, though we often go through periods

where we ignore the inputs. Mammals use one set of recep-

tor cells to report on touch, and other sets of receptors for

temperature, heat, and pain' Pain receptors' called nocicep-

tors, respond to mechanical change, heat' and certain toxic

chemicals (e.g., hot pepper). Genetic insensitivity to pain is
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Sensory homunculus

  FIGURE 23-29 Homunculus.  The homunculus is  a map of  the
regions of the brain's cortex that are dedicated to parttcular
funct ions Sensory and motor  homuncul i  are shown The face and

often due to mutations in a gene, trkA, that encodes a recep-
tor for nerve growth factor (NGF), a protein mostly studied
in different contexts. NGF and other neurotrophins have
now been implicated as signals of pain. Thermal receptors
detect temperature changes. These cells steadily send action
potentials (2-5h) that indicate the currenr remDerature.
Each temperature range has receptors tuned to rt, so which
cells are fir ing conveys the temperature.

Connecting from the skin's sensory cells to the brain
does not take many synapses. Mechanosensors in the skin,
for example, connect to the medulla, where they pass the
signal along to neurons that go to the thalamus. A third
neuron goes from there to the sensory cortex. A mere trio
of neurons connects the periphery to the brain centers. In
the cortex the sensory inputs are combined, through in-
terneurons, with proprioceptive inputs that report the po-
sit ions of muscles and joints. Presumably this makes it pos-
sible to know what you are feeling and where it must be if
that armin that position is feeling it. proprioceprion recep-
tors take multiple forms. Some of the most studied are
muscle spindles,  sensory assemblages that  are bur ied in
muscles to report on how much that muscle is extended.
Such stretch receptors are crucial to smooth movement and
well-t imed responses.

Remarkably, the organization of the body is reflected in
a rrap, or more accurately several maps, in the brain. The
organization of the cortical neurons that respond to sen-
sory signals is physically related to the spatial origins of the
signals. In the brain the sensory neurons are laid out in a
distorted map of the body. The motor neurons are also
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Motor homunculus

arranged in a map that can be aligned with the muscles
they control. The maps are called the sensory homuncwlus
and the motor homwncwlus (Figure 23-29). A bomunculus
is a "l itt le human," an image of us. The map dimensions
are not proportional to the body's dimensions, because the
homunculi reflect the number of sensory or motor cells
rather than the area of the body. The hands and feet are
highly represented and take up much more space in the
sensory map.

Inner  Ear  Cel ls  Detect  Sound and Mot ion
The outer ear captures sound, which moves three tiny bones
(ossicles) in the middle ear, which in turn transmit sound-
induced motions to the inner ear, or cochlea (Figure 23-30a).
The cochlea is shaped like a snail, with nearly three turns, and
indeed the name derives from the Greek word for ,,snail"

(cochlos). The cochlea houses the organ of Corti, the sensory
part of the inner ear, which transduces mechanical movement
into electrical impulses. The human organ has about 16,000
hair cells arranged in four rows (Figure 23-30b, c), attached to
about 30,000 afferent neurons that carry any signals to the
brain. Hair cells produce stereocilia, which are moved by
vibrations induced by sound. The oscillating vibrations alter-
nately bend the stereocilia one way or the other, triggering de-
polarization events called receptor potentials in the 10 or so
axons associated with each hair cell. These recepror potentials,
which are milder than full action porentials, range up to 25 mV.

Hair cells and the neurons they influence are responsive
to different sound frequencies. There is a gradient across the



( a )
Outer  ear

M i d d l e  I n n e r
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Exte rna I
auditory
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nerve
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a FIGURE 23-30 Structures of the ear. (a) Sound enters the outer

ear and travels to the middle ear, where three tiny bones (the malleus,

incus, and stapes) transfer sound-rnduced vibration in the tympanic

membrane across the middle ear to the cochlea in the inner ear, where

mechanical vibration is transduced to electrical signals. The cochlea,

unwound, would be 33 mm long (b) The inner surface of the organ of

Corti, found in the cochlea, as viewed by scanning electron microscopy'

The tops of all the stereocilia (white) would be in contact with the

tectorial membrane in the intact ear (see Figure 23-31) The stereocil ia

of the inner hair cells (left row) are arranged in a l ine, while the three

rows of outer hair cells have stereocil ia in V shapes (c). Higher

magnification of the stereocil ia of outer hair cells. The hair cells are

smooth except for the cil ia, while sunounding support cells are covered

by microvilli IPart (a) adapted from D Randall, W Burggren, K and French,

2OO2, Eckert Animal Physiology,5th ed , W H Freeman and Company, p 243

Parts (b) and (c): Courtesy of Bechara Kachar/National Institute of Health l

Round
window

cochlea of frequency sensitivity so that the spatial locations

of the cells that are stimulated reflect the frequency composi-

tion of a sound. Hair cells and neurons at one end of the

cochlea hear low-frequency sounds and at the other end high

frequencies. This is not because of a difference in either hairs

o. ,r.uront. The graded sensitivity is due to a tapering tissue

called the basilar membrane (Figure 23-31') that responds to

low frequencies at one end and high frequencies at the other'

Each friquency excites motion in a particular region of the

33-mmlong basilar membrane, which is then locally trans-

ferred to nearby hair cells. The orientation of the hair cells,

and in particular of their bundles of stereocilia, with respect

to the basilar membrane allows sensitive detection of deflec-

tions caused by sound' The polarity of the hair cells and their

cytoskeletons are key to proper transduction of sound into

electrical signals.

Some of the proteins that control the structure of hair

cells and stereocilia have been identified through hu-

man genetics, tracking genes responsible for deafness' Five

g..r., h"u. been implicated in Usher type 1 syndrome, the
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bent stereoci l ia

Tec tor ia l  membrane

  FIGURE 23-31 Steroci l ia movement. The stereoci l ia of the
inner and outer hair cel ls (purple) are st imulated by a sideways
movement with respect to the overhanging tectorial membrane,
which in turn is inf luenced by osci l lat ing f luid pressure changes in the
organ of Cort i .  The f luid pressure in the organ osci l lates at the
frequency of the incoming sound. (a) As vibrat ion begins, the basi lar
membrane (pink) is forced upward ( indicated by the arrow) by f luid
pressure changes, which translates into a leftward movement wlth
respect to the tectorial membrane, thus bending the stereoci l ia to the
right (b) At the midpoint of the osci l lat ion, theitereocit ia relax (c)
When the osci l lat ion goes the other way and the basi lar membrane
moves down (indicated by the arrow), the hair bundles are moved in
the opposite direct ion by the shearing effect of the tecrorrar
membrane The motions are repeated with each wave [Adapted from
D Randall, W Burggren, and K French, 2002, Eckert Animat physiology, 5th
ed , W H Freeman and Company, p 24g l

most frequent cause of hereditary deafness and blindness in
humans. The genes encode myosin VIIa, cadherin 23, proto-
cadherin 15, aPDZ domain protein called harmonin, and a
putative scaffolding protein called Sans. All these proteins
are localized within stereocil ia in auditory hair bundles.
Harmonin associates with both F-actin and with the cad-
herins implicated in the disease, while myosin VIIa and Sans
help to Iocahze harmonin in stereocilia. These discoveries
have emerged from medical genetic screening of patients and
are revealing the key molecular underpinnings of stereocilia
and auditory sensing.

Five Primary Tastes Are Sensed by Subsets of
Cells in Each Taste Bud
Taste buds are located in bumps called papillae, and each
bud has a pore through which fluid carries solutes inside.
About 50-100 taste cells are located in each taste bud (Fig-
ure 23-32a, b). Cells in the tongue and other parts of the
mouth are subjected to a lot of wear and tear, and taste bud
cells are continuously replaced by cell divisions in the un-
derlying epithelium. (A taste bud cell in rars has a l ifetime
of  10 days.)

Taste cells are epithelial cells that show some of the func-
tions of neurons. Reception of a taste signal causes cell
depolarization and receptor potentials that trigger action
potentials; these, in turn cause Ca2+ uptake through voltage-
dependent Ca2* channels and release of neurotransmrtters
at synapses. Taste cells do not grow axons, instead signaling
over short distances to other neurons. In conrrast to most
other sensory systems, there is, as yet, no known topo-
graphic representation at any level of the brain thar corre-
sponds to the different rasres..$7e 

taste certain chemicals, all hydrophilic, nonvolatile
molecules floating in saliva. Although all tastes are sensed
on all areas of the tongue and there is no topographical
taste map of the tongue, selective cells do respond prefer-
entially to certain tastes. Taste is less demanding of the
nervous system than olfaction because fewer types of mol-
ecules are monitored. \ i l /hat is impressive is the sensitivity
of taste; bitter molecules can be detected at concentrations
as low as 10 r2 M. There are receptors for salt, sweet,
sour, umami (e.g., monosodium glutamate and other
amino acids), and bitter (Figure 23-32c, d, e, f) in all parts
of the tongue. The receptors are of two different ,,f lavors":

channel proteins for salt and sour tastes and seven-trans-
membrane-domain proteins (G protein-coupled receptors)
for sweetness, umami. and bitterness.

Salt is probably sensed by members of a family of Na*
channels called ENaC channels, though definitive proof is
lacking; other members of the family have diverse functions
including neural memory. The influx of Na+ through a chan-
nel depolarizes rhe cell. The role of ENaC channels as salt
sensors is old, since ENaC proteins clearly detect salt in in-
sects. In Drosophila, taste sensors are located in multiple
places including the legs, so when the fly steps on somerhing
tasty, the proboscis extends to explore it further. However, the
ENaC studies were done using fly Iarvae, which can respond

( a )

!ORGAN
O F
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I n n e r
ha i r  ce l l s
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h a i r  c e l l s

Bas i la r  membrane
deflected up

( b )

(c )
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( a )

V FfGURE 23-32 A mammalian taste bud and its receptors.
(a) The pink cells are the taste cells. These epithelial receptor cells
contact the nerve cells (yellow) The chemical signals arrive at the
microvil l i  seen at the top (b) Photograph of a pair of taste buds,
showing the receptor cells The microvil l i  are clearly visible in the
taste bud on the /eft (c-f) Types of taste receptors [Part (a) adapted
from B Kolb and I Q Whrshaw 2006, An lntroductton to Brain and Behavtor,
2d ed . Worth, p 400: Part (b) from Ed Reschke/Peter Arnold l
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to salt if they have either of their two ENaC proteins. Sour re-
ception is the detection of H* ions, which ."n -ou. through
the same channels as Na*. H* may also be sensed due to its
interference with K* channels and consequent increase in in-
tracellular positive charge (i.e., a depolarizing effect).

Bitter tastes are more diverse than salt and have been
found to depend on a diverse family of about 25 genes en-
coding various T2Rs, taste-receptor proteins with seven

The first member of the T2R family to be identified came
from human genetics studies that showed an important
bitterness-detecrion gene on chromosome 5. Multiple T2R
types can be expressed in the same taste cell, and about
15 percent of all taste cells express T2Rs. Bitter taste mole_
cules are quite distinct in structure, which probably accounts
for the need for the diverse family of T2Rs. Mice that have
five amino acid changes in the receptor T2R5 are unable to
taste the bitter taste of cycloheximide (a protein synthesis
inhibitor, Chapter 8).

A dramatic gene regulation swap experiment was done
to demonstrate the role of T2R proteins. Mice were engi-
neered to express a bitter taste receptor, a T2R protein, in
cells that normally detect sweet tastes that attract mice. The
mice developed a strong attraction for bitter tastes. evidentlv
because the cells continued to send a ,,go and eat this.' signal
even though they were detecting bitter taste. This exferi-
ment demonsrrates that the specificity of taste cells is diter_
mined within the cells themselves, and that the signals they
send are interpreted according to the neural connections
made by that class of cells. This in turn implies a highly reg-
ulated system connecting the different classes of trrle r..ep-
tor cells to specific higher regions of the brain.

One bitter taste is especially famous because it is often
used in genetics classes to teach about human variation. The
chemical phenylthiocarbamide (pTC) tastes exceedingly
bitter to many people but is tasteless to others. Human sen-
sitivity to PTC can differ by a factor of 16. The inability to
detect PTC is inherited as a recessive trait, meaning that rast_
ing is dominant over nonrasrrng.

Sweet and umami tastes are detected by a protein family
related to the T2Rs, called T1Rs. When T1R proteins bind
an appropriate tastant, they act through G proteins to rrig_
ger the release of calcium inside the cell. The three mam_
malian TlRs differ from one another in a small number of
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T1R3 fail to detect sugar; it is thought that the actual recep-
tor is a heterodimer of the two. T1R3 appears to be 

" 
r...p-

tor for both sweet tastes and umami, and that is because it
detects sweets when combined with T1R2 and umami when
it combines with T1R1. Accordingln taste cells express
T1R1 or T1R2 but not borh, as otherwise they would send
an ambiguous message to the brain.

A Plethora of Receptors Detect Odors
The perception of volatile airborne chemicals imposes differ-
ent demands than the perceprion of light, sound, touch, or
taste. Light is sensed by only four molecules, tuned to differ-
ent wavelengths. Sound is detected by mechanical effects
through hairs that are tuned to different wavelengths. Touch
requires a small number of types of transducers. The sense of
taste measures a small number of substances dissolved in
water. In contrast to all these other senses, olfactory systems
can discriminate berween many hundreds of volati le mole-
cules moving through air. Discriminarion between a large
number of chemicals is useful in finding food or a mate,
sensing pheromones, and avoiding predators, toxins, and
fires. Olfactory receptors can work with enormous sensitiv-
ity. Male moths, for example, can detect single molecules of
the signals sent drifting through the air by females.

In order to cope with so many signals, the olfactory sys-
tem employs a large family of olfactory recepror proteins.
Humans have about a thousand olfactory receptor genes, of
which about a third are functional (the rest are unproductive
pseudogenes), a remarkably large proportion of the estimated
25,000 human genes. Mice are more efficient, with 1300
genes, of which about 1000 are functional. That means 3 per-
cent of the mouse genome is composed of olfactory receptor
genes. Drosophila has about 60 olfactory receptor genes. In
this section we will examine how olfactory recepror genes are

  FIGURE 23-33 Sequence organization in olfactory receptors.
Olfactory receptors are seven-transmembrane-domain G protein_
coupled receptor proteins. The cyl lnders indicate the extent of alpha
helices that cross the membrane. Residues in black are highly variable,
and some of these dif ferences account for specif ic interactions with
odorants [From L Buck and R Axel. j991, Celt 65:1j51



employed, and how the brain can recognize which odor has

been sensed-the initial stages of interpretation of our chem-
ical world. Odor molecules are called odorants. They have di-
verse chemical structures, so olfactory receptors face some of

the same challenges faced by antibodies-the need to bind
and distinguish many variants of relatively small molecules.

Olfactory receptors are seven-transmembrane-domain
proteins (Figure 23-33).In mammals, olfactory receptors are
produced by cells of the nasal epithelium. These cells' called

olfactory receptor neurons (ORNs), transduce the chemical
signal into action potentials (Figure 23-34).ln Drosophila,

ORNs are located in the antennae. The ORNs project their

axons to the next higher level of the nervous system, which
in mammals is located in the olfactory bulb of the brain. The

ORN axons synapse with dendrites from proiectton neurons

in insects (called mitral neurons in mammals); these synapses

occur in the clusters of synaptic structures called glomerwli.

The projection neurons connect to higher olfactory centers
in the brain (Figure 23-35).

Each ORN produces only a single type of odorant recep-

tor. Any electrical signal from that cell will convey to the brain

a simple message: "my odor is binding to my receptors." Re-

ceptors are not always completely monospecific for odorants.
Some receptors can bind more than one kind of molecule, but

the molecules detected usually are closely related in structure.

Conversely, some odorants bind to multiple receptors.
There are about a mill ion ORNs in the mouse; so on av-

erage each of the thousand or so olfactory receptor genes is

active in a thousand cells. There are about 2000 glomeruli
(2 for each gene), so on average the axons from 500 ORNs

converge on each glomerulus. From there the axons of about

50,000 mitral neurons, about 25 per glomerulus, connect to

higher brain centers. Note that in contrast to the visual sys-

tem, very little signal interpretation and refinement occurs in

the sensory epithelium or even the projection neurons. The

initial sensory information is carried to higher parts of the

brain without processing, a simple report of what has been

detected with no further analysis or commentary.
The one neuron-one receptor rule extends to Drosophila.

Detailed studies have been done in larvae, where a simple ol-

factory system with only 21 ORNs uses about 10-20 olfactory

receptor genes. It appears that a unique receptor is expressed in

one ORN, which sends its proiections to one glomerulus.

Vertebrate

N a s a l  A  i -
cav i tv  

h r  I

lnsect

ORNs can send either excitatory or inhibitory signals from

their axon termini, probably in order to distinguish attractive

versus repulsive odors. The ORNs project to glomeruli in the

antennal lobe of the larval brain. The research began with tests

of which odorants bind to which receptors (Figure 23-36a)'

Some odorants are detected by a single receptor' some by sev-

pounds or aromatic compounds. The arrangement may reflect

errolution of new receptors concomitant with a process of sub-

division of the olfactory part of the brain.

The simple system of having each cell make only one

receptor typi also has some impressive diff iculties: (1) Each

....ptot must be able to distinguish a type of odorant mole-

cule or a set of molecules with specificity adequate to the

needs of the organism. A receptor stimulated too frequently

wil l probably not be too useful. (2) Each cell must produce

one and only one receptor. All the other genes must be

turned off. At the same time the collective efforts of all the

cells in the nasal epithelium must allow the production of

enough different receptors to give the animal adequate sen-

sory versatility. It does little good to have hundreds of recep-

tors if most of them are never used' but it is a regulatory

cell is receiving which odorant so that electrical signals from

the nose can be interpreted. It is often the case that a re-

sponse to a particular odor is programmed in the genes, like

" 
b.h"uio."l response to a pheromone. In such cases the

brain must know which cells are detecting that pheromone'

Otherwise the animal might be feeling romantic when it

should be running away as fast as possible.

The solution to the first problem is the great variability

of the olfactory receptor proteins, both within and between

Nematode

Olfactory
receptor
neu ron

Pore

F l u i d

Dendrite

Olfactory
receptor
neu ron

F l u i d
Dendr i te

Olfactory
receptor
neu ron

< FIGURE 23-34 Structures of olfactory
receptor neurons. Across a vast span of
evolutionary distance-vertebrate, i nsect,
nematode-olf actory receptor neu rons have

srmilar forms Each has fine processes exposed
to volat i le  odorants d issolved in f lu id Highly

specific olfactory receptors (not shown) in the

cells sense the odorants The cells shown are
not drawn to the same scale [Adapted from F
Delcomyn, 1998, Foundations of Neurobiology,

W H Freeman and ComPanY, P 327 l
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A FIGURE 23-35 The anatomy of olfaction in mouse and fly. ln
both the mouse (a) and the fly (b), olfactory receptor neurons (ORNs)
that express a single type of receptor send their axons to the same
glomerulus In thls figure the red and blue colors represent the neural
connections for two distinct expressed receptors In the mouse the
glomeruli are Iocated in the olfactory bulb; in the fly they are in the

species (see Figure 23-33; the black residues are highly vari_
able). The solution to the second problem, the expression of
a single olfactory receptor gene, has been expltred using
transgenic mice, but the mechanism is still not understood.
rX/hen an engineered olfactory receptor gene is used to pro_
duce an olfactory receptor, other genes are turned off tian_

The third problem, how the system is wired so the brain
can understand which odor has been detected, has been
partly answered. First, ORNs that have expressed the same

1038 .  cHAprER 23 |  NERVE cELLs

brain ln the glomeruli, the ORNs synapse with projection neuronsin
the fly, or mitral neurons in mammals Each projection neuron (or
mitral neuron) has its dendrites in a single glomerulus, thus carrying
to higher centers of the brain information about a particular odorant.
[From T. Komiyama and L Luo, 2005, Curr Opin Neurobiol. 16:67-73]

receptor send their axons to the same glomerulus. Thus all
cells that respond to the same odorant send processes to the
same destination. This convergence process could be due to
(1) an attractive signal that somehow is specific for a certain
olfactory receptor or (2) to mutual recognition, and subse-
quent coordinate growth, of axons that have the same recep-
tor on their surface or (3) to a pruning process in which many
connections are made but only those that share the same ol-
factory receptor persist, possibly regulated by neuronal activ-
ity. Developmental analyses show that ORN axons do not ar-
rive at a glomerular "blank slate." Rather the glomerulus has
organized its projection neurons prior to the arrival of ORN
axons. The system is to some degree hardwired.

In mice a crucial clue about the patterning of the olfactory
system came from the discovery that olfactory receptors play
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a FIGURE 23-38 The advance of the growth cone. During
protrusion, filopodia and lamellipodia extend under pressure from
intracellular F-actin meshworks and elongated bundles (ribs) During
engorgement, microtubules are elongated into the protrusions and carry
membrane-bound organelles into them. During consolidation, depoly-
merization of actin in the growth-cone neck is followed by nanowing of
the cell around the mrcrotubule bundle to form the axon shaft A new
protrusion can form by branching off the side of a cylindrical axon shaft

lFrom E W Bent and F. B Gertler, 2003, Neuron z10:209-227 |

appearance of extra outgrowths of lamellipodia and filopodia
along the axon shaft, implying that microtubules may nor-
mally prevent the assembly of microfilaments in the axon.

The concentration of actin in the periphery and leading
edge of the growth cone, and of microtubules in the more

central and lagging regions, reflects the different roles played

by the two (Figure 23-39; see also Chapter 17). Actin is

A EXPERIMENTAL FIGURE 23-39 Antibody labeling reveals

cytoskeleton components inside cultured hippocampal growth

cones. A single growth cone is shown three times, in each case

labeled with an antibody for a different structure: F-actin, tyrosinylated

microtubules (tyr-MTs), and acetylated microtubules (ace-MTs)' The

fourth panel shows a composite of the other three Note the relative

lack of mrcrotubules at the leading edges and periphery, and the

concentration of actin there The microtubules are concentrated in

the central region (although some tyr-MTs colocalize with actin

bundle spikes in the peripheral region The growth cone is paused, so

the microtubules loop [From E W Bentand F B Gertler,2003,Neuron
40:209-227 l

assembled into filaments in the leading cone, the filamentous

mesh of actin flows backward as the cone advances, and

actin is disassembled as the cone transforms into an axon'

The transport of actin toward the rear occurs in the filopo-

dia and lamellipodia and is driven by a myosin motor' Note

that this is completely different from treadmilling (Chapter

17). Movement of the actin mesh with respect to the growth

cone involves movement of the entire filament at 
'l'-7

pm,/min, attached to myosin motors. For a filopodium to ad-

vance, the rate of actin polymerization at the leading edge

must exceed the rate of retrograde flow.

Actin filaments have been viewed as major determinants in

turning growth cones' a process that is crucial for the neuron to

respond to guiding signals' Microtubules are also involved,

since microtubule-inhibiting drugs prevent turning as well' Mi-

crotubules are assembled at the neuron's centrosome and trans-

ported by dynein motors toward the advancing growth cone'

with the plus end leading. 
'sfhile 

traveling' the microtubules
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> FIGURE 23-40 The retinotectal maps.
(a) The dorsal retina is connected to the lateral
tectum on the opposite side of the brarn, and the
ventral retina is connected to medial tectum on
the opposite side Similarly the temporal-nasal
(T-N) axis of the eye is reflected in the rostral-
caudal (R-C) map of the tectum (b) The maps
of the visual world on the retina and the
corresponding tectum are turned 90 degrees but
otherwise are in register. The arrow shows how a
pattern of light on the retina is reproduced as a
set of retinal ganglion cell connections in the
tectum The tectum in mammals is referred to as
lhe superior colliculus (SC) [G Lemke and M Reber,
2005, Ann Reu Cell Dev. Eloi 21:551-580 l

can undergo polymerization and depolymerization. A tyrosiny-
lated form of tubulin is preferentially present in more advanced
parts of the growth cone, while acetylated tubulin is enriched
in central and lagging parts and in the axon itself (see Fig-
ve 23-39). The roles of such post-translational modifications
are described in Chapter 2. An ordered process of tubule as-
sembly and modification underlies growrh-cone advancement.

As we have seen (Chapter !7), actin polymerization is
controlled by a startlingly large set of regulatory proteins.
More than 20 actin-binding proteins have been found in
growth cones, most of which control nucleation or polymer-
ization of actin filaments, or tether the filaments to the mem-
brane. Many of these actin-binding proteins are targets of
signal transduction events triggered by axon guidance sig-
nals, as we shall see in the next section.

The Retinotectal Map Revealed an Ordered
System of Axon Connections
Researchers long debated two general ideas about how neu-
rons might get wired. One, the "resonance hypothesis," pro-
posed that cells extend axons along pathways that are defined
by mechanical forces. After many paths are taken and connec-
tions formed, the ones that work are preserved while others
are removed. The second idea, a "tprri1i, pathways hypothe-
sls, " suggested that axons choose their path bv chemical affin-
itg molecules on the growing axons contacting molecules
along the way thar provide guideposts or signals. In 1963
Roger Sperry proposed a version of the specific parhways idea
called the "chemoaffinity hypothesir. ' t H. suggesred that
growth cones would find their way following molecular cues
that form a gradient from start to desdnation, a seminal pro-
posal that could not be properly tested for decades. Sperry's
proposal was based on his studies of how the axons of the reti-
nal ganglion cells, which form the optic nerve, are arranged
when they arrive at the optic tectum. The optic tectum is lo-
cated in the roof of the midbrain and is the destination of reti-
nal ganglion cell axons that grow from the retina. The incom-
ing retinal neurons form a map on the tectum (the retinotectal
map) that reflects the arrangement of rods and cones in the
retina, and indeed the visual world outside (Figure 23-40).The
spatial map on the retina is in essence copied into the brain.

Media l r

Sperry performed experiments with the frog eye and brain
to distinguish the two models, "resonance" versus
"chemoaffinity," that describe how axons may accomplish
this mapping (Figure 23-47). The frog optic nerve will regen-
erate if it is severed, and the pattern of regeneration-the
route-finding by axons-is revealing about how axons are
guided. In the normal arrangement, retinal ganglion cell axons
from the ventral part of the eye connect to the medial part of
the tectum, while axons from the dorsal part of the eye con-
nect to the lateral tectum (see Figure 23-41a). For each eye, the
connections are made on the opposite side of the brain, left
eye to right brain and right eye to left brain. Sperry next added
a second surgery to the experiment, rotating one eye 180 de-
grees, so that ventral and dorsal are reversed (Figure 23-41b).
If the resonance hypothesis is correct, i.e., mechanical forces
followed by a functional sorting-out process were governing
regeneration, the visual system should end up functioning nor-
mally, since the proper connections will be established and
maintained (Figure 23-41c, left). lf there is a chemoaffinity
guidance system, then vision should be inverted because de-
spite the rotation the ventral axons would find their way to
the lateral tectum and the dorsal ones to the medial tectum
(Figure 23-41c, right).ln this case the inverted eye would lead
to the frog's having inverted vision: it would see something
above and would think it was below (Figure 23-4Id). The re-
sults were clear: after regeneration the frog responded to a fly
passing above by shooting its tongue down. The axons were
originating from abnormal locations yet finding their way to
the right connections, so the inverted eye was tricking the
frog's brain. The chemoaffinity hypothesis was affirmed.

It seems a necessary conclusion...that the cells and fibers
of the brain and cord must carry some kind of individual
identification tags, presumably cytochemical in nature,
by which they are distinguished one from another al-
most, in many regions, to the level of the single neuron.
-Roger Sperry, 1963

There is now substantial evidence that Sperry's general ideas
were correct. Nonetheless much remains to be learned about
how the enormous complexity of the neural circuitry is
successfully assembled. The relative importance of local versus

( b )
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long-range signaling, the roles of glia, the influences of neural

electrical activity, and the signal transduction and cytoskeletal
changes that form the response to signals are important areas
of current research. The lure of this field is substantial, since
understanding how neurons are wired to one another underlies
the working of the brain and at the same time is important for

learning how to stimulate repair of damaged neural circuits.

F lv

< EXPERf MENTAL FIGURE 23-41 Eye rotation experiments test
the properties of axon pathfinding' (a) Normal projection of
nerves, from dorsal (D) eye to lateral (L) tectum and ventral (V) eye to
medial (M) tectum. (b) Schematic representation of two sequential
operations, (1 ) a severing of the optic nerve and (2) a 1 80' rotation
of the eye (or no rotation in the control experiment) Regeneration of
the nerves was then allowed to occur Note that in the rotated left

eye, the dark-shaded half, now oriented dorsally (D), nevertheless sti l l
contains the ventral retina, as seen in (a). Likewise the l ight half of the

eye, which encompasses the dorsal retina, is now oriented ventrally
(V) (c) Two possible outcomes, dependinq on which hypothesis is

correct The resonance hypothesis predicts X: vision is restored
because function selects proper connections The specific axon
pathway hypothesis predicts Y: vision is inverted because dorsal retinal

axons sti l l  go to lateral tectum because of chemical affinity specified,
even though the dorsal retina is now located in the ventral position
(d) The results support hypothesis Y; the frog s vision is inverted

There Are Four  Fami l ies of  Axon Guidance
Molecules
For many years, attempts were made to identify key axon

guidance molecules. Approaches included making panels of

antibodies against surface molecules, culturing neurons and

testing extracts for their ability to make growth cones turn,

and using genetics to identify mutants that fail to properly

wire the nervous system. All these attempts worked to a de-

gree, but genetics was the most powerful approach, since it

identified previously unknown molecules while at the same

time convincingly demonstrating their importance in vivo.
'We 

can set a high standard for what constitutes a proper

guidance molecule: it must be produced by cells that actually

guide neurons in vivo, it must be necessary for guidance' the

guided cells must have sensors and signal-transduction ma-

ihitl.ry for responding, and the mislocalization of the signal

must cause cells to turn the wrong way.
1We will discuss here four families of proteins (Figure 23-42)

that fulfill our criteria and, with their receptors, provide cru-

cial information to growing axons: Ephrins, Semaphorins,

Netrins, and two related proteins called Robo and Slit.

These proteins have both attractive and repulsive effects on

growing axons. Since the growth cone is an active sender of

signals, as well, the communication is mutual. After the ini-

tial connections form, the wiring is refined by preserving con-

nections that work and discarding those that do not con-

tribute to neural function. Many cells that fail to make useful

connections die bY aPoPtosis.

Ephrins The retinotectal map described above is a striking

example of the simplicity of the nervous system' which belies

the seemingly chaotic mass of neurons in the visual part of the

brain. This rather amazing phenomenon is due in part to a re-

markable signaling system involving the ephrins, a family of

cell-surface signaling proteins, and their receptors' the Ephs'

(The word "Eph" comes from the erythropoietin-producing

Eepatocellular carcinoma cell line where the proteins were orig-

inally found.) Ephs constitute the largest family of receptor ty-

rosine kinases (RTKs; Chapter 16), with 14 Ephs and 8 ephrins

in mice. Although Ephs usually serve as receptors for ephrins,

( b )

Optic nerve
is severed
and eye is
rotated 180'

Resonance

hypothesis

Specific axon
pathway

hypothesis

( d )

Tectum
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> FIGURE 23-42 Families of guidance
molecules. Four major families of signaling
proteins provide crucial information to direct
growing axons The ligands (a) are Netrins,
Robo/Slit, Semaphorin, and Ephrin proteins
The receptors (b) are as follows: Netrin interacts
with its receptor DCC in vertebrates; the
corresponding but different receptor in
nematodes is called Unc5 Both contain
immunoglobulin (lg) domains (blue crescents)
and a variety of other domains as shown The
Slit l igand interacts with the Robo receptor,
which also has lg domains The Semaphorins
interact with diverse receptors, generically
called Plexins Some of the interactions are
through "sema" domains (red bars), present in
both l igand and receptor, others require lg
domains Ephrin l igands interact with Eph
receptors, although signaling appears to go in
both directions and in some cases the Ephrins
act more like receptors All of the receptors
have single transmembrane domains The
Netrin and Slit l igands are secreted and not
membrane associated The Semaphorin l igands
can associate with membranes to varying
degrees-some not at all The Ephrins are
membrane-associated See the text for a
detailed discussion of these four families ln
addition to these four families of proteins a few
others, including the developmental regulators
Wnt and Shh, contribute additional guidance
information [From R p Kruget J Aurandt, and K -L
Guan, 2005, Nature Rev. Mol Cell Biol 6:789-800,
and B .l Dickson, 2002, Science 298:1959 l

(a )  4  c lasses  o f  l igands

Netrin Slit

Cytosol

Exterior

Cytosol

\_]-J

DCC/Unc5 Robo
(b) 5 classes of receptors

+

Ephrins

I nvertebrate Vertebrate

Eph

membranes by GPI links. Ephrin Bs, the other class of ephrins,
are transmembrane proteins (see Figure 23-42). The ephrin
proteins affect cell migration, axon guidance, synapse develop-
ment, and vascular development, but we will focus on their
roles in guidance and formation of the retinotectal map.

Ephs and ephrins are distributed in gradients so that ad-
vancing axons can recognize and grow toward appropriate
targets. Antibodies against ephrin A5 show a gradient of
protein with the highest levels in the anterior. Mice lacking
ephrin A5 have guidance defects; axons rhat should have
been targeting anterior tectum grow into posterior regions.
Further investigations showed that cells express Eph recep-
tor proteins in two orthogonal gradients, to control axon

guidance along each of the two axes (Figure 23-43).In each
axis, the graded amount of receptor in retinal ganglion cells
confers differential sensitivity to specific ephrins emitted
from the tectum targets. The Ephlt's and ephrin lfs control-
ling one axis do not cross-react with the EphB's and ephrin
B's for the other axis. Therefore, axons can "learn" their po-
sitions on an XY coordinate system by reading levels of iig-
and for which they have receptors. To give one example, ax-
ons that have EphB2,3, and 4 receptors are attracted to
places where there are high levels of ephrin 81 ligands, so
axons originating in ventral retina tend to go to medial tec-
tum. The full situation with all these gradients is more com-
plex and not yet fully understood. Eph tyrosine kinase signal
transduction influences the small GTPases Rho. Cdc42. and
Rac, thus regulating assembly of the actin cytoskeleton and
controlling guidance of the growth cone. The activation of
an Eph receptor may cause arrraction or repulsion of a
growth cone, depending on the cell.

Semaphorins

P lex in

Plexins

Neurop i l in
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EphAT/A8EphA4 E p h r i n  B 1

Eohrin A2lA5

A FIGURE 23-43 Gradients of Eph proteins form two
orthogonal signaling systems. Eph receptor gradients in the retina
are shown on the /eft; ephrin gradients in the superior coll iculus
(tectum), on the nght Gradients along the nasal-temporal (retina)
and rostral-caudal (tectum) axes are shown in blue; gradients along
the dorsal-ventral (retina) and lateral-medial (tectum) axes are shown
in red The more color, the more protein present The white arrows
and arrow outlines indicate how the maps are related (see Figure 23-
40) Ephrin A's are chemorepellent for EphA-expressing axons, so
retinal ganglion cells carrying Eph A receptors tend to go from their
origins at the temporal side of the retina to destinations in the rostral
tectum, where the concentration of ephrrn A's is lower

Semaphorins Semaphorins are a diverse family (see Figure
23-42\. and much remains to be learned about all their effects.
They were named for the alphabetic signaling system of flags
that was used to communicate over long distances. Semaphore
signals can spell out any message, but in the nervous system
semaphorins largely caffy a single message: go away. They are
potent repellents. The family of two invertebrate and five ver-
tebrate semaphorin glycoproteins (Figure 23-42) includes some
that are secreted and some that are membrane-bound. This im-
plies that some of them act on adjacent cells, while others have
a longer reach. Motor, sensory, olfactory, and hippocampal
neurons can be repulsed by semaphorin signals. Semaphorins
bind to receptors called plexins that are single-pass transmem-
brane proteins. The overall picture is of receptor proteins capa-
ble of acting as scaffolds both inside the cell and outside,
assembling protein complexes and modifying their activities.
How exactly this modifies growth-cone advancement is an area
of current research; at least part of the answer is differential ad-
hesion to cells on one side of the srowth cone versus the other.

Netrins Netrins are secreted proteins related to laminin (see

Figure 23-42). They were discovered in genetic screens look-

Net r in  2 Netrin 1 Unc6/netr in

Nematode C. elegans,
cross section

Vertebrate spinal cord,
cross section

  FIGURE 23-44 Evolutionary conservation of netrin signaling.
In the vertebrate spinal cord, commissural neurons with cell bodies in
dorsal regions grow axons toward the ventral mtdline, attracted by
netrin signals. In the rirrorm C. elegans' sensory neurons follow a similar
path toward ventral Unc6/Netrin, while motor neurons follow the
opposite path away from Unc6/Netrin Certain vertebrate axons are also
repelled by netrins Netrins were discovered in worms via mutations that

altered the pathfinding by sensory neurons, and in vertebrates as
secreted molecules that could influence pathfinding of commissural
neurons in spinal cord exPlants

ing for misrouting of neurons in C. elegans, the nematode

worm for which every cell and every neuron has been identi-

fied. About 30 genes were found, three of which affected dor-

sal-ventral routing of the sensory and muscle neurons (Figure

23-44\: unc-6, which encodes a netrin protein; wnc-40, which

encodes the netrin receptor (called DCC in mammals); and

wnc-S, which encodes a second type of netrin receptor. Unc-

6lNetrin mutations affected both dorsally directed and ven-

trally directed axon extensions. Vertebrate netrins were found

in studies of how commissural (crossing) neurons find their

way through the spinal cord (see Figute23-44). These neurons

emerge from dorsal regions of the spinal cord and extend

around the periphery of the cord toward the ventral midline.

To test for the presence of guidance molecules, parts of

the spinal cord were cultured either separately or together.

When the most dorsal part was cultured near a ventral part'

axons grew out toward the ventral tissues. No axon out-

growth was observed when the two parts were cultured sep-

arately. Extracts from the ventral part had the same activitg

stimulating axon outgrowth from dorsal tissue. A heroic

protein purification, starting with about 20,000 embryonic

chick brains, succeeded in identifying two proteins that were

potent chemoattractant signals. Both were netrins. Netrin 1

is highly expressed in the spinal cord floor plate' the most

ventral part. Further proof of the role of netrins came from

mouse gene knockouts, in which the commissural neurons

were unable to properly find their way (Figure 23-45).

Netrins guide axons to the ventral midline in nematodes,

flies, and vertebrates, an example of evolutionary conserva-

tion of protein function over more than half a billion years.

A puzzle remained. The worm version of the protein ap-

peared to have two functions: attracting the axons of sensory

neurons to grow toward the ventral midline and driving the

axons of motor neuro ns ,Luay from the ventral midline' The

simplest possibility was that netrin is attractive to some ax-

ons and repellent to others. Indeed evidence quickly emerged
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Wildtype Netrin -l-

  EXPERIMENTAL FTGURE 23-45 Mouse netrin -/- mutants
have commissural neuron guidance defects. (a) Wild-type tracing
of commissural neurons (red) that originate dorsally (top) and grow
toward and across the ventral midline (green arrowheads) under the
influence of netrin produced by ventral midline (floor plate) cells (b)
Homozygous netrin -/- mouse mutant Many commissural neurons
wander off track (green arrows) before reaching the ventral regions,
and others (green arrowheads) turn instead of crossing the ventral
midline. [Courtesy of Marc Tessier-Lavigne, Genentech Inc ]

that certain vertebrate neurons found netrin repulsive.
Genetic analyses in worms showed that Unc-40 receptor is
required for attraction by netrin, while Unc-5 receptor in
combination with Unc-40 is required for repulsion by netrin.

Another puzzle remained. If the axons of commissural neu-
rons are attracted by netrin coming from the ventral midline,
how do the axons continue to grow after they have crossed the
midline? One would expecr them to turn around and go right
back. The solution to this puzzle awaited the discovery of still
other key players in axon guidance, Slit, Robo, and Comm.

Robo and Slit Guidance Molecules The path of growing
axons in the insect nerve cord is reminiscent of a subway map
(Figure 23-46a). Genetics allowed the discovery of guidance
genes and proteins that affect the pathfinding process, chang-
ing the map. A large set of random mutations was introduced
into the Drosophila genome to generate lethal mutations. The
mutations could be carried in heterozygotes, and when the het-
erozygotes of each line were crossed, a quarter of their progeny
were homozygous for the newly induced mutation. These
progeny were stained to show the embryonic nerve cord, the
equivalent of our spinal cord, which in the wild type looks like
a ladder (Figure 23-46bl.In lines of flies where the mutarion
was in a gene necess ary for axon guidance, defects in the nerve
cord could be seen. Among the genes identified in this manner
were three, slit, roundabout (robo), and commisswreless
(comm). They defined yet another set of critically important
and evolutionarily conserved axon guidance molecules.

Slit is a secreted protein (see Figure 23-42) made by mid-
line glia. The Slit receptor is Robo, a single-pass transmem-
brane protein with only a short sequence in the cytoplasm
and fibronectin and immunoglobulin domains on the out-
side of the plasma membrane (see Figure 23-42). The
Robo/Slit complex is a chemorepellent interaction. The pres-
ence of Slit in the midline serves to repel axons containing
Robo receptors, thereby ensuring that ipsilateral (same-side)
neurons do not cross to the opposite side. In loss-of-function

s/it mutants, or in double mutants that lack two Drosophila
robo genes, axons go to the midline but can never leave
(Figure 23-46c, d). This can be explained by the fact that, in
the absence of Robo receptor or its ligand, the chemorepel-
lent Robo/Slit interaction at the midline does not occur.

This raises the question of how an axon that needs to cross
the midline is first attracted to it and then repelled from it. An
axon that will cross the midline does produce Robo protein
and should be repelled by Slit, but the axon is initially refrac-
tory to the Slit signal because the Robo protein is trapped in the
Golgi network by a Golgi protein called Commissureless
(Comm) and never reaches the cell membrane. Once the axon
reaches the midline, Comm becomes inactive and Robo
reaches the surface again. The newly accessible receptor allows
a response to midline Slit, and the axon grows away from the
midline on the far side. Loss of comm function allows excessive
Robo to reach the surface, so no axons cross the midline (Fig-
ure 23-46e). The expression of comm is normally regulated so
that it is "off" in cells whose axons are supposed to remain in
only the left or right longitudinal axon tract, and is "on" in
cells whose axons must cross to the other side.

None of these protein guidance systems is dedicated
solely to the nervous system; in fact, all of them are employed
in other tissues for various purposes. Indeed most of the spe-
cial attributes of neural cells appear to be more or less exag-
gerated versions of processes common to many or all cells.
That is apparent ( 1 ) in the polarization of neurons from den-
drite to axon, which employs cell-asymmetry proteins, (2) in
the neuronal intracellular organelle-transport systems, which
depend on variations of endo- and exocytosis, (3) in out-
growths of axons and dendrites, which have features of
chemotaxis, and (4) in the use of channel proteins to control
ion flow. Neurons are a variation on familiar cell biology
themes, a variation with enormous functional Dower.

Developmental Regulators Also Guide Axons
In Chapter 22 we became familiar with a set of secreted sig-
naling proteins that control cell fates and, in some cases, cell
division. Since these were discovered for their roles in devel-
opment and differentiation, they were not initially suspects
in the hunt for axon guidance molecules. Yet it turns out that
at least three cell fate regulators, Hedgehog (specifically
Sonic hedgehog, Shh), BMP, and Wnt proteins, can also be
axon guidance molecules. This is in a sense reassuring, as the
sum total of complexity of the other guidance molecules still
seems rather low compared with the challenge of routing
millions of axons on complex paths.

In the developing spinal cord (see Figure 23-44), even in
the absence of Netrin 1 some commissural axons still extend
toward the ventral midline. Another protein, Shh, made in
the floor plate, accounts for that remaining guidance activity.
Proof of its role came from the discovery that (1) cultured
cells that secrete Shh reorient commissural axons in tissue ex-
plants, (2) isolated neurons in culture turn toward a source of
pure Shh protein, and (3) mutants affecting Shh signal trans-
duction interfere with axon pathfinding. Thus commissural
axons are guided toward the ventral midline by both Netrin
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for sweetness, bitterness, and umami; and odor receptor
molecules.

15. How did Roger Sperry's experiments in frogs distinguish
between the resonance hypothesis and the chemoaffinity hy-
pothesis for how neurons become wired?

Analyze the Data

Olfaction occurs when volatile compounds bind to specific
odorant receptors. In mammals, each olfactory receptor
neuron in the olfactory nasal epithelium expresses a single
type of odorant receptor. These odorant receptors consti-
tute a large multigene family (>1000 members) of related
proteins. Binding of odorant induces a signaling cascade
that is mediated via a G protein, Goo15. Recent studies sug-
gest that there are a small number of olfactory sensory neu-
rons in the nasal epithelium that express members of the
trace-amine associated receptor (TAAR) family, chemore-
ceptors that are G protein-coupled receptors (GPCRs) but
are unrelated to classical odorant receptors (see Liberles
and Buck,  2006,  Natwre 442:645-650).  The mouse
genome encodes 15 TAAR genes while the human genome
encodes 6.

a. In order to examine the expression pattern of dif-
ferent TAARs in the olfactory nasal epithelium, researchers
localized TAAR RNA by in situ hybridization in pairwise
combinations. All possible pairwise combinations of the 15
mouse TAARs were examined. A typical example of the re-
sults obtained is shown in the top set of panels in the figure
below in which TAAR6 and TAART have been localized
with fluorescent probes in the nasal epithelium of mouse.
The Taar6 probe was labeled with a green fluor, the TAART
probe with a red fluor. The lower set of panels shows local-
ization of mouse odorant receptor 28 (MOR28; green), a
classical odorant receptor, and TAAR6 (red). Each stained
patch in the images is the staining pattern of an individual
olfactory neuron. The "merge" panels show the two other
images superimposed. \What do these data suggest about ex-
pression patterns of the TAARs?

b. A number of cell lines that produce neither classical
odorant receptors nor TAARs have each been transfected
with the gene encoding a different TAAR. The cells have also
been cotransfected with a gene encoding secreted alkaline

phosphatase (SEAP) under control of a cAMP-responsive
element. The cells are then exposed to various amines, as

shown in the following figure, and SEAP activity in the
medium is determined. The figure shows data for some rep-

resentative TAARs (m : mouse, h : human). What do these
data reveal about TAARs? lfhat does the SEAP activity as-
say reveal about the signaling pathway utilized by chemore-
ception involving TAARs?
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c. In a third set of studies, SEAP activity was measured

in cells expressing mouse TAAR5 (mTAARS) following ex-

posure of the cells to diluted urine derived from two strains

of mice or from humans, as indicated on the graphs below.

Mice reach puberty at about one month of age. What do

these data suggest may be a biological function for the

TAARS neurons in mice? Vhat additional studies would

you conduct to support your hypothesis?
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Dendrit ic cel ls in the skin have class l l  MHC molecules on their
surface. Those shown here were engineered to express a class l l
MHC-GFP fusion protein, which f luoresces green [Courtesy M
Boes and H L Ploeoh I

I mmunity is a state of protection against the harmful effects

I of exposure to pathogens. Host defense can take many dif-
I ferent forms, and all successful pathogens have found
ways to disarm the immune system or manipulate it to their
own advantage. Host-pathogen interactions are therefore
an evolutionary work in progress. This explains why we
continue to be assaulted by pathogenic viruses, bacteria, and
parasites. The prevalence of infectious diseases illustrates the
imperfections of host defense. But killing its host is not nec-
essarily advantageous to a pathogen because complete elim-
ination of the host would immediately remove the reservoir
in which the pathogen replicates or survives. An immune sys-
tem that could produce perfect sterilizing immunity would
yield a world without pathogens, an outcome clearly at vari-
ance with life as we know it. Rather, the co-evolution of
pathogens and their hosts allows pathogens, which have rel-
atively short generation times, to continue to evolve sophisti-
cated countermeasures, against which the host must respond
by adjusting, if not improving, its defenses. Sophisticated de-
fense comes at a price: An immune system capable of dealing
with a massively diverse collection of rapidly evolving
pathogens may mount an attack on the host organism's own
cells and tissues, a phenomenon called autoimmunity.

In this chapter we deal mostly with the vertebrate im-
mune system, with particular emphasis on those molecules,
cell types, and pathways that uniquely distinguish the im-
mune system from other types of cell and tissues. Host
defense comprises three layers: (1) mechanical/chemical
defenses, (2) innate immunity, and (3) adaptive immunity
(Figure 24-1). Mechanical and chemical defenses operate
continuously. Innate immune responses, which involve cells

CHAPTER

IMMUNOLOGY

and molecules present at all times, are rapidly activated
(minutes to hours), but their ability to distinguish among

many different pathogens is somewhat limited. In contrast,

adaptive immune responses take several days to develop

fully and are highly specific; that is, they can distinguish be-

tween closely related pathogens based on very small molecu-

lar differences in structure.
The manner in which antigens-any material that can

evoke an immune response-are recognized and how these

foreign materials are eliminated involve molecular and cell

biological principles unique to the immune system. 
'We 

begin

this chapter with a brief sketch of the organization of the
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Chemical defenses

A FIGURE 24-1 The three layers of vertebrate immune
defenses. Left; Mechanical defenses consist of epithelia and skin.
Chemical defenses include the low pH of the gastric environment
and antibacterial enzymes in tear fluid. These barriers provide
contrnuous protection against invaders Pathogens must physically
breach these defenses ([) to infect the host Middle. Pathogens
that have breached the mechanical and chemical defenses (Z) are
handled by cells and molecules of the innate immune system (blue),
which inc ludes phagocyt ic  ce l ls  (neutrophi ls ,  dendr i t ic  ce l ls ,
macrophages), natural kil ler (NK) cells, complement proretns, ano
certain rnterleukins (lL-1, lL-6). Innate defenses are activated within

mammalian immune system, introducing the essential play-
ers of innate and adaptive immunity and describing inflam-
mation, a localized response ro injury or infection that
leads to the activation of immune-system cells and their re-
cruitment to the affected site. In the next two secrions, we
discuss the structure and function of antibody (or im-
munoglobulin) molecules, which bind to specific molecular
features on antigens, and how variabil ity in antibody
structure contributes to specific recognition of antigens.
The enormous diversity of antigens that can be recognized
by the immune system finds its explanation in unique re-
arrangements of the genetic material in B and T lympho-
cytes, commonly called B cells and T cells, which are the
white blood cells that carry out anrigen-specific recogni-
tion. These gene rearrangements not only control the
specificity of antigen receptors on lymphocytes but also
determine cell-fate decisions in the course of lymphocyte
development.

minutes to hours of infection. Rrght: Pathogens that are not cleared
by the innate immune system are dealt with by the adaptive immune
system (B), in particular B and T lymphocytes Full activation of
adaptive immunity requires days The products of an innate response
may potentiate an ensuing adaptive response (4). Likewise, the
products of an adaptive immune response, including antibodies
(Y-shaped icons), may facil i tate functioning of the innate immune
system (S) Several cell types and secreted products straddle the
fence between the innate and adaptive immune systems, and serve
to connect these two layers of host defense

Although the mechanisms that give rise to antigen-specific
receptors on B and T cells are very similar, the manner in
which these receptors recognize antigen is very different.
The receptors on B cells can interact with intact antigens
directly, but the receptors on T cells cannot. Instead, as
described in Section 24.4,the receptors on T cells recognize
cleaved (processed) forms of antigen, presented on the sur-
face of target cells by glycoproteins encoded by the major
histocompatibil i ty complex (MHC). How MHC-encoded
glycoproteins display these processed antigens is important
for our understanding of how immune responses are initi-
ated. MHC-encoded glycoproteins also help determine the
developmental fate of T cells so that an organism's own cells
and tissues (self antigens) normally do not evoke an immune
response, whereas foreign antigens do. We conclude the chap-
ter with an integrated view of the immune response to a
pathogen, highlighting the collaboration between different
immune-system cells that is required for an effective response.

Minutes  to  hours

Innate immunity

Adaptive immunityAdaptive immunity

lnnate immunity

Adaptive immunity
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Overview of Host Defenses
Because the immune system evolved to deal with pathogens,
we begin our overview of host defenses by examining where

rypical pathogens are found and where they replicate. Then
we introduce basic concepts of innate and adaptive immu-
nity, including some of the key cellular and molecular players.

Pathogens Enter the Body Through Different
Routes and Replicate at Different Sites
Pathogens affect alI life forms capable of independent repli-
cation. Two general classes of pathogen, viruses and bacte-
ria, have fundamentally different modes of propagation.
'S(ith 

the exception of polymerases involved in copying
genetic material, viruses generally lack the necessary machin-
ery to synthesize their component parts and therefore are
completely dependent on host cells for their propagation. In
contrast, most bacteria are metabolically autonomous and
do not rely on their host for replication, which allows them
to be grown in the laboratory in the appropriate culture
media. (An exception is those bacteria that can replicate only
within a mammalian host cell.) Bacteria can cause disease
because they possess virulence factors that act on the host's
metabolism and physiology. Parasitic organisms also can
cause disease. With increasingly complex life cycles such as
those of the protozoa that cause sleeping sickness (try-
panosomes) or malaria (Plasmodium species) (see Figure 1-4),
the pathogen's countermeasures also become increasingly
complex. Bacteria, protozoa, and fungi-especially those that
can cause disease in animals-often are called microbes.

Exposure to pathogens occurs via different routes. The skin
itself has a surface area of =20 sq. ft.; the epithelial surfaces that
line the airways, gastrointestinaltract, and genital tract present
an even more formidable surface area of =4000 sq. ft. All these
surfaces are continuously exposed to viruses and bacteria in
the environment. Foodborne pathogens and sexually trans-
mitted agents target the epithelia to which they are exposed.
The sneeze of a flu-infected individual releases millions of
virus particles in aerosolized form, ready for inhalation by
the next person to be infected. Rupture of the skin, even if
only by minor abrasions, or of the epithelial barriers that
protect the underlying tissues, provides an easy route of
entry for pathogens, which then gain access to a rich source
of nutrients (for bacteria) and to the cells required for their
replication (viruses).

Replication of viruses is strictly confined to the cytoplasm
or nucleus of host cells, where protein synthesis and replica-
tion of the viral genetic material occur. Viruses spread to other
cells either as free virus particles (virions) or by cell-to-cell
spread. Many bacteria can replicate in the intercellular space,
but some are specialized to invade host cells and survive there.
Such intracellular bacteria reside either in membrane-
delimited vesicles through which they enter cells by endocyto-
sis or phagocytosis or in the cpoplasm if they escape from
these vesicles. An effective host defense system, therefore,
needs to be capable of eliminating not only cell-free viruses and
free-living bacteria but also cells that harbor these pathogens.

Leukocytes Circulate Throughout the Body and
Take Up Residence in Tissues and Lymph Nodes
'With 

the exception of erythrocytes, few cells in the course of

their assigned function cover such distances as do the cells
that provide immunity. The mammalian circulation serves as

the necessary transport vehicle for erythrocytes, Ieukocytes,
and platelets. Although erythrocytes never leave the circula-
tion (their oxygen-carrying function does not require it),
leukocytes (white blood cells) use the circulation exclusively
for transport and may leave and re-enter the circulation in

the course of their tasks.
The immune system is an interconnected system of ves-

sels, organs, and cells, divided into primary and secondary
lymphoid structures (Figure 24-21. Primary lymphoid organs
-the sites at which lymphocytes (the subset of leukocytes

that includes B and T cells) are generated and acquire their
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b lood)
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development,
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A FfGURE 24-2 The circulatory and lymphatic systems. Positive
arterial pressure exerted by the pumping heart is responsible for loss of
liouid from the circulation (red) into the interstitial spaces of the tissues,
so that all cells of the body have access to nutrients and can dispose of
waste. This interstit ial f luid, whose volume is roughly three times that
of all blood in the circulation, is returned to the circulation in the form
of lymph, which passes through specialized anatomical structures
called lymph nodes. The primary lymphoid organs, where lymphocytes
are generated, are the bone marrow (B cells, T-cell precursors) and the
thymus (T cells) The initiation of an immune response involves the
secondary lymphoid organs (lymph nodes, spleen)
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functional properties-include the thymus, where T cells are
generated, and the bone marrow, where B cells are generated.
Adaptive immune responses, which require functionally com-
petent lymphocytes are initiated in secondary lymphoid or-
gaas including lymph nodes and the spleen. All of the lym-
phoid organs are populated by cells of hematopoietic origin
(see Figure 21-15), generated in the fetal liver and throughout
life in the bone marrow. The total number of lymphocytes
in a young adult male is estimated to be 500 x 10v, roughly
15 percent of which are found in the spleen, 40 percent in
the other secondary lymphoid organs (tonsils, lymph nodes),
10 percent in the thymus, and 10 percenr in the bone mar-
row; the remainder are circulating in the bloodstream.

Leukocytes must leave the bloodstream and enrer tissues to
perform their functions. Vertebrate blood vessels allow the es-
cape of fluid from the circulation, driven by the positive arre-
rial pressure exerted by the pumping heart. This fluid contains
not only nutrients but also proteins that carry out defensive
functions. To maintain homeostasis, the fluid that leaves the
circulation must ultimately return and does so in the form of
lymph, via lymphatic vessels. The total volume of lymph is up

Ant igen- laden
dendr i t i c  ce l l

to three times the total blood volume. At their most distal ends,
Iymphatic vessels are open to collect the interstitial fluid that
bathes the cells in tissues. The lymphatic vessels merge into
larger collecting vessels, which deliver lymph to lymph nodes.
A lymph node consists of a capsule, organized into areas that
are defined by the cell types that inhabit them. Blood vessels
entering a lymph node deliver B and T cells to it. The lymph
that arrives in a lymph node carries cells that have encountered
("sampled") antigen, as well as soluble antigens, from the tis-
sue drained by that particular afferent lymphatic vessel. In the
lymph node, the cells and molecules required for the adaptive
immune response interact, respond to the newly acquired anti-
genic information, and then execute the necessary effector
functions to rid the body of the pathogen (Figure 24-3).

Lymph nodes can be thought of as filters in which anti-
genic information gathered from distal sites throughout the
body is collected and displayed to the immune system in a
form suitable to evoke an appropriate response. All the rele-
vant steps that lead to lymphocyte activation take place in
Iymphoid organs. Cells that have received proper insrructions
to become functionally active leave the lymph node via efferent
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@ ActivatedT cel ls interact
w i th  B  ce l l s ,  lead ing  to
B-cel l  di f ferentiat ion and
antibody production

(4) ,  and ant igen- laden dendr i t ic  ce l ls  present  ant igen to T cel ls
(E) Productive interactions between T and B cells (El) allow B cells
to move into foll icles and differentiate into plasma cells, which
produce large amounts of  secreted immunoglobul ins (ant ibodies)
Efferent lymphatic vessels return lymph from the lymph node to the
circulation

MatureT and B ce l l s
are del ivered via the
c i rcu la t ion  and take
uo res idence in
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Blood vessels

  FIGURE 24-3 Init iat ion of the adaptive immune response in
lymph nodes. Recognit ion of antigen by B and T cel ls ( lymphocytes)
located in lymph nodes init iates an adaptive immune response
Lymphocytes leave the circulat ion and take up residence in lymph
nodes (I l)  Lymph carr ies antigen in two forms-soluble antigen and
antigen-laden dendrit ic cel ls; both are del ivered to lvmph nodes via
a f fe ren t  l ymphat ics  (4 ,  B) .  So lub le  an t igen is  recogn ized by  B ce l l s

E
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lymphatic vessels that ultimately drain into the circulation.
Such activated cells recirculate through the bloodstream
and-now ready for action-may reach a location where
they again leave the circulation, move into tissues, and seek
out pathogenic invaders or destroy virus-infected cells.

The exit of lymphocytes and other leukocytes from the
circulation, recruitment of these cells to sites of infection,
processing of antigenic information, and return of immune-
system cells to the circulation are all carefully regulated
processes that involve specific cell-adhesion events, chemotac-
tic cues, and the traversal of endothelial barriers, as we discuss
Iater.

Mechanica l  and Chemical  Boundar ies Form
a First Layer of Defense Against Pathogens

As noted already, mechanical and chemical defenses form the
first line of host defense against pathogens (see Figure 24-1).
Mechanical defenses include the skin, epithelia, and arthro-
pod exoskeleton, which are barriers that can be breached only
by mechanical damage or through specific chemo-enzymatic
attack. Chemical defenses include not only the low pH found
in gastric secretions but also enzymes such as lysozyme, found
in tear fluid, which can attack microbes directly.

The importance of mechanical defenses, which operate
continuously, are immediately obvious in the case of burn vic-
tims: When the integrity of the epidermis and dermis is com-
promised, the rich source of nutrients in the underlying tissues
is exposed, and airborne bacteria or otherwise harmless bac-
teria found on the skin can multiply unchecked, ultimately
overwhelming the host. Viruses and bacteria have also
evolved strategies to breach the integrity of these physical
barriers. Enveloped viruses such as HIV, rabies virus, and
influenza virus possess membrane proteins endowed with fuso-
genic properties. Following adhesion of a virion to the surface
of the cell to be infected, direct fusion of the viral envelope
with the host cell's membrane results in delivery of the viral
genetic material into the host cytoplasm, where it is now
available for transcription, translation, and replication (see

Figures 4-47 and 4-49). Certain pathogenic bacteria (e.9.,

S. aureus) secrete collagenases that compromise the integrity
of connective tissue and so facilitate entry of the bacteria.

Innate lmmuni ty  Prov ides a Second L ine
of Defense After Mechanical and Chemical
Barriers Are Crossed

The innate immune system is activated once the mechanical
and chemical defenses have failed, and the presence of an
invader is sensed (see Figure 24-1,).The innate immune system
comprises cells and molecules that are immediately available
for responding to pathogens. Phagorytes, cells that ingest and
destroy pathogens, are widespread throughout tissues and
epithelia and can be recruited to sites of infection. Several solu-
ble proteins present constitutively in the blood, or produced in
response to infection or inflammation, also contribute to innate
defense. Animals that lack an adaptive immune system, such as
insects. rely exclusivelv on innate defenses to combat infections.

Phagocytes and Antigen'Presenting Cells The innate

immune system includes macrophages' neutrophils, and den-

drit ic cells. All of these cells are phagocytic and come

equipped with Toll-like receptors (TLRs). Members of this

family of cell-surface proteins detect broad patterns of

pathogen-specific markers and thus are key sensors for de-

tecting the presence of viral or bacterial invaders. Engage-

ment of Toll-like receptors is important in eliciting effector

molecules, including antimicrobial peptides. Dendritic cells

and macrophages whose Toll-like receptors have detected

pathogens also function as antigen-presenting cells (APCs)

by displaying processed foreign materials to antigen-specific

T cells. The structure and function of Toll-like receptors and

their role in activating dendritic cells are described in detail

in Section 24.6.

Complement System Another important component of

the innate immune system is complement, a collection of

constitutive serum proteins that can bind directly to micro-

bial or fungal surfaces. This binding activates a proteolytic

cascade that culminates in formation of pore-forming pro-

teins constituting the membrane attack complex, which is

capable of permeabilizing the pathogen's protective mem-

brane (Figure 24-4). The complement cascade is conceptu-

ally similar to the blood-clotting cascade, with amplification

of the reaction at each successive stage of activation' At least

three distinct pathways can activate complement. The classical
pathluay requires the presence of antibodies produced in the

course of an adaptive response and bound to the surface of

the microbe. Many microbial surfaces directly activate com-

plement via the abernatiue pathway. Finally, pathogens that

contain mannose-rich cell walls activate complement

through the mannose-binding lectin pathway. The bound

lectin then triggers activation of two mannose-binding

lectin-associated proteases, MASP-1 and MASP-2, which

allow activation of the downstream components of the com-

plement cascade.
In the course of complement activation, the C3 and C4

complement proteins occupy a special role. These abundant

serum proteins are synthesized as precursors that contain an

internal, strained thioester linkage between a cysteine and a

glutamate residue in close proximity' This thioester linkage

becomes highly reactive upon proteolytic activation of C3

and C4 by their respective upstream partners. The activated

thioester bond can react with primary amines or hydroxyls

in close proximitS yielding a covalent bond linking C3 or

C4 with a protein or carbohydrate close-by. If no such reac-

tants are available, the thioester bond is simply hydrolyzed.

This mode of action ensures that C3 and C4 fragments will

be covalently deposited only on antigen-antibody complexes

in close proximity.
Regardless of the pathway of complement activation

engaged, activated C3 unleashes the terminal components

of the complement cascade, C5 through C9, culminating in

formation of the membrane attack complex, which inserts

itself into most biological membranes and renders them

permeable. The resulting loss of electrolytes and small

solutes leads to lysis and death of the target cell. 
'Whenever
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complement is activated, the membrane attack complex is
formed and results in death of the cell onto which the com-
plex is deposited. The direct microbicidal effect of a fully
activated complement cascade is an important protective
function.

All three complement activation pathways also gener-
ate the C3a and 5a cleavage fragmenrs, which bind to G
protein-coupled receptors and function as chemoattractants
for neutrophils and other cells involved in inflammation (see
below). All three pathways also result in the covalent deco-
ration of the structures targeted by complement activation
with fragments of C3. Phagocytic cells make use of these
C3-derived tags to recognize, ingest, and destroy the deco-
rated particles, a process termed opsonization.

Natural Kil ler (NK) Cells In addition to bacterial invaders,
the innate immune system also defends against viruses.
\(hen the presence of a virus-infected cell is detected, yet
other cell types of the innate immune system become active,
seek out the virus-infected targets, and kill them. For in-
stance, many virus-infected cells produce type I interferons,
which are good at activating natural killer (NK) cells. Acti,
vated NK cells not only afford direct protection by elimi-
nating the factory of new virus particles, but they also
secrete interferon "y (IFN-1), which is essential for orches-
trating many aspects of anti-viral defenses (Figure 24-5).
Recognition by NK cells involves several classes of receptors,
capable of delivering either stimulatory (promoting cell
killing) or inhibitory signals. The interferons are classified
as cytokines, small, secreted proteins that help regulate im-
mune responses in a variety of ways. 

'We 
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  FIGURE 24-4 Three pathways of complement activation.
The classical pathway involves the formation of antibody-antigen
complexes, which recruit the complement component C 1q, leading to
activation of C 1 r and C 1s. This complex, in turn activates C4 and C2,
which then convert C3 to its active form In the mannose-binding
lectin pathway, mannose-rich structures found on the surface of many
pathogens are recognized by mannose-binding lectin, an interaction
that results in activation of two serine proteases, MASP-1 and MASp-2
The alternative pathway requires deposition of a special form of the
serum protein C3, a major complement component, onto a microbial
surface Subsequent activation of C3 involves factors B, D and B
found in serum. Each of the activation pathways is organized as a
cascade of proteases in which the downstream component is itself a
protease Amplif ication of activity occurs with each successive step
All three pathways converge on C3, which triggers formation of the
membrane attack complex, leading to destruction of target cells The
small fragments of C3 and C5 generated in the course of complement
activation attract neutrophils, phagocytic cells that can kil l  bacteria at
short range or upon ingestion
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  FIGURE 24-5 Natural kil ler cells. Natural kil ler (NK) cells are
an important source of the cytokine interferon f (lFN-r) and can kil l
virus-infected and cancerous cells by means of perforins. These pore-
forming proteins allow access of serine proteases called granzymes to
the cytoplasm of the cell about to be kil led. Granzymes also can
inrtiate apoptosis through actrvation of caspases (Chapter 21)

Neut roph i ls
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other cytokines and discuss some of their receptors as the
chapter progresses.

In f lammat ion ls  a  Complex Response to In jury
That Encompasses Both Innate and Adaptive
lmmuni ty

\Vhen a vascularized tissue is injured, the stereotypical response
that follows is inflammation. Damage may be a simple paper
cut or result from infection with a pathogen. Inflammation, or
the inflammatory response, is characterized 6y four classical
signs: redness, swelling, heat, and pain. These signs are caused
by increased leakiness of blood vessels (vasodilation), the at-
traction of cells to the site of damage, and the production of
soluble mediators responsible for the sensation of heat and
pain. Inflammation has immediate protective value through the
activation of the cell types and soluble products that together
mount the innate immune response. Further, inflammation cre-
ates a local environment conducive to the initiation of the adap-
tive immune response. However, if not properly controlled,
inflammation can also be a major cause of tissue damage.

Figure 24-6 depicts the key players in the inflammatory re-
sponse to bacterial pathogens and the subsequent initiation of
an adaptive immune response. Tissue-resident dendritic cells
sense the presence of pathogens via their Toll-like receptors
(TLRs) and respond to them by releasing soluble mediators
such as cytokines and chemokines; the latter act as chemoat-
tractants for immune-system cells. Neutrophils, a second
important cell type in the inflammatory response, leave the
circulation and migrate to wherever tissue injury or infection
has occurred in response to various soluble mediators pro-
duced upon tissue damage. Neutrophils, which constitute
almost half of all circulating leukocytes, are phagocytic, di-
rectly ingesting and destroying pathogenic bacteria. They also
can interact with a wide variety of pathogen-derived macro-
molecules via their Toll-like receptors. Activation of these
receptors allows neutrophils to produce cytokines and
chemokines; the latter can attract more leukocytes-
neutrophils, macrophages, and ultimately lymphocytes (T and
B cells)-to the area. Activated neutrophils can release bacteria-
destroying enzymes (e.g., lysozyme and proteases) as well as
small peptides with microbicidal activity, collectively called
defensins. Activated neutrophils also turn on the enzymes that
generate superoxide anion and other reactive oxygen species
(see Chapter 12, p. 502), which can kill microbes at short
range. Another cell type contributing to the inflammatory re-
sponse is tissue-resid ent mast cells. When activated by a vari-
ety of physical or chemical stimuli, mast cells release hista-
mine, a mediator that increases vascular permeability and
thereby facilitates access to the site of plasma proteins (e.g.,
complement) that can act against the invading pathogen.

A very important early response to infection or injury is
activation of a variety of plasma proteases, including the pro-
teins of the complement cascade discussed above (see Figure
24-4l.The peptides produced during activation of these pro-
teases possess chemoattractant activity, responsible for at-
tracting neutrophils to the site of tissue damage. They further
induce production of proinflammatory cytokines such as
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  FIGURE 24-6 Interplay of innate and adaptive immune
responses against a bacterial pathogen. Once a bacterium breaches
the hosts mechanical and chemical defenses, the bacterium is exposed

to components of the complement cascade, as well as to cells that
confer immediate protection, such as neutrophils (E) Various
inflammatory mediators induced by tissue damage contribute to a
localized inflammatory response. Local destruction of the bacterium
results in the release of bacterial antigens, which are delivered via the

afferent lymphatics to the draining lymph node (E). Dendrit ic cells

acquire antigen at the site of infection, become migratory in response to

microbial products, and move to the lymph node, where they activate
T cells (B) In the lymph node, antigen-stimulated T cells proliferate and

acquire effector functions, including the abil ity to help B cells (4),

some of which may move to the bone marrow and complete their
differentiation into plasma cells there (E). In later stages of the immune

response, activated T cells provrde additional assistance to anttgen-
experienced B cells to yield plasma cells that secrete antigen-specific
antibodies at a high rate (step 6) Antibodies produced as a

consequence of the initial exposure to bacteria act in synergy with

complement to eliminate the infection (Z), should it persist, or afford

rapid protection in the case of re-exposure to the same pathogen

interleukin 1. and 6 (IL-1 and IL-6). The recruitment of neu-

trophils also depends on an increase in vascular permeability,

controlled in part by lipid mediators (e.g., prostaglandins and

leukotrienes) that are derived from phospholipids and fatty
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acids. All of these events occur rapidl5 starting within min-
utes of injury. A failure to resolve the cause of this immediate
response may result in chronic inflammation, in which cells
of the adaptive immune system play an important role.'When 

the pathogen burden at the site of tissue damage is
high, it may exceed the capacity of innate defense mecha-
nisms to deal with them. Moreover, some pathogens have
acquired, in the course of evolution, tools to disable or bypass
innate immune defenses. In such situations, the adaptive
immune response is required to control the infection. This
adaptive response depends on specialized cells that straddle
the interface between adaptive and innate immunity, including
antigen-presenting cells such as macrophages and dendritic
cells, which are capable of acquiring intact pathogens and of
killing them upon ingestion. These antigen-presenting cells, in
particular dendritic cells, can initiate an adaprive immune
response by delivering newly acquired pathogen-derived anti-
gens to secondary lymphoid organs (see Figure 24-6).

Adaptive lmmunity, the Third Line of Defense,
Exhibits Specif icity

Lymphocytes bearing antigen-specific receptors are the key
cells responsible for adaptive immuniry. An early indication of
the specific nature of adaptive responses came with the discov-
ery of antibodies, key effector molecules of adaptive immuniry,
by Emil von Behring and Shibasaburo Kitasato in 1905. They
observed that when serum (the straw colored liquid that sepa-
rates from cellular debris upon completion of the blood clot-
ting process) from guinea pigs immunized with a sublethal
dose of the deadly diphtheria toxin was transferred to animals
never before exposed to the bacterium, the recipient animals
were protected against a lethal dose of the same bacterium,
which kills its host by production of a toxin (Figure 24-7).
Transfer of serum from animals never exposed to diphtheria
toxin failed to protect, and protection was limited to the mi-
crobe used as the source of toxin with which the animal that
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  EXPERIMENTAL FTGURE 24-7 The existence of antibody
in serum from infected animals was demonstrated by von
Behring and Kitasato. Exposure of animals to a sublethal dose
of diphtheria toxin (or the bacteria that produce it) elicits in their

an animal that has been exposed to the pathogen to a naive
(nonexposed) animal. When the serum recipient is subsequently
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with a lethal dose of the toxin (or the bacteria that produce it) The rn vitro. Heating of immune serum destroys its bactericidal actrvrty
protective effect of this serum substance can be transferred from Addition of fresh nonheated serum from a naive animal restores the

exposed to a lethal dose of the bacteria, the animal survives. This
effect is specific for the pathogen used to elicit the response. Serum
thus contains a transferable substance (antibody) that protects
against the harmful effects of a virulent pathogen Serum harvested

bactericidal activity of heated immune serum. Serum thus contains
another substance that complements the activitv of antibodies.
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served as the serum donor was immunized. This experiment
demonstrates specificity-that is, the ability to distinguish
between two closely related substances of the same class.
Such specificity is a hallmark of the adaptive immune sys-
tem. Even proteins that differ by a single amino acid may be
distinguished by immunological means.

From these experiments, von Behring inferred the exis-
tence of corpuscles ( "Antikorper" ), or antibodies, as the factor
responsible for protection. The antibody-containing (immune)

sera not only afforded protection in vivo, they also killed
microbes in the test tube. Heating the immune sera to 56" C
destroyed this killing activity, but it was restored by the addi-
tion of unheated fresh serum from naive animals (i.e., animals
never exposed to the microbe). This finding suggested that a
second factor, now called complement, acts in synergy with
antibodies to kill bacteria. We now know that von Behring's
antibodies are serum proteins referred to as immunoglobulins
and that complement is actually a series of proteases (see Fig-
ure 24-4l.Immunoglobulins can neutralize not only bacterial
toxins, but also harmful agents such as viruses, by directly
binding to them in a manner that prevents the virus from at-
taching itself to host cells. In the same vein, antibodies raised
against snake venoms can be administered to the victims of
snake bites to protect them from intoxication: The anti-snake
venom antibodies bind to the venom, keep it from binding to
its targets in the host, and in so doing neutralize it. Antibodies
can thus have immediate orotective effects.

Overview of Host Defenses

r Mechanical and chemical defenses provide protection
against most pathogens. This protection is immediate and
continuous, yet possesses little specificity. Innate and adaptive
immunity provide defenses against pathogens that breach the
body's mechanicaVchemical boundaries (see Figure 24-1).

r The circulatory and lymphatic systems distribute the
molecular and cellular players in innate and adaptive immu-
nity throughout the body (see Figure 24-2).

r Innate immunity is mediated by the complement system
(see Figure 24-4) and several types of leukocytes, the most
important of which are neutrophils and other phagocytic
cells such as macrophages and dendritic cells. The cells and
molecules of innate immunity are deployed rapidly (min-

utes to hours). Molecular patterns diagnostic of the pres-
ence of pathogens can be recognized by Toll-like receptors'
but the specificity of recognition is modest.

r Adaptive immunity is mediated by T and B lymphocytes.
These cells require days for full activation and deployment,
but they can distinguish between closely related antigens.
This specificity of antigen recognition is the key distin-
guishing feature of adaptive immunity.

r Innate and adaptive immunity act in a mutually synergis-
tic fashion. Inflammation, an early response to tissue injury
or infection, involves a series of events that combines ele-
ments of innate and adaptive immunity (see Figure 24-6).

lmmunoglobulins: Structure
and Function
Immunoglobulins, produced by B cells, are the best-understood

molecules that confer adaptive immunity. In this section we

describe the overall structural organization of immunoglobu-

lins, their structural diversiry and how they bind to antigens.

lmmunoglobul ins Have a Conserved Structure
Consist ing of Heavy and Light Chains

Like complement, immunoglobulins are abundant serum

proteins that can be classified in terms of their structural and

functional properties. Fractionation of antisera, based on their

functional activity (e.g., killing of microbes, binding of antigen),

led to the identification of the immunoglobulins as the class of

serum proteins responsible for antibody activity. Immunoglob-

ulins are composed of two identical heauy (H) chains, cova-

lently attached to two identical light (L) chains (Figute 24-8).
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A FIGURE 24-8 The basic structure of an immunoglobulin
molecule, Antibodies are serum proteins also known as

immunoglobulins They are two-fold symmetrical structures

composed of two identical heavy chains and two identical l ight

chains. Fragmentation of antibodies with proteases yields fragments

that retain antigen-binding capacity. The protease papain yields

monovalent F(ab) fragments, and the protease pepsin yields bivalent

F(ab')z fragments. The Fc fragment is unable to bind antigen, but this
portion of the intact molecule has other functional properties

Fc

IMMUNOGLOBUL INS :  STRUCTURE AND FUNCTION 1 063



Pentameric lgM is
stabi l ized by an addit ional
polypeptide, the J chain

< FIGURE 24-9 lmmunoglobulin isotypes.
The different classes of immunoglobulins, called
isotypes, may be distinguished biochemically
and by immunological techniques In mouse
and humans there are two light-chain isotypes
(r< and \) and five heavy-chain isotypes (p, 6,
"y, e, o). (a) Based on the identity of the
heavy chain, each isotype defines a class of
immunoglobul in .  l9G, lgE,  and t9D (not
shown) are monomers with generally similar
overall structures. lgM and lgA are unusual
because they can occur in serum as pentamers
and dimers, respectively, accompanied by an
accessory subunit, the J chain, in covalent
disulfide l inkage. (b) This volume-rendered
depiction of the lgM pentamer highlights the
modular design of a typical immunoglobulin
with each barrel representing an individual lg
domain. Each loop in the diagrams shown in
part (a) also represent an lg domain. Different
isotypes have different f unctions See Figure

chain 24-12 for definit ions of abbreviations.

*€i = Disulf ide bond

Tail  piece J chain

l g G l

ctrl

ct vL

VH

l gA (d imer )

D = ls  domain

{ = Carbohydrate

The typical immunoglobulin therefore has a two-fold sym,
metrical structure, described asH2L2. An exception to this
basic H2L2 architecture occurs in the camelids (camels. lla-
mas, vicunas). These animals can make some immunoglob-
ulins that are heavy-chain dimers (H2) and lack l ight
chains.

A biochemical approach was used to answer the question
of how antibodies manage to distinguish between related
antigens. Proteolytic enzymes were used to fragment im-
munoglobulins, which are rather large proteins, to identify
the regions directly involved in antigen binding (see Figure
24-8). The protease papain yields monovalent fragments,

l g M

c.l
cvl

J chain ul

l gM
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called P (ab) , that can bind a single antigen molecule, whereas
the protease pepsin yields bivalent fragments, referred to as
F(ab')2 (F : fragment; af : antibody). These enzymes are
commonly used to convert intact immunoglobulin molecules
into monovalent or bivalent reagents. Although F(ab) frag-
ments are incapable of cross-linking, F(ab')2 fragments can
do so, a property frequently used to cross-link and so activate
surface receptors. The portion released upon papain diges-
tion and incapable of antigen binding is called Fc, because of
its ease of crystallization (F : fragment; c : crystallizable).
This biochemical approach using proteases was followed by
peptide mapping and sequencing strategies to determine the
primary structure of the immunoglobulins.

Mult ip le  lmmunoglobul in  lsotypes Exis t ,
Each with Different Functions

Based on their distinct biochemical properties, immunoglob-
ulins are divided into different classes, or isotypes. There are
two light-chain isotypes, r and tr. The heavy chains show
more variation: In mammals, the major heavy-chain isotypes
are p, E, 1, c, and e. These heavy chains can associate with
either r or \ l ight chains. Depending on the vertebrate
species, further subdivisions occur for the ct and 1 chains,
and fish possess an isotype not found in mammals. The fully
assembled immunoglobulin (Ig) derives its name from the
heavy chain: p chains yield IgM; cr chains, IgA; r chains,
IgG, E chains, IgD; and e chains, IgE. The general structures
of the major Ig isotypes are depicted in Figure 24-9. By
means of their unique structural features, each of the differ-
ent Ig isotypes carries out specialized functions.

The IgM molecule is secreted as a pentamer, stabilized by
disulfide bonds and an additional chain, the J chain. In its
pentameric form, IgM possesses 10 identical antigen-binding
sites, which allow high-avidity interactions with surfaces
that display the corresponding (cognate) antigen. Upon dep-
osition of IgM onto a surface that carries the antigen, the
pentameric IgM molecule assumes a conformation highly
conducive to activation of the complement cascade, an effec-
tive means of damaging the membrane onto which IgM is
adsorbed and onto which complement proteins are de-
posited as a consequence.

The IgA molecule also interacts with the J chain, form-
ing a dimeric structure. Dimeric IgA can bind to the poly-
meric IgA receptor on the basolateral side of epithelial cells,
where its engagement results in receptor-mediated endocy-
tosis. Subsequently, the IgA receptor is cleaved and dimeric
IgA with the proteolytic receptor fragment (secretory piece)

sti l l  attached is released from the apical side of the epithelial
cell. This process, called transcytosis, is an effective means
of delivering immunoglobulins from the basolateral side of

an epithelium to the apical side (Figure 24-1'0a\. Tear fluid

and other secretions are rich in IgA and so provide protec-

tion against environmental pathogens.
The IgG isotype is important for neutralization of virus

particles. This isotype also helps prepare particulate antigens
for acquisition by cells equipped with receptors specific for

the Fc portion of IgG molecules (see below).

Epithelial Cells

I
FcR n

  FIGURE 24-10 Transcytosis of l9A and lgc. (a) lgA, found in

secretions of the different mucosae, requires transport across the

epithelium lgA binds to the polymeric l9A receptor and is endocytosed.

After being transported across the epithelial monolayer, a portion of the

receptor is cleaved, and the lgA is released atthe apical side together

with a portion of the receptor, the secretory piece. (b) Suckling rodents

acquire lg from mother's milk The newborn possesses at the apical

surface of its intestinal epithelium the neonatal Fc receptor (FcRn),

whose structure resembles that of class I MHC molecules (see Figure

24-21) Afler this receptor binds to the Fc portion of lgG, transcytosis

moves the acquired lgG to the basolateral side of the epithelium In

humans, the syncytial trophoblast in the placenta expresses FcRn and so

mediates acquisition of lgG from the maternal circulation and delivery

to the fetus (transplacental transport)

The immune system of the newborn is immature, and in

rodents protective antibodies are transferred from the mother

to the fetus via the mother's milk. The receptor responsible

for caplrring maternal IgG is the neonatal Fc receptor, which

I M M U N O G L O B U L I N S :  S T R U C T U R E  A N D  F U N C T I O N  '  1 0 6 5

( a )

Basolateral
side

Dimer ic
loA r

\Z
l l

J  cha in {

/\

I
Y

I
I

Dimer ic  lgA
b inds  to
po lymer ic
lg Receptor

Epithel ial Cel ls $B'j''
Secretory
piece (=plgR
fragment)

)Pr>(
t

plsR

(plsR)

I
I

Release of
d imer ic  lgA
with plgR
fragment by
proteolysis

Milk in the
lumen of the
intestine of
the neonate

( b )

Girculat ion
of the
neonate

./(



is present on intestinal epithelial cells in rodents. By transcy-
tosis, IgG captured on the luminal side of the newborn's in-
testinal tract is delivered across the gut epithelium and so
makes maternal antibodies in the milk available for passive
protection of the infant rodent (Figure 24-l0b).In humans,
the Fc receptor is found on fetal cells that contact the mater-
nal circulation. Transcytosis of IgG antibodies from the
maternal circulation across the placenta delivers maternal
antibodies to the fetus. These maternal antibodies wil l pro-
tect the newborn until its own immune system is sufficiently
mature to produce antibodies under its own steam.

Each B Cel l  Produces a Unique,  Clonal ly
Dis t r ibuted lmmunoglobul in
The clonal selection theory stipulates that each lymphocyte
carries an antigen-binding receptor of unique specificity. \When
a lymphocyte encounters the antigen for which it is specific,
clonal expansion (or multiplication) occurs and so allows an
amplification of the response, culminating in clearing of the
antigen (Figure 24-Il).

B-cell tumors, which represent malignant clonal expan-
sions of individual lymphocytes, enabled the first molecular
analysis of the processes rhat underlie the generation of anti-
body diversity. A key observation was thar tumors derived
from lymphocyres may produce large quantities of secreted
immunoglobulins. Some of the l ight chains of the im-
munoglobulins are secreted in the urine of tumor-bearing
patients. These light chains, called Bence-lones Droteins after

Activation of B cel l

t
Q OQ
/\ /\

I
Antig en-specif ic

Clonal expansion receptor

,/ \-

{/ \

their discoverers, are readily purified and afforded the first
target for a protein chemical analysis.

Two key observations emerged form this work: (1) no two
tumors produced light chains of the identical biochemical
properties, suggesting that they were all unique in sequence
and (2) the differences in amino acid sequence that distinguish
one light chain from another are nor randomly distributed but
occur clustered in a domain referred to as rhe uariable region of
the light chain, or V1. This domain comprises the N-terminal

(ar 

tJJ*.rr

Res idue number

H V 1  "  H H
( cDR1)

A FfGURE 24-12 Hypervariable regions and the immunoglobulin
fold. (a) Varration in amino acid variabil ity with residue position in
lg l ight chains The percentage of variable-region sequences with
variant amino acids is plotted for each position in the sequence
Posi t ions for  which many d i f ferent  amino acid s ide cnatns are
present  in  the data set  are assigned a h igh var iabi l i ty  index;  those
that  are invar iant  among the sequences compared are assigned a
value of 0 This analysis reveals three regions of increased variability,
hypervar iabi l i ty  (HV) regions 1,2,  and 3;  these are a lso cal led
complementarity-determining regions (CDRs) (b) Volume-rendered
depiction of F(ab')z fragment (ight) and ribbon diagram of a typical 19
light-chain variable domain (Vr) with the positions of the hypervariable
regions indicated in red (left) Ihe hypervariable regions are found in the
loops that connect the B strands and make contact with antigen The B
strands (rendered as arrows) make up two B sheets and constitute the
framework region Note that each vanable and constant domain has a
characteristic three-dimensional structure, called the immunoglobulin
fold L : l ight chain; H : heavy chain; Vs : heavy-charn variable
domain; VL : l ight-chain variable domain; CH1 , CH2, Cs3 : heavy-
chain constant domains; CL : l jght-chain constant domain

o

G

\  / \  / \  / \  / \  / \

ftPP?fiR?PgHR
A FIGURE 24-11 Clonal select ion. The clonal select ion theory
proposes the existence of a large set of lymphocytes, each equipped
with i ts own unique antigen-specif ic receptor ( indicated by dif ferent
colors) The antigen that shows a f i t  with the receptor carr ied by a
part icular lymphocyte al lows that lymphocyte to expand clonal ly
From a modest number of antigen-specif ic cel ls, a large number of
cel ls of the desired specif ici ty (and large amounts of their secreted
outputs) may be generated
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110 amino acids or so. The remainder of the sequence is iden-
tical for the different light chains (provided they derive from
the identical isotype, rc or ),) and is therefore referred to as the
constant region, or Cr. From the serum of tumor-bearing in-
dividuals, immunoglobulins unique to that individual patient
subsequently were purified. Sequencing of the heavy chains
from these preparations revealed that the variable residues
that distinguish one heavy chain from another were again con-
centrated in a well-demarcated domain, referred to as the
uariable region of the heauy chain, or Vs.

An alignment of sequences obtained from different ho-
mogeneous light-chain preparations showed a non-random
pattern of regions of variability, revealing three hyperuari'
able regions-Hv1, HVz, and HV3-which are sandwiched
between what are called framework regions (Figure 24-12a).
(Similar alignments for the immunoglobulin heavy-chain
sequences also yield hypervariable regions.) In the properly
folded three-dimensional structure of immunoglobulins,
these hypervariable regions are in close proximity (Figure

24-12b) and make contact with antigen. Thus that portion
of an Ig molecule containing the hypervariable regions consti-
tutes the antigen-binding site. For this reason, hypervariable
regions are also referred to as complementarity-determining
regions (CDRs). The difficulty of encoding in the germ line
all of the information necessary to generate this enormously
diverse antibody repertoire led to suggestions of unique ge-
netic mechanisms to account for this diversity.

lmmunoglobul in  Domains Have a Character is t ic
Fold Composed of Two p Sheets Stabil ized
by a Disu l f ide Bond

Both the variable and constant domains of immunoglobulins
fold into a compact three-dimensional structure composed

exclusively of B sheets (see Figure 24-1'2b). A typical Ig do-

main contains two P sheets (one with three strands and one

with four strands) held together by a disulfide bond. The

residues that point inwards are mostly hydrophobic and help

stabilize this sandwich structure. Solvent-exposed residues

show a gteater frequency of polar and charged side chains.

The spacing of the cysteine residues that make up the disul-

fide bond and a small number of strongly conserved residues

characterize this evolutionarily ancient structural motif,

termed the immunoglobulin fold. The basic immunoglobulin

fold is found in numerous eukaryotic proteins that are not

directly involved in antigen-specific recognition, including

the Ig superfamily of cell-adhesion molecules' or IgCAMs

(Chapter  19) .

The Three-Dimensional Structure of Antibody

Molecules Accounts for Their Exquisite
Specif icity
The three-dimensional structure of immunoglobulins has

been solved and the details of how an antibody interacts

with an antigen are known at atomic resolution (Figure 24-1'3;

see also Figure 3-1'9b). The contact area between an anti-

body and a protein antigen is on the order of 20 x 30 A and

involves mostly interactions that require perfect complemen-

tarity. Hydrogen bonds and van der'sfaals interactions make

important contributions to antigen-antibody binding. (For

more discussion of the role of molecular complementarity

in protein binding and function, see Chapter 2, p. 39.) Anti-

bodies can be elicited not only against proteins' but also

against modifications carried by some proteins (e.g., at-

tached oligosaccharide chains or phosphate groups) or even

small organic molecules that do not occur in nature. For

reasons to be described in Section 24.4,the production of

L igh t  cha in

A FIGURE 24-13 lmmunoglobulin structure. This model shows
the three-dimensional structure of an immunoglobulin complexed with

hen egg-white lysozyme (a protein antigen) as determined by x-ray

crystallography. lBased on E A Padlan et al , 1989 PNAS 86: 5938 ]
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antibodies specific for small nonprotein antigens requires
conjugation of the antigen to carrier proteins, but the anti-
bodies themselves can recognize these smaller antigens as
such. The smaller the antigen, often the deeper it lies buried
in the antigen-binding site of the antibody. The hypervari-
able regions of the heavy and light chains make the most
extenslve contacts with the antigen to which the antibody
binds, with the third hypervariable regions making particu-
Iarly significant contributions.

The region on an antigen where it makes contact with
the corresponding antibody is called an epitope. A protein
antigen usually contains multiple epitopes, which often are
exposed loops or surfaces on the protein and thus accessible
to antibody molecules. Each homogeneous antibody prepara-
tion, derived from a clonal population of B cells, recognizes
a single molecularly defined epitope on the corresponding
antlgen.

In order ro solve the structure of an antibody complexed
to its cognate epitope on an antigen, it is important to have
a source of homogeneous immunoglobulin and the antigen
in pure form. Homogeneous immunoglobulins can be ob-
tained from B-cell tumors (malignant monoclonal expan-
sions of immunoglobulin-secreting B cells), but in that case
the antigen for which the antibody is specific is not known.
The breakthrough essential for generating homogeneous an-
tibody preparations suitable for structural analysis was the
development of techniques to obtain monoclonal antibody
produced by hybridomas by use of a special selection
medium (see Chapter 9, pp. 400402).

An lmmunoglobul in 's  Constant  Region
Determines l ts  Funct ional  proper t ies

Antibodies recognize antigen via their variable regions, but
their constant regions determine many of the functional
properties of antibodies. An importanr functional property
of antibodies is their neutralizing capacity. By binding to epi-
topes on the surface of virus particles or bacteria, antibodies
may block a productive interaction between a pathogen
and receptors on host cells, thereby inhibit ing (neutraliz-
ing) infection.

Antibodies attached to a virus or microbial surface can
be recognized directly by cells that express receptors specific
for the Fc portion of immunoglobulins. These Fc reieptors
(FcRs), which are specific for individual classes and sub-
classes of immunoglobulins, display considerable structural
and functional heterogeneity. By means of FcR-dependent
events, specialized phagocytic cells such as dendritic cells
and macrophages can engage antibody-decorated particles,
then ingest and destroy them in the process of opsonization.
FcR-dependent events also allow some immune-system cells
(e.g., monocytes and natural killer cells) to directly engage
target cells that display viral or other antigens to which
ant ibodies are ar tached.  This engag.- .nr  -1y induce the
immune-system cells to release toxic small molecules (e.g.,
oxygen radicals) or the contents of cytotoxic granules, in-
cluding perforins and granzymes. These proteins can attach
themselves to the surface of rhe ..rg"g.J target cell, inflict
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membrane damage, and so kill the targer (see Figure 24-5).
This process, called antibody-dependent cell-rnediated cyto-
toxicity, illustrates how cells of the innate immune system
interact with, and benefit from, the products of the adaptive
lmmune response.

Depending on the immunoglobulin isotype, anrigen-
antibody (immune) complexes can initiate the classical path-
way of complement activation (see Figure 24-4).lgM and
IgG3 are particularly good at complement activation, but all
IgG classes can in principle activate complement, whereas
IgA and IgE are unable to do so.

lmmunoglobulins: Structure and Function

r Most immunoglobulins (antibodies) are composed of
two identical heavy (H) chains and two light (L) chains,
with each chain containing a variable (V) region and con-
stant (C) region. Proteolytic fragmentation yields monova-
lent F(ab) and bivalent F(ab')2 fragments, which contain
variable-region domains and retain antigen-binding capa,
bility (see Figure 24-8). The Fc portion contains constant-
region domains and determines effector functions.

r Immunoglobulins are divided into classes based on the
constant regions of the heavy chains they carry (see Figure
24-9).ln mammals there are five major classes: IgM, IgD,
IgG, IgA, IgE; the corresponding heavy chains are referred
to as p, 6 T, o, and e. There are two major classes of light
chain, r and }', again characterized by the attributes of
their constant regions.

r Each individual B lymphocyte expresses an rm-
munoglobulin of unique sequence and is therefore uniquely
specific for a particular antigen. Upon recognition of anti-
gen, only a B lymphocyte rhat bears a receptor specific for
it will be activated and expand clonally (clonal selection)
(see Figure 24-11).

r The antigen specificity of antibodies is conferred by their
variable domains, which contain regions of high variabil-
it5 called hypervariable or complementarity-determining
regions (see Figure 24-l2a). These hypervariable regions
are positioned at the tip of the variable domain, where they
can make specific contacts with the antigen for which a
particular antibody is specific.

r The repeating domains that make up immunoglobulin
molecules have a characteristic three-dimensional struc-
ture, the immunoglobulin fold: It consists of two B pleated
sheets held together by a disulfide bond (see Figure 24-
12b). The immunoglobulin fold is widespread in evolution
and is found in many proteins other than antibodies. in-
cluding an important class of cell,adhesion molecules.

r The constant regions endow antibodies with unique
functional properties or effector functions, such as ihe
capacity to bind complement, the ability to be transported
across epithelia, or the ability to interact with receptors
specific for the Fc portion of immunoglobulins.



Ji,tFll Generation of Antibody Diversity
and B-Cell Development
Pathogens have short replication times, are quite diverse in
their genetic makeup, and evolve quickly, generating even
more antigenic variation. An adequate defense must thus
be capable of mounting an equally diverse response. Anti-
bodies fulf i l l  this role. B cells, which are responsible for
antibody production, make use of a unique mechanism by
which the genetic information required for synthesis of
immunoglobulin heavy and light chains is stitched together
from separate DNA sequence elements, or Ig gene seg-
ments, to create a functional transcriptional unit. The act
of recombination that combines Ig gene segments itself
dramatically expands the variabil ity in sequence precisely
where these genetic elements are joined together. This
mechanism of generating a diverse array of antibodies is
fundamentally different from meiotic recombination,
which occurs only in germ cells, and from alternative
splicing of exons (Chapter 8). Because this recombination
mechanism occurs in somatic cells but not in germ cells, it
is known as somatic gene rearrangement or somatic
recombination.

A Funct ional  L ight -Chain Gene Requi res
Assembly of  V and J Gene Segments

Immunoglobulin genes encoding intact immunoglobulins do
not exist already assembled in the genome, ready for expres-
sion. Instead, the required gene segments are brought to-
gether and assembled in the course of B-cell development

(a )  Kappa ( r )  l igh t  cha in

V

(Figure 24-14). Although the rearrangement of heavy-chain

genes precedes the rearrangement of light-chain genes, we

discuss light-chain genes first because of their less complex

organrzatlon.
The immunoglobulin l ight chains are encoded by clus-

ters of V gene segments, followed at some distance down-

stream by a single C segment. Each V gene segment carries

its own promoter sequence and encodes the bulk of the

light-chain variable region, although a small piece of the

nucleotide sequence encoding the l ight-chain variable re-

gion is missing from the V gene segment. This missing por-

tion is provided by one of the multiple J segments located

between the V segments and the single C segment in the

unrearranged r l ight-chain locus (see Figure 24-14a). ln

the course of B-cell development' commitment to a partlc-

ular V gene segment-a random process-results in its

juxtaposition with one of the J segments, again a random

choice, forming an exon encoding the entire l ight-chain

variable region (V1). The act of recombination not only

generates an intact and functional l ight-chain gene, but

also places the promoter sequence of the rearranged gene

within controll ing distance of enhancer elements required

for its transcription. Only a rearranged light-chain gene is

transcribed.

Recombinat ion Signal  Sequences Deta i led sequence

analysis of the light-chain and heavy-chain loci revealed a

conserved sequence element at the 3' end of each V gene seg-

ment. This conserved element, called a recombination signal

sequence /RSS/, is composed of heptamer and nonamer se-

quences separated by a23-bp spacer. At the 5' end of each

s' s'
I

V J  V

-il- |'  Enhancer

(b) Heavy chain

V D J C

s'  g '

Germ- l ine  DNA

Rear ranged DNA

A FIGURE 24-14 Overview of somatic gene rearrangement
in immunoglobulin DNA. The stem cells that give rise to B cells
contain multiple gene segments encoding portions of immunoglobulin
heavy and light chains During development of a B cell, somatic
recombination of these gene segments yields functional l ight-chain
genes (a) and heavy-chain genes (b) Each V gene segment carries
its own promoter Rearrangement brings an enhancer close enough
to the combined VJ sequence to activate transcription The light-

chain variable region (Vi is encoded by two joined gene segments,

and the heavy-chain variable region (Vs) is encoded by three
jo ined segments.  Note that  the chromosomal  regions encoding

immunoglobul ins conta in many more V D,  and J segments than

shown, Also,  the x l ight-chain locus conta ins a s ingle constant  (C)

segment, as shown, but the heavy-chain locus contains several distinct

C segments (not shown) corresponding to the immunoglobulin
isotvpes.
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( b )
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Recombinat ion
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Recombinat ion  s igna l  sequences
(RSS)

Cod ing  reg ion
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5',

5',

3',

Added nucleotides

Add i t ion  o f  N- reg ion  by  te rmina l
deoxynucleotidyl transferase (TdT)

Cod ing  segment Cod ing  segment

Cova len t ly  c losed ha i rp ins  a t  cod ing  reg ions  /  , - . . . . .  
" ,@=..... ;,tr

Symmetr ic  open ing  o f  ha i rp in

-------rmmrg

Asymmetr ic  open ing  o f  ha i rp in

-z P alindr omic ove rh a n g

Somatic recombinarion is catalyzed by the RAG1 and
RAG2 recombinases, which are expressed only in lympho-
cytes. Juxtaposition of the two gene segments to be joined is
stabilized by the RAG1/RAG2 complex (Figure 24-1Sb).

[  " f i t t ing in"  of  overhann.  
{  m. . . : '  ; :

Covalent closing of coding joint f l

J element, there is a similarly conserved RSS that contains a
12-bp spacer (Figure 24-l5a). The 12- and 23-bp spacers
separate the conserved heptamer and nonamer sequences by
one and two turns of the DNA helix, respectively.
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deoxynucleotidyltransferase (TdT) may add nucleotides to
free 3' OH ends of DNA in a template-independent fashion.
Up to a dozen or so nucleotides, called the N-region, may be
added, generating additional sequence diversity at the junc-

tions whenever D-J and V-DJ rearrangements occur (see Fig-
ure 24-1,5 , step 6 ) . Only one in three rearrangements yields
the proper reading frame for the rearranged VDJ sequence. If
the rearrangement yields a sequence encoding a functional
protein, it is called productive. Although the heavy-chain Io-
cus is present on two homologous chromosomes, only one
productive rearrangement is permitted, as discussed below.

An enhancer located downstream of the cluster of J seg-
ments and upstream of the p, constant-region segment acti-
vates transcription from the promoter at the 5' end of the re-
arranged VDJ sequence (see Figure 24-1.6). Splicing of the
primary transcript produced from the rearranged heavy-
chain gene generates a functional mRNA encoding the p
heavy chain. For both immunoglobulin heavy- and light-
chain genes, somatic recombination places the promoters
upstream of the V segments within functional reach of the
enhancers necessary to allow transcription, so that only re-
arranged VJ and VDJ sequences, and not the V segments
that remain in the germ-line configuration, are transcribed.

Somat ic  Hypermutat ion Al lows the Generat ion
and Selection of Antibodies with lmproved
Aff init ies

In addition to the diversity created by somatic recombination
and junctional imprecision, antigen-activated B cells can un-
dergo somatic hypermutation. Upon receipt of proper addi-
tional signals, most of which are provided by T cells, expres-
sion of activation-induced deaminase (AID) is turned on. This
enzyme deaminates cytosine residues to uracil. lfhen a B cell
that carries this lesion replicates, it may place an adenine on
the complementary strand, thus generating a G-to-A transi-
tion (see Figure 4-35). Alternatively, the uracil may be excised
by DNA glycosylase to yield an abasic site. These abasic sites,
when copied, give rise to possible transitions as well as a trans-
version, unless the nucleotide opposite the gap is chosen to be
the original G that paired with the cytosine target. Mutations
thus accumulate with every successive round of B-cell divi-
sion, yielding numerous mutations in the rearranged VJ and
VDJ segments. Many of these mutations are deleterious, in
that they reduce the affinity of the encoded antibody for anti-
gen, but some improve the encoded antibody's affinity for
antigen. B cells carrying affinity-increasing mutations have a
selective advantage when they compete for the limited amount
of antigen that evokes clonal selection (see Figure 24-11').The
net result is generation of a B-cell population whose antibod-
ies, as a rule, show a higher affinity for the antigen.

In the course of an immune response or upon repeated
immunization, the antibody response exhibits affinity matu-
ration, an increase in the average affinity of antibodies for
antigen, as the result of somatic hypermutation. Antibodies
produced during this phase of the immune response display
affinities for antigen in the nanomolar (or better) range. For
reasons that are not understood. the activity of activation-

induced deaminase is focused mostly on rearranged VJ and

VDJ segments, and this targeting may therefore require active

transcription. The entire process of somatic hypermutation is

strictly antigen dependent and shows an absolute require-

ment for interactions between the B cell and certain T cells.

B-Cell Development Requires Input from a
Pre-B Cell Receptor

As we have seen, B cells destined to make immunoglobulins

must rearrange the necessary gene segments to assemble a

functional heavy- and light-chain gene. These rearrangements

occur in a carefully ordered sequence during development of

a B cell, starting with heavy-chain rearrangements. Moreover,

the rearranged heavy-chain is first used to build a membrane-

bound receptor that executes a cell fate decision necessary to

drive further B-cell development (and antibody synthesis).

Successful rearrangement of V, D, and J segments in the

heavy-chain locus allows synthesis of a p chain. B cells at

this stage of development are called pre-B cells, as they have

not yet completed assembly of a functional light-chain gene

and therefore cannot engage in antigen recognition. The

newly rearranged heavy-chain gene encodes the p polypep-

tide, which becomes part of a signaling receptor whose ex-

pression is essential for B-cell development to proceed in or-

derly fashion. The p chain made at this stage of B cell

development is a membrane-bound version. Following en-

gagement with antigen, the B cell switches to producing sol-

uble, secreted immunoglobulins from the same transcription

unit, as we describe below.
In pre-B cells, newly made p chains form a complex with

so-called surrogate light chains, composed of two subunits,

\5 and VpreB (Figure 24-1'7). The p chain itself possesses no

cytoplasmic tail and is therefore incapable of recruiting cy-

toplasmic components for the purpose of signal transduc-

tion. Instead, early B cells express two auxiliary transmem-

brane proteins, called Igct and IgB, each of which carries in

its cytoplasmic tail an immunoreceptor tyrosine-based acti-

vation motif, or ITAM. The entire complex including Igct

and IgB constitutes the pre-B cell receptor (pre-BCR). En-

gagement of this receptor by suitable signals results in re-

cruitment and activation of a Src family tyrosine kinase,

which phosphorylates tyrosine residues in the ITAMs. In

their phosphorylated form, ITAMs recruit other molecules

essential for signal transduction (see below). Because no

functional light chains are yet part of this receptor, it is inca-

pable of antigen recognition'
The pre-B cell receptor has several important functions.

First, it shuts off expression of the RAG recombinases, so re-

arrangement of the other (allelic) heavy-chain locus cannot

occur. This phenomenon, called allelic exclusion, ensures

that only one of the two available copies of the heavy-chain

locus will be rearranged and thus expressed. Second, because

of the association of the pre-B cell receptor with Igct and IgB,

the receptor becomes a functional signal-transduction unit.

The pre-BCR also initiates cell proliferation and so expands

the numbers of those B cells that have undergone productive

D-J and V-DJ recombination.
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A FIGURE 24-17 Structure of the pre-B cell receptorand its
role in B-cell development. Successful rearrangement of V, D, and
j heavy-chain gene segments allows synthesis of membrane-bound p
heavy chains in the endoplasmic reticulum (ER) of a pre-B cell At this
stage, no l ight-chain gene rearrangement has occurred. Newly made
p chains assemble with surrogate l ight chains, composed of L5 and
VpreB, to yield the pre-B cell receptor, pre-BCR (tr) This receptor
drives proliferation of those B cells that carry it l t also suppresses
rearrangement of the heavy-chain locus on the other chromosome

In the course of this expansion, expression of the sur-
rogate l ight-chain subunits, VpreB and },5, is turned off.
The progressive dilution of VpreB and \5 with every suc-
cessive cell division allows reinit iation of expression of the
RAG enzymes, which now rarget the rc or L light-chain lo-
cus for recombination. A productive V-J rearrangemenr
also shuts off rearrangement of the allelic locus (allelic ex-
clusion). Upon completion of a successful V-J l ight-chain
rearrangement, the B cell can make both p, heavy chains
and r or I l ight chains, and assemble them into a func-
tional B-cell receptor (BCR), which can recognize anrigen
(see Figure 24-17).

Once a B cell expresses a complete BCR on its cell sur-
face, alI subsequent steps in B-cell activation and differentia-
tion involve recognition of the antigen for which that BCR is
specific. The BCR not only plays a role in driving B-cell pro-
liferation upon successful encounter with antigen, but also
functions as a device for ingesting antigen, an essential step
that allows the B cell to process the acquired antigen and
convert it into a signal that sends out a call for assistance by
T lymphocytes. This antigen-presentation function of B cells
is described in later sections.

E
Light-chain

rearrangement

and so mediates allelic exclusion. In the course of proliferation, the
synthesis of L5 and VpreB is shut off ([), resulting in "dilution" of
the available surrogate l ight chains and reduced expression of the
pre-BCR As a result, rearrangement of the l ight-chain loci can
proceed (E) lf this rearrangement is productive, the B cell can
synthesize l ight chains and complete assembly of the B-cell receptor
(BCR), comprising a membrane-bound lgM and associated lgo and
lgB The B cell is now responsive to antigen-specific stimulation.

During an Adaptive Response, B Cells Switch
f rom Making Membrane-Bound lg  to  Making
Secreted lg

As just described, the B-cell recepror (BCR), a membrane-
bound IgM, provides a B cell with the ability to recognize a
particular antigen, an event that triggers clonal selection and
proliferation of that B cell, thus increasing the number of B
cells specific for the antigen (see Figure 24-11). However,
key functions of immunoglobulins, such as neutralization of
antigen or killing of bacteria, require that these products be
released by the B cell, so that they may accumulate in the ex-
tracellular environment and act at a distance from the site
where they were produced.

The choice between the synthesis of membrane-bound
versus secreted immunoglobulin is made during processing
of the heavy-chain primary transcript. As shown in Figure
24-18, the p locus conrains two exons (TM1 and TM2) that
together encode a C-terminal domain that anchors IgM in
the plasma membrane. One polyadenylation site is found
upstream of these exons; a second polyadenylation site is
present downstream. If the downstream poly(A) site is chosen,

,_ Pre_BCR ______]
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'gro,tsl

E
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A FIGURE 24-18 Synthesis of secreted and membrane lgM. The
organization of the p heavy-chain primary transcript is shown at the
top: C,,4 is the exon encoding the fourth p constant-region domain,
p, is a coding sequence unique for secreted lgM; TM1 and TM2 are
exons that specify the transmembrane domain of the p chain
Whether secreted or membrane-bound lgM is made depends on
which poly(A) site is selected during processing of the primary

then further processing yields a mRNA encoding the mem-
brane-bound form of p. (As described above, this choice is
necessary for formation of the B-cell receptor, which in-
cludes membrane-bound IgM.) If the upstream poly(A) site
is chosen, processing yields the secreted version of the p
chain. Similar arrangements are found for the other Ig con-
stant-region gene segments, each of which can specify either
a membrane-bound or a secreted heavy chain.

In the course of B-cell differentiation, the B cell acquires the
capacity to switch from the synthesis of exclusively membrane
immunoglobulin to the synthesis of secreted immunoglobulin.
Terminally differentiated B cells, called plasma cells, are de-
voted almost exclusively to the synthesis of secreted antibodies
(see Figure 24-6). Plasma cells synthesize and secrete several
thousand antibody molecules per second. It is this ramped up
production of secreted antibodies that underlies the effective-

Poly (A) sites

(b) Polyadenylat ion
at downstream site

AAAAAAA

Membrane lgM

transcript (a) lf the upstream poly(A) site is used, the resulting mRNA
includes the entire C.4 exon and specifies the secreted form of the p
chain (b) lf the downstream poly(A) site is used, a splice donor site in
the Cp4 exon allows splicing to the transmembrane exons, yielding
a mRNA that encodes the membrane-bound form of the p chain.
Similar mechanisms generate secreted and membrane-bound forms
of other lg isotypes SS : signal sequence

ness of the adaptive immune response in eliminating pathogens.

The protective value of antibodies is proportional to the con-

centration at which they are present in the circulation' Indeed'

circulating antibody levels are often used as the key parameter

to determine whether vaccination against a particular pathogen

has been successful. The ability of plasma cells to establish ade-
quate antibody levels is a function of their ability to secrete large

amounts of immunoglobulins and so requires a massive expan-

sion of the endoplasmic reticulum, a hallmark of plasma cells.

B Cells Can Switch the lsotyPe of
lmmunoglobul in  They Make

In the immunoglobulin heavy-chain locus, the exons that en-

code the p, chain lie immediately downstream of the re-

arranged VDJ exon (Figure 24-19, /op). This is followed by

fT ]_@AAAAAAAA

J
Secreted lgM

Factors required
for class switching:

V D J  p  r

VDJ P 6 Y3 Yl ^ '12 t ct

CD4T ce l l s
tL-4
AID

lgA - secretion across epithel ia

eliminates the segment of DNA between the switch site upstream of

[. i, exons and the constant region to which switching occurs Class
switching generates antibody molecules with the same specificity for
antigen as that of the lgM-bearing B cell that mounted the original
response, but with different heavy-chain constant-regions and
therefore different effector f unctions

lgG12 -  b lood immunoglobul in

A FIGURE 24-19 Class switch recombination in the
immunoglobulin heavy-chain locus. Class switch recombinatron
involves switch sites, which are repetit ive sequences (colored circles)
upstream of the heavy-chain constant-region genes Recombination
requires activation-induced deaminase (AlD), assistance by T cells,
and cytokines (e q., lL-4) produced by certain T cells Recombination

J
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exons that specify the 6 chain. Transcription of a newly re-
arranged immunoglobulin heavy-chain locus yields a single
primary transcript that includes the p and 6 constant re-
gions. Splicing of this large transcript determines whether a
p chain or a 6 chain wil l be produced. Downstream of the
p/E combination are the exons that together encode all of the
other heavy-chain isotypes. Upstream of each cluster of ex-
ons (with the exception of the 6 locus) encoding the different
isotypes are repetitive sequences (switch sites) that are re-
combination prone, presumably because of their repetit ive
nature. Because each B cell necessarily starts out with surface
IgM, recombination involving these sites, if it occurs, results
in a class switch from IgM to one of the other isotypes lo-
cated downstream in the array of constant-region genes (see
Figure 24-19). The intervening DNA is deleted.

In the course of its differentiation, a B cell can switch se-
quentially. Importantly, the light chain is not affected by this
process, nor is the rearranged VDJ segment with which the B
cell started out on this pathway. Class switch recombination
thus generates antibodies with different constant regions,
but of identical antigenic specificity. Each immunoglobulin
isotype is characterized by its own unique consrant region.
As discussed previously, these constant regions determine
the functional properties of the various isotypes. Class
switch recombination is absolutely dependent on rhe activity
of activation-induced deaminase (AID) and the presence of
antigen and T cells. Somatic hypermutation and class switch
recombination occur concurrently, and their combined effect
allows fine tuning of the adaptive immune response with re-
spect to the affinity of the antibodies produced and the ef-
fector functions called for.

Generation of Antibody Diversity and B-Cell
Development

r Functional antibody-encoding genes are generated by so-
matic rearrangement of multiple DNA segments at the
heavy-chain and light-chain loci. These rearrangemenrs ln-
volve V and J segments for immunoglobulin light chains,
and V, D, and J segments for immunoglobulin heavy chains
(see Figure 24-14).

r Rearrangement of the V and J, as well as of the V, D, and
J gene segments is controlled by conserved recombination
signal sequences (RSSs), composed of heptamers and non-
amers separated by 12- or 23-bp spacers (see Figure 24-
15). Only those segments thar have spacers of different
length can rearrange successfully.

r The molecular machinery that carries out the rearrange-
ment process includes recombinases (RAG1 and RAG2)
made only by lymphocytes and numerous other proteins
that participate in nonhomologous end yoining of DNA
molecules in other cell types as well.

r Antibody diversity is created by the random selection of
Ig gene segments to be recombined (combinatorial yoining)
and by the ability of the heavy and light chains produced
from rearranged Ig genes to associate with many different

light chains and heavy chains, respectively (combinatorial
association).

r Junctional imprecision generates additional antibody di-
versity at the joints of the gene segments joined during so-
matic recombination.

r Further antibody diversity arises after B cells encounter
antigen as a consequence of somatic hypermutation, which
can lead to the selection and proliferation of B cells pro-
ducing high-affinity antibodies, a process termed affinity
maturatlon.

r During B-cell development, heavy-chain genes are re-
arranged first, leading to expression of the pre-B cell recep-
tor. Subsequent rearrangement of light-chain genes results
in assembly of an IgM membrane-bound B-cell receptor
(see Figure 24-17).

r Only one of the allelic copies of the heavy-chain locus
and of the l ight-chain locus is rearranged (allelic exclu-
sion), ensuring that a B cell expresses Ig with a single anti-
genic specificity.

r Polyadenylation of different poly(A) sites in an Ig primary
transcript determines whether the membrane-bound or se-
creted form of an antibody is produced (see Figure 24-18).

r During an immune response, class switching allows B cells
to adjust the effector functions of the immunoglobulins pro-
duced but retain their specificity for antigen (Figure 24-19).

W rhe MHC and Antigen presentation

Antibodies can recognize antigen without the involvement of
any third-party molecules; the presence of antigen and anti-
body is sufficient for their interaction. Although antibodies
contribute to the elimination of bacterial and viral
pathogens, it is often necessary to destroy also the infected
cells that serve as a source of new virus particles. This task is
carried out by T cells with cytotoxic activity. These cytotoxic
T cells make use of antigen-specific receptors whose genes
are generated by mechanisms analogous to those used by B
cells to generate immunoglobulin genes. However, antigen
recognition is accomplished very differently by T cells than
by B cells. The antigen-specific receptors on T cells rccognize
short snippets of protein antigens, presented to these recep-
tors by membrane glycoproteins encoded by the maior his-
tocompatibility complex (MHC). Various anrigen-present-
ing cells, in the course of their normal activity, digest
pathogen-derived (and self) proteins and then "post" these
protein snippets (peptides) to their cell surface in a physical
complex with an MHC protein. T cells can inspect these
complexes, and if they detect a pathogen-derived peptide,
the T cells take appropriate action, which may include
killing the cell that carries the MHC-peptide complex.

MHC proteins, which commonly are called MHC mol-
ecules, also facilitate communication between T cells and B
cells. B cells do not usually engage in production of secreted
antibodies unless they receive assistance from another sub-
set of T cells, called helper T cells. These T cells also use

1076 C H A P T E R  2 4  I  I M M U N O L O G Y



antigen-specific receptors to recognize MHC-peptide com-
plexes. In this section, we describe the MHC and the proteins
it encodes, and then examine how these MHC molecules are
involved in antigen recognition.

The MHC Determines the Abil i ty of Two
Unrelated Ind iv iduals  of  the Same Species
to Accept or Reject Grafts
The major histocompatibility complex was discovered, as its
name implies, as the genetic locus that controls acceptance
or rejection of grafts. At a time when tissue culture had not
yet been developed to the stage where tumor-derived cell
lines could be propagated in the laboratorS investigators re-
lied on serial passage in vivo of tumor tissue. It was quickly
observed that a tumor that arose spontaneously in one

inbred strain of mice could be propagated successfully in the
strain in which it arose, but not in a genetically distinct line

of mice. Genetic analysis soon showed that a single major lo-

cus was responsible for this behavior. Similarly, transplanta-
tion of healthy skin was feasible within the same strain of
mice, but not when the recipient was of a genetically distinct
background. Genetic analysis of transplant rejection like-

wise identified a single major locus that controlled accept-
ance or rejection, which is an immune reaction. As we now

knoq all vertebrates that possess an adaptive immune sys-
tem have a genetic region that corresponds to the major his-
tocompatibility complex as originally defined in the mouse'

An important step in discovering the functions of the
MHC was development of mice strains congenic for the
MHC. Congenic strains are genetically identical except for

the locus or genetic region of interest. Figure 24-20 outlines

20 Generations +

  EXPERIMENTAL FIGURE 24-20 Mice congenic for the major
histocompatibil i ty (MHC) are generated by crossing two
histo-incompatible strains. Strain A and strain B, which reject each
other's grafts, are said to be histo-incompatible and differ at their
MHC. The (A x B) F1 progeny accept grafts from either parental
strain. By backcrossing F1 mice to one of the parental strains (e.g ,
strain A) for many generations, the contribution of strain A to the
genetic material of the resulting offspring wil l increase Breeding is

With each successive backcross
to Strain A, the genetic contr ibution
of Strain A is increased.

At each successive generation after
the Fr, check whether skin from
offspi ing shows rapid reject ion by
a  oure  St ra in  A  an imal .

l f  yes, offspring possesses an MHC
that is non-A, therefore i t  must be
MHC B.

By continuing to select for the
desired trait  (MHC B, al lotypic
marker ) .  a  congen ic  l ine  o f
mice  is  ob ta ined.

Breed to homozygosity
for MHC B bv brother/sister
mat ing .  S t ra in  i s  genet ica l l y
'A' with the exception of MHC
which is "Bl '

performed such that only those animals that have retained the MHC
of strain B are used for breeding The presence of the strain B MHC is
assessed by performing a skin graft onto a strain A recipient. Only if
the B-type MHC is present wil l inbred mice of strain A reject the
graft By performing such backcrosses and assays for the B-type MHC
for 20 or more generations, a strain of mice is obtained that is
essentially A in its genetic make up, yet retains the MHC of strain B
These mice are said to be conqenic for the MHC.

+
+
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(a )  Mouse MHC (H-2  complex)

H-2K l-A t-E H-2D L

organization and gene content show considerable variation
between species.

The human fetus may also be considered a graft: The fe-
tus shares only half of its genetic material with the mother,
the other half being contributed by the father. Antigens en-
coded by this paternal contribution may differ sufficiently
from their maternal counterparts to elicit an immune re-
sponse in the mother. In the course of pregnancy, fetal cells
that slough off into the maternal circulation stimulate the
maternal immune system to mount an antibody response
against these paternal antigens. The antibodies recognize
structures encoded by the human MHC. The fetus itself is
spared rejection because of the specialized organtzation of
the placenta, which prevents initiation of an immune re-
sponse by the mother against fetal tissue.

The Kil l ing Activity of Cytotoxic T Cells ls
Antigen Specif ic and MHC Restricted
Clearly the function of MHC molecules is not to prevent the
exchange of surgical grafts. MHC molecules play an essen-
tial role in the recognition ofvirus-infected cells by cytotoxic
T cells; these cells also are called cytotoxic T lymphocytes
(CTLs). In virus-infected cells, MHC molecules interact with
protein fragments derived from viral pathogens and display
these on the cell surface where cytotoxic T cells, charged
with eliminating the infection, can recognize them.

Mice that have recovered from a particular virus infec-
tion are a ready source of cytotoxic T cells that can recognize
and kill target cells infected with the same virus. The ra-
dioactive chromium (51Cr) release assay can be used to de-
tect the presence of cytotoxic T cells in single-cell suspen-
sions prepared from the spleen of an animal that has cleared
an infection (Figure 24-22a).If T cells are obtained from a
mouse that successfully cleared an infection with influenza
virus, cytotoxic activity is observed against influenza-infected
target cells, but not against uninfected controls (Figure24-22b1.
Moreover, the influenza-specific cytotoxic T cells will not
kill target cells infected with a different virus, such as vesic-
ular stomatitis virus. Cytotoxic T cells can even discriminate
between closely related strains of influenza virus, and can do
so with pinpoint precision: Differences of a single amino
acid in the viral antigen may suffice to avoid recognition and
killing by cytotoxic T cells. These experiments show that
cytotoxic T cells are truly antigen-specific and do not simply
recognize some attribute that is shared by all virus-infected
cells, regardless of the identity of the virus.

In this example, it is assumed that the T cells harvested
from an influenza-immune mouse are assayed on influenza-
infected target cells derived from the identical strain of
mouse (strain a). However, if target cells from a completely
unrelated strain of mouse (strain b) are infected with the
same strain of influenza and used as targets, the cytotoxic T
cells from the strain a mouse are unable to kill the infected
strain b target cells (see Figure 24-22b, E vs. E). It is there-
fore not sufficient that the antigen (an influenza-derived pro-
tein) is present; recognition by cytotoxic T cells is restricted
by strain-specific elements. By making use of MHC congenic

F3 qP
(b )  Human MHC (HLA complex)

HLA-DO HLA-DR HLA-B HLA-C HLA-A

*fl ep
Class I Class ll frp
MHC MHC *4t t . ,
protein protein i l

A FfGURE 24-21 Organization of the major histocompatibitity
complex in mice and humans. The major loci are depicted with
schematic diagrams of their encoded proteins below Class I MHC
proteins are composed of a MHC-encoded single-pass transmembrane
glycoprotein in noncovalent association with a small subunit, called
B2-microglobul in ,  which is  not  encoded in the MHC and is  not
membrane bound Class l l MHC proteins consist of two nonidentical
single-pass transmembrane glycoproteins, both of which are encoded
by the MHC

how mice strains congenic for the MHC can be generated.
Congenic strains are essential tools for assigning complex
immunological functions to a particular locus, such as the
MHC. As long as it is possible to select for a particular phe-
notypic trait in the form of an allelic marker (e.g., graft re-
jection in the case of the MHC), congenic strains may be
produced for other loci.

In the mouse, the genetic region that encodes the anti-
gens responsible for a strong graft rejection is called the H-2
complex (Figure 24-21a). The initial characterization of the
MHC was followed by an appreciation of the genetic com-
plexity of this region. After coarse mapping by standard ge-
netic means (recombination within the MHC), the complete
nucleotide sequence of the entire MHC was determined. The
typical mammalian MHC contains dozens of genes, many
encoding proteins of immunological relevance.

In humans, the discovery of the MHC relied on the char-
acterization of antisera produced in patients who underwent
multiple blood transfusions: Antigens expressed on the sur-
face of the genetically nonidentical donor cells provoked an
immune response in the recipient. The predominant target
antigens recognized by these antisera are encoded by the
human MHC, a genetic region also referred to as the HLA
complex (Figure 24-Z1b). All vertebrate MHCs encode a
highly homologous set of proteins, although the details of
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A EXPERIMENTAL FIGURE 24-22 Chromium (slCr) release assay
allows the direct demonstration of the cytotoxicity and
specificity of cytotoxic T cells in a heterogeneous population
of cells. (a) A suspension of spleen cells, containing cytotoxic (kil ler)
T cells is prepared from mice that have been exposed to a particular
virus (e g , influenza virus) and have cleared the infection. Target cells
obtained from the same strain are infected with the identical virus or
left uninfected After infection, cellular proteins are labeled
nonspecifically by incubation of the target-cell suspension with slCr

Upon incubation of radiolabeled target cells with the suspension of T
cells, kil l ing of target cells results in release of the slCr-labeled

proteins Uninfected target cells are not kil led and retain their

strains, the genes that encode these restricting elements were
mapped to the MHC. Thus cytotoxic T cells from one mouse
strain immune to influenza will kill influenza-infected target
cells from another strain only if the two strains match at the
MHC for the relevant MHC molecules. This phenomenon is
therefore known as MHC restriction.

E crlu

radioactive contents Lysis of cells by cytotoxic T cells can therefore be
readily detected and quantitated by measuring the radioactivity
released into the supernatant (b) Cytotoxic T lymphocytes (CTLs)

harvested from mice that have been infected with virus X can be
tested against various target cells to determine the specificity of CTL-
mediated kil l ing. CTLs capable of lysing virus X-infected target cells
(Z) cannot kil l  uninfected cells (tr) or cells infected with a different
virus, Y (B). When these CTLs are tested on virus X-infected targets
from a strain that carries an altogether different MHC type (b), again
no kil l ing is observed (@). Cytotoxic T-cell activity is thus virus specific
and restricted by the MHC.

T Cells with Different Functional Propert ies
Are Guided by Two Distinct Classes of MHC
Molecules
The MHC encodes two types of glycoproteins essential for

immune recognition, commonly called class I and class II
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End view

(a)  C lass  I  MHC molecu le

Side view

Top view

Top view

MHC molecules. A comparison of the genetic maps of the
mouse and human MHCs shows the Dresence of several class
I MHC genes and several class II MHC genes, even though
their arrangement shows variation between the different
species (see Figure 24-21.).In addition to the class I and class II
MHC molecules, the MHC encodes key components of the
antigen-processing and presentation machinery. Finally the
typical vertebrate MHC also encodes key components of

< FIGURE 2tt-23 Three-dimensional structure of class I and class
ll MHC molecules. (a) Shown here is the structure of a class I MHC
molecule with bound peptide as determined by x-ray crystallography.
The portion of a class I MHC molecule that binds peptide consists of
a B sheet composed of eight B strands and flanked by two ct helices
The peptide-binding deft is formed entirely from the MHC-encoded large
subunit, which associates noncovalently with the small subunit (82-
microglobulin) encoded elsewhere. (b) Class l l MHC molecules are
structurally similar to class I molecules, but with several important
distinctions Both the o and B subunits of class l l MHC molecules are
MHC encoded and contribute to formation of the peptide-binding cleft
The peptide-binding cleft of class ll MHC molecules accommodates a
wider range of peptide sizes than that of class I molecules [Part (a) based
on D N Garboczi, 1996 Nature384:134, Part (b) based on J Hennecke et al ,
2000, EMBO 19: 561 '1 

l

the complement cascade. Class I and Class II MHC molecules
are recognized by different populations of immune system
cells and therefore serve different functions.

As should be clear from the experiments outlined in Fig-
ure 24-22, cytotoxic T cells are guided in the recognition of
their targets by MHC molecules. These T cells mostly use
class I MHC molecules as their restriction elements, and also
are characterized by the presence of the CD8 glycoprotein
marker on their surface. Most, if not all, nucleated cells con-
stitutively express class I MHC molecules and can support
replication of viruses. Cytotoxic T cells recognize and kill
the infected targets via the expressed class I MHC molecules
that display virus-derived antigen.

As mentioned previously, B cells do not undergo final dif-
ferentiation into antibody-secreting plasma cells without assis-
tance from another subset of T cells, the helper T cells (or T
helper cells). Helper T cells express on their surface the CD4
glycoprotein marker and use class II MHC molecules as re-
striction elements. The constitutive expression of class II MHC
molecules is confined to so-called professional antigen-present-
ing cells, including B cells, dendritic cells, and macrophages.
(Several other cell types, some in epithelia, can be induced to
express class II MHC molecules, but we will not discuss these.)

The two major groups of functionally distinct T lympho-
cytes-cytotoxic T cells and helper T cells-can thus be dis-
tinguished based on the unique profile of membrane proteins
displayed at the cell surface and by the MHC molecules used
as restriction elements:

Cytotoxic T cells: CD8 marker; class I MHC restricted

Helper T cells: CD4 marker; class II MHC restricted

Both CD4 and CD8 belong to the immunoglobulin (Ig)
superfamily of proteins, which all include one or more Ig do-
mains. The B-cell and T-cell receptors, polymeric IgA recep-
tor, and many cell-adhesion molecules (Chapter 19) also be-
long to the Ig superfamily. The molecular basis for the strict
correlation between expression of CD8 and utilization of
class I MHC molecules or between expression of CD4 and
utilization of class II MHC molecules as the restriction ele-
ment will become evident once the structure and mode of ac-
tion of MHC molecules has been described.

(b )  C lass  l l  MHC molecu le
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Plasma membrane

A FIGURE 24-25 Class I MHC pathway of antigen processing
and presentation. Step [: Acquisit ion of antigen is synonymous
with the production of proteins with errors (premature termination,
misincorporation) Step E: Misfolded proteins are targeted for
degradation through conjugation with ubiquitin Step f, l: Proteolysis
is carried out by the proteasome. In cells exposed to interferon 1, the
catalytically active B subunits of the proteasome are replaced by

cytoplasm or engage partner proteins in nonproductive
interactions. The rate of cytosolic proteolysis must be
matched to the rate at which mistakes in orotein svnthesis
occur. These rapidly degraded proreins are an important
source of antigen peptides destined for presentation by class
I MHC molecules. \fith the exception of cross-presenration
(discussed below), the class I MHC pathway results in the
formation of peptide-MHC complexes in which the
peptides are derived from proteins synthesized by the class I
MHC-bearing cell itself.

Z Tagging the Antigen for Destruction: For the mosr part,
the ubiquitin conjugation system is responsible for tagging
a protein for destruction (see Chapter 3, p. 88). Ubiquitin
conjugation is tightly regulated.
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Peptide-loading complex

interferon-induced immune-specific B subunits Step 4: Peptides are
delivered to the interior of the endoplasmic reticulum (ER) via the
dimeric TAP peptide transporter Step E: Peptide is loaded onto
newly made class I MHC molecules within the peptide-loading
complex. Step @: The fully assembled class I MHC-peptide complex
is transported to the cell surface via the secretory pathway. See text
for details

B Proteolysis: Ubiquitin-conjugated proteins are de-
stroyed by proteasomal proteolysis. The proteasome is a
highly processive protease that engages its substrates and,
without the release of intermediates, yields final digestion
products, peptides in the size range of 3-20 amino acids
(see Figure 3-29). During the course of an inflammatory
response and in response to interferon ̂ y, the three cat-
a ly t ica l ly  act ive B subuni ts  (91,  P2,95)  of  the protea-
some can be replaced by three immune-specific subunits:

B1i ,  B2i  and B5i .  The B1i ,  B2i  and B5i  subuni ts  are en-
coded in the MHC. The net result of this replacement is
the generation of the immunoproteasorne, the output of
which is matched to the requirements for peptide binding
by class I MHC molecules. The immunoproteasome ad-
justs the average length of the peptides produced, as well
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as the sites at which cleavage occurs. Given the central
role of the proteasome in the generation of peptides pre-
sented by class I MHC molecules, proteasome inhibitors
potently interfere with antigen processing via the class I
MHC pathway.

4 Deliuery of Peptides to Class I Molecules: Protein syn-
thesis, ubiquitin conjugation, and proteasomal proteolysis
all occur in the cytoplasm, whereas peptide binding by class
I MHC molecules occurs in the lumen of the endoplasmic
reticulum (ER). Thus peptides must cross the ER membrane
to gain access to class I molecules, a process mediated by
the heterodimeric TAP complex, a member of the ABC su-
perfamily of ATP-powered pumps (see Figure 11-14). The
TAP complex binds peptides on the cytoplasmic face and,
in a cycle that includes AIP binding and hydrolysis, pep-
tides are translocated into the ER. The specificity of the
TAP complex is such that it can transport only a subset of
all cytosolic peptides, primarily those in the length range of
5-10 amino acids. The mouse TAP complex shows a pro-
nounced preference for peptides that terminate in leucine,
valine, isoleucine, or methionine residues, which match the
binding preference of the class I MHC molecules served by
the TAP complex. The genes encoding the TAP1 and TAP2
subunits composing the TAP complex are located in the
MHC.

E Binding of Peptides to Class I Molecules: Within the
ER, newly synthesized class I MHC molecules are part of
a multiprotein complex referred to as the peptide-loading
complex. This complex includes two chaperones (cal-
nexin and calreticulin) and the oxidoreductase Erp57.
Another chaperone (tapasin) inreracts with both the TAP
complex and the class I MHC molecule about to receive
peptide. The physical proximity of TAP and the class I
MHC molecule is maintained by tapasin. Once peptide
loading has occurred, a conformational change releases
the loaded class I MHC molecule from the oeotide-load-
ing complex.

6 Display of Class I MHC-Peptide Complexes at the Cell
Swrface: Once peptide loading is complete, the class I
MHC-peptide complex is released from the peptide-loading
complex and enters the constitutive secretory pathway (see
Figure 14-1). Class I MHC molecules, depending on the
species and allelic identity, contain between one and three
N-linked oligosaccharides, which receive extensive modifi-
cations in the Golgi complex. Transfer from the Golgi to
the cell surface is rapid and completes the biosynthetic
pathway of a class I MHC-peptide complex.

The entire sequence of events in the class I pathway oc-
curs constitutively in all nucleated cells, which express
class I MHC molecules and the other required proteins or
can be induced to do so. In the absence of a virus infection.
protein synthesis and proteolysis continuously generate a
stream of peptides that are loaded onto class I MHC mole-
cules. Healthy, normal cells therefore display on their sur-
face a representative selection of peptides derived from
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host proteins. There may be several thousand distinct
MHC-peptide combinations displayed at the surface of a
typical class I MHC positive cell. Developing T cells in the
thymus calibrate their antigen-specific receptors on these
sets of MHC-peptide complexes, and learn to recognize
self-MHC products as the "restriction elements" on which
they must henceforth rely for antigen recognition. At the
same time, the display of self-peptides by self-MHC mole-
cules enables the developing T cell to learn which peptide-
MHC combinations are self-derived and must therefore be
ignored to avoid a self-destructive autoimmune reaction. It
is not unti l a virus makes its appearance that virus-derived
peptides begin to make a contribution to the display of
peptide-MHC complexes. The overall efficiency of this
pathway is such that approximately 4000 molecules of a
given protein must be destroyed to generate a single MHC-
peptide complex carrying a peptide from that particular
polypeptide.

An unusual mode of antigen presentation that is
nonetheless cruc ia l  in  the development  of  cytotox ic  T
cells is cross-presentation. This term refers to the acquisi-
t ion by dendrit ic cells of apoptotic cell remnants, immune
complexes,  and possib ly  other  forms of  ant igen by
phagocytosis. By a pathway that has yet to be under-
stood, these materials escape from phagosomal/endoso-
mal compartments into the cytosol, where they are then
handled according to the steps descr ibed above.  Only
dendrit ic cells are capable of cross-presentation, and so
allow the loading of class I MHC molecules complexed
with peptides that derive from cells other than the anti-
gen-presenting cell i tself.

Class l l  MHC Pathway Presents Antigens
Delivered to the Endocytic Pathway

Although class I MHC and class II MHC molecules show a
striking structural resemblance, the manner in which the
two classes acquire peptide and their function in immune
recognition differ greatly. Whereas the primary function of
class I MHC molecules is to guide CD8-bearing cytotoxic
T cells to their target cells, class II MHC molecules serve to
guide CD4-bearing helper T cells to the cells with which
they interact, primarily professional antigen-presenting
cells.

As noted previously, class II MHC molecules are ex-
pressed primarily by professional antigen-presenting cells:
dendritic cells and macrophages, which are phagocytic, and
B cells, which are not. Hence, the class II MHC pathway of
antigen processing and presentation generally occurs only in
these cells. The steps in this pathway are depicted in Figure
24-26 and described below:

A Acqwisition of Antigen:Inthe class II MHC pathway,
antigen is acquired by pinocytosis, phagocytosis, or recep-
tor-mediated endocytosis. Pinocytosis, which is rather non-
specific, involves the delivery by a process of membrane
invagination and fission, of a volume of extracellular fluid
and the molecules dissolved therein. Phagocytosis, the
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across the peptide-binding portion of the MHC-peptide
complex. As a result, the T-cell receptor makes extensive
contacts with the peptide cargo as well as with the cr
helices of the MHC molecule to which it binds. The posi-
tions at which allelic MHC molecules differ from one
another frequently involve residues that directly contact
the T-cell receptor, thus precluding tight binding of the
"wrong" allele.

Amino acid differences that distinguish one MHC allele
from an other also affect the architecture of the peptide-
binding cleft. Even if the MHC residues that interact directly
with the T-cell receptor were shared by two MHC allelic
molecules, their peptide-binding specificity is likely to differ
because of amino acid differences in the peptide-binding
cleft. Consequently, the TCR contact residues provided by
bound peptide and essential for stable interaction with a
T-cell receptor would be absent from the "wrong" MHC-
peptide combination. A productive interaction with the T cell
receptor is then unlikely to occur.

Signal ing v ia  Ant igen-Speci f ic  Receptors
Triggers Prol i feration and Differentiat ion
o fTandBCe l l s

Both B-cell and T-cell receptors for antigen transduce signals
by means of proteins associated with the antigen-specific
portions of the receptor (i.e., Ig heavy and light chains for
the BCR; c and B chains for the TCR). The cytosolic por-
tions of the antigen-specific receptors themselves are very
short, do not protrude much beyond the cytosolic leaflet of
the plasma membrane, and are incapable of recruitment of
downstream signaling molecules. Instead, as discussed
previously, the antigen-specific receptors on T and B cells
associate with auxil iary subunits that contain ITAMs (im-
munoreceptor tyrosine based activation motifs). Engage-
ment of antigen-specific receptors by ligand initiates a series
of receptor-proximal events: kinase activation, modification
of ITAMs, and subsequent recruitment of adapter molecules
that serve as scaffolds for recruitment of yet other down-
stream signaling molecules.

As outl ined in Figure 24-31, engagement of antigen-
specific receptors activates Src family tyrosine kinases (e.g.,
Lck in CD4 T cells; Lyn and Fyn in B cells). These kinases are
found in close proximity to or physically associated with the
antigen receptor. The active Src kinases phosphorylate the
ITAMs in the antigen receptors' auxiliary subunits. In their
phosphorylated forms, these ITAMs recruit and activate
non-Src family tyrosine kinases (ZAP-70 in T cells, Syk in B
cells) as well as other adapter molecules. Such recruitment
and activation involves phosphoinositide-specific phospholi-
pase C" and PI-3 kinases. Subsequent downstream events
parallel those discussed in Chapter 1.6 for signaling from
receptor tyrosine kinases. Ultimately signaling via antigen-
specific receptors initiates transcription programs that deter-
mine the fate of the activated lymphocyte: proliferation and
differentiation.

T cells depend critically on the cytokine interleukin 2
(lL-2) for clonal expansion. Following antigen stimulation
of a T cell, one of the first genes to be turned on is that for
IL-2.The T cell responds to its own initial burst of IL-2 and
proceeds to make more IL-2, an example of autocrine stim-
ulation and part of a positive feedback loop. An important

transcription factor required for the induction of IL-2 syn-
thesis is the NF-AT protein (nuclear factor of activated T
cells). This protein is sequestered in the cytoplasm in phos-
phorylated form and cannot enter the nucleus unless it is

dephosphorylated first. The phosphatase responsible is cal-
cineurin, a Ca2* -activated enzyme. The rise in cytosolic
Ca2* leading to activation of calcineurin results from mobi-
lization of ER-resident Caz+ stores triggered by hydrolysis
of PIP2 and the concomitant generation of IP3 (see Figure
15-30,  s teps Z-4) .

The immunosuppressant drug cyclosporine inhibits
calcineurin activity through formation of a cyclosporine-

cyclophilin complex, which binds and inhibits calcineurin. If

dephosphorylation of NF-AT is suppressed, NF-AT cannot
enter the nucleus and participate in the up-regulation of
transcription of the lL-2 gene. This precludes expansion of

antigen-stimulated T cells and so leads to immunosuppres-
sion, arguably the single most important intervention that
contributes to successful organ transplantation. Although
the success of transplantation varies with the organ used,
the availabil ity of strong immunosuppressants such as
cyclosporine has expanded enormously the possibilities of

clinical transplantation. I

T Cel ls  Capable of  Recogniz ing MHC Molecules
Develop Through a Process of Posit ive
and Negative Selection

The rearrangement of the gene segments that are assembled
into a functional T-cell receptor is a stochastic event'

completed on the part of the T cell without any prior

knowledge of the MHC molecules with which these T-cell

receptors must ultimately interact. Similar to somatic re-

combination of Ig heavy-chain loci in B cells, the first TCR

gene segments to rearrange are the TCRP D and J elements,

followed by joining of a V segment to the newly recom-

bined DJ. At this stage of T-cell development' productive

rearrangement allows the synthesis of the TCR B chain,

which is incorporated into the pre-TCR through association

with the pre-T cr subunit. This pre-TCR fulfills a function

strictly analogous to that of the pre-BCR in B-cell develop-

ment: It allows expansion of pre-T cells that successfully

underwent rearrangement, and it imposes allelic exclusion

to ensure that, as a rule, a single functional TCRB subunit

is generated for a given T cell and its descendants. After the

expansion phase of pre-T cells is complete' rearrangement

of the TCRcr locus is initiated, ultimately leading to the gen-

eration of T cells with a fully assembled TCR ctB receptor.

T  CELL5 ,  T -CELL  RECEPTORS,  AND T -CELL  DEVELOPMENT 1 091
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Bind ing  o f  l igand
to receptor activates
Src kinases (Lck,
Fyn, Lyn)
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Src kinases
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Phosphorylated ITAMs
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A FIGURE 24-31 Signal transduction from the T-cell receptor
(TCR) and B-cell receptor (BCR). The signal-transduction
pathways used by the antigen-specific receptors of T cells (/eft)
and B cells (right) are conceptually similar. The init ial stages are
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depicted in this figure; downstream signaling events lead to
changes in gene expression that result in proliferation and
differentiation of the antigen-stimulated lymphocytes. See text
for further discussion.
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and other organized groups of cells (e.g., muscle), separating them
from connective tissue or other cells. (Figures 19-19 andtg-201

base Any compound, often containing nitrogen, that can accept
a proton (H-) from an acid. Also, commonly used to denote the
purines and pyrimidines in DNA and RNA.

base pair Association of two complementary nucleotides in a
DNA or RNA molecule stabilized by hydrogen bonding berween
their base components. Adenine pairs with thymine or uracil
(A.T, A.U) and guanine pairs with cytosine (G.C). (Figure 4-3b)

basichelix-loop-helix Seehelix-loop-helix,basic.

basolateral Referring to the base (basal) and side (lateral) of a
polarized cell, organ, or other body structure. In the case of ep-
ithelial cells, the basolateral surface abuts adjacent cells and the
underlying basal lamina. (Figure 19-8)

B cell A lymphocyte that matures in the bone marrow and
expresses antigen-specific receptors (membrane-bound immunoglob-
ulin). After interacting with antigen, a B cell proliferates and dif-
ferentiates into antibody-secrering plasma cells.

B-cell receptor Complex composed of an antigen-specific
membrane-bound immunoglobulin molecule and associated signal-
transducing Igct and IgB chains. (Figure24-171

benign Referring to a tumor containing cells that closely resemble
normal cells. Benign tumors stay in the tissue where they originate
but can be harmful due to continued growth. See also malignant.

beta (B) sheet A flat secondary structure in proteins that is cre-
ated by hydrogen bonding between the backbone atoms in two
different polypeptide chains or segmenrs of a single folded
chain. (Figure 3-5)

beta (B) turn A short U-shaped secondary structure in proteins.
(Figure 3-6)

BLAST A widely used computer program for comparing the
amino acid sequence of a protein with the sequences of known pro-
teins stored in databases. BLAST searches can provide clues about
the structure, function, and evolution of newly discorrered proteins.

blastocyst Stage of mammalian embryo composed of :64 cells
that have separated into two cell types-rrophectoderm, which
will form extra-embryonic tissues, and the inner cell mass,which
gives rise to the embryo proper; stage that implants in the uterine
wall and corresponds to the blastula of other animal embryos.
(Figure 22-1)

buffer A solution of the acid (HA) and base (A ) form of a
compound that undergoes little change in pH when small quanti-
ties of strong acid or base are added at pH values near the com-
pound's pK".

cadherins A family of dimeric cell-adhesion molecules that
agg^regate in adherens junctions and desmosomes and mediate
Ca"--dependent cell-cell homophilic interactions. (Figure 19-2)

calmodulin A sma^ll cytosolic regulatory protein that binds four
Ca" ions. The Ca'*/calmodulin complex binds ro many pro-
teins, thereby activating or inhibiting them. (Figure 3-31)

calorie A unit of heat (thermal energy). One calorie is the
amount of heat needed to raise the temperature of 1 gram of water
by 1 'C. The kilocalorie (kcal) commonly is used to indicate the
energy content of foods and changes in the free energy of a system.

Calvin cycle The major metabolic pathway that fixes CO2 into
carbohydrates during photosynthesis; also called carbon fixation.
It is indirectly dependent on light but can occur both in the dark
and light. (Figre 12-44)

cancer General term denoting any of various malignant tumors,
whose cells grow and divide more rapidly than normal, invade sur-
rounding tissue, and sometimes spread (metastasize) to other sites.

capsid The outer proteinaceous coat of a virus, formed by mul-
tiple copies of one or more protein subunits and enclosing the
viral nucleic acid.

carbohydrate General term for certain polyhydroxyaldehydes,
polyhydroxyketones, or compounds derived from these usually
having the formula (CH2O)". Primary type of compound used for
storing and supplying energy in animal cells. (Figure 2-18)

carbon fixation See Calvin cycle.

carcinogen Any chemical or physical agent that can cause can-
cer when cells or organisms are exposed to it.

caretaker gene Any gene whose encoded protein helps protect
the integrity of the genome by participating in the repair of dam-
aged DNA. Loss of function of a caretaker gene leads to increased
mutation rates and promotes carcinogenesis.

caspases A class of vertebrate protein-degrading enzymes (pro-
teases) that function in apoptosis and work in a cascade with each
type activating the next. (Figures 21.-37 and 2l-38)

catabolism Cellular degradation of complex molecules to sim-
pler ones usually accompanied by the release of energy. Anabolism
is the reverse process in which energy is used to synthesize com-
plex molecules from simpler ones.

catalyst A substance that increases the rate of a chemical reac-
tion without undergoing a permanent change in its structure.
Enzymes are proteins with catalytic activity, and ribozymes are
RNAs that can function as catalysts. (Figure 3-20)

cation A positively charged ion.

cDNA (complementary DNA) DNA molecule copied from an
mRNA molecule by reverse transcriptase and therefore lacking
the introns present in the DNA of the genome.

cell-adhesion molecules (CAMs) Proteins in the plasma mem-
brane of cells that bind similar proteins on orher cells, thereby
mediating cell-cell adhesion. Four major classes of CAMs include
the cadherins, IgCAMs, integrins, and selectins. (Figures l9-l and
19-2 \

cell cycle Ordered sequence of events in which a eukaryotic cell
duplicates its chromosomes and divides into rwo. The cell cycle
normally consists of four phases: G1 before DNA synthesis oc-
curs; S when DNA replication occurs; G2 after DNA synthesis;
and M when cell division occurs, yielding two daughter cells.
Under certain conditions, cells exit the cell cycle during G1 and
remain in the Ge state as nondividing cells. (Figures 1-t7 and20-l)

cell division Separation of a cell into two daughter cells. In
higher eukaryotes, it involves division of the nucleus (mitosis) and
of the cytoplasm (cytokinesis); mitosis often is used to refer to
both nuclear and cytoplasmic division.

cell junctions Specialized regions on the cell surface through
which cells are joined to each other or to the extracellular matrix.
(Figure 19 -9 ; Table 19 -2)
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cell line A population of cultured cells, of plant or animal ori-
gin, that has undergone a genetic change allowing the cells to
grow indefinitely. (Figure 9-31b)

cell strain A population of cultured cells, of plant or animal ori-
gin, that has a finite life span and eventually dies, commonly after
25-50 generations. (Figure 9-31a)

cellulose A structural polysaccharide made of glucose units
linked together by B(1 -+ 4) glycosidic bonds. It forms long mi-
crofibrils, which are the major component of the cell wall in
plants.

cell wall A specialized, rigid extracellular matrix that lies next
to the plasma membrane, protecting a cell and maintaining its

shape; prominent in most fungi, plants, and prokaryotes, but
absent in most multicellular animals. (Figure 19-37)

centriole Either of nvo cylindrical structures within the centro-
some of animal cells and containing nine sets of triplet microtubules;
structurally similar to a basal body. (Figure 18-6)

centromere DNA sequence required for proper segregation of

chromosomes during mitosis and meiosis; the region of mitotic
chromosomes where the kinetochore forms and that appears con-
stricted. (Figures 6-40 and 5-46b)

centrosome (cell center) Structure located near the nucleus of
animal cells that is the primary microtubule-organizing center
(MTOC); it contains a pair of centrioles embedded in a protein

matrix and duplicates before mitosis, with each centrosome be-

coming a spindle pole. (Figures 18-6 and 18-35)

chaperone Collective term for two types of proteins-rn olecular
chaperones and chaperonins-that prevent misfolding of a target
protein or actively facilitate proper folding of an incompletely
folded target protein, respectively. (Figures 3-t6 and 3-l7l

chaperonin Seechaperone.

checkpoint Any of several points in the eukaryotic cell cycle at

which progression of a cell to the next stage can be halted until

conditions are suitable. (Figure 20-35)

chemical equilibrium The state of a chemical reaction in which

the concentration of all products and reactants is constant because

the rates of the forward and reverse reactions are equal.

chemical potential energy The energy stored in the bonds con-
necting atoms in molecules.

chemiosmosis Process whereby an electrochemical proton gradi-

ent (pH plus electric potential) across a membrane is used to drive

an energy-requiring process such as AIP synthesis; also called

chemiosmotic coupling. See proton-motive force. (Figure 1'2-21

chemokine Any of numerous small, secreted proteins that func-

tion as chemotatic cues for leukocytes.

chemotaxis Movement of a cell or organism toward or away

from certain chemicals.

chimera (1) An animal or tissue composed of elements derived

{rom genetically distinct individuals; a hybrid. (2) A protein mol-

ecule containing segments derived from different proteins.

chlorophylls A group of light-absorbing porphyrin pigments

that are critical in photosynthesis. (Figure 12-31)

chloroplast A specialized organelle in plant cells that is sur-

rounded by a double membrane and contains internal chlorophyll-

containing membranes (thylakoids) where the light-absorbing

reactions of photosynthesis occur. (Figlue 12-29)

cholesterol A lipid containing the four-ring steroid structure

with a hydroxyl group on one ring; a component of many eukary-

otic membranes and the precursor of steroid hormones, bile acids,

and vitamin D. (Figure 10-5c)

chromatid One copy of a replicated chromosome, formed dur-

ing the S phase of the cell cycle, that is joined at the centromere to

the other copy; also called sister chromatid. During mitosis, the

two chromatids separate, each becoming a chromosome of one of

the two daughter cells. (Figure 6-40)

chromatin Complex of DNA, histones, and nonhistone proteins

from which eukaryotic chromosomes are formed. Condensation

of chromatin during mitosis yields the visible metaphase chromo-

somes. (Figures 6-28 and 6-30)

chromatography, liquid Group of biochemical techniques for

separating mixtures of molecules (e'g., different proteins) based

on their mass (gel fihration chromatography), charge (ion-

exchange chromatography), or ability to bind specifically to other

molecules (affinity chromatography). (Figure 3-37)

chromosome In eukaryotes, the structural unit of the genetic

material consisting of a single, linear double-stranded DNA mol-

ecule and associated proteins. In most prokaryotes, a single, cir-

cular double-stranded DNA molecule constitutes the bulk of the

genetic material. See also chromatin and karyotype.

cilium (pl. cilia) Short, membrane-enclosed structure extending

from the surface of eukaryotic cells and containing a core bundle

of microtubules. Cilia usually occur in groups and beat rhythmi-

cally to move a cell (e.g., single-celled organism) or to move small

particles or fluid along a surface (e.g., trachea cells). See also ax-

oneme and flagellum.

cisterna (pl. cisternae) Flattened membrane-bounded compart-

ment, as found in the Golgi complex and endoplasmic reticulum.

citric acid cycle A set of nine coupled reactions occurring in the

matrix of the mitochondrion in which acetyl groups are oxi-

dized, generating CO2 and reduced intermediates used to pro-

duce ATP; also called Krebs cycle and tricarboxylic acid (TCA)

cy cle. (Figrre 12:l'01

clathrin A fibrous protein that with the aid of assembly proteins

polymerizes into a lattice-like network at specific regions on the

cytosolic side of a membrane, thereby forming a clathrin-coated

pit that buds off to form a vesicle. (Figure 14-18; Table 14-18)

cleavage In embryogenesis, the series of rapid cell divisions that

occurs following fertilization and with little cell growth' producing

progressively smaller cells; culminates in formation of the blastocyst

in mammals or blastula in other animals. Also used as a synonym

for the hydrolysis of molecules. (Figures 22-l and22-8)

cleavage/polyadenylation complex Large, multiprotein com-

plex that catalyzes the cleavage of pre-mRNA at a 3' poly(A) site

and the initial addition of adenylate (A) residues to form the

poly(A) tai l .  (Figure 8-15)

clone (1) A population of genetically identical cells, viruses, or

organisms descended from a common ancestor. (2) Multiple iden-

tical copies of a gene or DNA fragment generated and maintained

via DNA cloning.

cochlea Snail-shaped structure containing the organ of Corti,

the sound-sensing part of the inner ear. (Figure 23-30)
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CD28
in T-cell activation, 1,094-1095
in T-cell killing, 1095

cD40, 1096, 1.101.
cD80,  1094,1099
cD86, 1.094, 1.099
c D 1 3 3 , 1 1 1 1
ddc mutations, 1,7 0-1,7 l,'1.70f, 8 5 1,-8 52, 8 52f ,

860-862
in cell-cycle regulation, 859-853

Cdc2. 853t, 859-863, 86 l  f
Cdc6,879
Cdc13,  853t ,  851
Cdc1.4,871
Cdcl4 phospharase, 858, 879,886t
Cdc20, 869-870, 888-889, 889f
Cdc25, 861-852,8621
Cdc25 phosphatase, 861, 862, 883, 886t
Cdc25A phosphatase, 883, 886t
Cdc25C phosphatase, 886t
Cdc28, 853t, 873
Cdc42

in actin filament assembly, 725,726f
in cell migrarion, 746-748, 748f-7 5Lf

cdhl, 858, 859f, 870, 871,,876
Cdh14 phosphatase, 858, 859f
CDK-activating kinase, 862, 862.862f, 862f
CDK inhibitory proteins, 851, 883-884, 886t
CDK mutant, ATP analog-dependent,

866-867,867f
CDK1,  853t ,  861,  881,  883
CDK2, 853t, 862-863,863f, 881
cDK4, 881, 884, 1134-1135
cDK5,  881,  884,  1134-1135
cDNA (complementary DNA)

amplification of, 189
definition of, 181

cDNA libraries, 1.79-1.82, 1,80f, 1,82f
screening of, 1.81.-182, 1,82f

CED-3, in apoptosis, 939-941,939f
CED-4, in apoptosis, 939-940,940f
CED-9, in apoptosis, 939-940,940f
Cell(s), 1-30

birth of, 906-921.. See also Cell division
blood, 2f

red. See Erythrocyte(s)
stem, 8
synthesis of, cytokines in, 672-673
white. See Leukocyte(s)

cancer, 1107-1119,1,1,08L \ee also Cancer
as chemical factories, 15-20
cloning of, 9, 9f, 372, 394
cohesion of, 16
competent,951
daughter. See also Cell division; Stem cell(s)

germ-line, 913-91,4
in meiosis, 167, 1,68f
in mitosis, L67, 1.68f, 872, 8721
retroviral, 158
from symmetric vs, asymmetric cell

division, 906-908
death of, 19-20,20f,88. See also

Apoptosis
development of, 8, 8f
d ip lo id ,  1 .9 ,1 .66 ,849
diversity oI,  l ,2f
endothel ial,  in Ieukocyre exrravasation,

837-83 8
epithelial. Sae Epithelial cell(s)
eukaryotic, 3, 3f
evolution of, 4, 4f, 6-7,23-25
excitable, 1 003-1 004

muscle, 1004-1005
neura l ,1003-1004

extracellular matrix of. See Extracellular
matrlx

l - 8  .  I N D E X

fluorescence-activated sorting oI, 394-39 5,
395f

founder, 908-909
functions of,15-20
germ, 905

division of, 1,67, 1,681
in oogenesis, 9 53-9 5 5, 9 53f
primordial, 953

germ-line, 13-1.4, 91.3-91.4, 9 50
fate of,907-908
segregation of, 953
stem,91-3-9L4

haploid, 1.9, 1.66,849
horizontal, 7027 f, 1029, 1030-1031
hybr id ,401
immortal,  398,398f
integration into tissue, 801-843
lumen of, 410
microclimate oI, L4-15
microscopic appearance of, 2l}Jll
molecules of, 9-1,4
movement of. See Cell movement/migration
necrosis of, 937
nucleus of. See Nucleus
parietal,  472,472f
pH in, 52
plant,2f

elongation of, 378
growth of, 840
properties of, 839-842, 839f

plasma, 3f
in immune response, 1,061, 1061f, 1075

polari ty of,  8, 47L,71,4
cytoskeleton and, 7 14-7 15, 7 l4f

postmitot ic, 264,849
postsynaptic, 1005
precursor, 905
presynaptic, 1004f, 1005
primary, definition of, 394
progenitor,905
prokaryotic, structure of,2-3, 3I
protein content of, 11,23
quiescent,781
reproduction of,7-8,7f, 8f, 1.8-1.9, 1.81.

See also Cell cycle; Cell division;
Reproduction

satellite, culture of, 396,3971
secretory, in rough endoplasmic reticulum,

3 7 6 , 3 7 6 f
senescent ,1115
shapes and s izes  o f ,  7 ,2 f ,16
somatic. See Somatic cell(s)
steady-state reactions in, 50
stem. See Stem cell(s)
structure of,2-3, 3, 3f,1,6. See also

Cytoskeleton
transformed, 397-398, 399f
transient amplifying, 905
types of, 2f

Cell-adhesion molecules (CAMs), 16, 395,
803-805. See also Cell-cell adhesion;
Cell-matr ix adhesion

adaptor proteins for, 803
in adhesive structures, 833, 834f
cadherins, 803, 804f. See also Cadherins
diversity of, 808
domains of, 803, 804f, 808
evolution of, 807-808, 807f
families of, 803, 804f
fibronectins, 830-833, 831,f, 8321
functions of, 803-804, 804f
heterophilic binding by, 803, 804f
homophilic binding by, 803, 804f
Ig superfamily, 803,804f, 1.067

immunoglobulin fold in, 1057
immunoglobulin, 83 6-837

integrins, 803, 804f, 816-81.7,817t. See
a/so Integrins

intercellular, 836-837
isoforms of, 808
laminins, 805t, 821, 821f,822f
in mechanotransduction, 843
neura l ,836-837
selectins, 803, 804f. See also Selectins
in signal ing, 803, 807, 807f, 833-835,

843
in synaptic communication, 1019
synthesis of, 803-804
vascular, 835

Cell biology, 20-21
Cell-cell adhesion, 802f, 808-819

adaptor proteins in, 803
cadherin-mediated, 8 10-8 14
calcium ions in, 811, 811f
cell-adhesion molecules in. See Cell-

adhesion molecules (CAMs)
cis, 803-804, 804f
disruption of,806-807
formation of, 803-804, 804f
heterotypic, 803, 805
homotypic, 803
IgCAMs in,835-837
integrins in,8l6-817
intercellular, 804, 804f
intracellular, 803-804, 804f
lateral,  803-804,804f
in leukocyte extravasation, 837-838,

838f
motile, 833
nonmotiie, 833
oligosaccharides in, 552
overview of, 803-808
in plants, 847-842, 842f
properties of, 804-805
signaling in, 833-835
tightness of, 804-805
trans, 804, 804f

Cell colonies, 396
Cell  cortex, 7L6,71.6f
Cell cultures, 372

adherent cells in, 396-397
animal-cell, 395-396
for artificial tissue, 404
cell-adhesion molecules in, 395
in cell differentiation studies, 396,3971
cell lines for, 398-400

definition of, 398
differentiation in, 398-400
immortalized, 398, 3981

cell strains for,397
clones in, 372
disadvantages of,400
embryonic stem cell, 91.'1.-91.2, 91.1.f
epithelial cells in, 399400,401f
in expression systems, 1.94-196, 195f
fibroblasts in, 396, 397f
future research areas for,404
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Clathrin, structure of, 598, 598f
Clathrin/AP-coated pits, in receptor-mediated

endocytosis, 606-607, 607f, 609-61,0,
1,023

Clathrin/AP-coated vesicles, 393, 586-589,
587r, 598-600, 598f-600f

in organelle purification, 393-394, 393f
pinching off of,  599-600, 599f,600f,1.023

dynamin in, 1,023
in receptor-mediated endocytosis, 606-607,

607f
uncoating of, 600

Claudin, 814f, 815-815
Cleavage

proteolytic, 91-92
in secretory parhway, 603-604, 603f,

604f
of zygote, 9 50, 9 60-9 61, 9 50f

Cleavage and polyadenylation, in pre-mRNA
processing, 329, 3291, 335-336, 336f

Cleavage factors, 335, 336f
Cleavage hrrow,790
Cleavagelpolyadenylation complex, 335-336,

J . J 6 T

Cleavage stimulatory factor, 335, 336f
CLN genes, 874-876, 874f1
Clonal selection theory, 1066-1067, 1066f
Clones/cloning, 7, 9, 176

cell ,  9,9f,  372, 394
DNA, 176-190

in cDNA library consrruction, 179-\82,
L80f, 782f

definition of, 176, 1,79
gel electrophoresis in, 184, 185f
Okazaki fragments in, 178
restriction enzymes in, 1.76-1.77
restr icrron tragmenrs in, 177-178, 178f
sequencing of , 1.85f-187 f, 1,87
subcloning in, 184
transformation in, 1,7 8-1,7 9
vectors for, 176-1.79, 176f-1,791. See

a/so Vector(s)
in Northern blotting, 192, 1,921
nuclear transfer, 908
of receptors, 631,632
in Southern blotting, 191-192, l91I
transformation in

in planrs,242
in yeast, 1,78-1,79

viral,  155
Clotting

integrins in, 834
platelet-derived growth factors in, 745
von Willebrand factor in, 834

Cluster analysis, 193, 1,94f
Co-activators, 293, 305-31.0
Co-regulated genes, cluster analysis of, 1,93,

194f
Co-repressors, 294, 304-30 5, 305f
Co-Smads, 670-572
Coagulation

integrins in, 834
platelet-derived growth factors in, 745
von Willebrand factor in, 834

Coat assembly, in vesicular rransport,
5 8 7 - 5 8 8 , 5 8 8 f

Cocaine, 1023
Cochlea, 1032, 1.033f
Cochlear hair cells, 339-340, 340f,

1032-1033, 1033f
Coding regions, definition of,217
Codons, 127 -1,29, 128t, 129f

base pairing with anticodons, 130-131, 131f
definition of, 127
in genetic code, 127-1,29, 1,28f, 1,29t,240,

24 l t

l -12  .  INDEX

in plants, 240,241.t
in reading frame, 128, 1,29f
start, 127-128, 128t
stop, 127-128,128t
in wobble position, 730-737, 1.31.f

Coenzyme Q (CoQ), in electron transport,
495t ,496,  496f

Coenzyme QH2-cytochrome c reductase, in
electron transport, 49 5t, 497-498

Coenzymes, 84
Cofllin, 721-722, 722f, 745, 747f
Cognitive function, 1005-1005. See also

Neuron(s)
Cohesins, 781., 869-870, 870f, 894-898, 896f
Coiled-coil motif, 67, 69,70[, 292
Colchicine

axon extension and, 1040-1041
mechanism oI action of,766

Cold perception, 1031,-1,032
Collagen, 15, 805, 805t

anchoring, 823t
in basal lamina, 821-823, 827f, 822f,

823t
in basement membrane, 821
in bones and teeth, 826
in cartilage, 825-827
classification of, 822, 823t
crossJinking in, 822, 823t
disorders of,826,827
in extracellular matrix, 820
fibril-associated, 822, 823t, 825, 826-827,

827f
fibrillar, 822, 823t, 825-827. See also

Collagen fibrils
fibular, 805t
host defense, 822, 823t, 825-826
interaction of, 826-827, 827f
procollagen and, 825f, 826
properties of,823t
sheet-forming and anchoring, 805t,

821-822,823t
in soft tissue, 826-827
structure of, 821-822, 821f, 823t
synthesis of, 825-826, 825f
in tendons, 826
transmembrane, 822, 823t, 825
triple helix of , 821.-822, 822t, 825-826,

SZsf
defects in, 827

types of, 822,823t
Collagen ct chains, 821.-822, 822f, 823t
Collagen fibers, 825, 825f
Collagen fibrils, 825, 825f

definition of, 825
synthesis of, 825, 825f,826
in type I col lagen, 823t,826
in type II  col lagen, 823t,826-827
in type III collagen, 823t
in type IV collagen, 823t
in type V collagen, 825
in type XI collagen, 826

Collagen pro-ct chains, 825
Colon cancer, 148

development of, 1,1,16, 111,7f
DNA-repair defects in, 1.1.42,'1.1.42t
inherited, 1124
metastasis in, 1,1,1,6, L1,1,7f
mutations tn, \116, 11,24, 1125

Colonies, cell, 396
Color vision, '1,027f, 1028
Combinatorial diversity, 815
Combinatorial joining, 1071
Commissureless axons (Comms), 1.046, 10471
Competent cells, 951
Competition assays, for binding affinity, 629,

630f

Complement, 1059-1060
Complementarrty, 32f, 3940, 39f

protein binding and,78
Complementarity-determining regions (CDRs),

79 ,1 ,067
Complementary base pairs, 114-1.15. See also

Base pairs/pairing
Complementary DNA. See cDNA

(complementary DNA)
Complementation tests, 171, 172f
Computer algorithms, for microscopy, 387
Concentration gradient, 54-55

diffusion nte and,439
electrochemical gradient and, 439, 464,

46sf
ion channels and. 438f. 458
in membrane transport, 438f,440, 447

Condensins, 866
Conditional mutations, 1.70-1.7 l, 1.7 0f
Cones, retinal, 1.027f, 1,028

retinotectal maps and, 1.042, 1.042f
Confocal microscopy, 386, 386f
Conformation, of proteins, 22, 63, 67-70

X-ray crystallography of, 103-1.04, 104f
Congenic mice, MHC, 1077-1,078, 1.077f
Congestive heart failure, 468
Congression, 783, 783f
Connective tissue, 801, 825-833

basal lamina and, 820-825
collagen in, 82L-823, 821f, 822f, 823t
extracellular matrix of, 825-833
glycosaminoglycans in, 827 -830
hyaluronan in, 829-830
proteoglycans in, 827-830
turgor pressure in, 830

Connexin, 383, 383f, 802f, 819, 1026
Consensus sequences, 329-330, 329f
Conserved synteny,259
Constant region, of light chains, 1.0661,1,067,

1068
Constitutive gene expression, 290
Constitutive secretory vesicles, 602
Constitutive transport element (CTE),

346-347
Contractile bundles, 7 41,-7 42

in cell migration, T4Tf
Contractile ring, 71.6, 71.5f , 742, 742f, 789
Contractile vacuoies, 444
Coomasie blue, 98
Cooperativity, in protein regulation, 89, 89f
Coordinate rcgulation, 27 |
COPI vesicles, 586-589, 587,587t,589t, 595
COPII vesicles, 586-589, 5871, 587t, 5881,

589t, 592-593, 592f-594t
Copper ions, in ATP synthesis, 495t
Cortical neurons, structure of, 1.002f
Cortical reaction,957
Cos2 protein, 702
Cotranslational translocation, 537-538, 537f,

539. See a/so Protein translocation
of integral membrane proteins, 544-546,

544f. 545f
of secretory proteins, 537-538, 537f, 539

Cotransport, 440, 440t, 465470
antiporters in, 440, 466, 468470. See also

Antiporters
symporters in, 440, 466470

Coupled reactions, 57, 58
Covalent bonds, 32-35. See also Bonds

definition of, 32
formation of, 33, 33f
geometry of, 33, 33f, 34, 34r
high-energy,58
in macromolecules, 40, 41f
nonpolar, 34
Dolar. 34
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Hutchinson-Gilford progeria syndrome,
7 9 5 , 8 6 6

I-cell disease, 602
inheritance of, 199-200, 200f, 203-204
Kartagener's syndrome, 9 54-9 5 5, 968
kidney disease, 780, 822-823
Leber's hereditary optic neuropathy, 241
leukocyte-adhesion deficiency, 838
lysosomal storage diseases, 502
microsatellite repears in, 340
misfolded proteins in,  77,  -8f

mitochondrial mutations in, 241,-242
mobr le DNA elements in,  232-233,

234-235
monogenetic, 200f,203
multiple endocrine neoplasia type 2, 1127
muscular dystrophS 1.99r, 200, 200f,

234-23 5, 7 31, 79 5, 827, 83 5-835
mutatlons causing, 14
myotonic dystrophy, 224, 340
osteogenesis imperfecta, 827
pemphigus vulgaris, 813-814
polycystic kidney disease, 780
polydactyly, 992,993f
polygenetic, 203-204
rerinitis pigmentosa, 204
RNA editing in, 341
scurvy, 825
sickle cell anemia, 157
sickle cel l  disease, 1,67,199, l99t
signaling defects in, 671,-572, 680-682,

706-707,710
situs inversus, 9 54-9 5 5
spherocytic anemia, 730
spinal muscle atrophy, 334
spinocerebellar ataxia, 224
stem cell therapy bt 912
Tay-Sachs disease, 374
thalassemia, 345
tuberous sclerosis, 354, 355
Usher syndrome, 1033-1034
vaccines for, 1.1.01-1\02'Wilms' 

tumor, 290, 290f
xeroderma pigmentosum, 748-1,49, 1142,

71,42t
Zellw egger syndrome, 568

Disheveled p athw ay, 667 f
Disintegrin, 705
Dislocation, 555
Disruption construc, 20 5, 20 5f
Drssociation constanr (Kd), 50-51

for acids, 52, 53f
for binding affinity, 628

Dissociation (Ds) elements, 228-229
Dissociation reactions, 52-54, 53f
Disulfide bonds, 43, 552

in proteins, 68
DNA, 11, 111-112

A-form, 115, 115f
B - f o r m , 1 1 5 , 1 1 5 f
bacterial, l2
bases in, 11,,44,44f. See a/so Base(s)
bending of, 3f, 12, 117-1,18, ll8f, 122, 1,231
centromeric, 785
chloroplast, 1,3, 236, 242
in chromatin, 247-256. See also Chromatin
circular, 3f, 1.2, 13, 11,7-118, 1,1,8t. See

a/so Mitochondrial DNA
classification of, 220t
cloned, L79. See also Clones/cloning
coding regions of. See Gene(s)
complementary strands of, 11, 11f
copying of. See DNA replicarion
daughter, 1,39,849

synthesis of, 739,1.41.-1.44. See also
DNA replication

denaturation of, 1.1.6-1.1.7, 11.7f, 1.41., 1.41.f,
142f

directionality of, 1.14, 1.14f
DNase digestion of, 251., 251.1
dup lex ,139
5' end of, 1.14, 1.741
functions of, 111.-1.12, 1.13f
hyperchromicity in, 1.17
intermediate-repe^t, 226
interspersed-repeat, 224, 226, 265-266. See

a/so Mobile DNA elements
junk, 215
length of, 21.6,247
linker,248-249
melt ing temperature of, 117,1.L7f
methylation of, in genomic imprinting, 958
microsatellite, 201, 224, 224f, 225f

in DNA f ingerprint ing, 225,225f
in genetic diseases, 224,340

minisatellite, 225, 225f
mitochondrial. See Mitochondrial DNA
mobile. See Mobile DNA elements
moderately repeated, 226
n a t u r a l , 1 1 5 , 1 1 5 f
noncoding, 215115, 221.t,  223-226, 224f.,

225f
amount of, 223
evolution of , 223-224, 225-226
microsatellite, 224, 224f
satel l i te, 224,225f

in nucleosomes, 248-249, 248f
nucleotide bases of, 11. See also Base(s);

Nucleotide(s)
organelle, 236-242

chloroplast, 236,242
mitochondrial, 236-242. See also

mtDNA (mitochondrial DNA)
packaging o1, 216, 21.7, 247, 378. See also

Chromatin
palindromic, 1.76, 1.7 6f
parental, 139
phosphodiester bonds in, 40, 41.f,'1.14,

11.4f
plasmid, 1.78-179
recombinant, 23, 176. See also

Recombinant DNA technology
definition of, 175
experimental organisms in, 25
expression vectors in, 194-197

relative amounts of, 223
renaturation of, 117
repetitious. See DNA, noncoding
replication of. See DNA replication
selfish, 226
simple-sequence (satellite), 224, 225f

in DNA fingerprinting, 225,225f
stability of, 1.16, 1.1.8
strand separation in, 116-117, 117f
structure of, 1.0f, 1.1., llf

double hel ix in, 11, 11f. See also
Double helix

supercoiled, 117 -1.1.8, 11.8f
synthesis of. See DNA replication
template, 120, 1.21.f
3'  end of, 1.14, L1.4f
unclassified space6 220t, 22 5 J26
unwinding of, 1.1.6-11.7, 11.7f, 1.41., 1.41.f,

1.42f
vector, 176
Z-form, 115, 115f

DNA affinity chromatography, 288, 288f
DNA amplification

by cloning, 176-1.90. See also
Clones/cloning

by polymerase chain reaction, 188-189,
1 8 8 f , 1 8 9 f

in polytenization, 261,, 26'l,f
in proto-oncogenes, 1120

DNA-based molecular markers, 200
DNA-binding domains

of activators, 288-290, 289f
linkage of, 289-290, 289f
linker scanning mutation analysis of, 290
of nuclear receptors, 312-313, 31.2f, 31.3f
of repressors, 290
structural motifs in, 290-293, 292f, 293f
structure of, 289-290, 289f
types of, 290-293

DNA-binding motifs, 69-7 0, 7 0f, 290-293,
291.f-293f

basic-zipper, 292
coiled-coil motif , 67 , 69, 70f , 292
helix-loop-helix motif , 69, 90, 90f, 290-293
helix-turn-helix moti[, 69, 70f, 290
leucine zipper, 69, 70f, 291,-292, 293f
zinc finger, 69-70, 70f, 291., 291.f

DNA chips, 192
DNA clones, 1,76-1.90. See also Clones/cloning
DNA damage

apoptosis and, 891
in cancer, 1.1.36-1.1.37, 1.1.37f
p53 and,891
repair of. See DNA reparr

DNA-damage checkpoint, 888t, 891
DNA end-joining, 149-150, 150f
DNA fingerprinting, 225, 225f
DNA flow cytometry, 395
DNA hybridization, 11, 1\7

definition of, 181
in DNA library screening, 181.-1.82, 1,82f

DNA ladder, 185f
DNA libraries, 1.79-182, 180f, l82f

screening of, l8l-182, 782f
DNA ligase, 141

in cloning, L76, 1.77-1.78, 1.78f
DNA microarray analysis, 23,24f, 1.92-1.94,

194f, 795f
in cancer, 1.1.1.6-1.'1.1.9, 1.1.'1.8f, 1.127
in disease gene identification, 202
in gene amplification, 1121

DNA Pol B, in cancer, 1143
DNA polymerases, 12-13

in DNA repair, 1.45, L143
in cancer, L143

in DNA replication, 12. 140-141, 141f,
r42f, r43

proofreading by,'1.45, l46f
DNA polymorphisms

definition oi 200
DNA fingerprinting and, 225,225f
in linkage mapping, 200J01, 200-202, 201.f
restriction fragment length, 201, 207f
single nucleotide,20l

DNA recombination. See Recombination
DNA repair, 745-154

base excision, 147, l47f
defective, in cancer, 145, 1108, 11,36-1137,

|137 f ,  1.14L-Ll43, 1.1.42t
of double-stranded breaks

in cancer, L143
by homologous recombination,

1.52-1.53, t52f
by nonhomologous end-joining,

149-150, 150f
of r{diation-induced mutations, 1,49-1,50,

1s0f
recombination in. 149-153

homologous, 150-153, 157f, l52f
npnhomologous, 1.49-150, 150f

of replication fork collapse, 150-152, 15lf
TFIIH in,298
transcription-coupled, 1 49
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DNA replication, 172, L1.3f, 1.39-1,45
autonomously replicating sequences in, 261
backward slippage in, microsatellite repeats

and,224,225f, 340
base pairing in,139-140. See also Base

pairs/pairing
conservative, 139
cyclin-dependent kinases in, 144
direction of, 140-141, 1.411, 1,43-744,

143f, 1.44f
DNA po lymerases  in .  140-141,  l4 l ,  l4 l f  ,

t42I
errors in. Sea Mutations
in eukaryotes, 144
helicases in, 1.41., 143, 1,44, l44f
inhibition of, 895
initiation of, 1.40-741, 877-879, 87 8f

at repl icat ion origins, 141, 261,262f,
877-878,878f

lagging strand in,'1,41, 141f, 1,42f
shortening oI, 263-264, 264f

leading strand in, 1.41, 141f, 1,42f
MCM proteins in, 144
mitochondrial, 236
Okazaki fragments in, 141, 141f,143
origins in, 141
in polytenization, 261, 261f
prereplication complexes tn, 878-879, 878f
primers rn, 141, 143
replication forks in, 141, 141f, 1,42f,

1.43-144, t44f
in S phase, 876-879,875t-878f
semiconservativ e, 139-140, 140f
telomerase in, 263-254, 265f
telomere shortening in, 263-264, 264f
templates Io4 1,39-140, 140t, 1.41., 141.f,

L42f
unwinding in, 1.1.6-1,L7,117I, 141, 141f,

L42f
in viruses, 1.42-144, 1.42f, 1,43f

in lyt ic cycle, 156-158, 1.55f, l57f
in yeast, 877-879,878f

DNA replication initiation factors, 877-879,
878f

DNA response elements, 31.3, 31,3f
DNA sequencing,243-247. See also

Genomics
dideoxy chain-termination method of,

1,8sf,186f, 187
polymerase chain reaction in, 188-190,

1 8  8 f
whole genome shotgun, 187

DNA transposition, 226J35. See also
Transposition

DNA transposons, 227 -229, 227 f-229f ,
265-266,350. See also
Retrotransposons

bacterial, 227 -228, 227 f
definition of,227
eukaryotic, 228-229, 229 f
in exon shuffling, 235
multiplication of, 229, 2291

DNA viruses, 154. See a/so Virus(es)
oncogenic, 1,1,22-1,1,23

DNase, chromatin digestion by,25l, 251.f
DNase I footprintng, 286,287f
Dolichol phosphate, 550, 551f
Domains. See Protein domains
Dominant-activ e pr oteins, 7 47
Dominant alleles, 155-157, 1.67f
Dominant mutations, 1.66-1.70, 167 I, 860,

1r1,3
gene function and, 166-167
segregation of, L67-169, 1,68f, 169f

Dominant-negative mutations, L67, 209, 674,
7 4 7 , 1 . L 3 6
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Dominant-negativ e pr oteins, 7 47
Dopamine, structure of, 1,020f.
Dopamine receptor, cocaine and, 1023
Dorsal transcription factor, 971,, 972f
Dorsal-ventral patterning

in Drosophila melanogaster, 970-97 1,
97 ' t f ,972f .

in Xenopus laeuis, 963-965
Dosage compensation, 253, 9 58-9 59, 959f
Double helix, 1.1., 1.1,f, 114-116, 115f, 1.1.6f

base pairs in,1,1,4-116, 115f. See also Base
n a i r c / n e i r i n o

bending of, 1.1.5-176, 1.16f
left-handed orientation of, 115, 115f
major/minor groove of, 115, 115f
right-handed orientation of, 115

Double-mutant analysis, 1.7 1.-172, 1.7 3f
double-sex, alternative splicing in, 339, 339f
Doublet microtubules, 7 60, 7 601
Down syndrome, 887
Downstream promoter elements, 298
Downstream transcription, 1.20, 12Lf, 277
Drosha, 348
Drosop h ila melanogaster

asymmetric cell division in, 931-935,
932f-934f

body segmenta tion in, 97 4-9 83
development in, 970-979

anterlor-posterlor pamernlng rn,
971.-974, 973f,974f

dorsal-ventral patterning in, 970-971,
9711,972f

o f  eye ,685-687,587f
lethal mutations in, 999-1000

as experimental organism, 26
genetic screens for, L71
germ-line stem cells in, 914
heat-shock proteins in, transcription of, 315
Hedgehog signaling in, 701.-702, 7 01.f
Hox genes in, 979-981., 980f
mutations in, lethal, 171
neurogenesis in, 929, 931,-9 3 5, 932f-9 34f
oogenesis in, 953-955, 953f
P elements in, insertion mutations and,

1,89-1,90
polytene chromosomes in, 261., 261.f
Ras/MAP kinase pathway in, 685
retinal neurons in, 340
sexual differentiation in, 338-339, 3381,

339f
stem-cell niches in, 913-91.4, 91.3f
Toll protein in, 1097-1098'Wnt 

signaling in, 699-700
Drugs

agonist, 629
antagonist, 629
membrane transport of, 455
stereoisomers of, 33-34

Dryer, V., 1105
Ds elements, 228-229
Dscam isoforms, retinal neurons and,340
DSL complex, in neuroblast division, 933-935,

933f
Duchenne muscular dystrophy, 199t, 200,

2001,234-235, 835-836
Duplex DNA, 139
Duplicated genes

in gene families, 217, 218f, 220
segmental duplication and, 221-
in tandem anays, 220t, 221.-222

Duty rat io, of myosin, 735,737
Dynactin, 774-77 5, 77 5f

in mitosis, 787, 787f , 788f , 789
Dynamin, 1023

in vesicle budding, 599-600, 599f,600f,
609f

Dynamitin,775
Dynein(s), 71.5, 774-776, 7741, 77 5{

in axonal transport, 775-776
axonemal .  /  /  / .  /  /61

cytoplasmic, TT4
in heart development, 958
rnner-arm. / / / .  / /61
in mitosis, 787, 787f, 788, 788f, 789
outer-afm. / / / .  / /6I
power stroke of, 774, 77 5f
structure of, 77 4-77 5, 77 4f, 77 5f

Dystroglycan, 835-836, 836f
Dystrophic glycoprotein complex, 835-836
Dystrophin, 7291, 731, 835-835, 835f

in muscular dystrophy, 835-836

F. box,926-927
E-cadherin, 803, 804f. See also Cadherins

epithelial-mesenchymal transitions and,
81.2-813,81.3f

E-selectin, 838
E site, of ribosome, 1.33, 134f, 1.36, 1.37
E2A, in myogenesis, 927
E2F factors, 882-883, 882f
E5, human papillomavirus and, 1-L37
E6, human papillomavirus and, 1137
E7, human papillomavirus afld, \137
Ear. See also Hearing

structure and function of. 1.032-1034.
10331, r034f

Early-response genes, 690, 881
Early S-phase cyclin-CDK complexes, 853t,

877, 877f
Ectoderm, 907, 907f

development of, 907, 907f, 9 51, 962, 962(
in limb develop ment, 99I-992, 99 1.1
in neurulation, 985, 985f, 990

Edman degradation, 103
EF hand proteins, 69,70f,90,901

in signaling, 534
Effector proteins, in cell migration,747
Effector specificity, in receptorJigand binding,

628
EGF domain, 71.-72, 71.f
Egg, 1.9. See also Fertilization; Oocyte(s)
EGL proteins, in apoptosis, 940
eIF2 kinases, 355-356
eIF3, 133, 1.34, 1.35f
eIF4 cap-binding complex, 133, 134, 135f
e IF4E,351-352,351f
eIF4E-binding protein, 353
Electric dipole, 34, 35f

in van der 
.Waals 

interactions, 38, 38f
Electric energS 54
Electric potential, 55. See a/so Membrane

potentral
Electrical synapses, 1,025-1026. See also

Synapses
Electrochemical gradient, 439, 464
Electrogenic pumps, 453. See also Pumps
Electron carriers. See also Electron transport

in glucose metabolism, 487, 489491'
reduction potential of,499, 500f
in respiratory chain, 495499, 495t, 497f

Electron density map, 103-104
Electron gainlloss, 59-60, 591, 60f
Electron microscope autoradiography, of secretory

pathway, 582-583, 62L-622, 622f
Electron microscopy, 2'1,, 388-390, 388f , 404.

See also Microscopy electron
Electron shuttles, 49049L

malate-aspartat e, 49049 1., 49 0f
Electron transfer flavoprotein (ETFI, 497
Electron transfer flavoprotein:ubiquinone

oxidoreductase (ETF:QO), 497



Electron transport, 493-503. See also Proton-
motive force

ATP synthase in, 504-505, 504f
in ATP synthesis, 504,504f
cell damage from

in chloroplasts, 521-522
in mitochondria, 502-503

chemiosmosis in, 503-504, 504f
coenzyme Q in, 495t, 496,496f
CoQH2-cytochrome c reductase in, 495t,

497498
cytochrome c oxidase in,495t, 498499,

501f
cytochromes rn, 49 5495, 49 5t, 498499
direction of, 495
in glucose metabolism, 487,48949L
iron-sulfur clusters in, 495496, 495f
in mitochondria, 493494, 494f
multiprotein complexes in, 495-502, 495t,

497f
NADH-CoQ reductase in, 495, 495t,496,

497f
oxidative phosphorylation rn, 494
in photosynthesis, 512, 513f-515f,

514-515, 517-520, 51,8f, 520f, 521f
in bacteria, 517-520, 51.7f, 5l8f
cyclic vs. linear flow in, 519-520, 520f,

521f, 522-523, 523f, 524f
prosthetic groups in, 495,495t
proton pumps in,493494, 494f

stoichiometry of, 499-500, 501f
Q cycle in, 500-502, 501f
stepwise flow in, 493, 499, 500f
succinate-CoQ reductase in, 49 5t,

496497
supercomplexes in, 498f, 499
toxic by-products of, 502-503, 521-522
uncouplers in,510

Electron transport chain, 480, 493
Electronegativity, 34
Electrophorectic mobility shifr assay (EMSA),

2 8 6 , 2 8 7 f
Elecrrophoresis. See Gel elecrrophoresis
Electroporation, 1 95
Electrospray ionization ion-trap mass

spectrometry, 101,-1,03, 102f
Elongation factors, 135-135, 136f
EMBL Sequence Data Base,243
Embryo

animal pole of, 963
polarity of, 950-951
vegetal pole of, 963

Embryogenesis , 908f, 91.1, 949, 9 50-969. See
a/so Development

asymmetric cell division in, 8, 905-908,
930-936. See also Cell division,
asymmetrlc

in Caenorh ab ditis ele gans, 908f.
cleavage in, 950, 960-961,960f
definition of, 930
dosage compensarion in, )53. 958-959, 9591r
in D ro s op h ila m elano ga st er, 97 0-97 7
events in, 962f
future research directions in, 995
gastrulation in, 961.-963
genome in, 951
key developments in, 994
neurulation in, 98 5-987, 98 5f, 986f
polarization in, 950-951
signaling in,963-969
somatic cells in, 951

Embryonic stem cel ls, 8,960. See a/so Stem
cell(  s )

experimental uses of, 912
in gene knockout studies, 207-208, 2071,

208f

from inner cel l  mass, 960,962f
mouse, 25
therapeutic uses of, 912

Emerson effect, 519
Emerson, R., 519
Emery-Dreifuss muscular dystrophS 795
Emphysema, misfolded proteins in, 555-556
EMSA (electrophorectic mobility shift assay),

2 8 6 , 2 8 7 f
ENaC channels, 1034
Enactin, in basal lamina, 821., 821f
End-product inhibition, in protein regulation, 89
Endergonic reactions, 55, 55f

coupled to exergonic reactions, 57
Endocrine signaling, 77f, 1.8, 31.2-31.3, 31.2f,

625, 625f, 626. See a/so Hormone(s);
Signaling

Endocytic pathway, 579-580, 581f, 606-607,
61.L-612. See also Receptor-mediated
endocytosis

iron transport via, 61,1.-61.2, 61.1.f
Endocytosis, 373

actin polymerization rn, 726
rn antlgen presentatron, 1085-1086
definition of, 506
multivesicular endosomes in, 61.2-514, 51.31
of neurotransmitters, 1019, 1021f, 1022
pinocytosis and,606
receptor-mediated, 37 3, 60 6-612,

683-684. See also Receptor-mediated
endocytosis

in synaptic vesicle formation, 1019
in transferrin cycle, 611,-61,2, 61,7f
vesicle budding in, 41.4f,581, 581f, 610,

61 .2-614,613f
Endoderm, 907,907f

development of, 907, 907f, 951., 962, 962f.,
963

Endogenous retroviruses (ERVs), in
transposition, 230

Endoglycosidase D assay, 583-584, 583f
Endonucleases, in DNA cloning, 1.76-1.77,

1.76f, 1.77t
Endonucleolytic pathway
Endoplasmic ret iculum. 15. J7Jf, 375-376,

375t ,376f
actin filaments and, 731.
fatty acid synthesis in, 37 5, 37 5f, 430
functions of, 375
interconnected membranes of, 37 5-376
lipid synthesis in, 432, 433
membrane of, 41.8,418t
protein folding in, 534
protein modification in, 534-535
proteln targetrng to, 535-555. See also

Protein targeting
protein translocation across, 535-555
roogh, 373f, 37 5-376, 37 5f, 376f, 535

functions of,375-376
membrane orientation in, 543,

545-546, 546f
protein folding in, 541, 542f,552-555
protern rnsertlon into, 542-549,

543f-s49f
protein modification in, 376
protern secretlon from, 37 5-37 6, 3761
protein synthesis in, 376
structure of, 535, 536f
unfolded-protein response in, 555, 555f

smooth, 373f, 37 5, 37 5f, 376f
Endosomes, 372-373, 374f

late, 580
in endocytic pathway, 609f, 61.0-61.1.
in secretory pathway, 601.-602, 501.f

multivesicular, 612-614, 6731, 61.4f
Endosymbiont hypothesis, 415

Endosymbionts, 13, 236, 237f
Endothelial cells, in leukocyte extravasation,

837-838
Endothermic reactions,55, 55f, 56
Energy, 54-60. See also Cellular energetics

activation, 57, 57f, 79, 80f
in concentration gradient, 54-55
electric, 54

potential, 55
tree, ))-)tl

in energy coupling, 58-59
in membrane transport, 464465, 465f
reaction rate and, 56-57, 57f

kinetic,54
mechanical, 54
potential,54-55

chemical, 54
electric, 55

rad ian t ,54
sources of, 58-59
thermal, 54
transformation of, 55
units of measure for, 55

Energy coupling, 58-59
Engulfment, in apoptosis, 937
Enhancers, I 8, 27 4-27 5. 27 4(. 284-285, 28 5f ,

2861, 676, 676f
exonic splicing, 333, 334f
multicomplexes on, 29 5-29 6, 29 6f

Enhancesomes, 29 5-296, 296f
Entactin, 805t

in basal lamina, 821, 821f
Enthalpy (H), 55, 56
Entropy /S), 55, 56

hydrophobic effect and, 39
Enveioped viruses, 154-155, 155f. See also

Virus(es)
budding of, 614,615f
lytic replication of, 158
retroviruses as, 158, 159f

Enzyme(s), 10
active site of, 80, 80f, 81-84
catalytic action of,79
common pathways for, 84-85, 85f
compaftmentation of , 92
definition of, 79
lysosomal, 374

deficiencies of, 602
targeting of, 600-602, 601f

membrane binding of, 427
modification, 176-177
in multienzyme complexes, 85, 85f
pH and, 84, 84f
properties of, 79
reaction rate and, 80, 80f
restriction, 1.76-1.77, 1.76f, 1.77t
in signal ing, 639,640t
specificity of, 80
turnover number for, 81

Enzyme assays, 98
Enzyme cofactors, 84
Enzyme inhibitors, 84
Enzyme-substrate binding, 39, 39f, 80-84. See

a/so Protein binding
mechanisms of, 467468, 4571

Enzyme-substrate complex, 80, 81f
Eosin, 385. See also Staining
Ephrins, 1043-1044, 1044{
Ephs, 1043-1044,1044f
Epiblast, 962,962f
Epidermal growth factor (EGF), 525, 580

in cancer,706
in heart disease, 706
in Ras/MAP signaling, 693-694
receptor tyrosine kinases and, 680-682,

681f, 682f
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Epidermal growth factor domain, 7L-72,71f
Epidermal growth factor receprors, 680-681,

58l.f
Epidermal stem cells, 914-91,5, 91,5f
Epidermolysis bullosa, 795-796, 795f, 810
Epidermolysis congenita, 79 5-796, 795f, 81,0
Epifluorescence microscopS 380f
Epigenetic inheritance, 303
Epigenetic processes, 254
Epimerases, 45
Epinephrine, 10

in glycogenolysis, 648-549
receptors for" 636-637, 636f

desensitization of, 651
structure o\ 10201

Epithelial cell(s)
apical membrane in, 471,, 471f
apical surface of,399,471, 808, 809,

8 0 9 f , 8 1 0 f
basal lamina of, 808
basal surface of,399,808, 809, 809f, 810f
basolateral-apical sorting in, 505, 605f
basolateral membrane in. 471,. 471,1
basolateral surface of, 471, 808, 809f
cell-cell adhesion/cell-matrix adhesion in,

808-819. See also Cell-cell adhesion;
Cell-matrix adhesion

culture of, 399400, 401,f
development of. 960
functions of, 713, 808
intestinal, 470471, 471.f
lateral surface oI, 399, 808, 809, 809f, 810f
membrane transpoft in, 470472, 47 l,f , 472f
polarized, 471,,808
structure of, 808, 809f

Epithelial cell junctions, 372, 399400, 471.,
471f, 802f,803, 809-819, 810f

Epithelial growth factor, in breast canceg 631,
Epithelial-mesenchymal transitions, 812-813,

81.3f,960
Epithelial tissue, 801, 802
Epithelium, 399,802

basal lamina of, 399, 401.f
definition of, 713
development of, 951
extracellular matrix of, 81,6-817, 820-825
paracel lular transport in, 815-816, 816f
simple columnar, 808, 809f
simple squamous, 808, 809f
stratified squamous, 808, 809f
transcellular transport in, 47 1,, 471,f , 81,4,

81,6f
transitional, 808, 809f
types of, 808, 809f

Epitope tagging, 98, 198, 385
Epitopes, 78, 198,401, 1.068
Epo receptor. See Erythropoietin (Epo) receptor
e heavy chains, 1055. See also

Immunoglobulin(s), heavy-chain
Equilibrium

chemical, 49-50
Equilibrium constant (K.o), 32f, 49-50, 52

free energy change anii, 56
Equilibrium density-gradient centrifugation,

94, 1.06, 1,07 f,  392, 393f, 407408,
408f

ERG1,290,290f
Ergosterol, structure of, 412f, 416
ERVs (endogenous retroviruses), in

transposition, 230
Erythrocyte(s)

cytoskeleton of, 729-7 30, 730f
definition of,728-729
erythropoietin and, 572-67 3, 67 3f
functions of, 729
glucose transport in, 442
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production of, 672-674, 673f, 674f,
917-920,91,9f

Erythrocyte membranq 423
actin filaments in, 729-730, 730f

Erythropoietin, 672-673, 6731, 6741, 91.8, 91.9f
supplemental, 679

Erythropoietin (Epo) receptor, 673-676
in cancer, 1,1,28-1,129, 1,1,28f
JAK kinases and, 67 4-67 6, 67 4f
l igand binding to, 67 3, 67 3(
mutations in, 679
in signal ing, 674-616, 674f
structure of,673,673f

Escherichia coli
cell structure in,2, 3f
expression systems of, 1,94-196, 19 5f
gene control in, 1,7, 271-27 5, 272f, 273t,

274f ,275f
lac operon in, 27 1.-27 3, 27 2f
membrane transport in, 454, 454f
plasmid vectors of, 1.78-179
T4 phage in, lytic cycle fo! 156-1.57, l56f
trp operon in, 1.24f
vitamin B12 permease in, 454, 454f

ESCRT proteins, 573-674, 614f, 61.5f
Essential fatty acids, 47 48
Esterification, 48
Estrogen receptor, 293,293f,31.2f. See also

Hormone receptors
Ethylmethane sulfonate, 1 139
Eubacteria, 2f

evolut ion of,4,4f
Euchromatin, 249, 252, 252f, 253, 258f

definition of,299
Euglena gracilis, mitochondrial DNA in, 237,

z 5 / l

Eukaryotes, 1-2
cell structure in, 3, 3f
definition of, 3
gene control in, 27 5-281,
genes in, 216f,217-222
kingdoms of, 1-2
unicellular,4-5, 5f

eue, in body segmentation, 976-977
euen-skipped gene, in body segmentation,

97 5f, 97 6-977 , 1,000
Evolution

of apoptosis, 938-939, 940f
of asymmetric cell division, 934
of cells, 4, 4f, 6-7, 23-25
of chloroplasts, 236, 237f, 242, 505, 505f
of chromatin, 249
of chromosomes, 259, 260f
conserved synteny and, 259
development in, 952
endosymbiont hypothesis for, 505, 505f
exon shuff l ing in, 235, 235f,335
gene conservation in, 28-29, 29f
of gene families, 221
genetic variation and, 7, 28-29, 29f
genome perspective on, 28-30
of genomic imprinting, 958
of Hox genes, 980-981.,981f
n f  i n t e o r i n c  R - l  A

of kinesins, 774,774f
of mitochondria, 235, 237f, 240, 505,

505f
mobile DNA elements in, 1,4,226. See also

Mobile DNA elements
mutations rn, 7, 1.4, 28
of myosin, 774,774f
of noncoding DN l\, 223-224, 225-226
of organelles, 505, 505f
of plants,242
of prokaryotes, 4, 4f
of proteins, 72-73, 73f, 244

of ribosomes, 133
sequence drift in, 220-221
sequence homology and, 244, 245f
of snRNA, 334-335
of vision, 1028-1029

Evolutionary cancer, 1115
Excision repair, 1.47-1.49

base, 1.47, 1471
mismatch, 1.47-1.48, 1.48f
nucleotide, 148-149, 1.48f, 149f

Excitable cells, 1003-1004
muscle, 1004-1005
neural,  1003-1004

Excitatory receptors, in axon potential
generation, 1025

Exergonic reactions, 55, 55f
coupled to endergonic reactions. 57

Exocytosis, 41.4f, 580, 591
of neurotransmitters, 1020-1021., 1.020f,

1021.f, 1.022
vesicle fusion in, 41.4f

Exon(s) ,  1 .23 ,2L6
duplication oI, 217, 21.8f.
joining of. Sae Splicing
length of, 333
stze ot. zt /
skipping of,333-334

Exon-intron junctions, 21,7, 329-330, 329f
Exon-junction complexes, 332-333, 3 57
Exon shuff l ing,235,235f, 335, 336
Exonic splicing enhancers, 333, 334f
Exonucleases, 336-337
Exoplasmic face, of phospholipid bilayer,

41.44',t 5, 414f, 532, 543f
Exosomes, in pre-mRNA processing, 336-337
Exothermic reactions, 56
Experimental organisms, 25-27, 26f
Exportins, 573-574, 574f
Expressed sequence tags, 245
Expression assays, in receptor purification,

631-632, 632f
Expression vectors, 1.94-1.97. See also Gene

expression studies; Vector(s)
bacterial, 1.94-1.9 6, 1.9 5f
eukaryotic, 1.9 6-198, 1.9 6f-198f
in gene/protein tagging, 1.97-1.98, 198f
plasmid, 79 5-196, 1,95f
retroviral, 1,97, 1,97f

Extensin, 840
External iace, of membrane, 414, 41.41
Extracel lular matrix, 16, 16f,372,373L \ee

also under Matrix
adhesion receptors and, 820
adhesive interactions of, 805, 806f

in epithelium, 81.6-8'1.7, 820-825
basal lamina of,820-825. See also Basal

lamina
in cancer, 1110
cell movement through, 805
cell vs. matrix volume in, 805
components of, 805-807, 805t
of connective tissue, 825-833, 825f
definition of, 803
dynamic nature of, 805
fibronectin in, 830-833, 831.f, 832f
functions of, 805-807, 805t, 820
glycosaminoglycans in, 827 -829, 828f
hyaluronan in, 829-830
in morphogenesis, 805-807, 806f
of nonepithelial tissue, 825-833
of plants, 839-840, 839f. See also Plant

cell wall
proteoglycans in, 827-830, 828f, 829f
in signaling, 805
structure of,802f

Extracellular matrix proteins, 805-807, 8051



Exrravasation, 1097
leukocyte/lymphocyte, 837-838, 838f, 1097

Eye. See a/so Vsion
development of, in Drosophila

melanogasten 68 5-687, 687 f
function o1,7027-1031
lack of ir is in,29,29f
structure of, 1027f, 1.028

eyeless, 29f

F-actin, 717, 7L7f, 718f. See also Actin
filament(s)

F-class proton ptmps,447[,448,453. See also
Pumps

F factor,179
FeFl complex, 505-509, 505f, 508f. See also

ATP synthase
Fab fragments. 1063f, 1065
Facilirated transport, 440, 440t
Facultative aerobes, 485
FAD (flavin adenine dinucleotide)

in ATP synthesrs, 482, 495r
as electron carrier, 59-50, 50f

FADD, in apoptosis, 943-944
FADH2

electron transport from, 493497,
499-500. See also Electron transport

production of,60,60f
in citr ic acid cycle. 489490,489f ,  490t

Familial hypercholesterolemia, 608-610
Fanconi anemia, l\42t
Fas receptor, in apoptosis, 943-944
Fat cells, in glucose metabolism, 649, 550t
Fatty acid(s), 4749,47t. See also Lipid(s)

definition of, 47
essential, 47-48
esterification of, 48
incorporation into membrane, 431
isomers of, 48
as membrane protein anchors, 422,

424426, 425f,430
metabolism of , 430, 430f
peroxisomal degradation of, 374-37 5
polyunsarurate d, 4748, 47t
sa tura ted ,  47 ,47 t ,430
structure of, 47, 47f, 481
synthesis of, 37 5, 37 5f, 430
t rans ,48
transport of,430, 430f
unsaturated, 47, 47t, 430

Fatty acid oxidation, 487,488f, 491492
mitochondrial, 491, 492f
peroxisomal, 491492, 492f

Fatty acid synthase, 430
Fatty acid-binding protein (FABP), 430,430f
Fatty acyl-CoA dehydrogenase, in electron

transport, 497
Fatty acyl group, 48
Fatty acyl-CoA dehydrogenase, in electron

transport, 497
Fc fragment, 1063f, 1.065
Fc receptors, f055, 1058
Feed-forward activation, in glycolysis, 483,

483f
Feedback inhibition, in protein regulation, 89
Fermentation, 484f, 485
Ferri t in mRNA, 356, 357f
Ferrotransferrin, 5 1 1-6 12, 6l1f
Fertilization, 8, 8f, 1 9, 19f, 9 50, 9 50f,

955-959
acrosomal reaction in, 956, 957
definition of, 955
gamete fusion rn, 9 5 5-9 57, 9 56f
in vitro, 8

Fetal antibodies, 1055-1066

F(ab) fragments, 1063f, 1065
FG-nucleoporins, 342, 342f , 572
FGF10.  in  l imb deve lopment ,  99  l .  99 l f  ,  992 .

992f
Fibril-associated collagen, 822, 823t, 825. See

aiso Collagen
Fibrillar adhesions, 833
Fibrillar collagen, 822, 823t, 825-827. See

a/so Collagen
Fibroblast(s), 825

culture of, 396,397f
integrins in, 833-834, 834f
movement of, 745

Fibroblast-derived fibronectin,'1.26, 126f, 338
Fibroblast growth factor (FGF), 680, 680f

in  l imb deve lopmenr .  991.  99 l f ,992,992f ,
9 9 3 f , 9 9 4

in patterning, 966-967
receptor tyrosine kinases, 580, 680f

Fibronectin, 805t, 830-833
alternative splicing in, 126, 1.26f, Zl8, 338
antibodies to, 806f
classes of, 831
functions of, 830-831
hepatocyte-derived, 1.26, 1.26f, 338
integrins and, 831-832, 83lf
introns in, 217
isoforms of, 1.26, 1.26f,338
RGD sequences in, 815, 831, 831f
s t ruc tu re  o f ,831,831f
synthesis of, 832-833

Fibrous proteins, 68
Fight-or-flight response, 9-10
Filaments. See Cytoskeleton, filaments of
Filamin, 728, 729f, 747 I
Fi lopodia, 71.6,71.6f, 745, 7 50f
Filopodium, 1040, 1.040f
Filters, in ion channels, 461.463, 462f
Fimbrin, 728,729f
Fingerprinting, DNA, 225, 225f
Fingers, extra, 992, 993f
FISH (fluorescence in situ hybridization), 258
Fish vectors, 310, 31 1f
Fisher, Emil, 80
5' cap, 1,24, 125f

in pre-mRNA processing, 324f, 325-336,
325f ,3271,  337

shortening of, 352-J53, 352f
in transcription, 280-28L, 282
in translation, 134

5 ' e n d
of DNA strand, 114, 114f
of Okazaki fragment, 741, 141f, 1,42f

5' untranslated regions (UTRs), 124
55 rRNA, processing of,359-363
F lage l la ,415

basal bodies in, 761
beating of, 778-779, 779f
deftnition of,777
in intrat lagel lar transporr. r02, 779-780,

781.f
microtubules in, 77 7 -7 80, 77 8f-7 9lf
of sperm, 954, 954f, 955, 968
structure of, 777, 778f

Flavin adenine dinucleotide (FAD)
in ATP synthesis, 482
as electron carcter, 59-60,60f

Flavins, in ATP synthesis, 482, 495t
Flippases, 420, 43'1.432, 456, 4 56f
Floral meristem, 983. See a/so Meristems
Floral organ-identity genes, 983
Flow cytometry, 394-39 5, 39 5f
Flower development, 983-984, 984f
Fluid mosaic model, 410f
Fluorescence-activated cell sorter (FACS),

394-395,39sf

Fluorescence in situ hybridization (FISH), 258
Fluorescence microscopS 382-386

of actin polymerrzation, 7'1.9
in Ca"' measurement, 383-384, 384f
confocal, 386,386f
deconvolution. 386. 387f
in H2* measuiement, 384
immunofluorescence, 385, 385f
SPED, 385
total internal reflection, 404
vs. electron microscop5 388
of VSV G proteins, 582f, 583

Fluorescence recovery after photobleaching
(FRAP), 4L74L8,477f

in microtubule half-life measurement, 785
Fluorescence resonance energy transfer

(FRET) ,  639,639f
Fluorescence spectroscopy, of actin

polymerization, 719
Fluorescent antibodies, 21
Fluorescent staining, 382
Fluorochromes, 383, 385, 385f
Focal adhesions/contacts, 7 16, 7161, 833,

834f
in cell migration, 745, 747f

Focal complexes, 833
Folding, protein. See Protein folding
Follicles, 953
Footprinting, 1 33
iormlns. /25-/z+- /z+l
fos oncogene, 1131, 11.321
Founder cel ls.908-909
Fovea, L027f, 1028
FOXO 3A, 596
Fractionation, 21
Frameshift mutations. 1,28. 1,67
Franklin, Rosalind, 114
FRAP (fluorescence recovery after

photobleachingl, 41.7 41.8, 41.7 f
in microtubule half-life measurement, 785

Free energy (G), 55-56
in energy coupling, 58-59
in membrane transport, 464465, 465f
reaction rate and, 56-57,57f

Fringe proteins, 705
Frizzled, in Wnt pathway, 599, 699f
Frog. Sae Xenopus laeuis
Frog oocyte expression assay, for ion channels,

464,464f
Fructose 2,5-bisphosphate, in glycolysis, 482f,

483,483f ,485
Fruit fly. See Drosophila rnelanogaster
ftz (fushi tarazu), in body segmentation, 975f,

977, L000
Fumarate, succinate oxidation to, 59, 59f
Functional complementation studies, of

JAK/STAT pathway, 677, 677f
Functional domains, 70
Functional expression assays, in receptor

purification, 631.-632, 632f
Functional groups, 34, 35t
Fungi. See also Yeast

disease-causing, 5
functions of, 5

Fura-2 fluorescence microscopn 383-384,
384f

Furanoses, 45,45f.
Furin, 604
fushi tarazu (ftz), in body segmentation, 975f,

977, 1.000
Fusion proteins, 1.98, 1.98f

G-actin. 717-718.717f .  See a/so Actin
polymerization of, 71.8, 71.9-721, 719f

G bands, 258,2581,261
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G protein(s), 90,9lf
act ivat ion/inacrivation of, 637-639, 639f.

See also GTPase switch proteins
(GTPase superfamily)

classification of, 639, 640t
cycling mechanisms of, 637-639
diversity of, 639
functions of, 90
G" subunit of, 637-639, 638f, 640t, 644, 644f
Gp"y subunit of,537-638, 6381, 64'1,,641,f,

644, 644f
monomeric (small), 354-355

in signaling, 634
monomeric small, 354-355
muscarinic acetylcholine receptor and, 641,

64'l.f
in nuclear transport, 571
in signaling, 633-657, 633f. See also G-

protein-<oupled receptors
stimulatory, 639
in translation, 354-355
trimeric, 35 5, 634, 637-639, 638f

subunit dissociation in, 644
vesicular transport of, 582-583

G protein-<oupled receptor(s) (GPCRs), 423,
624,635-657, L01.8. See also
Neurotransmitter receptors

acetylcholine, 641,, 641,f
activation of, 527
adaptation of,644-645
o2-adrenergic, 636-637, 637f
arrestin and, 645 , 651-652, 65Lf, 694
p2-adrenergic, 636-637, 637f
chemokine receptors as, 1.09 6-1097
CREB protein and, 698, 698f
desensitization of, 631., 644-645, 651-552,

651f
effector protein activation by, 637-640,

638f, 639f
epinephrine binding to, 636-637, 6361, 6371
ion channels and, 640-645
ligand binding to, 527
in MAP kinase pathway 691.-692,692f
as multipass integral membrane proteins,

545f, 547
muscarinic, 64L,641.f
o rphan,660
overview of, 635
structure of, 635-636, 636f, 6661
in taste perception, 1036
in transcription, 697-702
types of, 639,640t

G protein-coupled receptor/cAMP pathway,
646-652

adenylyl cyclase binding and activation in,
646-647, 646f, 647f

anchoring proteins in, 652, 5521
cellular responses in, 549, 550t
desensitization in, 651,-652, 651f
down-regulatio n in, 6 5 1,-6 52, 6 5 1,f
in glycogen metabolism, 648-650. 648f,

649f
protein kinase C activation in,647-649
signal amplification in, 550-551, 650f

G protein-coupled receptor/IP3 pathway,
Ca'*/calmodulin complex in, 555-655

G protein-coupled receptor/lP3/DAG pathway,
653-657.654f ,655f

G6 phase, 18f, 848f, 849,850f. See also Cell
cycle

in mammals, 881-882
in yeast, 877,877f

G1 cyclins, 850, 850f
in mammals, 881, 882f
in yeast, 87 4-87 8, 87 4f-877 f

inhibition of, 895

l -20  .  INDEX

G1 phase, 18, 18f, 848, 848f, 849,850f. See
a/so Cell cycle

arrest of, by DNA damage, 11.36-l'1.37,
1137f

changes in, in cancer, 1134,1136-1.137,
t1.37f

regulation of,872-879
G2 phase, 18, 18f, 781,,848f,849. See also

Cell cycle
changes in, in cancer, 1134
in mammals, 881, 882f
in yeast, 877,877f

G " , 9 0 , 9 1 f
GABA (gamma-aminobutyric acid), structure

of, 1.020f
Gag protein, 51.4, 61.5f
G"'GDP complex, 637-638, 538f, 644
G"'GTP complex, 637-638, 638f, 641,

643-644,643f
in GPCR./adenyly cyclase pathway, 646-652

Gain-of-function mutations, 1 67
in cancer, L1.19-1.L2l

GALL prornoter,206
GAL4 transcription factor, 288-289, 289f
Galactose, 45,45f,46f

membrane transport of, 443
GalT protein, in fertllization, 957
Gametes, 19, '1.67,950

parental type, 17 5
recombinant type, 1.7 5

Gametogenesis, 953-955
genomic imprinting in, 958

Gamma-aminobutyric acid (GABA), structure
of, 1020f

Gamma carboxylation, of amino acids, 43
Gamma-secreta se, 705-706, 705f
Gamma-tubulin, 7 61., 7 62
Gamma-tubulin ring complex, 7 61, 762
1 light chains, 1.065. See also

lmmunog lobu l in {s ) ,  l i gh t -cha in
Ganglion mother cells (GMCs), 932-935
Gap genes,972

discovery of,999-L000
in Drosophila development, 974-977 , 97 5f

Gap junctions, 16, 383,383f, 809, 810f, 811t,
81.7-819, 81.8f

in electrical synapses, 1,025-'1,026, 1.026f
vs. plasmodesmata,84L

GAPs (GTPase-activating proteins), 90, 637,
6 4 4 , 5 8 5

in asymmetric cell division, 935
Gastric acidification, 47 2, 47 2I
Gastrulation, 951
Gated channels. See Ion channels
GCN2, in translation, 356
GCN4 transcription factor, 289, 305-306
GCNs, 305-306
GCPR kinases, 644
GDNF (glia-derived neurotrophic factors),

L L 2 7
GDP (guanosine diphosphate)

GTPase switch proteins and, 637-638, 6381
in microtubule assembly, 764-765
in nuclear transport, 571.-572, 572f, 573,

574t
in signaling, 633-634, 633f, 637-638,

638f., 691.
in vesicular transport, 587-588, 588f

Geiger counter, 100
Gel electrophor esis, 22f , 9 4-9 6

in cloning, 184, 185f
in Northern blotting, 1,92, 1.92f
procedure for, 185f
SDS-polyacryla mide, 9 4-9 5, 29 4f
in Southern blotting, 1,91,-1,92, 1.91f
two-dimensional, 9 5-96, 9 5f, 106

Gel filtration chromatography, 221, 96, 97f
Gel-shift assay, 286, 2871
Gelsolin, 723
Geminin, 883
GenBank, 243
Gene(s). See also Genome and specific genes

abundance of, biological complexity and,
246,246f

alleles of. See Alleles
autosomal-dominant, 19 9 -200, 200f
autosomal-recessive, 200, 200f
co-regulated, cluster analysis of, 193,1.941
coding regions of,217
components of,217
conservation of, 29
definitions of , 1'1.2, 120, 2L7, 2L9
density of, 221f, 223-224
in development, 951
disease-causing. See also Cancer; Diseases

and conditions
examples of, 1.98-204
identification of, 198-204. See also

Gene identification
inheritance of, 199-200, 200f,

203-204
mapping of , 200-203, 201f-203f . See

a/so Mapping
dominant-negative, 7 47
duplicated

in gene familie s, 217 , 218f , 220
segmental duplication and, 221
in tandem arrays, 220t, 221J22

early-response, 690, 884
eukaryotic, 21 61, 217 -222
floral organ-identity, 983
gap, 972, 999-1000

in Drosophila development. 97 4-977.
97 sf

globin
a ,220J21. ,221.1
p ,220J21. ,2271

evolution of, 235
haploinsufficient, 167
heat-shock, 76-77, 76f, 31.6
homeotic, 979,983
housekeeping, 282
i - - ' i . t e r l  9 S R

jumping. See Mobile DNA elements
late-response, 884
linked, 175
mutations in. See Mutations
organization oI, 223J26, 224f, 225f

in eukaryotes,'1.23-1.24
in prokaryotes, L22-123

pair-rule
in body segmentation, 97 5f, 976-977,

976f
discovery o1,999-1000

pattern-formation, 999-1 000
polycomb, 982-983
protein-coding, 120, 2L9-221, 220t

in eukaryotes, 123-724
organization of, 122-124
in prokaryotes, 1,22-1'23
solitary, 219220

pseudogenes and, 220-221.
relative number of, 245-246, 246f
reporter, 277, 283

in functional complementation studies,
677

segment-polarity, 97 7, 9 99 -1000
s\ze of,217
solitary, 21,9-220
structure of

in eukaryotes, 21.6f, 217
in prokaryotes,217



tandemly repeated, 227-222, 221t
in DNA fingerprinting, 225

tumor-suppressor, 882, 1107, 1122t
inherited mutations in, 11.23-1124,

1.1.23f
loss-of-function mutations in, 148, L1,23
loss of heterozygosity in, 1124,1125f

un l inked,175
Gene control,  1.3, 17-1,8, 112

cytoplasmic, 323
genomic imprinting in, 958
at individual synapses, 325
post-transcriptional, 323-357. See also

Post-transcriptional gene control
specificiry in, 922-923, 923f
transcriptional. See Transcriptional gene

contfol
Gene conversion, 153
Gene density, 221f
Gene expression, lT-18

constitutive, 290
coordinate, l23
def in i t ion  o f ,17 ,269
differential,  24,24f
in eukaryotes, 122-1,23
rn prokaryores, 122-l 23
regulation of. See Gene control

Gene expression studies
cluster analysis in, 193-194, 195f
DNA microarrays in, 192-194, 194f, 195I
expression systems for, 194-1,97,

1,9 5f-197f
gene-inactivation, 204-21,1. See also Gene

lnacuvailon
gene/protein tagging in, 197-198, l98f
Northern blotting in, 1,92, 1,92f
in situ hybridization in, 192, l93f
Southern blotting in, 1,91-192, Iglf
vectors in, 194-198

bacterial,  194-196, 19 5f
eukaryotic, ̂1-96-198, 

196f-1.98f
plasmid, L9 5-1.96, 19 5f
re t rov i ra l .  197,  19- {

Gene families, 220
Gene identification

BLAST algorithm in,243
cluster analysis in, 1,93-1,94, 195f
databases for,243
DNA microarrays rn, 1.92-1,94, 194f, 1,95f
expressed sequence tags in,245
expression systems for, 1.94-197,

19  5 f - l97 f
future research areas for, 265-266
gene/protein tagging in, 197-198, 19Bf
for genetic diseases, 198-204
mapping in, 200-204, 20lf-203f. See also

Mapping
Northern blotting rn, 1,92, l92f
ORF analysis rn, 244-245
sequence homology in, 244, 244f , 24 Sf
in situ hybridization in, 1,92, 193f
Southern blotting in, 1,91-192, 1.91f

Gene inactivation, 204-211
disruption construct in, 205, 205f
gene knockout in, 207-208, 207 f , 208f
homologous recombination in, 204, 204f
promoters in, 205
RNA interference in, 270, 211f
in sex determination, 253-254
somatic cell recombination in, 208-209,

209f
Gene knock-in, 241, 241,f
Gene knockout, 207-208, 207f , 208f
Gene loci,  175

oeflnlnon ot, I /)

of l inked vs. unlinked genes, 175

Gene mapping, 174-175,200-203. See also
Mapping

Gene regulation. See Gene control
Gene tagging, 197-1.98

epi tope,  98,  198,  385
green fluorescent protein rn, 197-198,

1 9 8 f , 3 8 2 - 3 8 3 , 3 8 3 f
by insertion mutations, 189-190, 790f

General  import  pores,  559,  559f ,  561
General transcription factors, 253, 296-297,

297f,  Z98f
Genetic analysis, 1.65-21.2

breeding experiments in, 767-1,70, l69f
complementation tests in, 17l, 772f
cond i t i ona f  mu ra t i ons  i n ,  170 - l t l ,  170 f
diploid organisms in, 166, 167f, 771
DNA cloning in, 176-1,90. See also

Clones/cloning
double-mutant ,  17 l -172,  77 3f
expression vectors in, l9l-198
tunc t i on -based ,  174 ,  2 l  2
future research areas for, 211,)12
gene inactivation in,204-21.1. See also

Gene inactivation
gene knock-in in, 241, 2411
gene knockout in, 207-208, 207f, 208f
in genetic diseases, 798-204
genetic screens in,170-171,, 170f
haploid organisms in, 765, 167f, 1,69-1,71,,

170f
inbreeding experiments in, 171
mapping in, 174-17 5, 174f, 200-203. See

also Mapping
position-based, 774-17 5
suppressor mutations in, 17 3-174, 173f
synthetic lethal mutations in, 173f, L74
temperature-sensi t ive mutar ions in,

170-171, 1.70f
wild type organisms in, 166, 1,571

Genet ic code, 11,  1.27, l28t
codons in, 1.27-1.29, 1281, l29t
oelrnrtron oI, Iz,/
oegenerate, l/ /
deviations from, 128-129, 129t
mitochondrial, 240, 24lt
reading frame fot 128, l29f
universal nature of, 28,128-129

Genetic complementation, 17 l, 1,72f
Genetic complementation tests, 219
Genetic diseases. See Diseases and conditions
Genetic diversity, from recombination, 892,

955
Genetic engineering. See Recombinant DNA

technology
Genetic heterogeneiry, 204
Genetic linkage mappin g, 200-202, 201,f-203f .

See also Mapping
Genetic map unit, 175
Genetic markers, 175

in linkage mapping, 200-201,
Genet ic mutat ions.  See Mutat ions
Genetic recombination. See Recombination
Genetic screens, 25, 170-171,170f

for pattern development, 959
for recessive lethal mutations, 171

Genetic variation, 7. See also Mutations
in evolution, 28-29, 29f

Genetics,22-23
developmental, 28-29

Genome
complexity of, gene number and,246,245f
def in i t ion of ,12,64
DNA amounts in, 223
gene/protein function and, 246, 246f
individual variation in, 247
interspecies similarities in, 29, 291

in nucleus, 378
proteins in, 64
sequenc ing  o f ,64 ,122
v i r a l , 1 5 4

progeny,158
Genomic imprinting, 958
Genomic l ibraries, 180-181, 1.82-184, l83f

screening of, 181-182
Genomics, 23,243-247

BLAST algorithm for, 243
databases Ior,243
oer rn l l lon  o \  25 ,  z t  /

expressed sequence tags in,245

future research areas for, 265-256
mouse models in, 245
protein/gene identification in, 243
sequence homology in, 244, 244f, 2451
singie nucleotide polymorphisms in,

246-247
Genotype, 166

definition o1,22, 166
vs. phenotype, 166
wild type, 166

Germ cells, 905
division of, 1.67, 1.68f
in oogenesis, 9 53-9 5 5, 9 53f
primordial, 953

Germ layers
development of, 951, 962-963,962f
fates of, 907-908,907f

Germ line, 907
definition of, 913

Gerrn-line cells, 13-14, 91.3-914, 950
fate of,907-908
segregation of, 953
stem,91-3-974

Germarium, stem cell niches in, 913,973f
GFAP (glial fibrillary acidic protein), 793t,

794
GFP tagging, L97-198, 1.98f, 382-383, 383f
GGA protein, 598-599
Giant, 974-977, 97 5f
Gibbs, J.W., 55
Gleevec, 1130
Glia-derived neurotrophic factors (GDNF),

r1,27
Glial cells, 917, 1003

astrocytes, 1,01, 6, 1,01,7 f
microgl ia, 1014
myelinating, 1014, 1015f
oligodendrocytes, 1014, 1015f
Schwann cel ls, 1014-1016, 1,01,5f
structure of, 1003, 1003f
types of, 1.014-1017, 1015f

Glial fibrillary acidic protein (GFAP), 793t,
794

Glioblastoma, 1109
Gliomedin, 1015
glnA promoter, 27 4, 27 4f
B-Globin, RNA processing in, 125f
Globin genes

a,220-221,221. f
9,220-22't ,  221.f

evolution of, 235
Globin proteins

evolut ion of,73,73f
structure of,73,73f

Globular actin. See Actin, G form of
Globular proteins, 68
Globulin actin (G-actin), 717-71,8, 7 1.7f
Glucagon, 658-660, 6591

in cAMP synthesis, 663-654
Glucocorticoid receptor, 312f, 31.3, 31,4f. See

a/so Hormone receptors
Glucofuranose, 4 546, 451
Glucopyranose, 4 546, 4 5 f
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Glucose
fermentation of, 484f, 485
membrane transport of, 44'1.443, 441f,

442f. See also under GLUT
rransepithel ial.  47 1, 47 1 f

oxidation of, 59
structure of, 45, 45f, 45f

Glucose/glycogen metabolism, 1.7, 1.7f,
481-485, 482f484f

acetyl CoA oxidation in, 487489, 4881
acetyl CoA synthesis in,487,488f
aerobic, 483-485, 484f, 485, 488f
allosteric regulation of, 483-485
anaerobic, 483, 484f, 48 5
in ATP synthesis, 481-485, 482f484f
calcium in, 558, 658f
cellular respiration in, 59, 487-489,489f
citric acid cycle in, 487489,489f
electron transport in, 488f, 489491, 490f,

493-503
feed-forward activation in, 483, 483f
fermentation in, 484f, 485
glucagon in, 658-660, 659f
glycolysis in, 481-485, 482f484f, 488f
insulin in, 558-660, 659f, 696-697. See

a/so Insulin
in mitochondria, 37 8, 485487, 486[
multiple second messengers in, 657-660,

658f
oxygen deprivation and, 484f,485
protein kinase A in, 698
pyruvate oxidation in, 487, 488f
pyruvate synthesis in, 481-485, 4821484f
rate of, 483-485
regulat ion of, 483-485, 483f

cAMP in, 648-550, 648f, 649f
stages of, 481.482, 487, 4881

Glucose metabolism, glycogenolysis in
multiple second messengers in, 657-660,

658f
regulation of, 648-650, 6481, 649f

Glucose transporters, 441443, 441f, 442f,
471, 471.f. See also under GLUT

hydropathy profile for, 548,549f
as multipass integral membrane proteins,

547
Glucosyltransferases, in protein folding, 553
Glucuronyltransferase 1, in plant cell adhesion,

842
GLUT(s), 441.443, 441.f, 442f, 47 1., 47 1.f

as multipass integral membrane proteins,
547

GLUT1, 441,443, 44Lf, 442f
hydropathy profile for, 548,549t

GLUT2, 441f, 443, 47 1., 47 1.1
GLUT3, 442,443
GLUT4, 442, 443, 659, 696-697

insulin and, 443
Glutamate, 42, 42f . See also Amino acid(s)

structure of, 1020f
Glutamate transporters (VGLUTs), 1020
Glutamic acid,42,42f
Glutamine, 42L 43. See also Amino acid(s)
Glutamine synthetase, 10f
Glyceraldehyde 3-phosphate, in Calvin cycle,

525,526f
Glycine, 42f,43. See also Amino acid(s)

in collagen triple helix, 822,822f
structure of,1,020f

Glycobiology, 843
Glycogen, 17, 46
Glycogen phosphorylase, 648
Glycogen phosphorylase kinase, 649, 649f
Glycogen synthase,697
Glycogen synthase kinase 3 (GSK3), 697,

699

l -22  .  INDEX

Glycogenolysis. See also Glucose/glycogen
metabolism

multiple second messengers in, 657-660,
658f

regulation of, 648-650, 648f, 549f
Glycolipids, 416

tight junctions and, 815
transmembrane, orientation of, 426

Glycolysis, 481-485, 482f484f, 488f
definition of, 481
products of, 481, 482f, 490t

Glycolytic pathway, 481, 482f, 488f
Glycophorin A, o hel ix of,422f,423
Glycophorin C, 730, 730f
Glycoproteins, 550

definition of, 824
folding and stabilization of, 552
perlecan as, 824
proteoglycan, 824
transmembrane, orientation of , 426

Glycosaminoglycans (GAGs), 46, 843
chain elongation in, 827
definition of, 827
in extracellular matrix, 827-829, 828f
functions of, 827-829, 828f
in perlecan, 824
in proteoglycan s, 827-830, 828f, 829f
structure of, 827-829, 828f
in Wnt signaling, 700

Glycosidic bonds, 40, 41f, 45f, 46, 46f
Glycosphingolipids, 43 I
Glycosylation, 376, 426

of amino acids, 43
Glycosylphosphatidylinositol ( GPI)-anchored

membranes, 425426, 425f '  543f, 545,
547,548f

Glycosylphosphatidylinositol ( GPI)-anchored
proteins. See GPI-anchored proteins

Glyoxisomes, 375
Glypicans, 829
Goat anti-rabbit antibody, 385
golden, 469,469f
Golgi, Camillio, 376
Golgi complex , 1.5, 373f, 376-377, 376f

cis region o(,3-6-37-, 3-7f
vesicular transport in, 592-596,

s92f-596f
cisternal maturation in, 580, 596,597,

597f
functions of,595-596
medial region of , 37 6-377, 377f, 59 5-596,

595f, s96f
structure of, 595-596, 596f
trans region of,376-377,377f, 580, 581f,

59r, 595-596, 595f, 596f, 597-604
protein aggregation in, 602-503
protein targeting from, 588-591,

6oo-505,605f
vesicular transport in, 597-604,

598f-601.f, 6031, 604f
Golgi membrane, 418, 41.8t
Gonads, development of, 91'3-914
Goodpasture's syndrome, 823
GPl-anchored proteins, 425426, 425f, 543f,

5 4 5 , 5 4 7 , 5 4 8 f
basolateral-apical targeting of, 605
on lipid rafts, 420, 605

GPI anchors, 425-426,425f, 543{, 545, 547,
548f

Gradient-mode signaling, 954
Graft rejection, MHC molecules in,

1.077-1.078, 1.078f
Grana,379
Granulocyte colony-stimulating factor,

genetically engineered, L94-19 5
Granzymes, in T-cell apoptosis, 1060f, 1095

GRB2 adapter protein, in Ras/MAP pathway,
685, 6861, 687-688

Green fluorescent prorein, 2 l. 98, 382-383, 383f
in gene/protein tagging, 197-198, 798f

GroEL, in protein folding, 77, 771
Ground tissue, in plants, 839, 839f
Group I introns, 363,364f
Group II introns, 334-335, 335f, 363, 363f
Growing forks, 141, 1.41.f, 1.42f, 1.43-L44,

1.44f
Growth cone, 1040-1049. See also Axon(s),

growth-cone extension of
Growth factors. See also TGFp superfamily

in cancer, 631,, 680-682, 681f,706,
1127-1  129,  l134 ,  i l34 f ,  t142-1143

in cell division, 913
in cel l  migration, 746-748,748f-7 57f
epidermal. See Epidermal growth factor

(EGF)
eoithel ial.63l
fibroblast. See Fibroblast srowth factor

(FGF)
in heart disease, 706
in hematopoiesis, 918, 9191
hepatocyte,928
nerve, 593, 938, 938f, 942
olatelet-derived. 746
in Ras/MAP kinase signaling, 693
in signal ing, 626,680

in cell division, 914
Growth hormone, receptor binding of, 626f,627f
Growth hormone receptors, 679
GTP (guanosine triphosphate)

in actin filament assemblv. 724,724f,
725-726,726f

discovery of,663-664
GTPase switch proteins and, 637-638,

6381. See a/so GTPase switch proteins
(GTPase superfamily)

hydrolysis of, in microtubule assembly,
763-755,765f

in nuclear transport,  57 l-572. 572(, 573,
574f

in signal ing, 633-634, 633f, 637-638,
638f, 663-664

in translation
in elongation, 135-1'36, 136f
in initiation, 1,33, 134, 135f
in termination, 137-1'38, 1'37f

in vesicle pinching, 599-600, 599f,600f
in vesicular transport, 587-588, 588f,

s99-600, s99f, 600f
GTP-binding proteins

in cell migration, 746-7 48, 7 481
tubulln as. /Jy. /bur
in vesicle coating, 587-588

GTP exchange factor, 90, 9Lf
GTPase-activating proteins (GAPs)' 90' 637'

6 4 4 , 6 8 5
in asymmetric cell division, 935

GTPase switch proteins (GTPase superfamily)'
90,91,f,  r38, 587, 637-638

in cel l  migration. 246-748, 747f
in mitotic exit network. 890, 890f
Ras protein rn, 684. See also Ras protein
in signaling, 633-634, 633f, 637-638' 6381
in vesicular transport, 587-590' 590f

GTPases, inactivation of, 209, 210f
GTP-B-tubulin cap, in microtubule assembly,

764-765,765f
Guanine, 44, 45t, 1'1'3-11'4. Sae a/so Base(s)

in double hel ix, 114-115, 115f
structure of,44,44f

Guanine nucleotide-binding proteins, 90, 91'f
Guanine nucleotide-exchange factor (GEF)

in mitotic exit network, 890



in signal ing, 633-634, 633f, 637, 685
in cell-cycle regulation, 890
rn cel l  migrarion, 74-

Guanine nucleotide-binding proteins, 90, 9i,f
Guanosine diphosphate. See GDP (guanosine

diphosphate)
Guanosine triphosphate. Sae GTP (guanosine

triphosphate)
Cuidance proreins. in axon extension,

7043-t046, 1.044f-1.045f
Guil lain-Barre syndrome, 1015
Gustaduc in ,1035
Gustation, 1034-1036, 1035f

H *
measurement of. f luorescenr microscopy in.

384
pH and,  51-52 ,52 f

H-2 complex, 1,078, 1078f
H* ATPase, 447f, 448, 453454, 453f,460
H-  channe l ,  447f ,448,  453454,  453f  ,450
H- pump, 447f,448, 453454, 453f
H1 kinase assay, for mitosis-promoting factor,

857,  857f
H3, centromeres and, 263
Hair, srem cells for, 914-91,5,915f
Hair cells, cochlear, 339-340, 340f,

1 0 3 2 - 1 0 3 3 , 1 0 3 3 f
Hairpins, 118, 1191, 210, 224

in somatic recombination, 1,071, 1,07|f
hairy, in body segmenta rion, 977
Half-life, of radioisotopes, 99
Hand, developmenr of, 991-992,997f. See

also Limb development
Hanson-Huxley experiment, 7 5 5-7 56
Hanson, Jean, 755
Hap lo id  ce l l s ,  19 ,  166,849
Haploid chromosomes, 849
Haploid organisms, 165

genetic analysis in,769-171, 170f
Haploinsufficie ncy, 1 57
Haplotypes, 202,202f
Harmonin, 1034
Hartwell ,  L.H., 170
HAT medium, 401,402f
HB-EGR 706
Hearing, 1032-1034

cochlea in, 339-340, 340f, 1032-1033,
1  033f

hair cel ls in, 339-340, 340f, 1032-1033,
1033f
K--channel proteins in, 339-340,

340f
impaired, 1033-1034
stereoci l ia in, 1032-1034, 1033f, 1034f

Heart. Sae a/so Cardiac muscre
developmenr of, 957-969, 967f, 958f
kinase-associated proteins in, 652, 552f
muscarinic acetylcholine receprors in, 64j,,

641f
Heart disease, 740
Heart fai lure, 458
Heat, generation of, brown-far mitochondria

in ,  510
Heat perception, 1031-1032
Heat-shock proteins

as chaperones, 76-77, 7 6f
transcription of, 316

Heavy-chain immunoglobulins. See
Immunoglobulin(s), heavy-chain

Hedgehog (Hh) parhway, 667f, 697-699,
700-702, 700f, 701f

in axon guidance, 1046
in body segmentation, 977,1,000
in cancer, 1.124-1125

in cell division, 91.3-91.4
in neural development, 987

Hedgehog protein, 92, 416
Hedgehog receptors, 666f
HeLa cell line, 398
Hel ical  v i ruses,  154,  155f
Helicases

in replication, 141, 1.43, 144, 1.44f
in transcription intitiation, 298

Hel ix
alpha. See cr helix
DNA, 11, 71.f, 114-1.1.5, 1.1.5f, l16f . See

a/so Double helix
recogni t ion,  290,291f
sequence-reading, 290, 291,f
triple collagen, 821-822, 822f, 825-826,

82sf
Helix-loop-helix motif, 69, 90, 90f, 292-293,

293f
Helix-turn-helix motif, 69, 70f, 290
Helper T cells, 1076-7077, 1096

CD4 and, 1080
cytokine production by, 1.097
MHC molecules and, 1080

Hemagglutinin
folding and assembly of, 554-555, 554f
structure of, 70-71, 71f, 72

Hemarocrit, 579
Hematopoiesis, cytokines tn, 672-673
Hematopoietic stem cells, 917-920, 9l9f
Hematoxylin, 385. See a/so Staining
Heme, 89, 89f

cytochromes and, 395f, 495-496
Heme-regulated inhibitor, in translation, 356
Hemicel lulose, 839f, 840
Hemidesmosomes, 796, 802f, 809-810, 810f,

8 1 1 t , 8 1 6
Hemoglobin

B-globin genes in, 220-221,227f
evolution of, 73f
oxygen binding by, 89, 89f
structure of, 70f, 73, 73f

Hemoglobin S, 199, 799t
Hemophilia A, 1.99t
Henderson-Hasselbalch equation, 52, 54
Heparan sulfate, 827, 828f,829
Heparin, 827, 828-829, 828f, 829f
Heparocyte(s)

basolateral-apical sorting in, 505, 605f
in glucose metabolism, 649, 550t

Hepatocyte-derived fibronectin, 126, 126f, 338
Heptad-repeat motif, 69, 70f
HER receptors, 580-683, 681f,682f
HER2, in breast cancer, 631, 680-682,681f
Herb ic ides ,52 l
Hereditary hypomagnesemia, 816
Hereditary polyposis colorectal cancer, 1,1,42t
Hereditary retinoblasroma, 882, 1L23-1124,

1r23 f ,  1 .135
hes7, 978
Heterochromatic murants, in cell lineage

stud ies ,909-911,910f
Heterochromatin, 252-25 3, 2 52f , 37 I

centromericr 224
definrtion of,299
formation of, 252, 253f, 350-351
X-chromosome inactivation and, 253-254

Heterochromatin protein 1 (HPtl, 252,
302-303

heterocyclic amines, in cancer, 1l4l,1.l4lf
Heteroduplex, 153
Heterogeneity, genetic, 204
Heterogeneous RNA (hnRNA), 327
Heterogeneous RNPs (hn RNPs), 325, 327,

328f
nuclear transpot of,345,345f, 573

Heteroplasmy, 240
Heterozygosity, 166
Hexokinase, in glycolysis, 483, 483f
Hexoses, 4445,45f
HIF-1, in cancer, 1L12-1113
High-density lipoproteins, regulation of,

707-709,708f
High-mobility group (HMG) proteins, 257
High throughput liquid

chromatography-tandem mass
spectrometry, L06-L07, l06f, 1.07f

Histamine, structure of, 1020f
Histidine, 4243, 42f. See also Amino acid(s)
Histone(s), 247, 248, 299

acetylation of, 250f, 251, 251,f, 307, 307
in transcription repression, 303-305,

304f ,305f
amino acid sequences in, conservation of,

249
centromeres andr 263
deacetylation of, 300, 307

in transcription repression, 300,
303-304,305

definition of,247
evolution of, 249
hypoacetylation of, 301
methylation of, 250, 250f, 251.-252, 306,

307
in transcription activation, 305
in transcription repression, 304-305,

3 0 5 f , 3 0 6
in nucleosome, 248-249, 2481
phosphorylation of, 250, 2501,251
post-translational modification of,

250-252, 250f, 299-307, 307
types of, 248
ubiquitination of , 250, 250f , 251,-252
variant, 250

Histone acerylases, 251.,305, 307
Histone code, 250, 252-253
Histone deacetylase, 304, 304f, 307

in myoblast differentiation, 928
in transcriptional repression, 300-301,

301f
Histone lysine demethylases, 307
Histone methyl transferase, 252
Histone nRNA, in oogenesis, 957
Histone talls,299. See also Histone(s)

post-translational modification of ,
250-252, 250L 299-, 299-307, 307

HIV. See Human immunodeficiency virus
HLA complex .  1078,  1078f
HMG-CoA reductase, in cholesterol synrhesis,

4 3 2 , 4 3 2 f
HMG proteins, 257
HMGI protein, in enhanceosome formation,

295-296,296f
HMI locus, in transcription repression, 299,

300f
HMR locus, rn transcription repression, 299,

300f
hnRNA (heterogeneous RNA), 327
hnRNPs (heterogeneous RNPs), 325, 327,3281

nucfear  t ranspor t  o f .  345.  345f ,573
HO, transcription of, 309, 309f
Holl iday structure, 151, 151f, 153, 153f

resolut ion of, 153, 153f
Homeodomain proteins, 291

Hox genes and,978
Homeosis, 979,983
Homeostatic chemokines, 1096
Homogeneity, biochemical, 407
Homologous chromosomes, 167, 168f
Homologous recombination

in DNA repair, 150-153, 151L 1.52t
in gene inactivatton, 204, 204f
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Homology, 72-73,73f
HomozygositS 166
Homunculus, 1.032, 1032f
Horizontal cells, 1027f, 1.029, 1.030-1.031.
Hormone(s)

cAMP regulation and,, 649, 650t
proteolytic processing of, 91
receptor binding of, 312-31.3, 31.2f, 31.3f
secretion of, 37 5-37 6, 376f
in signaling, l7f, 18, 312-313, 31.2f, 625,

625f, 626. See also Signaling molecules
steroid, 416
in transcription activation, 312-313, 31.2f

Hormone receptors
heterodimeric vs. homodimeric, 313, 31-3f,

31.4f
in nuclear-receptor superfamily, 312-31.3,

3L2f, 373f. See also Nuclear receptor(s)
response elements and, 313, 313f

Housekeeping genes, 282
Hox genes, 29f, 919-920, 97 8-983

definition of, 978
in D r o s op h ila melano gaster, 97 9-9 8 l, 9 80f
evolution of, 980-981,, 981,f
in l imb development, 990, 99Lf,992-994,

994f
mutations in, 979
organization of, 979-980, 980f
Polycomb proteins and, 302, 306
regulation of, 302-303, 982-983
Trithorax proteins and, 302,303, 305
in vertebrates, 980f-982f, 98 1-983

Hozumi, N., 1105-1105
HP1., 252, 253f, 302-303
HPV infection, 159

cancer and, 11.22-1.723, 1.1.29
p53 and, 11.37

Hsc70 chaperones, 559f, 560,561
Hsc70 proteins, 206
rlsp/U cnaperones, /b, /oI
Hsp70 pro te ins ,76 ,76 f
HSP7OB, in photosynthesis, 522, 5221
HSV tk gene,283,284f
Hubel, David, 1031
Human growth hormone receptor, hydropathy

profile for, 548, 549f
Human immunodeficiency virus

budd ing  o f ,61 .4 ,61 .5 f
membrane invasion by, 409, 409f
replication of, 3'1,5-31.6, 3'1,5f, 326

Human immunodeficiency virus infection, 159
AIDS and, 159
mRNA transpo rt in, 346-347 , 346f

Human papillomavirus, 159
in cancer, 1,1,22-1,723, 1,1,29
p53 and,  1137

Human T-cell lymphotropic virus (HTLV), 159
hunchback, 972, 973f-97 5f, 974, 999-1.000
Huntington's disease, 199t, 200, 200f
Hutchinson-Gilford progeria syndrome, 795,

866
Huxley, Hugh,755-756
hY RNA,222t
Hyaluronan, 827, 828f, 829-830
Hybrid cell cultures, 400402,402f
Hybridization

definition of, 181
in DNA library screening, 181-1.82, 1.82f
DNA microarrays and, 1.92-1.94,794f, 1.951
in situ, 192, 193f

in disease gene identification, 202
Hybridomas, 400-402, 402f , 1.0 68
Hydrocarbons, insolubility of, 38
Hydrochloric acid, gastric, 472, 472f
Hydrogen bonds, 34, 34t, 37, 37f, 38f

in proteins, 66, 66f, 67, 67f
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Hydrogen ion(s)
measurement of, fluorescent microscopy in,

384
pH and, 51-52,52f

Hydrogen ion ATPases, 447 f, 448, 4 53-454,
4s3{

Hydrogen ion channel, 447f, 448,453454,
453f ,460

Hydrogen-potassium ATPase, in parietal cells,
472,472f

Hydrogen pump, 447f, 448, 453-454, 453f
Hydropathy profiles, for integral membrane

proteins, 548-549, 549f
Hydrophilic amino acids, 4243,42f, 68, 68f ,69
Hydrophilic ends, of phospholipids, '1.4, 1.4f'

41.f, 48, 41j.414, 4l3f
Hydrophilic molecules, 31, 37, 37f
Hydrophobic amino acids, 42, 42f, 68, 68f, 69
Hydrophobic effect, 38-39, 39f

in proteins, 68
Hydrophobic ends, of phospholipids, 14,'l'4f,

411,48, 41.141.4,413f
Hydrophobic molecules, 31,, 38-39, 39f
Hydrophobicity, diffusion and, 439
Hydroxyl /O-) linked polysaccharides,

structure of,828,828f
Hydroxylation, of amino acids, 43
Hydroxyproline, in collagen triple helix, 822,

822f
Hypercholesterolemia. I  99t

familial, 608-61.0
Hyperpolarization

membrane, 541
in action porential generation,

1007-1008, 1025, 1.026f
of photoreceptor cells, 1028

Hypertonicity, 372, 444
Hypertrophic cardiomyopathy, 740
Hypervariable region

of Ig l ight chains, 1056f, 1.067,1068
of l ight chains, 1066t,1.067

Hypoblast, 962,962f
Hypomagnesemia, hereditary, 816
Hypotonicity 372, 392, 444
Hypoxia-inducible factor (HIF-I), in cancer,

1L1.2-L1.13
Hypoxic tumors, 11.09, 1,112-1.113

I-cell disease, 602
I-domain, 816
I-nB kinase, 667 I, 703-704, 7041
I-Smads,670-672
IAPs,941
ICAMs, 837
Icosahedral viruses, 154, 155f
Id protein, 928
Ig superfamily cell-adhesion molecules, 803,

804f, 1,067. See also Cell-adhesion
molecules

immunoglobulin fold in, 1067
IgA, 106s, 1065f
IgCAMs, 836-837
IgD, 1065
IgE, 1065
IgG, 1065-1056,1065f
IgM, 1065
Imaginal discs, 970, 97lf
Imatibin, 1130
Ime2,895
Imidazole,43
Immortal cel ls, 398, 398f
Immortalized cell lines, 398
lmmune response. See also Immunity

adaptive, 1058, 1058f, 1.062-1063
affinity maturation and, 1073

antigen-antibody interactions in. See
Antibodies; Antigen(s)

antigen presentation in, L082-L087. See
a/so Antigen processing and presentation

evasion of, 1062
future research directions for, 1'1'02
inflammation in, 1061-1062, 706Lf
opsonization in, 1060
phagocytosis in, 374, 37 4f, 606, 1.059,

1060, 1084-1085
specificity oI, 1062-1063, 1'066, 10561
vaccines and, 1.1.0L-1'1,02

Immune system, 21, 1055-1102
antibodies in. See Antibodies
antigen-presenting cells in, 1059. See also

Antigen processing and presentation
activation of,1.099
professional, 1080

antigens in. See Antigen(s)
chemical defenses in, 1059
chemokines in, 1061'
circulatory system and, 1'0 57, 1057f '

1058-1059
complement in, 1059-1060
cy tok ines  in ,  1060-1061
dendritic epidermal T cells in, 915
Fc receptors in, 1068
interferons in, 1060-1061
leukocytes in, 1057-1058, 1058f
lymphocytes in, 1057-1058, 1057f, 1058f
mechanical defenses in, 1059, 1097
natural killer cells in, 'l'060-106'l'' 1060f
overview of, 1055-1057
pathogen entry and, 1057
phagocytes in. See Immune response'

phagocytosis in
primary lymphoid organs in, 1057-1058
routes of infection and, L057
secondary lymphoid organs in, 1058
Toll-like receptors in, 1'097 -1099, 1098f

Immunity
adaptive, 1058, 1058f, 1061'1, 1'062-1'063,

L097-1,1,01
definition of, 1055
host defenses in, 1055-1063
innate, 1059-1 052, 1'0611

Immunization, L'1.01.-1,1'02
Immunoaffinity chromatography, 95, 97f
Immunoblotting, 98, 99f
Immunoelectron microscopy, 388
Immunofluorescence microscopy, 385, 385f
Immunoglobulin(s), 1063-1068. See also

Antibodies
classes of, 1064f, 1065-1'066' 1065f
clonal selection theory and, 1066-1067,

1.066f
discovery of, L062-1063
heavy-chain, 1063-1064, 1063f

class switch recombination in,
1075-1076,1075f

D segments in, 1'069,1069f,
1071-1073,1072f

hypervariable regions of, L067, 1068
isotypes of, 1065
J segments in, 1069, 1'069f, 1'071'-'l'073,

r072f
V segments in, 1069,1'069f,

1077-1073, 1.072f
variable regions of, 1'065f,1'067

isotypes of, L064f, 1065-1065' 1'0651
light-chain, 1,063-1064' 1063f

constant region of, 1'0661, 1067, 1068
hypervariable region of, 1'066f, 1067
isotypes of, 1065
J gene segments and,1069-107L,

1069f,1070f



somatic recombination and,
t069-1.07 1., 1.069f, 1070f

V gene segments and, 7069-1071,,
1069f,  1070f

variable regions of, 1,066-1067, 1066f
maternal-fetal rransfer of, 1055-7066
as multimeric proteins, 554
strucrure of ,  10f ,  554,  1063-1058,

1063f-1057, 1064f
transcytosis of , L06 5-1.066, 1055f

Immunoglobul in A ( IgA),  1065, 1065f
Immunoglobulin cell-adhesion molecules

(IgCAMs), 836-837
Immunoglobulin D (IgD), 1065
Immunoglobulin E (IgE), 1055
Immunoglobulin fold, 7065f, 1,057
Immunoglobulin G (IgG), 1.055-1.066,

1.065f
Immunoglobul in M ( lgM),  1065
Immunoprecipitation, 100

chromatin, 255
Immunoproteasomes, 1 083-1084
Immunoreceptor tyrosine- based activarion

motifs (ITAMs). Sea ITAMs
Impila, 509
Import receptors

mr rochond r i a l ,  559 -56  l ,  559 f
peroxisomal,  567-568, 567f
stromal,  555

Import ins,  57 1-572,  572f
Imprinting, genomic, 958
In situ hybridization, l92, I93f

in disease gene identification, 202
In vitro fertilizarion, 8
Inbreeding experiments, 171
Indirect-acting carcinogens, 1 139
Induct ion,  951,  963-964,9631. See also

Signaling
Infections

bacterial. Sea Bacteria
rmmune response in. See under Immunel

Immune responsei  Immuni ty
integr ins in,  838
leukocy re  ex r ravasa r i on  i n .  837 -838 .  838 f ,

1097
p ro tozoa l , 5
routes of ,  1057
signal ing in,  838
viral. See Virus(es)
yeast, 5

Inflammation, 1.061-1062, 1061f
Inf lammatory chemokines,  1 096
Inf lammatory T cel ls ,  1096
Inheritance

autosomal dominant, 199-200, 200f
autosomal recessive, 200, 200f
epigeneric, 303
of genetic diseases, 1,99-200, 200f,

203-204
X-linked recessive, 200, 200f

Inhibiror of apoptosis proteins (IAPs), 941
Inhibitory receptors, in axon potential

generar ion ,1025
Init iat ion complex, 134, 135f
Init iat ion factors, 133-135, 134f
Initiators, 282
INK4s, 884, 885t
Innate immunitn 1059-1052. See also Immune

response
Inner cell mass, 960, 962f
Inner ear, 1032-1034,1033f, f034f. See also

Hearing
Inorganic phosphate (P1)

from ATP hydrolysis, 57,57f
in ATP synthesis, 59

Inosine, base pairing with, 131

Inositol 1,4,5-triphosphate (IP3), in signaling,
634, 635t, 640t, 654-657, 654f, 65 5f

Insertion mutations
gene tagging by, 189-190, 190f
mobile elements and, 226, 228-229,

232-233,234-235
P elements and,189-190

Insertion sequences, 227-228, 228f
Insig-1(2)/SCAP/SREBP pathway, 707-709, 708f
Insulators, 254
Insul in, 17, 658-660, 659f

activation of,696-697
deficiency of, in diabetes mellitus, 660
disulfide bonds in, 552
GLUT4 and,443
regulation of, 17, 17f, 1004-1005
secretion of, 17, 17f,1004-1005
structure of, 10f

Insulin receptor, activation of, 696-697
int, 699
Integral membrane proteins. See Membrane

proteins, integral (transmembrane)
Integrase, in transposition, 230, 233
Integrins, 745-746, 807, 807f , 81.6-81.7, 81.7t.

See also Cell-adhesion molecules (CAMs)
activation of, 834, 835f
acrive/inactive forms of, 834-835, 835f
adapter proteins |or, 876,817t
in adhesive structures, 833-834, 834f
in axon guidance, 7048-1049,10481
binding capacity of, 810
in blood clotting, 834
in cel l-matr ix adhesion, 816, 831-835,

832f, 834f, 83sf
conformarions of, 834
diversity of, 815
evolut ion of, 816
expression of, 835
in f ibroblasts, 833-834, 834f
f ibronectin and, 831-832, 83lf
functions of, 81.6-817, 832
in hemaropoietic cells, 835
I-domain in, 8.[6
in leukocyte extravasation, 837-838
ligand binding bn 816, 817t, 834-835, 835f
platelets and, 834
regulat ion of, 834-835, 835f
in signal ing, 807, 807f, 817, 833-835
type IV collagen and, 821.-823,821.f, 823t
viruses and, 838

Intercellular cell-adhesion molecules, 836-837
Interferons, 672, 1050-7061,. See also

Cytokine(s)
Interleukin(s), 672. See a/so Cytokine(s)

T-cell production of, 1095-1096
Interleukin- 1 (IL-1,1, 7 0 3
Interleukin-2 (IL-2)

functions of,7096
in T-cell differentiation, 1091
T-cell production of, 1096

lnterleukin-4 (IL-4), 1.09 6
Interleukin-7 (IL-7 ), 1. 09 6
Interleukin-S (IL-8), 1096
lnterleukin-15 (IL-15), 1096
lntermediare filamenr(s), 16, 1,6f, 71,5, 775f,

7 s7, 7 58f ,  791.-796
assembly  o f  ,792,792f
classes of, 792-79 5, 793t
definition of, 791
desmins, 793t,794
disassembly of, 795
di:ease-causing defects in, 79 5-796, 79 5f
dynamic natve of,795
in epithelial cells, 809
functions of,758f
keratins, 793-796, 793t, 794f, 79 5f

lamins, 378, 793t, 794-79 5, 864f-8671,
865-867

overview of, 791-792, 791f
plakins and, 796
properties of , 7 58f, 791-792
protofibrils and, 792, 7921
protofilaments and, 792, 7921
qrrlrcrrrre of .  759f 79) 7921

Intermediate filament-associated proteins
(IFAPs), 796

Intermediate mesoderm, 991
Intermediate-repeat DNA, 226. See also

Mobile DNa elements
Intermembrane space, in mitochondria, 486
Internal face, of membrane, 41,4, 41,4f
Internal ribosome entry site (IRES), 134
Interneurons, 1005. See a/so Neuron(s)

v is:;.al, 7027 f, 1029 -1 0 3 1
Interphase, 782f, 783, 848, 848f, 849, 850f.

See also Cell cycle
in meiosis vs. mitosis, 894, 894f
i n  n l e n t c  7 g O  7 9 O f

Interphase cells, centrosomes in, 7 60-7 61,,
76 l f

Interphase chromosomes, 255
DNA amplification of, 260J61, 261,f
nuclear domains of, 255,255f
polytene, 260-261, 261,f
structure oI, 254-256, 25 5J56, 25 5f, 2561

Interspersed repeats, 224, 226, 26 5-266. See
a/so Mobile DNA elements

Intestinal epithelial cells, 470477, 47 lf
Intestinal vllli, 47 1., 91.6, 91.61
Intra-S phase checkpoint, 888, 888t
Intraflagellar transport, 779-780, 781,f
Intraflagellar transport (ITF) proteins, 702
Introns, 123,216,21,7

in bacteria, 123
exosome degradation of, 336-337
group I ,  334,363,364f
group I I ,  334-335,  335f ,363,3631
l e n g t n  o I ,  z l / , 5 J 5

in pre-rRNA, 363,363f
in pre-tRNA, 364,365f
self-splicing, 334-335, 335f, 363, 364f. See

a/so Splicing
in viruses, 123

Invad ipod ia ,  1110,  1110f
Inversional loining, 1070f ,'1,07 1
Inverted repeats, in IS elements, 227-228,228f
Iod ine-125,100
Ion channels, 440,440t

action potential and, 1004. See also Action
potential

calcium
IP3-gated,554
in muscle contraction, 1.024, 1.024f
in neurotransmitter release, 1022
store-operated, 65 5, 65 5f
structure of, 1010-101 1
in vision, 642

conformational changes in, 440
direction of flow through, 464465, 4651
future research areas in, 473
G protein-coupled receptors and,, 641-645
hydrogen, 447f, 448, 453-454, 453f, 460
l igand-gated,540, 1018. See also Nicotinic

acetylcholine receptor
in mitochondri a, 486-487
as neurotransmitter receptors, 640, 1018
in nicotinic acetylcholine receptor,

1024-1025, 1025f
nongated, 438f, 440, 458465
nonselective, 541
novel,464
oocyte expression assay fo\ 464,464f
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Ion channels (continuedl
in patch-clamp experiments, 463464,

463f,  464f
potassrum

ball-and-chain model domain of, 1013,
1 0 r 3 f

de layed,1007
diversity of, 1009
in heart muscle, 641
inactivation of, 1013, 1013f
membrane potential and, 438f, 460,460f

in hair cells, 339-340,340f
in muscle contraction, L023-1.024,

1.0241
in nicotinic acetylcholine receptor,

1024-1025, 1025f
opening/closing of , 1.007-1.009, 1008f
properties of, 1008
resting, 450, 461f, 462f
selectivity of, 461463, 462f
shaker m:utations and, 1009-1013
structure ot, 461463, 46'1,f, 462f,

1010-101 1, 1.01.1.f, 1.01.2f
subunits of, 461., 461.f, 462f
types of, 1009
voltage sensing ct helix of, 1007,

101 1-1013, 1.0rLf, 1.0r2f
resting potential and, 1004
selectivity of, 461463, 462f
in signaling, 639, 640-645, 640t, 641f-643f
sodium

action potential and, 1005-1007
inactivation of, 1007, 1009, 1013
membrane potential and, 458460, 459f
in nicotinic acetylcholine recepto!

1.024-1.025, 1.025f
opening/closing of , L007, 1007f, 1008f,

1009
salt perception and, 1034-7036
selectivity of, 461463, 462f
structure of, 461.463, 462f,

1 0 1 0 - 1 0 1 1 , 1 0 1 1 f
in vision, 542
voltage sensing a helix of, 1007,

101 1-1013, 1.01.1.f,  1.01.2f
store-operated, 655, 655f
structure of ,  461.463, 461f, 462f ,  463f
subunits of, 461, 461.1, 462f
voltage-gated, 440

action potential and, 1006-1014
a hel ix of,  1007, 1011-1013,1011f,

1.01.2f.
coordinated action of, 1.024, 1.024f
inactivation of, 1.007, 1009, 1013,

1 0 1 3 f
opening and closing of, 1007-1009,

1 0 0 8 f , 1 0 1 1 - 1 0 1 3
structure of, 1009-101 1, 101.1.f, 1.012f
voltage-sensitive domains in,

101 1-101 3
Ion concentration, in cytosol vs. blood,

448449,448t
Ion concentration gradient. See Concentration

gradient
Ion-exchange chromatography, 22f, 96, 97f
Ion pumps. See Pumps
Ionic detergents, 428
Ionic interactions, 36-37, 36f
Ionizing radiation

leukemia due to, 1139-1140
mutations d]ue to, 146-L47

Ionophores,502
IP3/DAG signaling pathway, 653-657, 654f,

655f, 667f, 694
IPLG complex, in neuroblast division,

933-935,933(

l - 2 6  .  I N D E X

IRAKs, 1098, 1098f
Iris, congenital absence of, 29, 29f
Iron, intracellular, regulation of, 356-357
Iron-response element-binding protein (IRE-

BP), 356
Iron-sulfur clusters, 49 5f , 496
Iron transport, via endocytic pathway,

6 1 . 1 - 6 L 2 ,  6 t L I
IS elements, 227-228, 228f
Isoelectric point (pI), 96
Isoforms, 219,338

fibronectin, 1.26, 126f, 338
proteln

alternative splicing and, 1,26, 126f, 338
definition of, 808
production of, 125-126, 126f , 338

Isoleucine, 42, 42f . See also Amino acid(s)
Isomers

amino acid,34f,4L
optical, 33

Isoproterenol, mechanism oI action of,629
Isotonic solutions, 444
Isotype switching, B-cell, 707 5-1,07 6, 1'07 5f
ITAMs

in B-cell development, 1073
in B-cell lymphocyte activation, 1091
in B-cell proliferation and differentiation,

109L, 1092f
in T-cell proliferation and differentiation,

1.091., 1092f
IZUmO pro te ln ,  y  J  / ,  >J  /  r

J chain, 1065
J segments

in light chains, 1069-1071, 1069f, 1070f
in T-cel l  receptors, 1088, 1089-1091,

r090f
JAK/STAT pathway, 667f, 674-679,

674f-678f, 1.096
enhancers in, 656f, 676f
functional complementation studies of,

677, 6771
negative feedback in, 678-679, 678f
SH2 domains in, 67 5, 682, 683f
ST.{T activation in,674-676, 675f

Jasplakinolide, 728
Jumping genes. See Mobile DNA elements
Jun N-terminal kinase (JNK-1), 692-693, 698
iun oncogene,1.1.30
Junction adhesion molecules (JAMs), 814f, 815
Junctional imprecision, in antibody diversity,

1,076
Junctions

cell. See Cell junctions
exon-intron, 217, 329-330, 329f
neuromuscular, l0l9

action potential generation at, L025
ion channel activation at, 1024, 1'024f
postsynaptic density and, 1019

Junk DNA, 21,5-216, 223-226, 224f, 225f.
See also Noncoding DNA

K* channels. See Ion channels, potassium
K-zas mutations, in cancer, 1116
r light chains, 1.065, 1.069. See also

Immunoglobulin(s). l ight-chain
Kartagener's syndrome, 968
Karyomeres, 871
Karyopherins, 573
Karyotype,257
Karyotyping, spectral, 258, 259f
Katanin,790

in microtubule disassembln 768, 768f
K6 (dissociation constant), 50-51, 628

IOr  acros ,  ) l , ,  )J r

for binding affinity, 628

KDEL receptor, 589t, 594-595, 5941
KDEL sort ing signal, 589, 589t,594-595,

594f
Kearns-Sayre syndrome, 241
Kendrew, John, 103
K"o (equilibrium constant), 32f, 49-50

free energy change and, 56
Keratan stlfate, 827, 828
Keratinocytes, 7 9 3, 9 1,4-9 1, 5
Keratins, 7 93-7 9 4, 7 93t. See also Intermediate

filament(s)
in epidermolysis bullosa simplex, 795-796,

7951
KEX2 mutarions, 604
KH motif,327
Kidney disease, 822-823

polycystic, T80
Kinase-associated proteins, in signaling, 552,

65 Zr
Kinase cascade, 684, 688-690, 689f
Kinase/phosphatase switch, in protein

regulation, 91,,91.f
Kinases, wall-associated, I 41-842
Kinesin(s), 7 1, 5, 7 69-77 4, 77 1.1-77 4f

in axonal transport, 770-771'
classes of, 771,-772, 772f
dyneins and,775-776
evolutron ol, / /+, / /+r
functions of,771'-774
hand-over-hand movement of, 772-773,

/ / J l

head domain of, 77 1, 77 l f
linker domain of, 771, 771'f
in melanosome transport, 796-797
in mitosis, 787, 787f , 788, 788f , 789
myosin and,774,774f
+/- end-directed, 772, 772f
processivity of , 77 2-77 3. 77 2f, 7'7 3f
structure oI, 770f-772f, 77 1, 77 lf, 772
tail domain of, 771., 777f

Kinesin-13 proteins, in microtubule
d isassembly .  768.768(

Kinetic energy, 54
Kinetochore, 263, 786-788, 7 86f-7 88f' 869'

887
attachment to microtubules, 887
in meiosis vs. mitosis, 892, 894f
orientation of, 898
in sister chromatid separation, 869-870
structure ol,  /6b, /dbr

Kinetochore microtubules, 784, 7 84f,
787-788,787f

Kitasato, Shibasaburo, 1.0 62-1.063
KKXX sort ing signal, 589, 589t,594f,595
Kleisins, 25 5, 869-870, 896-897
K- (Michaelis constant),  80-81, 8lf ,  628
Knee-jerk reflex, 1005, 1005f
Knirp s, 97 4-977, 97 5f , 999-1000
Kozak sequence, 134
Krebs cycle, 487489, 489f
Krs protein, in MAP kinase pathway, 593
Kriippel, 974-977 , 97 5f , 999-'1.000

L cel ls, 810-811
Labeling, radioactive, 99-1'00, 99f
Iac operator,27L
lac operon, 2T t-27 3, 27 2f, 307 f
lac prornoter,271

in E. col i  expression system, 195, l95f
/ac repressor, 271, 307f
Lactic acid, in muscle contraction. 485
Lactose, 46,46f
Lagging strand, 141, 1'41'f, l42f

shortening of, 263-264, 264f
Lamellipodium , 71'6, 71'6f, 745, 745f , 746f ,

1040, 1040f



Lamin(s), 378, 793t, 794-795. See also Basal
lamina; Intermediate filament(s);
Nuclear lamina

classes of ,  865
defects in, 865
depolymerizarion of, in mitosis, 864-867,

864f-867f
Laminopathies, 7 9 5-7 9 6
Langerhans cel ls ,  1097
Large T-antigen, 143
Lar iat  st ructure,  in spl ic ing,  330,  330f
Late endosomes, 580

receptor-ligand dissociation in, 6091, 610-61,'l
in secretory pathway, 601-502, 601.1

Late G1 cycl in-CDK compleres,  853t ,
874-878, 874f-877f

Late mitotic cyclins, 877
Late-response genes,  881
Late S-phase/early M-phase cyclin-CDK

comp lexes ,  877 ,877 f
Latent TGFB-binding protein, 568
Lateral inhibition, 705

in asymmetr ic  cel l  d iv is ion,  932
in neural development, 988-989, 989f

Lateral  p late mesoderm, 991
La r runcu i l n !  / 26 - / L /
Lbx1 ,  928
LDL receptor ,  508-610, 609f ,610f

in fami l ia l  hypercholesterolemia,  608-610
Lead ing  edge ,775 ,776 f
Lead ing  s t r and ,  141 ,  1 ,41 f , 742 f
Leaf lets,  of  phosphol ip id b i layer,  411,  413f
Lea rn rng .  t r an \ l a t i on  i n .  1 i 2 ,  35 -
Leber's hereditary opric neuropathy, 241
Lec t i ns ,838

def in i t ion of ,  426
in protein fo ld ing,  553,  554f

Lens,  microscope, resolur ion of ,  21,  381
Lentivirus expression systems, 797, 197f
Lethal mutations

in development, 999-1000
identification of, 171
recess i ve ,171
syn the r i c ,  1 , 73 t , 174

Leucine,  42,  42f  See a/so Amino acid(s)
Leucine-rich repeats, in Toll-like receptors,

1097
Leucine ztpper, 69, 70f, 291-292, 293f
Leukemia,  259,  11.09,  n3A

chromosome translocat ions in,  1130, 1132f
chronic lymphocyric, 1 13 8
Hox gene regularors in,  983
imat in ib for ,  1130
Phi ladelphia chromosome in,  259,  1130
radiat ion- induced, 1 139-1 140
srem cel ls  in,  920
translocat ions in,  259,  259f

Leukocyte(s) ,  1057-1058, 1058f
extravasat ion of ,  837-838, 838f  ,  1,097
movement of, cell-cell adhesion in,

8 3 7 - 8 3 8 , 8 3 8 f
Leukocyte-adhesion deficiency, 838
LG domains,  821
LGL protein,  in asymmetr ic  cel l  d iv is ion,  934
Libraries

cDNA, 179-182, 780f ,  182f
genom ic ,  180 -181 ,  182 -183 ,  183 f
screening of ,  181-182, 182f

Ligand(s) ,  50
cellular sensitivity to, 631
concentration of, 629-530, 630f
def in i t ion of ,78,  624
lysosomal degradarion of, 512
receptor binding of, 50-51, 51f. See also

Recepror- l igand binding
in signaling, 624

in photosynthesis, 514, 514f
Light-chain immunoglobulins. Sae

Immunoglobulin(s), light-chain
Light-harvesting complexes, 513f, 5f 4,

515-516,  516f ,  sL9
distribution of, 523, 524f

Light microscopn 380-385. See also Microscopy
Light perception, 1027-1031. See also

Photoreceptors; Vision
rhodopsin in, 641-645, 642f-64 5f

Light reactions, in photosynthesis, 512-513, 513f
Lignin, 840
Limb development. See a/so Development

f ib rob fasr  g rowth  facror  in .99  l ,  9911,992,
992f

Hox genes in, 990, 9911, 992-994, 994f
l imb bud axes in, 991
miRNA in,349,349f
at proper srte, 990-991, 991f
signaling in,99l-992

LINEs, 230-23 4, 232f, 233f
in exon shuffling, 235

Linkage, 175
Linkage disequil ibr ium studies, 202, 202f
Linkage mapping, 200-202, 201.f-203f . See

a/so Mapping
Linked genes, 175
Linker DNA, 248-249
Linker scanning mutation analysis

of repressor binding sites, 290
of transcript ion-control elements, 283,

284f
Lipid(s). See also Lipoproteins; Phospholipid(s)

cel lular uptake of, 606-617, 507f-609f.
See also Receptor-mediated endocytosis

fatty acids in, 4648, 46t See also Fatty
acid(s)

membrane. See Membrane lipids
reguJarion of, SRE-binding proreins in,

707-709,7081I
tr iglycerides,48

Lipid-anchored membrane proteins, 422,
424426,425f

Lipid anchors, 422, 424426, 425f, 430
for Hedgehog proteins, 599
for Vnt proteins, 699

Lipid-binding motifs, in rr'otein targeting, 427,
427f

Lipid rafts, 420,605
Lipid solubility, hydrophobicity and, 439
Lipid transport

flippases rn,431432
between organelles, 433, 433f
t ight junctions and, 815
transfer proteins in, 433

Lipoproteins. See also Lipid(s)
amphipathic shel l  of,  607,608f
definition of, 606
low-density

endocytosis of, 606-610, 607f-609f
structure of, 606-607, 508f

structure of, 606-607, 608f
Liposomes, 477, 41,3f

vesicular fusion in, 591
Liquid chromatography, 96-97, 97 f
Listeria, movement of, 726, 727 f
Liver. See a/so Hepatocyte(s)

cancer of, 1141
in glucose metabolism, 649, 650t

Loco,935

Long-latency retroviruses, 1122
Long terminal repeats, in retrotransposons,

229-230, 229f, 230f
Loss-of-function mutations, 157

in cancer, 148, 1123, 1135-11,37
Loss of heterozygosity, in cancer, 1,124,1,1,25f
Low-density lipoprotein(s) (LDLs)

endocytosis oI, 607-61.0, 607f-609f . See
a/so Lipid(s); Lipoprotein(s)

regulat ion of. SRE-binding proteins in.
707-709,708f

structure of, 606-607, 608f
Low-density lipoprotein receptor, 608-610,

609f, 61.0f
ligand dissociation from, 61,0-611, 610f

loxP-Cre recombination system, 208, 208f
LRP receptor, 599
LTR retrotransposons, 229-230, 229f, 230f
Luciferase assay, 98
Lumen, 373, 410
Lunatic fringe,706
Lung cancer, smoking and, 1140, 1140f
Lymph, 1058

circulat ion of, 1.057, 1057f, 1058-1059
Lymph nodes, 1058-1059, 1058f
Lymphatic system, 1057-1059, 1057f
Lymphatic vessels, 1057f, 1058
Lymphocytes, 20, 1057-1058, 1057f, 1058f,

1,062-1063. See also B cel l(s); T cel l(s)
chemokines and, 1.096-1097
circulat ion of, 1057, 1057f, 1058-1059
in clonal selection, 1.066-1067, 1,066f
definition of, 1056
future research directions for, 1,102
interleukins and,1096
migration of, 1096-1097
in monoclonal antibody production, 401
production of, 1058

Lymphoid organs
primary,1058-1059
secondarS 1059

Lymphoid stem cells, 9L8,91.9f
Lymphoma,1109

apoptosis in, 939
Burkitt's, L1.31., 1.132f, 11.35
microarray analysis of, 1.1.1.8-11.19, 111,8f

Lysine, 42, 42f . See a/so Amino acid(s)
Lysine e-amino groups, in chromatln

condensation, 250f , 251-252
Lysis, in viral replication, 155, 155
Lysogeny, 158
Lysosomal enzymes, 374

deficiencies of, 602
targeting of, 600-602, 501f

Lysosomal storage diseases, 602
Lysosomes, L 5, 8 6-87, 37 3-37 4, 37 3 f-37 5 I, 37 4 f

acidification of, H* MPases in, 453-454
definition of, 373, 580
discovery of, 407408, 408f
functions oI, 374, 374f, 612
phagosomes and,612
plasma membrane of, 41,0
primar% 374,374f
protein targeting to, 612-676

in autophagic pathway, 6L4-616, 616f
in endocytic pathway, 610-61,1,,

61.2-61.4, 689f
in secretory pathway, 600-602,600f, 501.f

secondary, 374,374f
Lysozymes, 1059

Ligand-gated ion channels, 640, L0L8. See also Locus, 175
Nicotinic acetylcholine receptor definition of, 175

in muscle contraction, 1023-L024 of linked vs. unlinked genes, 175
Light  MHC, 1078, 1078f

visual adaptation to, 644-645 Long interspersed elements (LINEs), 230-234,
wavelength of ,  514 232f ,2331
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M phase. See also Cell cycle; Mitosis
of  cel l  cycle,  18,  18f

Macroautophagy, 355
Macromolecules, 10. See a/so Molecules

b ind ing  s i t es  on .  51 .  511
construction of, 32f, 4041,
as molecular  machines,  72,72f
proteins in,72,72f

Macroorganisms, relative size of, 20f
Macrophages, 7 1.3-7 14, 7 14f, 10 59
Mad cow disease, 77
Mad2 protein,  886t ,  888-889, 889f
Madin-Darby canine kidney (MDCK) cells,

399400, 401f ,  81.1,  8 ' t2f
MADS transcription factors

in plants, 984
in yeast, 922-923

Magnesium ions, in cytosol vs. blood, 448,
448t

Major  groove,  115,  115f
Major histocompatibility complex. See under

MHC
Malar ia,  5,  5f ,  L67
Malate-aspartate shuttle, 490491,, 490f
Mal ignant tumors,  1109-1110. See also

Cancer
Malnutrition, mTOR in, 355
Manganese, in photosynthesis, 521
Manic fringe, 706
Mannose ,  45 ,45 f

membrane transport of, 443
Mannose 6-phosphate (M6P), in vesicular

transport, 589, 589t, 600-602, 600f,
60rf

Mannose-lectin binding pathwaS 1059, 1060f
MAP kinase(s), 684. See a/so Ras/MAP kinase

pathway
functions of, 690-691,, 69lf
structure of, 690,6901
in transcription, 690-591, 691f

MAP kinase cascade, 684, 688-690, 689f
Mapping, 1.74-1.7 5, 1.74f, 200-203

chromosome,'1,74-17 5, 17 5f
genetic, 200-202, 20lfJ03I
physical,  202,202f

cytogenetic, 203f
genetic markers in, 200
homunculus, 1,032, 10321
linkage, 200402, 2011-203f
physical,  202,203f
recombinational, 175
retinotectal, l04Lf-1043
of sensory areas, 1.032, 1032f
sequence, 203f

MARIUPaT-1, 767
MASP proteins. in complement act ivat ion.

1059, 1050f
Mass spectrometry, 101-103, L0lf, L02f

in proteomic analysis, 1.06-1.07, 1.06f
Mast cel ls, 1051
MAT locus, 931,9311

in cell-type specification, 922, 922f
in yeast mating-type switch, 299, 300f

Maternal mRNA, 971
Mating factor, 923
Mating type(s), ala, 1.69, 1.70f

in asymmetric cell division, 930-931,931,f,
932f

haploid/diploid, specification of , 922-923,
922f,923f

pheromones and, 923-924, 924f
transcription in, 922-923, 9221, 923f

Mating-type switching
in asymmetric cell division, 930-931,931f,

932f
in transcription regulation, 299, 300f, 309
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Mating-type transcription factors, in cell-type
specification, 922

Matrix
chloroplast,55T
extracellular. See Extracellular matrix
mitochondrial, 378, 3781, 486, 5 57
nuclear, 378,378f

Matrix-assisted la ser desorption/ionization
time-of-flight (MALDI-TOF) mass
spectrometry, 701.-1.02, L0Lf

Matrix-attachment regions (MARs), 254
Matrix metalloproteinases, 703, 7 05-706,

70sf
Matrix-targeting sequences, 558, 550-551,

560f
Maturases, 335
Maturation-promoting factor, 895

in Xenopus laeuis, 855
Maximal velocity (V-"*), 80, 80f
McClintock, Barbara, 226-227, 228
MCM helicases, 144, 879
MCMI, in yeast, 922-923,924
MDCK cells, 399-400, 40lf
Mdm2 protein, 1137
MDRI protein,455

fl ippases and. 456, 456f
Mechanical energy, 54
Mechanosensitive nonselective cation channels,

843
Mechanosensors, 1 03 1-1 032
Mechanotransduction, 843
Media, culture, 395-396, 401., 402f
medial-Golgi cisternae, 580, 581f. See also

Golgi complex
Mediator complex, in transcription regulation,

299, 307-308, 308f
Medical conditions. See Diseases and

conditions
Meiosis, 19, 1,9f, 150, 767, 1.68f, 892-898.

See also Cell cycle
chromosome cohesion in, 892, 89 5-896,

895t,8961,897f
crossing over in, 150, 153, 168f
definition of, 892
events in, 167, 168f, 892-895, 893f
in gametogenesis. 953-955, 953f, 9 54(
Ime2 in, 895
key features of, 892-895
monopolin complex in, 898
oocyte maturation in, 854-856, 855f
Rec8 in, 896-898,896f
recombination in, 150, 153, 892-895,

894f ,895f
spindle attachment in, 898
steps in, 1,67, 1,681, 892-895, 893f
vs. mitosis, 167, 1,68f, 892-89 5, 894f
in yeast, 895

Meiosis l ,892,893f
Meiosis 11,892, 893f
Meiotic maturation, of oocytes, 854-855, 854f
MEK proteins, 688-689,689t, 691, 692f
MEKK proteins, 591.-692, 691.f
Melanin,469
Melanocytes, 796-797
Melanoma, 1.48-149
Melanosomes, 469

transport of,796-797
Melt ing temperature, of DNA, l1'7,1'1'7f
Membrane(s), 46-47

basement ,821
in cancer, 1110
functions of, 1110

budding of. See Vesicles, budding of
chloroplast, 415,5121
cltoskeletal support for. See Cytoskeleton
cytosolic face of, 41,4, 414f, 415

dynamic nature of, 409,4'101,41.5
in endoplasmic reticulum, 37 5-376, 41'8.

See also Endoplasmic reticulum
erythrocyte,4Z3

actin filaments in, 729-730, 7 30f
exoplasmic face of, 41.441.5, 414f, 415,

532, 543f
external face oI, 414, 41.4f
fluid mosaic model of, 410f
functions of, 409
Golgi,  418, 418t
GPl-anchored, 425-426, 425f, 543f, 545,

547,548f
internal face of, 41.4, 4l4I
leaflets of, 41L,413I
mitochondrial, 37 8, 37 8f, 41 5, 418t,

485487,486f
nuclear, 342-343, 342f , 343(, 414f, 415
organelle, 409, 4'1.0, 410f, 415
permeability of, 437, 438f, 444

aquaporins and, 423-424, 44444 5
phospholipid bilayer of, 411.415,415f .

See also Phospholipid bilayer
physical properties of, 418-41,9
plasma,437

actin filament attachment to, 728-73I,
730f

active zone of,1.019
apical surface of, 47L, 47lf

protein targeting to, 604-605, 605f
basolateral surface of, 471.,47|f

protein targetin g to, 604-605 , 6051
cell .junctions in, 372
definition of, 409
in eukaryotes,409
functions of, 372, 373f, 409
lipid content of,418t. See also

Membrane lipids
microfi laments in, 7 |  5, 7 l i f
permeability of, 444445
of plants, 839f
in prokaryotes, 2, 31, 409
protein anchoring to, 422, 424426,

425f
protein flip-flopping in, 420, 431432,

456,456f
rupture techniqlues for, 39 l-392
structure of, 372
synaptic vesicle fusion with, 1022, 1023

protein attachm ent ro, 422. 424-426, 425f,
430

size and shape of, 41,5,415f
structure of, 47, 409434
thylakoid, 379,3791, 511, 5' l '21

photosynthesis in, 51.1, 512f
structure of, 51'1., slLf

types of, 409,4L8t
vacuolar, 3-7-378, 377f
vesicle docking in, 589-590,590f
vesicle fusion with. See Vesicles, fusion of

Membrane attack complex, 1'059, 1'060f
Membrane depolarization, 641

in action potential generation, 1004,1004f,
1007-1009, 1007f, 1008f, 101 1-1013,
1025, r026f
alpha hel ixes and, 1011-1013

Membrane-hyb ridization technique, 1.8 l-182
Membrane hyperpolarizati on, 64 1-

in action potential generation, 1007-1008,
1025,1026f

Membrane l ipids, 14, 1'4[,  4648,46t,
41.L420

amphipathic nature of, 4L1.,472f' 41,6
cholesterol, 416
classification of, 411., 41.2f
diffusion of, 41.6417, 4171, 420



distribution of, 479420
future research areas for, 434
hydrolysis of, 420, 420f
in lipid rafts, 420
membrane properties and, 418419
movement of,433,433f. See also Lipid

transport; Membrane transport;
Membrane transport proteins
between organelles, 433
in  phospho l ip id  b i layer ,  416-41-7 .  416f ,

477f, 420,431432
in phase transition, 417
phosphoglycerides, 4849, 49t, 471,, 41,2f ,

415416
in phospholipid brlayer, 41641.7, 416f,

417t,420, 431432. See also
Phospholipid bilayer

ln proteln transport,  433
relat ive amounts of, 418479,419r, 433
sphingolipids, 416
synthesis of, 429431, 430f, 431, 431f,

432433,432f
sites of, 420

types of, 415416, 478t
Membrane potential, 439, 458455,

1004-1005, 1004f
in animal cells, 450
definition of, 439, 1003-1004
electrochemical gradienr and, 439, 464,

465f
generation o\ 458460, 459f
magnitude of, 460
measurement of, 450, 460f
in membrane transport,  439,458455
Nernst equarion fot 459450
potassium ion channels and, 460, 460f
resting,458-455
sodium ion channels and, 458450, 459f
voltage and, 463, 4531, 464

Membrane proteins, 409, 410f, 421429
aquaporins, 423424, 424f, 44444 5,

444f446f
classification of, 427422
detergent-solubllized, 427 428, 428f
diversiry of, 421
integral (rransmembrane), 68, 421, 422f,

542-549
o hel ix of,  422423,422f,423f, 543,

s43f
asymmetric orientation of , 41447 5,

41.4f,426
classification of, 543-547, 543f
definition of, 421
degradation of, 556
glycosylat ion of, 550-551, 551f
GPl-anchored, 425426, 425f, 543f,

5 4 5 , 5 4 7 , 5 4 8 f
hydropathy profiles for, 548-549, 549f
insertion into endoplasmic reticulum,

542-549, 543f-546f
modification of, 549-5 55
multipass, 423, 423f, 543-544, 543f,

546-547 , 546f, 547
orientat ion of, 543, 545-546,546f
porins, 424, 425f, 485487, 571
predict ion of,549
sequence homology of, 549
signal-anchor sequence in, 545-545,

545f, 546f
in signal ing, 625f,626
single-pass, 422f, 423, 543f-545f,

545-546
stop-transfer anchor sequence in, 544,

544f-546f
structure of, 422-423, 422f
synthesis of, 543-544, 543f

topology ofltopogenic sequences of,
414415, 474f, 426, 543-549,
543f-546f

l ipid-anchored. 422, 424-426, 425f .  430
misfolded, 77, 78f, 86-87, 555, 555f

in emphysema, 555-556
quality control for, 553, 556

h r r l f r f i a r r .  \ \ 4 - \ \ \

overview of, 421
peripheral,422

purification of, 428
purification of , 427428
single-pass, 422f, 423, 543f-545f,

545-546
solubility of, 428
targeting of,427. See also Protein

tarBeting; Protein translocation
tight junctions and, 815, 815f
transport. See also Membrane transport

protelns
unassembled, degradation of, 556

Membrane receptors, 372,409. See also
Membrane(s); Receptor(s)

Membrane recycling, in cell migration, 746,
746f

Membrane repolarization, in action potential
generation, 1.004, 1.004f , L007-1.009,
1008f, 1.025,1.026f

Membrane rilfles,746
Membrane transport, 63, 372

active,440,440t
antiport,  440, 466,468470. See also

Antiporters
aquaporins in, 423424, 444445, 444f445f
ATP in, 58-59, 438, 440,440t,450451,

45 t I
bacterial permeases in, 454, 4 54f
concentration gradients in, 438\ 447
conformational changes in, 440
cotransport, 440,440t
cotransporters in, 440, 440t
by diffusion, 438439. See also Diffusion
direction of, 464465, 465f
of drugs, 455
electrochemical gradient in, 439
endocytic pathway in, 579,606-512. See

a/so Endocytosis
energy for, 58-59, 503-510. See also

Proton-motive force
in epithelial cells, 470472, 471f, 472f
export ins in, 573-574, 574f
facilitated, 440,440t
f l ippases in,456,456f
free energy in, 464465, 465f
of glucose, 44L443,441f, 4421

transepithelial, 47 1., 47 1.1
in glucose metabolism, 441.443,441f ,

442f, 47 1., 47 1f, 488f, 489491., 490f,
545f, 547

importins tn, 571,-572, 572f
ion channels in, 439, 439f, 440, 458465.

See also Ion channels
mechanisms of, 440t
membrane potential in, 439
between organelles, 433, 433f
overview of, 439-441, 440t
phospholipid bilayer permeabrlity and, 437,

438f
in  p lanrs .  469470,470f
proteins in, 438, 439440,439f. See also

Mem brane rransporr proteins
proton-motive force in, 480,480f,

503-510. See also Proton-motive force
pumps in, 438, 439440, 4391, 447-458.

See also Pumps
rate of, 440441

secondary acrive, 440, 440t
secretory pathway in, 533-535, 534f,

579-606. See also Secretory pathway;
Vesicular transport

symport, 440
in transcellular transport, 471., 471.f
transepithelial, 470472, 47Lf, 472f
transfer proteins in, 433
transporters (carriers) in, 439, 439f, 440,

447t, 448, 45 5456, 45 5t. See also
Transporters

uniport,  440, 447443, 447446, 44lf  ,
4421,444f446f

vesicular, 579-606. See also Vesicular
rransporr

of water, 444445, 444f4461
Membrane transport proteins, 63, 372, 409,

437438
ABC, 447f, 448, 4 5 54 56, 45 5t
MP-powered, 438,4391, 440. See also

Pumps
cargo

in nuclear transport, 571.-574,572f, 574f
translocation oI, 572, 572f
in vesicular transport, 580, 588-589,

s93
channel, 440,440t,458465. See also lon

channels
definition of, 409
enriched, 443
experimental systems fo5 443
exportins, 57 3-57 4, 57 4f
in facilitated diffusion, 440, 440t
GLUT,441.443, 441.f, 442f. See also

under GLUT
importins, 57L-572, 572f
overview of, 439441., 439f
in plants, 469470,470f
purification of, 443
ptt^tive, 469
transporter, 439, 439f, 440. See also

Transporters
water-channel, 423424, 444445, 444f4461

Memory, translation tn, 352,357
Memory T cells, 1096
MEN2 syndrome, L1.27
Menten, Maud Leonora, 80
Meristems, 840, 842, 920, 921.f

floral, 983
Meromyosin, 732-733, 7321
Meselson, M., 140
Meselson-Stahl experiment, 140f
Mesenchymal cells, development of, 960
Mesenchyme, development of, 951
Mesoderm, 907,907f

development of, 907, 907f, 951, 963-964,
964f

intermediate, 991
lateral plate,991.
in limb developmenq 991,

Mesophyll cells, in carbon fixation, 529-530,
529f

Messenger RNA. See mRNA (messenger RNA)
Metabolic cooperation, 818
Metabolic coupling, 818
Metabolic intermediates, 481
Metabolism

aerobic, 483,484f
anaerobic, 483,484f

Metal shadowin1, 390, 3911
Metamorphosis, 952
Metaphase, 849, 850f. See also Cell cycle

chromosome structure in, 24715 5, 254f,
256,256f. See also Chromatin

in meiosis vs. mitosis, 892-894, 894f
in plants, 790,7901
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Metas tas i s ,  1108 ,  1109 -1110 ,  1109 f ,  1110 f .
See also Cancer

i n  co l on  cance r .  I  I  16 ,  I  l l T f
Methionine, 42, 42f . See also Amino acid(s)

star t  codons for ,  127,  1.28f ,1,33
Methionyl-tRNAlMet, 133-13 4, 13 5-136
Methotrexate, in protein targeting, 560-561
5-Methycytidine (mC), 305
Methylation

of amino acids, 43
of  h istones,  250,  250f ,  251-252, 306,

307
in transcription activation, 306
in transcription repression, 304-305,

305f, 305
Mevalonate, 432, 432f, 433
Mg*, in cytosol vs. blood, 448, 448t
MHC (major histocompatibility complex),

1,076-1087
class restriction and, 1080
cytotoxic T cells and, 1076,1078-1079,

1,079f, 1,080
in graft rejection, 1.077-107 8, 1,07 8{
H-2 complex and, 1078, 10781
helper T cells and, 1080
HLA complex and, 1,078, L078f
loci of,  1078, 1078f
mice congenic for, 1.077-1078, 1,078f
organization of, 1,07 8, 1078f
in pregnancy 1078
in T-cell differentiation, 1091-1,094
T-cel l  receptor and, 1081-1082,

1088-1091,  1089f ,  1090f
MHC molecules, 1055, 1076-1087

class I,  1079-1082, 1080f
in antigen presentation, 1082-1084,

1083f
class II ,  1079-L080,1080f, 1082

in antigen presentation, 1,084-L087,
1085f, 1086f

MHC restriction, L079
Mice

chimeric, 207,207f
as experimental organisms, 25, 25
in genomic analysis, 245
knock-in, 241,241f
knockout, 207-208, 207 f, Z08f
MHC-congenic, 1077-1078, 1.077f
transgenic, 209,209f

Micel les, 411, 4L3f, 428
Michaelis constant (K^), 80-81, 81f,628
Michaelis, Leonor, 80
Michaelis-Menten equation, 80
Micro RNA. See miRNA (micro RNA)
Microarrays, DNA, 23, 24f, 192-194, 1.94f,

19  5 f
in cancer, 111,6-1119, l1l8f, L1.21.
in disease gene identification, 202
in gene amplificarion, 1121

Microfi laments, 16, 1.6f, 715-745, 7 57,7 58f
actin,71.6-731.. See also Actin; Actin

filament(s )
definition of, 715
in melanosome transport, 795-797
myosin, 731-745. See also Myosin
overview of, 7 |  5-- 16, 7 l6f
propert ies of,758f
in short-range transport, 796-797
structures made of

organization of, 728-731
types of, 716,71.6f

Microgl ia, 1014
Microorganisms, relative size of, 20f
Microsatellite repeats, 201,224, 224f, 340

in DNA fingerprinting, 225,225f
in genetic diseases, 224,340
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Microscopes, 20-21
cryoelectron, 104
electron, 21, 388-390, 388f-390f
l igh t ,380-385,380f
op t ica l ,380f
resolution of, 21., 381.

Microscopic reversibility, 49
Microscopy

bright-field, 3 8 1
computer algorithms for, 387
confocal, 386, 386f
deconvolution, 386, 387f
differential interference contrast, 38L, 382,

908f
digital imaging rn, 387, 387f
electron, 21., 388-390, 388f-390f, 404

cryoelectron, 389, 390f
immunoelectron, 388
metal shadowing in, 390, 391.f
of receptor-mediated endocytosis, 607,

6071
scanning, 388f, 390
specimen preparation for, 388-389,

3891,390,391
transmission, 388-389, 389f
vs. fluorescence microscopg 388

epifluorescence, 380f
fluorescence, 382-386

of act-in polymerization, 7 1.9
in Ca'* measurement, 383-384, 384f
confocal, 386,386f
deconvolution, 386, 387f
in H2* measurement, 384
immunoflurorescence, 385, 38-5f
SPED, 385
total internal reflection, 404
vs. electron microscopS 388
of VSV G proteins, 582f, 583

future research areas for, 403-404
immunoelectron, 388
immunoflurorescence, 385, 385f
l ight, 380-387,403
Nomarski, 908f
phase-contrast, 380f, 38 1-382
refractive index in, 382
resolut ion in, 381
specimen preparation for, 384-385, 384f
SPED, 385
c t a i n i n o  f n r  1 R {

t imeJapse, 382
Microsomes, rough, 535-536, 535f, 537
Microtubular protein, 7 63
Microtubule(s), 1.6, l6f,  715, 71.6f, 7 57-791

assembly/disassembly of, 7 60-751, 7 6lf,
753
catastrophe stage in, 764, 764f
drug effects on,766
dynamic instability and, 7 63-7 66, 7 64f,

/ b - ) t

GTP-p-tubulin cap in, 7 64-7 65, 7 65f
regu la t ion  o f .  

-6 - - -68 .  -67 f ,768f

rescue stage in, 764, 764f
astral,784,784f
in axon growth cone, 1040-7042,1.0401,

L041.f
in axonal transport.  

-69-77 l ,  76c1, 7-0f
axonemal, 777 -77 9, 77 8f , 77 9 f
in ctlia, 777 -7 80, 77 8f , 7 80f , 7 8lf
definition of, 758
distribution of, 766
doublet, 760,760f
dynamic nature of, 762-766
in flagella, 777-780, 778f-781f
functions of,758f
kinetochore, 263, 784, 784f, 787-788,

787f, 887

lifespan of,762-763
in long-range transport, 796-797
in melanosome transport, 796-797
in mitosis, T6'1.,761f

chromosome attachment to, 786-788,
787f

dynamics of,784-786
in plants, 790-791., 790(
shorrenins of. 788f .  789
treadmilling in, 785-786, 786f , 788

in mitot ic spindle, 782,782f ,784,784f
organization of, 7 60-7 61, 7 61.f
overview of,757,758f
+/- ends of, 763, 763f, 764, 7 64f
polarity of, 7 59, 784, 784f
propert ies of,758f
protein polyme rization in, 7 63
protofilaments in, 7 58-7 60, 7 59f, 7 60f ,

764
search-and-capture functions of, 766
shortening of, in mitosis, 788f,789
singlet, 7 59-760, 760f
stabilization of, 7 67-7 68, 7 67f
structure of, 7 58-7 60, 7 59f, 7 60f
treadmilling tn, 7 53, 7 63f

in mitosis, 785-786, 7 86f, 7 88
in vesicular transport, 593, 769-770,

7701
Microtubule-affinity-regulating kinase

(MARKlPar-L),767
Microtubule-associated proteins (MAPs), 758,

763, 767-768, 757f
MPF phosphorylation of, 866

Microtubule-based motor proteins, 769-776.
See also Motor proteins

dyneins. 774-776, 774f, 77 5f. See also
Dynein(s)

kinesins, 7 69-77 4, 771.f-774f . See also
Kinesin(s)

Microtubule-organizing centers (MTOCs),
760-761., 761.f, 766, 7 66f

in mitotic spindle, 783,784f
in plants, 790-791, 790f

Microvilli, 37 3f, 7 1.6, 7 1.6f
actin filaments in, 731
oellnlt lon or, / lJ
intestinal, 47'L

Mid-G1 cyclin-CDK complexes
in mammals, 853t, 881-882, 882f
in yeast, 8 53t, 87 4f-877f, 87 5-87 6

Middle prophase chromatid, 255
Minichromosome maintenance (MM) proteins,

744
Minisatellite DNA, 225, 225f
Minor groove, 115, 115f
miRNA (micro RNA), L20, 2Z2, 222t, 347,

367, 910-971.
base pair ing by.347. 348(
in cell differentiation, 9 10-9 l1
in cell division, 910-91.L
diversity of,348-349
functions of, 347-349, 910-911'
in gene inactivation, 210
in limb development, 349,349f
in neurulation, 986-987
post-transcriptional processing of, 348,

349f
synthesis of. See also Transcription

RNA polymerase II in, 279,279t
in translation repression, 347-349, 348f

Misfolded proteins, 77,78f,86-87, 555, 555f
in emphysema, 555-556
quali ty control in,553, 555

Mismatch repair, 1,47-1,48, 1.48f
Missense mutatrons, 157
Mitchell, Peter, 503-504



Mitochondria, 3731, 378
aerobic oxidation in, 479
in ATP synthesis, 15, 15f, 378,378f,379,

48s ,487-492
brown- fa t ,510
cellular respiration in, 485, 487489, 489f
definition of, 378
dynamic properties of, 485
evolut ion of, 236, 237f, 240, 5 57
fatty acid oxidarion in,491,492f
fusion and f ission in, 485,486f
genetic code of, 240, 241f
in glucose metabolism, 378, 379, 485,

487492
electron transport in, 493494, 494t

matrix of, 557
oxidative damage in, 502-503
oxidarive phosphorylation in, 504f, 505
as power plants, 378
protein synrhesis in. 557
protein targering to, 557-565, 557t. See

a/so Protein targeting, to mitochondria
proton-motive force in, 502, 510, 561
in pyruvate oxidation, 485,487489
respiratory control in, 510
size of, 485
structure of ,  378, 378f ,  485487, 485f
transcript ion in, 317-318

Mitochondrial DNA (mtDNA), 1.3, 236-242.
See also mrDNA (mitochondrial DNA)

Mitochondrial membranes, 378, 378f, 418t,
485487,486f

Mitochondrial proteins, 238,239f , 486
Mitochondrial r ibosomes, 240
Mitogens, 880-881, 1134
Mi tos is ,  18 ,  18 f ,  19 ,157,758f ,781-791.  See

a/so Cell cycle
anaphase in, 783, 783f, 789, 849, 850f,

857-870, 869f
APC/C complex in, 850, 850f, 851, 858,

859f, 869-870, 876-877
centrosome duplication rn, 783, 784f
chromosome cohesion in, 892-89 5, 89 5f
chromosome condensation in, 21
chromosome decondensation in, 870-87 l,

87lf
chromosome migration in, 21., 2lf
chromosome segregation tn, 167, 168f,

7 87 -7 88, 867 -87 0, 857 -87 1.,
868f-871f

chromosome separation in, 21, 2lf
condensin in, 855
congression in, 783, 783f
cytokinesis in, 783, 7 83f , 789-790

contractile ring in, 7 16, 716f , 7 42,
742f ,789

daughter cel ls in, 872,872f
destruction box in, 858, 867,868f
duration of, 849
dynactin in, 787, 787f, 788f, 789
dyneins in, 787 , 787f, 788, 788f, 789
entry into. See also Cell cycle, regulation of

cycl in A in, 883
cycl in B in, 855-858, 855f, 857f
cyclin-dependent kinases in, 859-863
in mammals, 883
mitosis-promoting factor in, 855-858,

Sssf-ss7f, 86r-863, 862f, 863f. See
a/so Mitosis-promoting factor (MPF)

molecular mechanisms in, 864-871
premarure, 861,f, 875, 886
prevention of, 888
in Xenopus laeuis, 855-858, 856f,857f
in yeasr, 860-863

events in, 1,67, L68f, 782-783, 782f,
892-895,894f

evolution of, 860-861
exit from, 889-891

APC/C complex in, 850, 850f, 851,
858, 859f, 867-870, 869f, 876-877,
878f, 879. See also APC/C complex

destruction box in, 858, 867,868f
regulation of, 858

interphase in, 7 82, 7 821, 7 83
karyomeres rn, 871., 872f
kinesins in, 787 , 787f, 788, 788f, 789
kinetochore in, 785-788, 7 86f-7 88f
Iamin depolym erization in, 8 64-867,

864f-867f
metaphase in, 849. 850f
microtubules in, 7 67, 7 61f

chromosome attachment to, 786-788,
787f

dynamics of,784-786
in plants, 790-791, 7901
shortening of, 788f, 789
treadmilling in, 7 8 5-7 85, 7 86f , 7 88

molecular machine in, 791
nuclear envelope in, 864

disassembly oI, 865-867, 8661
reassembly of, 87 0-87 l, 8721

nucleoporins in, 866, 866f, 871.
in plants, 790-791, 790f
prometaphase in, 782f, 783, 786-788
prophase in, 782, 782f, 783
regulation of, in Xenopus laeuis, 856-858,

8 56f, 857f, 867-869, 868f
sister chromatid separation in, 869-870,

870f,871.f
SMC proteins in, 866
spindle poles in, 761, 761f
steps in, 1.67, L68f, 782-783, 782f,

892-895,894f
telophase in, 783, 783f, 871
vs. meiosis, 167, 168f, 892-895, 894f

Mitosis-promoting factor (MPF), 855-858,
855f-857f

in chromosome condensation, 866
in condensin phosphorylation, 865
cycl in B in, 855-858, 856f,857f
inactivation of, 87 l, 872L 888, 890
in lamin depolymerization, 864-867,

864f-867f
in mammals, 883
in meiosis, 895
in mitotic spindle formation,866
in nuclear envelope disassembl5 864-857,

864f-867f
nuclear protein phosphorylation by,

864-867, 864f-867f
in nucleoporin phosphorylation, 866
in oocyte maturation, 854-858, 854f-857f
regulation of, 861-863, 862f, 863f
in Schizosaccharomyces pompe, 861,, 883
in vesicular transport, 866
rn Xenopus laeuis, 855f,856-858

Mitotic apparatus, 849
Mitotic asters, 782, 782f, 783, 784f
Mitotic cyclin-CDK complexes, 850f,

8 5 1 - 8 5 3 , 8 5 2 f
Mitotic cyclins, 853t, 877, 877f

cycl in B as, 856-858, 856f,857f
definition of, 856
late, 877
in mammals, 883
mitosis-promoting factor and, 857-858,

857f
polyubiquitination of , 8 69 -87 0
in Schizosaccharorlxyces pompe, 862, 862f
in Xenopus, 856-858, 856f, 857f
in yeast, 862, 862f, 877, 877f

Mitotic exit network, 890

Mitotic spindle , 782, 7821, 849. See also
under Spindle

assembly oI, 7 61., 7 611, 789, 789f
in absence of centrosomes,789, 789f
mitosis-promoting factor in, 856, 866
self-assembly in, 789, 789f

asymmetry o1,933, 934f
microtubule-organizing centers in, 7 83, 7 84f
orientat ion of, 933, 934,934f

Mobile DNA elements, 14, 226-235,265-266
definition of, 216
orscovery o\ Lz6-/z/
DNA transposo ns, 227-229 , 227 f-229f
in evolution, 14, 216, 226, 234-23 5
genetic diseases and, 232-233, 234-235
in genomic DNA, 234
mutations and, 226, 228229, 232-233,

234-235
retrotransposons, 227-234

in genomic DNA,234
I:IR, 229-230, 229f , 2301
non-LIR (nonviral), 230-234,

231.f-233f
Model organisms, 25-27, 26f
Moderately repeated DNA, 225. See also

Mobile DNA elements
Modification enzymes, 17 6-177
Molds, 5. See also Fungi
Molecular chaperones. See Chaperones
Molecular complementarity, 321, 3940, 39f

protein binding and,78
Molecular genetic techniques, 1.6 5-21,2

classical genetic, 165, l66f
cloning, 1.76-1.90. See also Clones/cloning
in disease-causing gene identification,

L98-204. See also Mapping
gene inactivation,204-21J.. See also Gene

lnactlvailon
genetic analysis, 166-'1.76. See also Genetic

analysis
recombinant DNA technology, L7 6-1.90.

See also Recombinant DNA technology
reverse genetic, 1,65, 1,56f

Molecular machines, 64, 72, 72f
macromolecules as, 72, 72f
in mitosis, 791
proteasomes, 87-88, 87f
ribosomes as, 132-1.33
structural analysis of, 108

Molecular markers, DNA-based, 200
Molecular motors, 63,85,769-775. See also

Motor proteins
Molecular resolution, 92
Molecules. See also Macromolecules; Protein(s)

amphipathic, 31., 49, 69
binding of, 39-40
bind.ing sites on, 51, 51f
bonds of. See Bonds
functional groups of, 34, 35t
hydrophilic, 31, 37, 37f
hydrophobic, 31., 38-39, 39f
iarge, construction of, 32f, 4041
polarity of, solubility and,39
solubility of, 37, 38f, 39
stereoisomers of, 33, 34f

Monocistronic mRNA, 2l 7
Monoclonal antibodies, 1068

in affinity chromatography, 22f, 96-97, 401,
production of, 400402, 401,f
uses of, 401

Monocytes, extravasation of, 837-838, 838f
Monogenetic traits, 203
Monomeric act in,71.7-71.8,7L7f .  See also

Actin
Monomeric (small) G proteins, 354-355

in signaling, 534
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Monomers, 10, 40, 41f, 113
Monopolin complex, 898
Monosaccharid es, 44-4 5, 4 5 f

st ructure of ,40,41, f
Morgan, T.H., 175
Morphogen(s), 700. See a/so Hedgehog

pathway
definition of,964

improperly processed, elimination of, 357
marernal,971
monocistronic, 217
nonsense-mediated decay of, 357
nuclear transport of, 341-347, 367. See

a/so Nuclear transport
nuclear pore complexes in.  342-343,

342f, 343f
in neural development, 987,987f polycistronic, 217 as excitable cells, 1004-1005

Morphogenesis production of,723-L24,125f. See also specification of,924-929
definition of, 969 RNA processing synapses in, 1019
extracellular matrix in, 805-807, 806f from simple vs. complex transcription Muscle contraction

Morula, 960,960f units,21.7-21.8,21.9f acetylcholine in, 1.023-1.024, 1024f
Mother cells, ganglion, 932-933 splicing of. Sae Splicing ATP hydrolysis in,735,736f,755-756
Motifs, 69-70,701,290-293 siructure of, 118 calcium ions in, 449452, 450L 451,t,

definition of, 243 synaptic localization of, 352,357-358, 740-743,743f, 1024, 7024f
DNA-binding, 69-70,70f,290-293, 358f in cardiac muscle, 740

291f193f synthesis of. See Transcription glucose metabolism and, 484f, 485
basic-zippeg292 in translation. See Translation Hanson-Huxley experiment in,755-756
coiled-coil motlf, 67, 69,70f,292 unrranslated regions of, 124 ligand-gated ion channels in,1023-1024
helix- loop-hel ix motif ,  69,90,901, viral,  transport of,  346-347, 346f myosin in, 732,738-741

290-293 mRNA surveillance, 357 nicotinic acetylcholine receptor in, 1,023-1,025
helix-turn-helix motif , 69,70f,290 mRNP, 325 in skeletal muscle,740-741
fprreine 'innc' Aq 7qf,291.-292, Balbiani ring, nuclear transport of, sliding filament model of, 738-740,739f

293f 344-345 in smooth mtscle,742-743,743f
zinc f inger, 69-70,70f ,291, 291f nuclear, 341-3Q, 3Q--342 thin-f i lament regulat ion in,740,741.,741.f

RNA-binding, 327, 3281 rransporr o1,342-347,343f-346( Muscle regulatory factors (MRFs), 926-929,
sequence analysis for,243 mRNP exporter,342-343,343f, 573-575, 574f 927f
vs. domains, 69 mRNP remodeling, 574, 574f Muscular dystrophy 1.99t,200,200f,731.,

Motor homunculus, 1032, 1032f mtDNA (mitochondrial DNA),236-242,957 827,835-836
Motor neurons, 1005, 1005f coding capacity of,  239 Duchenne, 1.99t,200,200f,234235,

structure of, 1002f,1003, 1003f cytoplasmic inheritance of,237-238,238f 835-836
survival of,937-938,937f in Euglena graci l is,237,237f Emery-Dreifuss, 795
target field and,937-938, 937f mutations in,240-242 Muscular tissue, 801
trophic factors for, 938 rn planrs, 239, 240,24k Mutagenesis, 23, 166, 1.67. See a/so Mutations

Motor proteins, 63, 85, 715,769. See also proteins encoded by,238,239f carcinogenesis and,1139
Cell movement/migration and specific replication of, 236 Mutants, true-breeding, 1,67-169
proteins size of,238,239 Mutations, 1.3-14,22-23, 1'45

in axonal transport, 769-777,769f,770f, structure of,239-240, 239f autosomal dominant, 1.99-200,200f
775-776 rn yeast, 237,238{ autosomal recessive, 200,200f

in crlia,777-781 MTOCs (microtubule-organizing centers), in cancer. See Cancer, mutations rn
cooperative activity of, 745-7 5L, 77 5-77 6, 760-761., 7 6lf, 7 66, 766f cdc, 170-171, 170f, 851-852, 852f, 860-862

776f,796-797 in mitotic spindle, 783,784f chemical causes of, 1.45-146
dyneins, 774-776,774f,775f,776f. See in plants, 790-79'1,,790f complementation tests for,219

also Dynein(s) mTOR, in translation, 353-355 conditional, 1'70-1'7I, 170f
in flagella, 777-781, Muller, H., 171 correction of. See DNA repair
kinesins, 770-774,771f-774f,776f.. See Multiadhesive matrix proteins, 805, 805t, 820, deamination, 146, 1'46f

also Kinesin(s) 821,822t definition oI,'1.3, L56
microtubule-based,769-776 fibronectin, 830-833. See also Fibronectin depurination, 147
in muscle contraction, 732,738-743. See laminins, 805t, 821, 821.f,822f disease-causing, l'4,29-30. See also

a/so Muscle contraction Multicolored FISH. 258. 259f Diseases and conditions
myosin, 71.5,731.-745 Multidomain proteins, 1,25-1.26, l26f identification of,200J03,201'f-203f
in nonmuscle cells,74l-742,742f Multidrug-resistance rransport protein dominant, 166-170, L67I, 860' 1,1'13

MPSB complex, in neuroblast division, (MDR1), 455 gene function and, 166-1'67
933-935,933f f l ippases and,456,456f segregation of,1'67-1'69,168f,1'69f

MRF proteins, 926-929,927f ,928 Mult imeric proteins, 72 dominant-negative, 1.67,209, 674' 747,
mRNA (messenger RNA), 11, 11,2, 1,1,2f, 11,3f. Multipass membrane proteins, 423, 423f, 1136

See a/so RNA 543-544, 543f, 546-547, 546f in evolution, 7 , L4, 28
base pairing with snRNA, 330, 331,332, Multiple endocrine neoplasia type 2, 1127 frameshift, 128' 167

332f Multipotent stem cells, 907 gain-of-function, 167
circular, 1,38, l39f Multivesicular endosomes, 612-614, 613f, 6l4f in cancer, 1L19-112'1,
conformations of, 118 p. heavy chains, 1055. See also genetic analysis of,166-176. See also
cytoplasmic degradation of, 352-353 Immunoglobulin(s), heavy-chain Genetic analysis
cytoplasmic polyadenylation of, 351-352, Muscarinrc acetylcholine receptors, in cardiac haploinsufficient, 167

351f muscle. 641. 641f heterochromatic, in cell lineage studies,
5' cap of, L24, 1.25f Muscle 909-91'L,9L0f

in pre-mRNA processing, 324f, cardiac rnsertlon
325-336,325f,3271, T7 ADAM proteases in, 706 gene taggrng by,189-190,190f

shortening of, 352-353, 3521 kinase-associated proteins in, 652, 652f mobile elements and,226,228-229'
in transcript ion,2S0-28L,282 muscarinrc acetylchol ine receptors in, 232-233,234-235
in translation, 134 641,64lf P elements and,189-L90

functions of, 1.12, 113f,727,1,27f sodium-l inked Ca2* antiporter in,468 lethal
halflives of, 352 collagen in, 826 in development' 999-1'000
histone, in oogenesis,957 desmin in, 793t,794 rdenti f icat ion of,171
identification of, by in situ hybridization, development of,925,9251 recessive' 171

1,92,1,93f dystrophitr in, 835-836, 836f synthetic, 1'73f' 174

l-32 . INDEX

skeletal, accessory proteins in, 740, 740f
smooth, contraction rn, 742-743, 743f
vascular, protein kinase G and,656-657,

6571
Muscle calcium pamp, 44945L, 450f
Muscle cells

calcium ions in, 449452, 450f,451.f,  658
culture of, 396,397f



linkage mappin g of , 200-202, 201.f-203f
l inkage of, 175
linker scanning, 283, 2841
Ioss-of-function, 1 67

in cancer, 148, 71,23, 11,35-1,737
in loss of heterozygositS 1124
mapping of , 200-202, 201.f-203f
missense, 167
in mitochondrial DNA, 240-242
mobile DNA elements and, 226, 228-229,

) t ) _ ) 1 1  ) 1 4 - ) 1 S
in noncoding DNA, 14
nonsense, 138,167
po in t ,  146,  146f ,757

identification of , 202-203
in proto-oncogenes, 1 120

prevention of, 145
radiation-induc ed, | 4 6-1. 47

repair of,  149-150, 150f
recessive, 166-170, L67 f , 850, 1122t, 1123

gene function and, 1.56-167
identification of, 171
lethal, 1.71.
segregation of, 167-169, 1681, l69f

sources of, 145-1.47
suppressor, l-  3-174, 17 3f
temperature-sensitive, 23, 170-171, 170f

in yeast cell cycle studies, 851
transcription-u nit, 21,8-219
Xlinked recessive, 200, 200f

myc oncogene, 1115,1L22, 1.1.31., 1132f
Myelin sheath, 1003, 1003f

in action potential propagarion,
1 0 1 3 - 1 0 1 6 , 1 0 1 4 f

defects in, 1015
formation of, 7014, 1.016, 1015f

by ol igodendrocyres, 1014, 1015f
by Schwann cel ls, 1014, 1015f

structure of, 1014, 1016, l0l6f
Myeloid srem cells, 918,91,9f
Myeloma cel ls, 401, 402f
M y f S , 9 2 6 , 9 2 7
Myoblasts

definition of, 925
culture of, 396

differentiation of, 925-929, 925f-929f
migration of, 928-929, 929f

Myocyte(s)
calcium ions in, 449-452,450f,451f, 658,

740-743,743f
cu l tu re  o f ,  396,397f
as excitable cel ls, 1004-1005
specification of , 924-929
synapses in, 1019

Myocyte-enhancing factors (MEFs), 927, 927f
myoD, 926-929,926f
Myofibri ls, 739,741.f

earfy srudies ot, 7 5 5-7 56
Myogenesis

cell-type specification in, 924-929
events in, 925,925f

Myogenic bHLH proteins, 926-929,
926f-930f

Myogenic determination gene, 926-929, 926f
Myogenin, 926, 928, 929f
Myoglobin, 73
Myosin, 715, 731,-745

in actin filament movement, 733
in contractile bundles, 741-742, 742f
cntfcal concentratron ot, 7 33, 7 33f
in cytokinesis, 7 42, 7 42(
in cytoplasmic streaming, 744, 744f
definition of, 731
o u t y  r a t l o  o l r  / J J ,  / 3 /
evo lu t ion  o f ,774,774f
to rce  genera ted  by ,  7  35- -  31

functions oI,734f
head domains oI, 732f, 733

conformational changes in, 7 3 5, 7 36[
kinesin and, 774,774f
in melanosome transport, 796-797
as motor protein, 733-735
movement powered by

actin binding in. 735. 736f
in asymmetric cell division, 931,, 931,f
-ATP hydrolysis in, 7 35, 7 361, 774, 774f
hand-over-hand vs. inchworm model of,

737-738,738f
in muscle contraction, 732, 738-743.

See also Muscle contraction
processive, 73-,737f
step size in,735-t37, -37f.

neck domain of, 732f, 733
s tep  s ize  and,735.737f

in nonmuscle cells, 7 4l-7 42, 7 4L-743,
742f

overview of,731.-732
power stroke and
S-1 motor domains of,733-735,733f
sliding-filament assay for, 733, 733f
in stereocilia, 1034
structure of , 7 32-7 33, 7 32f , 7 34-7 3 5, 7 34f
tail domains of, 732f, 733, 734-735
rhick filaments in, 7 39-740, 7 391, 7 42
types/classes oI, 7 3 l, 7 33-7 3 5, 7 34f

Myos in  I ,734-735,734f
Myosin II, 7 31.-7 33, 7 32f , 7 34-7 3 5, 7 34f
Myosin LC kinase, 742-743,743f
Myosin motor protein, 93L
Myosin regulatory lighr chain,742
Myosin superfamily, 7 33-7 3 5, 7 34f
Myosin V, 734, 734f, 735, 737-738

cargo transport by, 7 43-7 44, 743f
Myotonic dystrophy, 224, 340
Myotubes, 396, 925, 925f

N-cadherins, 81.0. See a/so Cadherins
N-linked oligosaccharides, 550, 550f, 827,

828f. See a/so Oligosaccharides
N-region, of heavy chain, 1.073
N-terminus, of protein, 65, 65f
Na*. See Sodium ions
NAD-

in citric acid cycle, 487489,489f, 490t
in electron transport, 59-60, 60f, 493, 495
in glycolysis, 482, 482f
in pyruvate synthesis, 482,482{'

NADH
in citric acid cycle, 489,490t
electron transport ftom, 493-502. See also

Electron transport
oxidation of, in respiratory control, 510
production of, 60, 60f ,487489, 489f, 490t

NADH-CoQ reductase, in electron transport,
495, 495r, 496, 497f

NADP-, in photosynthesis, 512-513, 515,
515f, 519-520, 522-523, 523f

NADPH, in photosynthesis, 512-513, 515,
5 1. 5 f , 51.9-520, 522-523, 523f

Nanos protein, 974, 974f
Nanotechnologg for cell cultures, 404
Nasal cancer, 1139
Nascent proteins, translocation of, 534,

536-537, 537f
Nascent transcript, capping of, 324f, 325-326,

3271
Native-state conformations, 74
Natural DNA, 115, 115f
Natural killer cells, 1060-1.061,1060f, 1095
Nebulin, 740,740f
Necrosis, in apoptosis, 937

Nernst equation, 4 59-460
Nerve growth factor (NGF)

in neuron survival,  938,938f,942
in Ras/MAP signaling, 693

Nervous system
cells of. See Neuron(s)
development of, 9L6-917, 917f, 985-990.

See also Neural development
interconnections in, 1005-1006, 1005f
plast ici ty of.  1005-1006
tissue of, 801.

Netrins, 1.044-1.04 5, 1.044f
Neu protein, 71
Neural cell-adhesion molecuies, 836-837
Neural development, 916-917 , 917f, 985-990,

986f ,987f ,  989f
axon guidance in, 1,046-1047
cell-adhesion molecules in, 835
in D ro s op h ila melano gaster, 9 3 1.-9 3 5,

932f-934f
lateral inhibition of, 988-989, 989f
neural tube formation in, 986-987, 986f
neuron migration in, 988
neurulation in, 985-987, 985f, 986f
signaling in, 965, 987-988

Neural plate, 986
Neural tube, 91,6,917f

formation of, 986-987, 986f
Neuraminidase, 546
Neuregulins,68l
Neuroblast(s), 9 16-9 L7, 9 17 f

asymmetric division of
apical complexes in, 933-935
basal complex in, 933-935
daughter cell size in,934-935
in Drosophila melanogaster, 931-93 5,

932f-934f
events in, 935
ganglion mother cel ls in, 932-935, 933f
lateral inhibition rn, 932
mitotic spindle orientation in, 934-935,

934f
differentiation of, 929, 930f

Neuroblastoma, 1144
NeuroD,929,930f
Neuro fasc in155,1015
Neuro fasc in l86 ,1015
Neurofilaments, 793t, 794. See also

Intermediate filaments
Neurogenesis, 929,930L See a/so Neural

development
in Drosophila melanogaster, 931.-93 5,

9321-934f
neurulation in, 98 5-987, 98 5f, 986f
signaling in, 965, 987-988

Neurogenin, 929,930f
Neuromuscular diseases. See Diseases and

conditions
Neuromuscular junction, 1019

action potential generation at, 1025
ion channel activation at, 1.024, 1.024f
postsynaptic density and, 1019

Neuron(s ) ,1001-1050
abundance of, 1001
action potential of, 1003-1005, 1004,

1.004f, 1006-1.01.4. See also Acrion
potential

in circuits, 1005, 1005f
coordinated action of, 1005, 1005f
definition of, 1001
as excitable cells, 1003-1004
functions of, 1003
information flow through, 1003-1005
interneurons, 1 005

vistal, 1027 f , 1029-1.031.
light-sensitive, 1027
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Neuron(s) (continued)
migration of, 988
morphology of, 1003f
motor, 1005, 1005f

structure of, 1,0021, 1003, 1003f
survival of, 937-938, 9371
target field and,, 937-938, 937 f
trophic factors 6or, 938

nociceptive, 938
olfactory receptor, 1037
presynaptic, 1004f, 1005, 1018
projection, 1037
propert ies of, 1001, 1002-1003
resting potential of, 1004
rctinal, 1027 -703 1., 1027 f , 1.029 f
sensory, 1005, 1027-1,039

in hearing, 1,032-L034
in smell, 1036-1.039
in taste, L034-1036
in touch, 1031-1.032
in vision, 1027-1031

in signal ing, 1001-1006
structure of, 1002f, 1003, 1003f
survival of, 937-938, 937f.
synaptic connections of, 1004f, 1005
target field and, 937-938, 937(
in thinking, 1001
types of, 1002f
voltage in, 1004

Neurotransmitter(s), 10. See also Signaling
definition of, 1005
degradation/reuptake of, 1023
drug effects on, 1023
Iow-molecular-weight, 1019-1 020, 1,0201
mechanism of action of, 1005
packaging of, 1019-1.022, 1020f, 7021f
release of, 1020-7022, 1021f
structure of,1020f
in synaptic vesicles, 1019-1,022, 70201,

1021.1
synthesis of, 1020
transport of, 1019-1.020

Neurotransmitter receptors
density of,  1019
G-protein-coupled, 423, 624, 63 5-657,

1018. See a/so G-protein-coupled
receptors

ion channels as, 640, 1018
ligand binding by
sloq 1018

Neurotrophins
in cel l  survival,  937-939,937f
in development, 938

Neurulation, 985-987, 9851, 986f
Neutrophils, 1.059, 1.061.

extravasation of, 837-838, 838f
Nexin, 777, 7781
NF-rcB signaling pathway, 703-70 5, 704f

activation of, 656f, 667,703
in antigen-presenting cell activation, 1102,

L r 0 2 f
Nicastrin, 705-705
Niches, stem-cell. See Stem-cell niches
Nicotinamide adenine dinucleotide.

See NAD*
Nicotinamide adenine dinucleotide phosphate

(NADP-), in photosynthesis, 512-513,
5 1 5 , 5 1 5 f

Nicotinamide dinucleotide phosphate
(NADP*), in photosynthesis, 512-513,
515, 515f, 519-520, 522-523, 5231

Nicotinic acetylcholine receptor, 1018,
1023-1025

as ligand-gated ion channel, 1018, 1023
in muscle contraction, 1018, 1023-1025
structure of , 1,024-1025, 1025f

l-34 . INDEX

Nidogen, 805t
in basal lamina, 821, 82lf

Nieuwkoop center, 963, 964f
Nipkow confocal microscopy, 386
Nitric oxide/cGMP pathway, 656-657, 657f
Nitrogen mustard, 1139
Nitroglycerin, 656
Nkx proteins, in heart development, 967-968,

967f
Nociceptive neurons, survival of, 938
Nociceptors, 1 03 1-1032
Nodal cilia, 968-969
Nodal proteins, 963, 966-967, 967f
Nodal vesicle particles (NVPs), 968-969
Node, in developmental signal ing, 955,968,

968f
Node of Ranvier, in action potential

propagation, 1013-1014, 1014f, 1015
Noggin, 986
Nomarski microscopy. 9081
Noncoding DNA, 215-216, 221.t, 223-226,

224f,225f
amount of, 223
evolution of , 223-224, 225-226
microsatel l i te, 224, 224f
satel l i te, 224,225f

Noncovalent interactions, 32-33, 3540
hydrogen bonds,37,37f

in  p ro te ins ,  66 ,  66 f ,67 ,67 f
hydrophobic effect, 38-39, 39f
ionic, 36-37, 36f
in macromolecules, 40-41, 4lf
molecular complementarity and, 3940, 39f
strength of, 35, 37, 38
van der Vaals, 37-38, 38f

in phospholipid bilayer, 411, 41.8-419
Nondisjunction, chromosomal, 887

loss of heterozygosity and, 1124
Nonhomologous end-joining, 149-1 50,

1 s0f
Nonpolar bonds, 34
Nonsense-mediated decay, 357
Nonsense mutations, 138, 1,67
Nonviral retrotransposon s, 230-23 4
Norepinephrine, structure of, 1.020f
Northern blotting, 792, 7921

in disease gene identification, 202
Notch cystolic domain, activation of, 666f,

667f
Notch/Delta pathway, 703, 705-707, 705f

in cell division, 91.4, 932
in neural development, 988-990, 989f

Notch protein, 71, 705-706
c leavage o f ,705,705f
synthesis of, 705

Notch receptors, 666f
Notochord, 986f
NPXY sorting signal, 589, 589t,608-609,609f
NTCAM, 1016
NRIF protein, 943
NSF prorein, in vesicular transporr, 591
NtrB protein

in transcription initiation, 274, 274t
NtrC prorein, in transcriprion init iat ion,

274-275,274f
Nuclear basket, 570, 570f
Nuclear bodies, 364-356, 365f
Nuclear cap-binding complex, 337
Nuclear domains, 364-366, 355f
Nuclear envelope, 342, 373f, 569-570

definition of, 864
disassembly oI, 865-867, 866f
microscopic appearance of, 390f
reassembly of, 870-87 l, 872f

Nuclear export factor 1 (NXFl), 342-343,
343f, 573

Nuclear-export receptor, 573
Nuclear export transporter 1 (Nxtl), 342-343,

3431, 573, 574f
Nuclear-import receptor, 571
Nuclear lamina, 570, 5701,865, 866f

definition of, 865
disassembly of, 864f, 865
reassembly of, 871

Nuclear-localization signal, 57L, 57Lf, 670
Nuclear membrane, 342-343, 3421, 343f,

4141,4L5
Nuclear mRNPs, 325, 341,-342

transport of, 342-347, 343f-346f
Nuclear pore complexes, 342-343, 3421,

343f, 363, 390f, 464, 570, 570f
assembly of,871., 872f
microscopic appearance of, 390f

Nuclear pores, 342, 378,570,570f
Nuclear receptor(s), 291., 31.2-31.3, 31.2f,

31.3f, 97 5
activation domains of, 293, 2931
heterodimeric, 313
homodimeric, 313, 31.4f
repression domains of , 294

Nuclear speckles, 355
Nuclear transfer cloning, 908
Nuclear transport, 342-347, 367

of Balbiani ring mRNPs, 344-345
cargo proteins in, 571-574, 572f, 574f
constitutive transport element in, 346-347
direction of, 343-344, 572
exportins in, 573-574, 574f
of hnRNPs, 345,345f, 573
import ins in, 5a l-572, 5a2f
of mRNA, 342-347, 343f-346f
mRNP exporterc in, 342-343,343f,

573-575,574f
mRNP remodeling in, 343
nuclear-export signals in, 573
nuclear-localization signals in, 571--572,

572f
nuclear pore complex in, 342-343, 342f,

343f,363, 3901, 464, 570, 57of
a s s e m b l y o l r 6 / l r 6 / 2 1
microscopic appearance of, 390f

nucleoporins in, 342-343, 343f, 570, 572,
572f

RNA export factor in, 342-343,343f
SR proteins in,343-344, 344f
of viral mRNA,346-347, 346f
in yeast, 343-344,344f

Nucleation, in actin filament assembly, 719,
71.9f

Nucleic acid hybridization, LL, 1,1'7
Nucleic acids, 71-1,2, 40, 1.1.L-11.2. See also

DNA; RNA
bases in, 11,, 44, 44f, 45t. See a/so Base(s);

Base pairs/pairing
definit ion of,1.1,40
directionality ol, 114, 11.4f
functions of, 1'l.l-1.L2, L73f
overview of,111-L12
phosphodiester bonds in, 40, 41.f, 114,

1.1.4f
as polymers, 40, 113-1,1,4
purine, 44, 44f, 45t, 113
pyrimidine, 44, 44f, 45t,'1.L4
structure oI, 40, 41f, 44, 441, 45t,

1.1.3-11.9, 1.1.4f-11.9f . See also Helix,
DNA

synthesis of, 44
Nucleocapsids, 154-155, 155f
Nucleolar organizer, pre-rRNA as, 359
Nucleolus, 373f,378

pre-rRNA processing in, 359
Nucleoplasm, 378



Nucleoporins, 342-343, 3421, 343f, 378, 570,
570f, 572, 572f

FG,342, 342f, 572
MPF phosphorylation of, 866
phosphorylation of, in mitosis, 866, 866f,

871,
Nucleosides, 44, 45t
Nucleosome, 248-249, Z48f

definit ion of,248,299
structure of, 248-249, 248f

Nucleotide(s), 11, 44,44f, ll3. See a/so Base(s)
as monomers, 40,47f
phosphodiester bonds of, 40, 41.f, 11.4, 71.4f
phosphorylated, 44
purine,44,44f
pyrimidine, 44,44f
structure o1,44, 44f.
terminology of, 45t

Nucleotide excision repau, 748-149, 148f,
149f

Nucleotide salvage pathways, 402, 403t
Nucleus, 373f,378

protein targeting to, 557t
structure of,569-570

NuMA protein, 933
Nurse cells, 953
Niisslein-Volhard, Christiane, 171, 999-1000
NXF1, 342-343, 343f

O blood group antigen, 426,426f,427t
O-linked oligosaccharides, 550, 827, 828f. See

a/so Oligosaccharides
Objective lens, 381
Obligate aerobes, 485
O c c l u d i n , 8 1 5 , 8 4 1 f
Oct4,960
Octylglucoside, 428, 428f
odd-paired, 1.000
odd-skipped, 1.000
Odorant receptors, 1,036-1,039, 1039f
Oil  drop model, 68, 68f
Okazaki fragments, 1.41, 1.41L 143,778
Oleate, 48f
Olfaction, 1036-7039

primary ci l ia in, 780
Olfactory receptor neurons, 1037-1039,

1037f-1039f
Oligodendrocyres, 1014, 1015f
Oligonucleotide probes, in DNA library

screening, 181-182
Oligopeptides, 56
Oligosaccharides, 550, 827, 828f

in cell-cell adhesion, 552
N-l inked, 550, 550f, 827,828f

structure of, 550, 550f
synthesis and processing of, 550-552,

5 5 0 f , 5 5 1 f
O-linked, 550, 827, 828f

structure of, 550
in protein folding and stabilization, 552
side chains of, 552
structure of, 550, 550f
synthesis of, 550, 551f

Oligosaccharyl transferase, 550
Oncogenes, 158, 11.07, 11L4, 1127-1131

abl, 11.29-1.130, 1.130f
bu, 1.1.30
cell survival and,939
definition of,1107
fos, 11,31, L1.32l
iun, 1,1,30
myc, 1l15, 1122, 113L, 1.132f
proto-oncogene conversion to, 1107-1108,

7173, 11.19-1121
ras, 1113-L1.14, 1114f, 1115f, 11.29

in signaling, 11.29-7130, 1.130f
sis, 1,1,27
src, 1.L29,1130f
trk, 11.28, L1.28f
v ir al, 1 L21--L 123, 1 1,28 -1, 1,29

Oncogenesis, 1108
Oncogenic mutations. See Cancer, mutations in
Oncogenic receptors, 1, 727 -11,28
Oncogenic retroviruses, 1128-1,1,29
Oncogenic transformation, 1.11.3-1114, 1.11.4f

mechanisms of, 1L19-L12l
transcription factors in, 11.30-1.131, 1.L32f

Oncoproteins, 671, 67Lf
in oncogenic transformation, L120-1.L21
vftal, 1.1.2'1.-1.1.23, 71.22f, 1128-1.129, 11.29f

Oocyte(s), 950
differentiation oI, 9 1.3-9 1.4
fert i l izat ion of, 8, 8f,  1,9, 19f,950,950f,

955-959
acrosomal reaction in, 9 56, 9 57
definition of, 955
gamete fusion in, 955-957, 956f
in vitro, 8

maturation oI, i?t Xenopus laeuis, 854-858,
854f-857f

mitochondrial DNA from, 957
primary, 953

Oocyte expression assaS for ion channels,
454, 464f

Oogenesis, 9 53-9 54, 953f, 954(
Op18/stathmin, in microtubule disassembly,

7 6 8 , 7 6 8 f
Open reading frames (ORFs), 232-234, Z33f

definition of,244
in gene identification, 244-24 5
in transposition, 232-234, 233f

Operons
bacterial, transcription units in, 217
definition of, 122
lac, 271-273,272f
transcription of , 1.22-123, l24f
trp, 124f,21.7

Ophthalmoplegia, chronic progressive, 241
Opsin, 535-63 5, 541., 643f, 644-645, 645f,

1 028
Opsonization, 1060
Optic tectum, 1042
Optical isomers, 33
Optical microscopes, 380f
Optical traps, 735, 737f
Oral rehydration therapy, 471.472
Orexins, 550
ORF analysis, 244-245,245f. See also Open

reading frames (ORFs)
Organ of Corti, 1032, 1033f,1,034f
Organelle(s), 3, 3f,  372-379, 373f, 4L0

acidification of, H* AIPases in, 453-454
cell fractionation in, 407408
definition of, 371
evolut ion of, 505, 505f, 557
membranes of, 409, 470, 410f
proteins of,410
purification oI, 391-394

antibodies in,393-394
centrifugation in, 392, 392f, 393f
clathrin-coated vesicles in, 393-394, 3931
homogenization in, 391.-392
membrane rupture in, 39'L-392
sonication in, 391

sequence homology in, 557, 557t
transport oI,  /6y-/ /6

dyneins in,774-776
Krnes lns  ln ,  /6>- /  /1

Organelle DNA,236-242
chloroplast, 236,242
circular shape of, 3f, 1.2, 1.3, 117-1.1.8, 1.1.8f

mitochondrial, 236-242. See also mtDNA
(mitochondrial DNA)

Organisms
diploid, 1.66, 171,950
experimental, 25J7, 26f
haploid, 166, 169-17L, 1.70f

genetic analysis in, 1.69-771., 1.70f
relative size of,20f

Organogenesis, 9 5I-9 52
Organs

definition of, 801
development of, 9 51.-9 52
trssue organrzatron in, 801-803,802f. See

a/so Cell-cell adhesion; Cell-matrix
adhesion

Origin, replication, 141
Origin-recognition complex (ORC), 144, 878
Orphan G protein-coupled receptors, 660
Orthologous sequences, 244
Osmosis, 444,444f
Osmotic pressure, 444, 444f
Ossicles,'1.032, 1033f
Osteogenesis rmperfecta, 827
Ouabain, 468
OvarS development of, 91.3-91.4
Ovum, 19. See also Fertilization; Oocyte(s)
Oxal protein, in mitochondrial protein

taryeting, 562
Oxidases, 375
Oxidation

aerobic, 479480,480f
chemiosmosis in, 480, 481f
proton-motive force in, 480,481f

peroxisomal, 375
Oxidation potential, 50
Oxidation-reduction reactions, 59-60, 59f,

60f
Oxidative phosphorylation, 494. See also

Phosphorylation
ATP-ADP exchange in, 509, 509f
in ATP synthesis, 494-510
in bacteria, 504f, 505
in brown-fat tissue, 510
chemiosmotic hypothesis and, 503-505,

504f
in chloroplasts, 504f, 505
definition of, 494
in electron transport, 494-503
in mitochondria, 504f, 505, 510
proton-motive force and, 503-510
rate of, 510
in thermogenesis, 510
uncoupling of, 510

Oxidative stress
in chloroplasts, 52L-522
in mitochondria, 502-503

Oxygen
cytochrome c oxidase reduction of, in

electron transport, 495t, 498499, 5011
hemoglobin binding of, 89, 89f
as photosynthesis product, 480, 511,

519-521.. See also Photosynthesis
triplet, 521

Oxygen deprivation, glucose metabolism and,
484f ,485

Oxyntic cells, 472, 4721

P-450 enzymes, 1139
P bod ies ,348,353
P-cadherins, 81.0. See a/so Cadherins
P-class ion pumps, 447-448, 447f, 460. See

a/so Pumps
Ca*, 450452,450f,45Lf
catalytic subunits of, 450451., 45'l.f
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P-class ion, pumps, (continuedl
Na-'K-, 449,452453

P elements
insertion mutations and, 189-1,90
in transposition, 229

P-nucleotides, in antibody diversity, 1071
P segment, 101.0, 1.01.1f, 1012f
P-selectin, 838
P site, of r ibosome, 133,134,1,34f,135-136
p-values, 243
P1 (inorganic phosphate)

from ATP hydrolysis, 57,57f
in ATP synthesis, 59

p16, in cancer, 1 134-1135
p21t '0 ,  883-884.  886r .  89 I
i27* to t ,883-884,  886 i
i 2 7 * t " , 8 8 J - 8 8 4 , 8 8 6 t
p38 kinases,693
p53

in apoptosis, 891
in cancer, 1,11,5, 11,36-L1,37, 11.38

of lung, 1.140-1141., 1140f
in cell-cycle regulation, 891
HPV infection and, 11,37

p75**, in apoptosis, 942-943
PABPI, 343, 343f, 351, 351f
PABPII, 335, 336f, 343, 343f
Pain perception, 1,031-1032
Pain receptors, 1031-1,032
Pain-sensing neurons, 938
Pair-rule genes

in body segmentation, 975f, 976-9-77, 976f
discovery of, 999-1,000

paired, in body segmentation, 977
Palade, George, 582, 621-622
Palindromic sequences,'1,7 6, 176f
Palmitate, 48f
Pancreas, insulin secretion from, 17,77f,

1 004-1 005
Pap smear, 159
Papillae, taste buds in, 1034, 1035f
Par complex, in neuroblast division, 933,933f
Paracellular pathway, in transepithelial

transpoft,  815-815, 816f
Paracrine signaling, 625f, 626
Parietal cells, 47 2, 47 2f
Parkinson's disease, 77
Passive diffusion, 438439
Patch-clamp experiments, ion channels in,

463464, 463f, 464f
patched,702
Pathologous sequences, 244
Pattern formation, 951. See also Development

anterlor-postenor
in Drosophila melanogaster, 971,-97 4,

973f ,974f
in Xenopus laeuis, 9 6 5 -9 66, 9 66f

in axon extension, 1046-1,047
body segmentation in,969, 974-983
dorsal-ventral

in Drosophila melanogaster, 970-97 1,,
977f ,972f

in Xenopus laeuis, 963-965, 964f
in embryonic period

in D r o sop h ila melano gaster, 97 0-97 7
in Xenopus laeuis, 963-969

Hox genes in,979-983
left-right axis in, 966-969, 967f
in limb development, 990-994, 991,f-994f
somites in, 977-978, 978f, 9791
translation inhibitors in, 973-974

Pattern-formation genes, 99 9 -1,000
Pax3,928
Pax6, 29f, 269, 277, 277 f, 284
PCZPC3 endoproteases, 504
PCNA (proliferating cell nuclear antigen),

l - 3 6  .  I N D E X

142f, L43
PDGF receptor, in cance1 1.1.27
PDKI/PDK2, 595-696
Pectin, 839f, 840, 842, 842f
PEK, in translation, 356
Pemphigus vulgaris, 813-814
Pentoses, 44-45
Peptide bonds, 37, 38f, 40, 41.1, 65, 65f, 66

protein folding and, 74, 74f
Peptide mass fingerprint, 103
Peptides, 65. See also Protein(s)
Peptidyl-prolyl isomerases, 553-554
Peptidyl IRNA, 137-138, 73719
Peptidyltransferase reaction, L36, 136f
Perforins, in T-cell apoptosis, 1.0601,1095
Pericentriolar material, 7 61, 7 67f
Peripheral membrane proteins, 422. See also

Membrane proteins
purification of, 428

Perlecan, 805t, 805
in basal lamina, 821, 821.f,824

Permeases, bacterial, in membrane transport,
454,454f

Peroxisomal-targeting sequences, 567-568, 567f
Peroxisomes, 15, 373f, 374-37 5, 37 5f, 557

discovery of, 407408, 408f
fatty acid oxidation in, 491492,492f
protein targeting ro, 534f, 557r, 567-569,

567t-569f
synthesis o1,569,559f
in Zellwegger syndrome, 568

Pertussis, 540
Perutz, Max, 103
Peta ls ,  983,984f
p etite yeast mutants, cytoplasmic inheritance

of, 237, 238f
Pex proteins, 569,569f
pH,5 l -54 ,52 f

buffers and, 52-54,53f
cytosol ic,448

regulation of, 468
definition of, 51
dissociation constant and, 52, 53f
enzymatic activity and, 84, 84f
regulation of, 52-53, 53f

pH gradient. See Proton-motive force
Phage(s), 154

temperate, lysogeny in, 158
Phage T4, 155f

lytic replication cycle in, 156-1.57, 156f
Phagocytes, 1059

in opsonization, 1060
Phagocytosis, 37 4, 374f, 606

in antigen presentation, 1084-1085
Phagosomes, lysosomes and, 61.2
Phalloidin, 728
Phase-contrast microscopy, 380f, 381-382
Phenotype

def in i t ion  o f ,22 ,166
vs. genotype, 156

Phenylalanine, 42,42f. See also Amino acid(s)
Phenylketonuria (PKU), 199t
Pheromones, 623, 923-924, 924f
Philadelphia chromosome, 259, 1130
PhoR/PhoB two-component regulatory system,

) 7 \  ) 7 \ F

Phosphatases, 91,91f
in signaling, 634

Phosphate, inorganic
from ATP hydrolysis, 58
in AIP synthesis, 59

Phosphate transporter, in ATP-ADP exchange,
5 0 9 , 5 0 9 f

Phosphatidylch oline, 47 f , 48
membrane content of, 418t

Phosphatidylethanolamine, membrane content

of, 41 8t
Phosphatidylin ositol, 412f, 420

in GPI anchors- 425f.426
in signaling, 654-657, 654f, 655f

Phosphatidylinositol 3-phosphates
in signaling, 69 5-696, 69 5f-697 f
synthesis of, 695, 695f.

Phosphatidylserine, 420
membrane content of, 418t

Phosphoanhydride bonds, 57-58, 58f
Phosphodiester bonds, 40, 41f, 1.1.4, 1.1.4f
Phosphoenolpyruvate carboxylase, in carbon

fixation. 528f.529
Phosphofructokinase-1, in glycolysis, 483,

4 8 3 f , 4 8 5
Phosphofructokinase-2, in glycolysis, 483,

483f
Phosphoglyceri des, 47 f, 4849, 49t, 41.1, 41.2f ,

415416. See also Membrane lipids
Phosphoinositides, in signalin g, 694-597,

595f-697f
in cell migration, 7 50-7 5'1.

Phospholipase C, in signaling, 639,640t,
653-657, 567f, 694

Phospholipases , 420, 420f, 427, 427f
Phospholipid(s) , 1.4, 14f, 4lI, 4649, 48. See

a/so Lipid(s); Membrane lipids
annular, 424,424f
enzyme binding to, 427, 427f
fatty acids in, 4749, 47t
hydrolysis of, 420, 4201
hydrophilic ends of, 14, 1.4f, 41.f, 48, 41.1.,

4121
hydrophobic ends of, 1.4, 74f, 41f, 48, 41.1,

412f
movement oI, 416418, 431432. See also

Lipid transport
srrucrure of,14, l4f, 41.f, 47,471
synthesis of,431,43Lf

in endoplasmic reticulum, 375,375f, 376
Phospholipid bilayer, 14, 41.1.41.5, 413f

chemistry of, 414
curvature oI, 419, 41.9f
cytosolic iace of, 41,4, 4141, 41,5
exoplasmic lace of,41441.5,41.4f, 543, 543f
fluidity of, 4161, 41.7, 41.841.9, 4L9f
formation oI. 41141.4. 41.3f
gel form o1,41.5f,41.7
hydrophilic face of, 1,4, 1.41, 41f, 48,

411.41.4,41.3f
hydrophobic core of, 14, 1.4f, 411, 48,

4r1414-  412f .  4 l3 f
leaflets of, 411.,4l3f
lipid/protein movement in, 41,6-418, 41,6f,

417f, 420,431.432
permeability of, 437, 438f
protein anchoring to, 422, 424426, 425f
protein flip-flopping in, 420, 431,-432,

4 5 6 , 4 5 6 f
size of, 411.
structure of, 10f, 1.4, 74f, 41.f, 41.L4'1.4,

413f ,41 .4 f
in viral envelope, 154-155
viscosity of, 417

Phosphoprotein phosphatase, 649, 649f
Phosphorus. See also Phosphate, inorganic

in ATP synthesis, 494
Phosphorylatio n, 91., 91.f

of amino acids, 43
dephosphorylation and, 91., 91.f
of histones, 250, 250f, 251
in mitosis entry, 861-863
of myosin, in muscle contraction, T43
of opsin, 644-645.645f
oxidative. See Oxidative phosphorylation
protein kinases in, 91., 91.f



in receptor desensitization, 657-652, 651'f
in signaling, 634, 644-645, 657
s ubstrate-level, 481.-482, 482f
in translation repression, 355-355

Phosphotyrosine phosphatases, in cytokine
signal ing, 678,678f

Photoelectron transport,  513f-515f, 514-515,
51.7-520, 5r8t, s20f, 52rf

in bacteria, 51,7-520, 517f, 518f
cyclic vs. linear flow in, 519-520, 520f,

52rf, 522-523, 523f, 524f
Photoinhibition, 52L-522, 522f
Photons ,513-514
Photoreceptors, 1027f

retinal, rhodopsin and, 641,-645, 642f-645f
retinotectal maps and, 1042,10421

Photorespiration, 527-529, 527f, 528f
Photosynthesis, 479, 480, 480f , 511-529

a n t e n n a s  i n ,  5 1 4 ,  5 1 5 - 5 1 6 ,  5  l 6 f
ATP synthesis in, 9, 15, 59, 511,, 51,2,

5 r 3f,  520-521, 523f
in bacteria, 511, 516f, 517-579,51'7f,51'8f
Calvin cycle in, 525-527, 525f-527f
carbon f ixat ion in, 59, 512-513, 513f,

s24-529, 525f-528f
carotenoids in, 514, 514f
charge separarion in. 5 l4-5 15. 5 t5f,

5r7-5r8, 577f
chemical reactions in, 511
chlorophyll in, 514-516, 514f-51.61. See

a/so Chlorophyll
in chloroplasts, 379
dark reactions in, 512-513, 5r3f
Emerson effect in, 519
energy consumption in, 514,519
future research areas fo4 529
herbicide effects on, 521
l ight absorption in, 511-512, 513f
light-harvesting complexes in, 513f, 514,

515-516, 51.6f, 523, 524f
l ight reactions in, 512-513, 513f
overview of, 511
oxygen-evolving complex in, 520-521., 521f
oxygen-generating, 5 I 1
photoelectron transport in, 51,2, 513f-515f,

514-515, 51.7-520, 5181, 520f, 521.f
in bacteria, 517-520, 51.7f, 51.8f
cyclic vs. linear flow in,51.9-520,520f,

521.f, 522-523, 523f, 524f
photosystems in, 51.9-523. See also

Photosystems
primary electron acceptor (Q) in, 512, 513f
products of, 511, 511f,525,526f
protein targeting in, 565, 566f
proton-motive force in, 480, 481f, 511,

512, 5t3f
in bacteria, 51,7-520,517f, 518f

Q cycle in, 518-519, 520,521f,522-523,
523f

rute of, 514f, 519
reaction centers in, 513f, 514-515, 515f,

51.6t, s20-s21., 52rf
resonance energy transfer in, 515-516, 516f
stages of, 511-513, 513f
in thylakoid membrane, 51L, 51,2f

Photosystems, 51,4, 51,9-523
antennas In,  )  l+,  J  IJ-)  ICr,  J  I  Or
in bacter ia,  516f
coordinated activity of, 523,524f
cyclic electron flow in, 522-523,523f
definition of, 514
discovery of, 519
light-harvesting complexes in, 513f, 514,

515-516, s76f, s23, 524t
PSI, 512, 515f, 519-520, 520f, 522-523,

523f

PSII, 512, 51,5f, 519-523, 520f-522f
in purple bacteria, 517-519,517f, 518f
reaction center in, 513f, 514-515, 515f '

5761, 51,9, 520-521, 520f, 52Lf
Phragmoplast, 791
Phylogenetic tree, 245f
Physical mapping, 202,202t. See also

Mapping
PI-3 kinase pathway, 667t, 694-697, 69 51,

6961
in cell migration, 7 50-7 51

Picosecond absorption spectroscopy, 518
Pigment granules, transport of, 796-797
Pigmentation, 469, 469f
Pinocytosis,505
Pins protein, 935
Piwi proteins, 914
Plakins, 796
Plant(s)

adhesive proteins in, 841'-842, 842f
-ATP synthesis in, 511-529. See also

Photosynthesis
cell-cell adhesion in, 841-842, 842f
cel l  junctions in, 811t
cell structure in, 2f
cell wall of, 839-842, 839f
chloroplast DNA in, 242
dermal t issue in, 839, 839f
evolution of, 242
flowers of, 839

development of, 983-984, 984f
ground t issue in, 839, 839f
growth of, auxins in, 840
leaf structure in, 51.2f
leaves of, 839
membrane transport in, 469470, 47 0f
meristems of, 840, 842, 920, 921'f, 983
mitochondrial DNA in, 239, 240, 241,t
mitosis in, 790-791, 790f
photosynthesis in, 51'7-529. See also

Photosynthesis
plasmodesmata in, 840-841, 841f
protein translocation in, 557-558, 557t,

565,  566f
roots of, 839
signal ing in, 840-841, 841f
sporogenous tissue in, 839,839f
stem cells in, 920,921'f
stems of, 839
tissue strucfure and organization in.

839-842
transgenic, 470
turgor in, 377-378,444
vacuoles in, 377-378, 377(
vascular t issue in, 839,839f

Plant cel l(s)
elongation of, 378
growth of, 840
properties of, 839-842, 839f

Plant cell wall
cell growth and, 840
components of, 839f, 840
functions of, 840
plasmodesmata in, 840-841', 841'f
strength of, 840
structure of, 839f, 840
turgor pressure and, 444, 444f

Plant tissue
dermal, 839, 839f
organization oI, 839-842
structure of, 839, 839f

Plant viruses, 154
Plaque assay, 155, 155f
Plasma cells, 3f

in immune response, 1,061, 1.061.f, 1.075
Plasma membrane. See Membrane(s), plasma

Plasmalogens, 4lzf, 416, 433
Plasmid vectors, L78-179, 178f, l79f

expression, 1'94-196, 19 5-196, 19 5f
in protein production, 1'95-1'96, 1'95f

Plasmodesmata, 16, 350, 811t '  840-841,
84Lf

Plasmodium
life cycle of, 5, 5f
mitochondrial DNA in, 238,238f

Plastic polymerase, 318
Plastocyanin, translocation of, 565
Plastoqinones
Platelet-activating factor, 837
Platelet-derived growth factors, in cell

m\gration,746
Platelets, thymosin-Ba in, 722, 722f
Pleated sheet, 67,671
Plectin, 796, 796f
Plexins,1045
Pluripotent stem cells, 907,960
+TlPs, 767, 768f
PML nuclear bodies, 356
Podosomes, 833
Point mutations, 1,46, 1.461, 1.67

disease-causing, identification of,
202-203

in proto-oncogenes, 1120
Pol E, in DNA replication, 1'42f, 743,744f
Pol I. See RNA polymerase I
Pol II. See RNA polymerase II
Po[ II preinitiation complex, 296J99,297f,

298f
assembly of, 307-308, 308f

Pol III. See RNA polymerase III
Polar bonds, 34

solubility and,37
Polar microtubules, 7 84, 7 84f
Polarity

of actin filaments, 71,8,718f
in body segmentation, 977,999-1000. See

aiso Body segmentation
in cell migration, 746-747
of cel ls, 8, 471,,714

cytoskeleton and, 7\4-7 1'5, 714f
of embryo, 950-951
of molecules, solubility and, 39
of protof i lamenrs. 759, 760f

Pollen, adhesion of, 842, 842(
Poly(A)-binding protein I (PABPI), 343' 351
Poly(A) binding protein I I  (PABPII),  336,336f '

343,343f
Poly(A) polymerase, 1.24, 335, 336f
Poly(A) sites, 217
Poly(A) rail, 124

lengthening of, 351-352, 351f
post-transcriptional processing of ,

335-336,336f
shortening of, in mRNA degradation,

352-353,353f
Polyadenylation

in antibody production, 1074-1075
cytoplasmic. 35 l-352. 35 1f
in pre-mRNA processing, 324-325, 329,

3291, 335-336, 336f
Polycistronic mRNA, 217
Polyclonal antibodies, 401
Polycomb complex, 254

in transcription repression, 302-303, 302f,
306

Polycomb genes, 982-983
Polycystic kidney disease, 780
Polydactyly, 992,993f
Polygenetic trairs, 203-204
Polygenic traits,204
Polylinker, 178f, 1.79
Polymer(s), 10, 40, 41'f, 1'13
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Polymer(s) (continuedl
nucleic acids as, 40, 113-114

Polymerase chain reaction (PCR), 188-190,
1 8 8 f , 1 8 9 f

rn gene tagging, 189-1,90
rn genomic DNA isolat ion, 188-189, 189f
in probe preparation, 189
procedure for, 188, 189f
reverse transcrlptase, 189

Polymorphisms. See DNA polymorphisms
Polypeptides, 65f, 65
Polyps, colonic, 1116
Polyribosomes, 138, 139f
Polysaccharides, 10, 46

N-linked, 827
O-linked, 827
strucrure of, 40, 4lf, 46, 461

Polysialic actd,837
Polysomes, 1,38, 1,39f
Polyspermy, prevention of, 957
Polytene chromosomes, 250-26I, 267f
Polytenization, 251, 261f
Po lyub iqu i r inar ion .  See Ub iqu i r inar ion
Polyunsaturated famy acids, 4748, 47t
Porins

in bacteria, 424,425f
in chloroplasts, 511
in mitochondria, 486487

Post-transcriptional gene control, 323-367. See
a/so RNA processing

cytoplasmic mechanisms in, 347-358
cltoplasmic polyadenylation in, 351-352, 35lf
future research areas for in,366-357
heterogeneous RNPs in, 327,329f
at individual synapses, 325
miRNA in, 325
miRNA-mediated translation repression in,

347-349,348f
mRNA transport rn, 341,-347
nuclear bodies in, 364-356
overview of, 323-325, 3241
pre-mRNA processing in, 325-341. See

a/so Pre-mRNA processrng
pre-rRNA processing in, 358-363
pre-tRNA processing in, 363-364
primary transcripr in, 323, 324f
processes tn,326f
RNA-binding motifs in, 327,3281
RNA interference in, 349-351
rRNA processing in, 358-364, 3S9f-362f
siRNA in, 325
IRNA processing in, 353, 3631,364f

Post-translational translocation, 540-541, S42f
Postmitotic cells, 264, 849
Postsynaptic cel ls, 1005, 1018, 1019
Postsynaptic density, 1019
Potassium ion channels. Sae Ion channels,

potassrum
Potassium ions, in cytosol vs. blood, 448,448t
Potential energy, 54-55

chemical, 54
rorms oI, )u)

Potentiometer, 450, 450f
PPZA, 869,870f
PRC1 complex, 302, 302f
PRC1/PRC2, 912
PRC2 complex,302,302f
Pre-B cel ls, 1073
pre-miRNA, 348,349f
Pre-mRNA, 1L2f, 123-124

definition of, 326
exosome degradation of, 336-337
5 '  cap  o f ,  324f ,325-326,327f
in RNA processing, 113f,123-124

Pre-mRNA processing, 324f , 325-337, 325-347
carboxyl-terminal domain in, 280, 32G

cha in  e l onga t i on  i n ,  333 ,  333 f
cleavage and polyadenylation in, 324-325,

329, 3291, 335-336, 3361
co-transcriprional, 325
exon-junction complex in, 332-333
exon recognition in, 333-334, 333f
exonucleases in, 3J6-337
5' capping tn, 324f, 325-336, 325f, 327f,

337
hnRNPs in, 327,328f
regulation of,337-347
RNA-binding morifs in, 327,328t
RNA editing in, 340-341,347f
RNA export factor in, 332-333
splicing in. 329-3JJ. See also Splicing
steps in, 326f

Pre-mRNPs, 325
Pre-RNPs, 360
Pre-rRNA

as nucleolar organizer, 359
processing of, 358-364, 359f-352f
structure of, 359, 359f.
synthesis of,278,359. See also

Transcription
termination of, 314-315

Pre-rRNA transcription unit, 359
Pre-tRNA, processing of, 363-364, 364f, 3651
Pre-B-cell receptor, 107 3-1074,'1,074f
Precursor cells, 905
Precursor rRNA. See Pre-rRNA
Pregnancy

maternal-fetal antibodies in, 1065-1,066
MHC in, 1078
from in vitro fertilization, 8

Preinrtiation complexes, 134, 135f, 297
Pol II,297-299, 297f, 298f

assembly of, 307-308, 308f, 309
Prenylation, of membrane proteins, 425,425f
Preprophase band, 790-791, 790f
Prereplication complexes, 878-879, 87Sf
Presenilin 1., 7 0 5-7 06, 7 0 5 f, 7 07
Pressure, perception of, 1031-1,032
Presynaptic neurons, 1004f, 1005, 1018, 1019
Pre-T-cell receptor, 1091
Primary cells

culture of, 396-397
definition of, 394

Primary cllfum, 702, 780f
Primary electron acceptor (Q), in

photosynthesis, 51,2, 5l3f
Primary lysosomes, 374, 374f
Primary oocytes, 953
Primary spermatocytes, 954
Primary strucrure, of proteins, 65-66,65f
Primary transcript, 127-722, 1,22f, 323
Primase, 141, 1.43
Primates, evolution of, 259, 260f
Primers, replication, 147, 1,43
Primitive streak,962
Primordial germ cells, 953
Probes

antibodS 21
in chromosome painting, 259
definition of, 181
in DNA library screening, 1,81,-1,82
preparation of, polymerase chain reaction

in ,  189
Processed pseudogenes. 234
Processomer 36l
Procol lagen, 825f,826
Proenzymes, 603
Professional antigen-presenting cells, 1080
l)rof i l in, -21, -22f, -45, 747f
Progenitor cells, 905
Progeny viral genomes, 158
Progeny virions, .156

budd ing  o1 ,1 .56 ,158,  158f ,  159f
Progeria syndrome, 795
Progesterone receptor, 31,2f. See a/so Hormone

receptors
Programmed cell death. See Apoptosis
Prohormones, 91
Proinsulin, proteolytic processing of , 60 3-604,

603f, 604f
Projection lens, 381
Projection neurons, 1037
Prokaryotes, 2-3. See also Bacteria;

Cyanobacteria; Esch ericbia coli
abundance of, 2
cell structure in,2-3, 3f
circular DNA in, 3f, 12
cytoplasmic streaming in, 744, 744f
definition of,2
evolutionr 4, 4f
gene expression in, 122-123
gene organization in, 1,22-1,23, 2'17
plasma membrane in,2, 3f, 409
protein-coding genes in, 122-123
reproduction in,7,7f
ribosomes in, 1321, 1.37f
transcription in, 122-1,23,'1,23f
translation in, 123

Prolactin, 672
Proliferating cell nuclear antigen (PCNA),

142f ,143
Proline, 42f, 43. See also Amino acid(s)

in collagen triple helix, 822,822f
Prometaphase, 782f, 783, 786mi-788, 787f
Promoter(s). See also Activator(s)

definition of, 1.94, 27 5
in gene inactivation, 206
initiator,282
t4c, / , /  I
mitochondrial, 318
preinitiation complexes on, 297-299, 297f,

298f
in protein production, 195,'1.95f
splicing, 339
in transcription, 1.20, 270, 273t

in bacteria, 270, 27 3J7 5, 273t
in eukaryotes, 275
strong,272
weak,272

in translat ion, 351-352, 351f, 355-356
Promoter-fusion, 198
Promoter-proximal elements, 282-283, 283f,

285,286f
in heat-shock gene transcription, 316

Promyelocyric leukemia nuclear bodies, 366
Proofreading, 1.33, 134, 1,45, 1461, 35 5
Prophase, 782, 7821, 783

chromosome structure in, 256, 2561
in meiosis vs. mitosis, 892,894f
in  p lan ts ,790,790f

Proprioception, 103 l-1,032
Proproteins, proteolytic processing of,

603-504, 603f, 604f
Prosthetic groups, 84
Proteases, 70

complement as, 1053
in inflammatory response, 1061,-7062

Proteasome(s), 87-88, 87f
in JAK/STAT pathway, 678-679
in mitosis, 858

Proteasome inhibitors, 87-88
Protein(s), 63-1.09. See also Gene(sl and

specific proteins
adapter. See Adapter protein(s)
allosteric, 89
alpha helix of, 66-67, 661
anchoring, 652,652f
B sheet in, 67,67f
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B tu rn  i n , 67 ,671
C-terminus of ,  65,  65f
catalytic. See Catalysis; Enzyme(s)
cel lu lar  amounts of ,  11
chaperone. Saa Chaperones
chimeric, definition of, 371
coi led coi ls  in,  67,  69,70f
conformation of,22, 63, 67-70. See also

Protein folding
n trve-state,74
X-ray crystal lography of ,  103-104

conservation of, 29
definition of, 55
degradat ion of ,  86-88
denaturat ion of ,  75
dominant-active, 747
dominant-negatwe, 7 47
engineered, 21
evolution of , 72-73, 73f , 244
families of, 10
f i b rous ,5S
folding of. See Protein folding
funct ions of ,  10,  53-64,78-85

structural correlates of, 64-65, 64f,74
generically engineered, 194-1.9 5
in genome, 64
global analysis of, 23, 705-107
globular, 58
glycosylation of, 425
homologous,  7 2-7 3,  7 3f  ,  244
hyd rogen  bonds  i n ,  66 ,66 f , 67 ,67 f
hydrophobic interactions in, 68
identification of. See Protein

purification/identification
integral. See Membrane proreins, integral

( t ransmembrane)
interspecies s imi lar i t ies in,  29,  29f
isoforms of ,  808

alternative splicing and, 726, 125f, 338
production of, 125-1.26, 126f, 338

Iocalization of
by mRNA local izat ion,  352,  357-358,

3 5 8 f
by transport mechanisms See Protein

targeting; Protein translocation
in macromolecular  assembl ies,  72,  72f
mass of, 66

measurement of ,  101-103, 101f ,  702f
matrix, 16, 76f
membrane. See Membrane proteins
membrane transport. See Membrane

transport proterns
misfolded,  77,  78f ,  86-87,  555,  555f .  See

a/so Protein folding
in  emphy :ema ,  555 -556
qual i ty  contro l  in,  553,  556

mitochondrial, 238, 239f, 486
models of ,  68,  69f
molecular weight of, 66
motor. See Motor proteins
multidomain, 125-126, 7261
multimeric, 72
N-terminus of, 65, 65f
nascent, translocation of, 534, 536-537,

) - t  / l

numbers of, genomic complexity and,246,
245f

orthologous,244
overview of, functions of, 63-64, 64f
paralogous, 244
as polymers, 40
production of, 15
proteolyt ic processing of .  9l-92. 603-604,

603f, 604f
in proteome, 64
purification of. See Protein

purification/identification
query,243
regulatory, 63
scaffold,63

in chromatin, 254-25 5, 254f
in MAP kinase pathwag 692-693,6921
in skeletal muscle, 740, 740f

secretion of, J-5-3-6. 3'6f
constitutive, 602
regulated, 602-603

secretory, 535-556. See also Secretory
protelns

self-splicing of,97-92. See also Splicing
shapes of,22, 63
signal-transduction, 77, 171. See also Cell

signaling
size of, 10, 10f, 66
structural,53
structural motifs of. See Motifs
s t ruc tu re  o f ,  10 ,  10 f ,  22 ,63 ,64-74,64 f

folding and, 74--5. -5f.  
See also

Protein folding
functional correlates of, 64-65, 64f,74
irregular, 66
levels of, 64-65,65f
primar5 65-66, 65f
quaternary. 65f. 7 l f ,  -2, 7 5. 

- 
5(

representations of, 58, 69f
secondary, 6 5f, 66-70, 66f-70f, 68-70,

7 5 , 7 5 f
tert iary, 65f, 67-72, 68f, 69f,71.f,75,

/ J I

X-ray crystallography of, 103-104
switch,  90,  90f ,91. f ,  138,  587

in mitotic exit network, 890, 890f
Ras as,  684,  685.  See a/so Ras protein
in signaling, 633-634, 633f
in vesicular  t ran:port .  587-590. 590f

synthesis of,74. See a/so Translation
regulation of, 86
r ibosomes in,  133-139, 135f ,1.36f ,  534f

t ransfer ,433
transport of. See Transport
viral, 6
water-accessible surfaces of, 68, 69f

Protein aggregations, in budding vesicles, 602
Protein binding, 64, 78-84. See also Receptor-

ligand binding
af f in i ty  in,  39-40,78,  92
allosteric effectors in, 89-90, 89f,90f
antigen-antibod y, 7 8-7 9 , 79f
complementar i ty  and,  3940, 39f  ,78
enzyme-substrate, 80-84. See also Enzyme(s)
sites of, 78
specificity of, 40, 7 8-79, 79f

Protein cleavage
in lipid regulation, 705-707, 705f
in NF-rcB pathway, 705-707,705f

Protein-coding genes,  120,  219-221, 220t
in eukaryotes, 123-124
organization of , 122-124
in prokaryotes, 122-1,23
solitarS 279-220

Protein disulfide isomerase (PDI), 552, 553f
Protein domains, T0-72

alternative splicing and, 125-1,26, 126f
functional, 70
modular natve of, 71, 77f
repeated, 1,2 5 -1,26, 1,26f
structural, 70-7 1,, 7 lf
ropological, 72
vs. motifs, 69

Protein expression profiling, 105
Protein factories, 194-196, 79 5f.
Protein families, 220

evolution of ,244

sequence homology in, 244
Protein filaments, 16, 1.6f
Protein folding,64, 64f, 68-70, 68f,701,

74-78
chaperones in, 7 5-77. 7 6f .  541, 542f,

552-553. See also Chaperones
cnapefonrn rn, /  / ,  /  / l
cotranslational translocation and, 539f
in endoplasmic reticulum, 534, 539f
errors in, 77, 78f, 86-87, 555, 555f

in emphysema, 555-556
quality control for, 553, 556

in hemagglutinin, 554-555, 554f
limitations on, 74-7 5
native-state, 74
oligosaccharides in, 552
peptide bonds and, 74, 74f
quality control in, 553, 555
refolding and,75
regulat ion of,74-75
unfolded-protein response and, 555, 555f
unfolding and, 7 5

Protein-fusion, 198, 198f
Protein identi f icat ion. See Prorein

purif ication/identif icatron
Protein kinase(s)

activation lip o(, 6-4, 67 5f
cascade of, 684, 588-690, 689f
in cell cycle regulation, 848
in phosphorylation, 91, 91,f
in signal ing, 634. 652. 652f
wall-associated, 841-842

Protein kinase A, 698. 698f
functions of, 698
in glycogenolysis, 698
in signalng, 667f

Protein kinase B, 659
in PI-3 kinase pathway, 695-696,696f

Protein kinase C
activation of, 696, 696f
anchoring proteins for, 652, 652f
in cell survival, 696
diacylglycerol activation of, 656
functions of, 656, 696-697
in glycogenolysis, 648-650, 649f
in GPCfucAMP pathway, 647-649,647f
srructure of, 647,647f

Protein kinase G, 656-657, 657f
Protein kinase RNA activated (PKR), in

translation, 356
Protein phosphatases, in signaling, 634
Prorein purification/identification, 92-10 5

antibody assays in, 98
centrifugation in, 92-94, 93f
cryoelectron microscopy in, 104
electrophoresis rn, 94-96, 94f, 9 5f
enzyme assays in, 98
future research ateas for, 108-109
mass spectrometry in, 101-103, 101f
NMR spectroscopy in, 104
Northern blotting in, 1.92, 1.92f
peptide mass fingerprint in, 103
radioisotopes in, 99-L00, 99t
in situ hybridization in, L92, 1.93f
Southern blotting in, 1.91.-1.92, 791.f'Western 

blotting in, 98,99f
X-ray crystallography in, 103-104

Protein regulation
allostery in, 89-90, 89f,90f
Ca'*/calmodulin-mediated switching in,

90 ,90 f
covalent modifications in, 89
of degradation, 86-88
feedback (end-product) inhibition in, 89
GTPase superfamily in, 90, 91,f
higher-order, 92
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Protein regulation (continue dl
methods of, 86
noncovalent modifications in, 88-90, g9f-9lt
phosphorylation/dephosphorylation in, 91,

9l f
proteolytic cleavage in, 91-92
reversible vs. nonreversible processes in, 91
switch proteins in, 90, 90f, 91f. See also

Protein(s) ,  swi tch
of synthesis, 85

Protein sequencing, 103. See also Amino acid
sequences

Protein sorr ing.  See Protein target ing
Protein tagging, 197-198, 1.98f
Protein target ing,357,  533-576. See also

Protein translocation
to apical membrane, 604-605,605f
to basolateral membrane, 604-605, 605I
to chloroplasts,  534f ,  557-558, 557t ,  565,

566f
in class I MHC pathway, 1082-1084,

1  083 f
dis locat ion in,555
in endocytosis, 608-61.0, 609t
to endoplasmic rericulum, 534f, 535-556,

5 57t
evolunon oI ,  J) , /
tuture research areas for ,  575-576
rn Golgi  complex,  376-377
l ip id-binding mot i fs  in,  427,427f
to lysosomes, 600-602, 500f, 601f,

608-6L0, 609 f  ,  612-61.6
mem brane-based, 535-576

s teps  i n , 534 f , 535
of misfolded proteins, 556
to mitochondr ia,  534f ,  55--565,  557t

ce l l - t r ee  assays  f o r .  558 ,558 f
chaperones in,  558-559, 559f ,  560,  561
chimeric protein studies of, 560-551,

560f
contact  s i tes in,  550,  560f ,561
energy sources for, 561
general  import  pores in,559,  559f ,  561
rmport receptors in, 559-561, 559f
to inner membrane, 561-553,5621,

563f
to intermembrane space,  562f ,564,

s64f
to matrix, 558-561, 559f, 5601, 562f
matrix-targeting sequences in, 558,

560-551,  s60f
to outer membrane, 562f,564-565
overview of, 559f
SAM complex in, 564-565
signaling in, 558
Tim proteins in, 559, 559f,561,-563,

562, 563f
Tom proteins in, 559, 559f, 550f,

561-563,563f
translocons in, 539-540, 540f
uptake-targeting sequences in, 557,

5 57t
to nucleus, 534f, 557r, 569-5?5. See also

Nuclear transport
overview of, 533-534
pathways for

autophagic, 614-616, 676f
endocytic, 579-580, 5811, 606-607
nonsecretory, 534[, 5 56-57 6
secretory, 533-555, 534f, 579-606,

579f. See a/so Secretory parhway
to peroxisomes, 534f, 557t, 567-569,

s67f-s69f
post-translational, 5 40-5 41, 5 42f
pulse-chase experiments for, 535-536, 536f
retrotranslocation in, 556
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in secretory pathway, 533-541, 534f
of secretory proteins, 535-556
sequence homology in,  557,  557t
s ignal ing in,  536-539. 557,557r.  See also

Signaling; Sorting signals
to thylakoids,  565,  565f
transcytosis in, 505
vesicular, 535, 589-591, 600-603. See also

Sorting signals; Vesicular transport
Protein translocation. See aLso Protein

targetlng
across endoplasmic reticulum, 535-555
of cargo proteins,  512,  572f
cotranslational, 537-538, 537f, 539, 539f

of  integral  membrane proteins.
544-546, 544f, 545f

oI  secretory protelns,  )J/ - )JU, )J/ f ,
539

energy sources fo4 539-541
future research directions ior, 575-576
in  m i t ochond r i a ,  557 -565 ,  557 t ,

558f-560f
in nucleus,  534f ,  557r,  569-575. See also

Nuclear transport
overview of, 534
in peroxisomes, 534f ,  567-569,

s67f-s69f
in  p lan ts ,  557-558,  557t ,565,566f
post-translation al, 5 40-5 47, 5 421
ribosomal, 1,35-137, 1361
Sec61 complex in, 539-540, 540f,541.f
s r g n a l r n g  l n ,  ) J b - ) J v ,  J J / t - J J y t
translocon in, 539-540, 540f
in yeast, 540-541,542f

Protein tyrosine kinases, activation hp in,674,
67  s f

Proteoglycans, 426, 805, 805t, 824
in basal lamina, 824, 827 -833
in cart i lage, 830, 830f
col lagens as,823t,826
diversity of, 829
in extracellular matrix, 820
glycosaminoglycans in, 827-830, 828f,

829f. See a/so Glycosaminoglycans
(GAGs)

membrane binding of, 425
perlecan as, 805t, 806, 82L, 82Lf, 824
structure of, 824, 827-829, 828f, 829f
in \7nt signaling, 700

Proteolysis, regulated intramembrane, 555
Proteolytic cleavage/proces sing, 9 1,-92

in secretory pathway, 603-604, 603f,
604f

Proteomes, 23, 64
Proteomics, 23, 705-107

future research areas for, 108
Proto-oncogenes, 699, 1107, 1L14, 11.22t

conversion to oncogenes, 1,1,1,9-11,21,
definition of,1.1.07
gain-of-function mutations in, 11.19-1.127
proteins encoded by, 11.19, 11.20f.

Protocadherins, 843
Protofibrils, 792, 7921
Protofilaments, 7 58-7 60, 7 59f, 7 60f, 792,

792f
Pro ton ,51
Proton-motive force, 480, 481f, 503-510

in ATP-ADP exchange, 509, 509f
in bacteria, 505, 517-520
definition of, 480
functions of, 505
in mitochondria, 502, 561
in photosynthesis, 480, 481.f, 511., 51.2,

513f
in bacteria, 51.7-520, 51.7f, 51.81

in respiratory control, 510

in thermogenesis, 510
Proton pumps

in electron transport, 493494, 494f
F-class, 447f, 448, 453
stoichiometry of, 499-500, 501f
V-class, 4471,448

in synaptic vesicle transport, 1,019-1.020
Proton/sucrose antiporter, 46947 0, 47 0f
Protozoar 4-5, 5f
Proviruses, 158
Pseudogenes, 220-221,

actin, T'1,7
processed, 234

Pseudoknots, 1L8, L1.9f
pfcl mutations, in cancer, 1L24-1.125
PTEN phosphatase

in apoptosis, 1138
in PI-3 signaling, 697

in cel l  migration, 7 50-7 5 1
PTS1/PTS2 targeting sequences, 567-568, 567f
Puffs, chromos omal, 280, 281,f

Balbani ring, 345
Pulse-chase experiments, 100, 101f, 913

label-retaining cells in, 913
for receptor-mediated endocytosis, 507, 508f
for secretory proteins, 535-536, 536f,

582-583
Pumps, 438, 439440, 439f, 440, 447458.

See also Membrane transport proteins
ABC superfamily, 447 f , 448, 4 5 44 5 6

in class I MHC pathway, 1084
ATPases and,447,449
calcium

calmodulin and, 451452, 451.f
muscle, 449-451, 450f

catalytic subunits of, 450451., 451f
classification of, 447448, 447f
conformational changes in, 440
electrogenic, 453
functions of,449
hydrogen, 447f , 448, 453454, 4531, 460
P-class ion, 447448, 447f, 450453, 4501,

451f, 460
proton

in electron transport, 493494, 494f
F-class, 447f, 448, 453
stoichiometry of, 499-500, 50lf
V-class, 447f, 448, 453-454, 453f

in synaptic vesicle transport,
1,01,9-1,020

sodium-potassium, 449, 4 52453
V-class proton, 447 f, 448, 453454, 453f

Purines, 44,44f
Purkinje cell, 2f
Putple bacteria, photosystem oI, 51.7-519,

51.7f , 51.8f
Pyranoses, 45,45f
Pyrimidines, 44,44f.
Pyrophosphate, inorganic, from ATP

hydrolysis,58
Pyruvate

glycolytic synthesis oI, 481.483, 4821484f
oxidation to CO2, 487489
structure of,482,482f

Pyruvate dehydrogenase, 487
Pyruvate kinase, in glycolysis, 483,483f

Q (primary electron acceptor), in
photosynthesis , 5L2, 5'1.3f

Q cycle
in glucose metabolism, 500-502, 501.f, 522
in photosynthesis, 518-519, 520, 521f,

s ) ) - s ) ?  \ ? l f

Quaternary structure, 65f, 7lf, 72, 7 5, 7 5f
Query sequence, 243



Quiescent cel ls, 781
Quinones, in photosynrhesis, 512, 513f, 515f

in bacteria, 517-51.9,518f, 519f

R bands, 258,259f
R-Smads, 670-672,670f
Rab proteins

membrane binding of, 425
in vesicular transport,  589-591, 590f

of neurotransmitters, 1.021-1022
Rab3A, 1021-1022
Rabies virus, repl icat ion of,157f
Rac protein, in cel l  migration,746-748,

748f-7 51.f
Rad51,  151,  152,  153
Radial spokes, in axoneme, 777,778f
Radiant energS 54
Radiation

leukemia due to, 1139-1140
mutations due to, 146-747

Radical fringe,706
Radioactivity, measurement of, 100
Radioisotope studies, 99-100, 99t
Radiolabel ing, 99-1.00, 991
Raf kinase, in Ras/MAP kinase pathway,

688-689,  689f ,690
RAG recombinases, in somatic recombination,

t070f, 1071, 7073, 1089
Ran GAP, 787
Ran-GEF, 871
Ran-GTP, in mirosis, 871
Ran GTPase

in chromosome transport,  787,787f
microtubule-kinetochore interaction and,

787, 787f
in nuclear transport, 571-572, 572f, 574

Ran proteins
in chromosome transport, 787-788, 7 87f
in nuclear transport,  571-572, 572f, 574

RAP1, in transcript ional repression, 300-301,
3 0 1 f

Rapamycin, TOR pathway and, 353-355, 354f
Ras/MAP kinase pathway, 567f, 684-694

adapter proteins in, 685, 686f,687-688,
68  8 f

alternative downstream pathways in, 694
diverse cellular responses in, 693
in Drosophila melanogaster, 685
G protein-coupled receptors in, 697-692,

692f
growth factors in, 593
kinase cascade in, 684, 588-590,689f
MAP kinases in,690-693. See a/so MAP

kinase(s)
activation of, 690, 690f
regulatory actions of, 690,690f
in transcription initiation, 691

Raf kinase activation in, 688-689, 689f,
690

Ras activation in, 667f, 684, 685, 686f,
687-688, 687f

receptor tyrosine kinases in, 685
scaffold proteins in, 692-693, 592f
SH3 domains in, 687-688, 688f
signal strength/duration in, 693
Sos proteins in, 687-588, 688f
steps in, 689f

Ras oncogene, 685, 1113-1114, 1114f, 1.1.1.5f,
1,129

Ras protein, 90, 9Lf, 684-694
in cancer, 68 5, | 1. l3-1. 1. 1 4, 1 | 1. 4f , 1. | 1. 5 f ,

1,129
definition of, 684
MAP kinases and, 684-694. See also

Ras/Map kinase pathway
m r r r e t i n n c  i n  4 R  5

as switch protein, 685
Rate constant, 50
Rate-zonal centrifugation, 93-94, 93f
Rb protein,  882,  882f ,  886t ,1.1.23-1124,

1.r23f, 1.1.35
Rbp1, alternative splicing and, 339, 339f
Reaction center, in photosynthesis, 513f,

514-51s, 515f, 516f, 51.9,520-521
Reactions. See Chemical reacrions
Reactive oxygen species, damage from

in chloroplasts, 521-522
in mitochondria, 502-503

Reading frame, L28, l29f
Rec8, 896-898, 896f
RecA,  151,  152,153
Receptive fields, in vision, 1028-1030, 1.029f
Receptor(s). See also specific receptors

adhesion, 803, 807, 807f,820
of basal lamina, 820
integrins as, 816
multiadhesive matrix proteins and, 805,

805t, 821, 822f
perlecan and,824
in signal ing, 803, 807, 807f, 833-835,

843
type IV collagen and, 821

adrenergic, in signaling, 636-637, 637f, 640t
binding aff ini ty of,  628-629,629f

cellular sensitivity and, 631
measurement of, 629-630, 630f

cell-surface, 623-624
activation of, 626-627, 626f
affinity chromatography for, 631.
affinity labeling of, 631
classes of, 666f
cloning of, 631.,632
cytokine, 672-679
functional expression assays for,

631-632, 632f
G-protein-coupled, 423, 545 f , 547,

624, 635-657,101.8. See also G
protein-coupled receptors

genomic studies of, 631.-632, 6321
receptor tyrosine kinases, 679-694
recycl ing of,610,652
seven-spanning, 697 -7 02
structure of,666f
types of, 524

desensitization of, 631, 644-645, 651-652,
651.f

hormone, 3 I  1-3 1 3, 312f, 3L3f
in nuclear-receptor superfamily,

317-313, 31,2f , 31,3f
response elements and, 313, 313f

intracellular, 623
membrane,372
neurotransmltter

density of,  1019
G-protein-coupled, 423, 624, 63 5-657,

1018. See a/so G-protein-<oupled
receptors

ion channels as, 640, 1018
ligand binding by
slow, 1018

nuclear, 291., 31.2-31.3, 312f, 31.3f , 975
activation domains of,293, 293f
heterodimeric, 313
homodimeric, 313, 3l4f
repression domains of, 294

oncogenic, 1,1,27 -1128
purification of, 631-532, 632f
sensorS 1005

in hearing, 1,032-1,034
in smell, 1036-1039
in taste, 1034-1,036
in touch, L031-L032

in vision, 1027-1031
Receptor-ligand binding, 50-57. See also

Ligand(s); Protein binding; Receptor(s);
Signaling

activation domains and, 293-294
in agonist vs. antagonist drugs,629
binding affinity in, 628-629, 629f

cellular sensitivrty and, 631
measurement of, 629-630, 630f

binding specificity in, 39-40
desensitization in, 631., 644-645, 651-652,

651.f
dissociation constant for, 51,628
in endocytosis, 606
neurotransmitters and, 1005
in signal ing. 624-627, 624f

binding affinity in, 628-629,629f
effector specificity in, 628
in G-protein-coupled receptors, 627
in growth hormone, 626f
molecular complementarity in, 627 -628
receptor activation in, 626-627, 526f
specificity of, 7 8-79, 79f, 627-628

sites of, 51, 51f
specificity of, 7 8-79, 79f, 627-628
in T cel ls, 1090-1091
in transcription factor regulation, 312-31-3,

312f, 313f, 665-668, 667f. See also
Signaling pathways

Receptor-ligand dissociation, in endocytosis,
670-611, 6l0f

Receptor-mediated endocytosis, 373, 606-6'1.2,
683-684

in antigen presentation, 1085-1086
clathrin/AP-coated pits in, 506-607, 6071,

609-610
electron microscopy of, 607, 607f
of low-density lipoproteins, 606-61,0,

607f-609f
pulse-chase studies of, 607, 608f
receptor-ligand dissociation in, 6L0-6L1,

61.0f
receptor tyrosine kinases and, 608-610,

609f, 683-684
in signaling, 608-610, 6091, 683-684
sorting motifs in, 684
steps in, 607, 607f, 6091
transferrin receptorJigand complex in,

6 1 . L - 5 1 2 ,  6 L r f
Receptor tyrosine kinases, 659, 566f,

679-694
activation of, 679-680, 681f
adapter proteins for, 685, 6861,687-688,

68  8 f
in cancer, 680-682, 681f, 1.127-1.128
definition of, 679
epidermal growth factor and, 580-682,

681f, 682f
fibroblast growth factor and, 680, 680f
in HER family, 680-682, 681f, 682f
in IP3/DAG pathway,694
ligand binding to, 680, 680f
in PI-3 kinase pathway, 694-695,6961
PTB domains and, 682-683, 683f
in Ras/MAP kinase pathway, 684-694. See

a/so Ras/MAP kinase pathway
signaling down-regulation and, 683-684
structure of, 580, 680f,681.f

Recessive alleles, 1 6 6-1 67, | 67 f
Recessive mutations, 166-170, 1671, 860,

1 ,122t ,1123
gene function and, 1.66-167
identification of, 171
lethal, l7l
segregation of, L67-L69, L68f, 1.69f

Reclinomonas americana, 240
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Recognition helix, 290, 291f
Recombinant DNA,23

definition of, 176
expenmental organisms in, 25
expresslon vectors in, 194-197

Recombinant DNA technology, 17 6-1,90
cloning in, 176-190. See also

Clones/cloning, DNA
dideoxy chain-termination method in, [86f,

1 .87 ,  t87 f
DNA libraries in, 179-182, 180f, 182f
DNA microarrays rn, 192-1,94, 194f, 1951.

See also DNA microarray analysis
expression sysrems tn, 1.94-1,97

animal cell, 196-1.97, 796f
E. coli, 194-196, 1.95f
retroviral,  197,7971

Northern blotting in, 192, 792f
in situ hybridization in, 192,193f
Southern blotting in, I9l-192, 191f
transfection in

stable, 195-1.97, 795f
transient, 196,196f

Recombinases, in somatic recombination,
1070f, r071

Recombination, 1L2, 145,150, 153, 892-899,
894f, 895f

class switch, 107 5-1076, 107 5f
c ross ing  over  in ,  150,  153,  168f ,175,892,

893f ,894f
gene mapp ing  and,  l t4 - l -5 ,  174f

oennt t ron  o I ,  I  / J

in DNA repair, 1.49-1.53
homologous,  150-153, 1,51f ,  152f
nonhomologous,  149-150, 150f

in exon shuffling, 235
in gametogenesis, 954f, 955
in gene inactivation, 204, 204f,208-209,

209f
genetic diversity ftom, 892, 955
loss of heterozygosity and, 1124
of mobi le DNA elements,235.  See also

Mobile DNA elemenrs
somatic, 208-209, 2091, 1069-1.073. See

a/so Somat ic recombinat ion
Recombination signal sequences

in heavy chains, 1073
in light chains, 1.069-1.071., 1.070f

Recombinational mapping, 175
Red blood cells. See Erythrocyte(s)
Redox react ions,  59-60,  59f ,60f
Reduction potenrial (E), 60

of electron carriers, 499, 500f
Reduction reactions, 59-50, 59f, 60f
Ref lex,  knee- jerk,  1005, 1005f
Reflex arc, interneurons in, 1005
Refractive index, 382
Regulated intramembrane proreolysis, 555, 705
Regulator of G protein signaling proteins, 634
Regulatory T cel ls ,  1096
Rehydration therapy, 477472
Relay-mode signaling, 964
Release factors, 137
Renal disease, polycystic, 780
Renaturation, of DNA, 117
Repear formation, 977-97 8
Repet i t ious DNA, 215-216, 223-226, 224f ,

225f . See a/so Noncoding DNA
Replication

DNA. See DNA repl icar ion
vnal ,  156-757, 156f ,  1.057

lyt ic ,  156-158, 156f ,  157f
n o n l y t i c , 1 5 8 , 1 5 9 f
in p laque assay,  155

Replication fork, 141, 141f, 1,42f, 143-144,
144f
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col lapsed, repair of,  150-152, 151f
Replication origins, 141, 261,, 877

in yeast, 261, 262f, 877-878, 878f
Replication protein A (RPA), 142f, 143
Replisome, 12-13
Repolarization, membrane, action potential

and, 1004, 1004f, 1007-1008, 1008f,
1025, 1026f

Reporter genes, 277, 283
in functional complementation studies, 677

Repression domains, 290, 294
Repressors, 270, 27 0f, 27 l, 290

in alternative splicing, 339,339f
co-repressors and, 294, 304-305, 305f
lac, 271
in translation, 355-356

Reproduction
asexual, l9
in eukaryotes, 8, 8f
in prokaryotes, 7, 7f
sexua l ,19
of stem cells, 8

Resolution
of microscope lens, 21, 381
molecular, 92

Resonance energy transfer, 515-515, 516f
Resonance hybrid, 34
Resonance hypothesis, 7042, 1043f
Respiration, cellular, 59, 485, 487-489, 489f,

5 1 1
Respiratory chain, 493. See also Electron

rransport
electron carriers in, 495-499, 495t

Respiratory control,  510
Response elements, 313, 313f
Resting K* channels, 460, 461f, 462f
Resting potential, 458465, 1004. See also

Membrane potenrial
Restriction enzymes, in DNA cloning,

1 7 6 - L 7 7 , 1 . 7 6 f  , 1 . 7 7 t
Restriction fragment length polymorphisms

definition of, 201
in linkage mapping, 201.,201.f

Restriction fragments, 777-178, 1.7 8I
Restr ict ion points, 880-881, 880f, 1134
Retina, 1027f, 1028

tectum and, 1.042-1.043, 7042f
Retinal, 641,, 1028
Retinal neurons, 1027-1031, 1027 f, 1.029f

Dscam isoforrns and, 340
Retinitis pigmentosa, 204
Retinoblastoma, 882, 1135

inheritance of , 1,1,23-1,1,24, 11,23f
Retinoic acid receptor, 312f . See a/so Hormone

receptors
Retinotectal maps, 1.042f-1043
Retrograde transport,  580, 581f, 582,

594-59 5 , 596, 596f
Retrotranslocation, 556
Retrotransposons, 227-234, 26 5-266. See also

Mobile DNA elements
oelrnrtron oI, Lzl
in exon shuffling, 235
in genomic DNA, 234
I:IR, 229-230, 229f, 230f
non-LIR (nonviral), 230-234, 23lf-233f

Retroviral expression systems, 1.97, 1.97f
Retrovirus(es), 158-159, 159f. See also

Virus(es)
budd ing  o f ,6L4,615f
in cell lineage studies, 916-91.7, 91.81
definition of, 158
endogenous, in transposition, 230
l i fe cycle of, 158, 159f
long-latency, 1122
mRNA transpot rn, 346-347,346f

oncogenic, 158-159, 1128-1129
reverse transcription in, 230J34,

230f-233f
SFFV 1128
slow-acting, 1122
transducing, 1122

Retrovirus-like elements, 230
Rev protein, in mRNA transport, 346-347,

345f
Reverse enzyme transcriptase, 181
Reverse transcriptase, 158

in transposition , 226-227 , 230, 230f, 231,1
Reverse transcriptase polymerase chain

reac t ion ,189
Reverse transcription, 230, 231.f

telomerase in, 263-264, 2551
in transposition, 230-234, 2301J331

RGD sequences, 816, 831, 831f
RGG box, 327
RGS proteins, 634
Rheb protein, 354-355, 354f
Rho-GTP, in actin filament assembly,724,

724f
Rho kinase, 743
Rho protein, in cell migration,746-748,

748f-7 51.f
Rhodobacter spheroides, photosystem of,

5 1 7 - 5 1 9 , 5 1 7 f ,  5 l 8 f
Rhodopsin, 635-636, 641-645. 642f-645f.

1,028
structure ot,644,644f

Rhodopsin kinase, 644
Ribbon models, of proteins, 68, 69f
Ribonuclease P (RNase P), 363
Ribonucleic acid. See RNA
Ribonucleoproteins. See RNPs
Ribosomal RNA. See rRNA (ribosomal RNA)
Ribosomal translocation, 135-1.37, 1361. See

a/so Protein translocation
Ribosomes, 11, 1.13f, 1.27,1.27f, 1.32-1.39,

3s8-359
A site of, 133, 134f, 1.35, 136, 136f, 1.37,

137f
assembly of, 1.33, 1.35f
componenrs of. 127f. 132f, 133
conformational changes in, 1.32f, 1.351,

136f
E site of, 1.33, 1.34f, 1.36, L37, l37f
in eukaryores, 132f
evolution of, 133
functions of, 1,27, 1,27f, 132-133
mitochondrial, 240
as molecular machines, 1.32-L33
P site of, 1.33,'1.34f, 135-1.36, 137f
in prokaryotes, 132f, L37f
in protein synthesis, 1.33-139, 1.35f, 1.361,

5 3 4 f , 5 5 7
recycling of, 1.38, 1.39f
in rough endoplasmic reticulum, 375-376,

534f, 535, s36f
size of, L32f, 1.33
structure of, 1.33, 1.34f
subunits of, 1.27f, 1.32f,733

assembly and maturation of, 362-363,
362f ,378

in translation, 1.33-139, 1,35f, 136f, 5341
translocation of, 13 5-1.37, 1.36f

Ribozymes, 79, 1,1,9, 363
Ringer, S., 90
RMP motif ,  327,328f
RNA, 11

base-catalyzed hydrolysis of, 1.16, 1.L6f
catalyt ic, 1,19,363
cleavage of, 118
conformations of, 1,1,8, 1,1,9f
exosome degradation of, 336-337



functions of, 1.2, 7L1.-1.L2, 1.73f
messenger. See mRNA (messenger RNA)
micro. See miRNA (micro RNA)
from mitochondrial DNA, 240
oocyte, in fert i l izat ion, 957-958
phosphodiester bonds in, 40,41.f, 11.4,

714l
protein kinase, 356
relat ive instabi l i ty of,  116, 118
ribosomal. See rRNA (ribosomal RNA)
self-spl icing of, 119
short interfering. See siRNA (short

interfering RNA)
small  hairpin, 210
small nuclear. Sae snRNA (small nuclear

RNA)
small  nucleolar, 222, 222r

in pre-rRNA processing, 361-362, 367f
spl icing of. See Splicing
s t ruc ture  o f ,  118-119,  119f
synthesis of,120-126. See also

Transcript ion
tandemly repeated arrays of, 221-222
telomerase, 222t, 264, 265f
transfer. See IRNA (transfer RNA)
virus-associated,356

RNA-binding domains, 327, 328f
RNA-binding morifs, 327, 328f
RNA-binding proreins. sequence-specif ic.

356-357, 357f
RNA domains, 118
RNA editing, 340-341,, 341f
RNA erporr factor tREF). 132-333, 342-343.

343f
RNA flow cytomerry, 395
RNA hairpins, 118, 119f,21.0,224

in somatic recombination, 1.071, 1.071.f
RNA hel icases, 134

in nuclear transport, 574-57 5, 574f
RNA-induced si lencing complex (RISC), 348
RNA interference (RNAi), 210, 211.f,

349-357, 367
RNA polymerase(s), 11, 269

in bacteria, 122, 1.23f, 27 1-27 5, 274f
ch lo rop las t ,3 lS
functions of,259-270
mitochondrial,  31 8
RNAs synthesized by, 279-280, 279t
structure of ,  1.22, 1.23f,279, 279f
subunits of, 279-280, 280f
in transcript ion, 120-122, L2Lf, l22f

in bacteria, 722, 123f , 27 1.-27 5, 27 4f
in eukaryotes, 27 8-281., 376-317, 3l7f
in ini t iat ion, 296-299, 297f ,  298f,

316-317, 377f
in termination, 314-316

RNA polymerase I,  278,279f, 279t
functions of,278,279t
s t ruc tu re  o f ,279,280f
in transcription initiation, 316-317, 317f
in transcription termination, 314

RNA polymerase I initiation complex,
3L6-317, 317f

RNA polymerase II, 278, 279-281., 279f, 279t
carboxyl-terminal domain of, 280, 287f
functions of,279,279r
heat-shock proteins and, 316
mediator complex and, 299, 307-308,

308f
promoter-proximal pausing of, 316
structure of,279,280f
in transcript ion elongation, 315, 326
in transcription initiation, 280-28 1
in transcription termination, 315

RNA polymerase II preinitiation complex,
296-299,297f, 298f

assembly of, 307-308, 308f
RNA polymerase II I ,  278, 279f ,279t

functions of, 278-279, 279t
structure oI,279,280f
in transcription initiation, 317, 3L7f
in transcription termination, 315

RNA polymerase III initiation complex, 317,
317f

RNA processing, 1.1, 72f, 11.3f, 724, 125f. See
a/so Post-transcriptional gene control

alternative, 18
overview of, 323-325, 324f
pre-mRNA, 325-337. See also Pre-mRNA

processlng
steps in, 326f

RNA recognir ion motif  (RRM), 327,328f
RNA-RNA duplexes, 137
RNA surveillance, 323
RNA transcripts

3' end of, in translat ion, 135,1.36f
5' end of

capping of, 1.24, 125f, 1.34
in translat ion, 134, 135f

RNA viruses, 154. See a/so Virus(es)
RNase MRP, 222t
RNase P (r ibonuclease P), 363
RNP complexes, 325, 327, 328f
RNP remodeling, 343
RNPs, 325, 327,328f

heterogeneous, 327, 328f
Ro ribonucleop r oteins, 222t
Robo protein, L046, 1.047f
Rodbell, Martin, 663-664
Rods, retinal, 641.-545, 542f, 643f, 1027f,

1,028
retinotectal maps and, 1.042, 1042f

Roots, meristems of, 840, 842
Rough endoplasmic reticulum. See

Endoplasmic reticulum, rough
Rough microsomes, 535-536, 536f, 537
Roundabout protein, 1.045, 1047f
Roundworms. See Caenorhabditis elegans
Rous, Peyton, 1121
Rouse sarcoma virus (RSV), 1L21,-1,122
Routes of infection, 1057
RPA (replication protein Al, 142f, 1,43
RPD3 protein, in histone deacetylation, 304
rRNA (ribosomal RNA), 71.2, 1.1.2f, 1.13f,

222t. See a/so Ribosomes
functions of, 1,1,2, 173f, 1,27,l27l
l a r g e , 1 3 3
processing of, 358-364, 359f-352f
RNA polymerases rranscribing. 2-8, 2-9t
small ,  133
structure of, 118, 133,734t
synrhesis of. See also Transcript ion

in nucleolus, 378
tandemly repeated genes of, 221,-222
IRNA and, 137

Rubisco, 525-529
in carbon fixation, 525-527, 525f-527f
in photorespiration, 527-529, 527f, 528f

runt, in body segmentation,9TT

S phase, 18, 18f, L44,781,847-848,848f,
849, 849f, 851-852, 872-879,
873f-879f. See also Cell cycle

changes in, in cancer, 1134-1135
DNA replication in, 876-879, 8761
entry into, 872-877
G1 cyclin-CDK complexes rn, 874-878,

87  5 f
SCF in, 850, 850f, 851, 876-877

S-phase cyclin-CDK complexes, 1.44, 850f,
8s7, 872-879

inactivation of , 87 6-877, 877 f

S-phase inhibitor, 87 6-877, 87 6f
S-phase promoting factor (SPF), 874-876,

874f, 87 5I
Saccharomyces cereuisiae. See also Yeast

allelic segregation in, 169-770, 1691
cell-cycle regulation in, 851-852, 852f, 853t

in S phase, 872-879,873f-879f
cell-type specification in, 92'1.-924,

922f-924f
centromeres in, 263, 263f
as diploid vs. haploid organism, 166,

169-1.70, 1.69f
as experimental organism, 26, 1,69-1,70
gene inactivation in, 205, 206f
genomic library for, 1,82-1.84, 783t
as haploid vs. diploid organism, 169
MAP kinase signaling in, 691,-692,

692f
reproduction in,7,7f
rRNA processing in, 360-353
sequence homology rn, 244f
transcription in, 279, 279t, 281.f

repression of, 299-301., 300f, 301f
SAGA complex, 305-305
Salt fractionization, 22f
Saltatory conducrion, 1014
Salty taste perception, 1035f, 1035
SAM complex, 564-565
Sample preparation, for microscopy, 384-385,

384f
Sanger dideoxy chain-termination method,

1.86f, 1.87, 787f
Sans protein, 1034
Sarl protein, 587-588, 587t, 593, 593f
Sarcolemma, 740,74LI
)arcomere, /J2, /J)r

early studies of, 7 5 5-7 55
Sarcop^lasmic reticulum, 740, 741f

Ca'* ions in, 449451., 450t
Satellite cells, culture of, 396, 397f
Satellite DNA, 224, 225f

in DNA fingerprinting, 225,2251
Saturated fatty acids, 4748,47r
Scaffold-associated regions (SARs), 254
Scaffold proteins, 63

in chromatin, 254-25 5, 254f
in MAP kinase pathway, 692-693, 692f
in skeletal mascle, 740, 7 40f

Scanning electron microscope, 388f, 390
scaRNA (small Ca;al body-associated RNA),

365
Scatter factorlhepatocyte growth factor

(SF/HGF), 928
SCF, in cell-cycle regulation, 850, 850f, 851,

876-877,886t
Schizosaccharomyces pombe. See also Yeast

cell-cycle regulation in, 851-852, 853t,
859-863, 860f-863f
in S phase, 873-874

centromeres in, 263, 263f
Schleiden, Matthias, 371
Schwann cel ls, 1014-1016, 1015f
Schwann, Theodore, 371
Screens

DNA l ibrarS 181-182
genetic, 1.70-17 1., 1.70f
yeast genomic library, 183-184, 784f

Scrotal cancer, 1139
ScurvS 826
SDS-polyacrylamide gel electrophoresis (SDS-

PAGE),94-e5, 2e4l
Sea urchins, cell-cycle regulation in, 856, 855f
Sec coat proteins, 587f, 588f, 593, 593f
sec mutants, vesicular transport in, 584, 584f,

591,
Sec61 complex, 539-540, 540f, 541.1
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SecA protein, 541
Second messengers, 634, 635r, 818. See also

Signaling
cAMP as ,  639,640t
coordinated action of, in glycogenolysis,

6s7-659,658f
enzymes as,639, 640t
G-protein-coupled receptors and, 634,

6 3 5 t , 6 3 9 , 5 4 0 t
ion channels as, 639, 640t
in srgnal amplification, 634-635, 650-651.,

6s1  f
synthesis of, 639

Secondary active transporL, 440, 440t
Secondary lysosomes, 374, 374f
Secondary structure, 65f, 66-70, 66f-70f, 7 5, 7 5f

of proteins, 6 5f, 66-70, 66f-70f
1-Secretase, 7 0 5-7 06, 7 0 5f, 7 07
Secretogranin II, 602-603
Secretory cells, in rough endoplasmic

reticulum. 376, 376[
Secretory pathway, 533-535, 533-541, 534f,

579-606. See also Vesicular transport
definition of, 580
early stages of, 592-596, 592f-597f
experimental studies of, 580-586

autoradiography in, 582-583, 621,-622,
622f

cell-free transport assays in, 585, 585f
endoglycoside D assay in, 583-584, 583f
fluorescence microscopy in, 582f, 583
oligosaccharide modifications in,

583-s84,  s83f
pulse-chase labeling in, 582-583
in vitro assays in, 585, 585f
in vivo assays in, 582-584,582f-584f
VSV G proteins in, 582-583, 582f
yeast mutants in, 584, 584f

oligosaccharide modifications in, 583-584,
583f

proteolytic processing in, 603-604, 603f,
604f

yeast model of, 584, 584f
Secretory proteins

proteolytic processing oI, 603-604, 603f,
604f

pulse-chase experimenrs for. 535-535, 536f
synthesis ot, 535, 537, 538-539, 538f
translocation of, 535-555. See alsoProtein

targeting; Protein translocation
vesicular transport of,502-605. See also

Vesicular transport
Secretory vesicles, 373f, 376-377, 376f, 580.

See also Vesicles
constirutive, 602
myosin transport of, 7 43-7 44, 7 43f
regulated, 602-603

Securin, 851, 859, 871f, 888-889
Sedimentation assays, for actin polymerization,

71,9
Segment-polarity genes, 977, 999-1000
Segmental duplication, 221
Segregation

of chromosomes, 167
in  meios is ,  167,168f
in mitosis, lo7, 168(

of dominanr vs. recessive mutafions,
167-769,  1 ,68 f ,7691

SMC complex in, 25 5, 256f
Selectins, 838
Selection medium, 401
Selectivi ty f i l rers. in ion channels. 461463,

462f
Self-splicing. See also Splicing

of proteins,91,-92
of RNA, 119
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Self-splicing introns, 334-335, 335f, 363, 364f
Self ish DNA,226
Semaphorins, 1044-1.045, 1.044f, 1.048-1.049,

1048f
Senescence,1116
Sensory homunculus, 1032, 1032f
Sensory neurons, 1005

in hearing, 1.032-1,034
in smell, 1036-1039
in taste, 1034-1036
in touch, 1031-1032
in vision, 1027-1031

Sensory organ precursor, 989
Sensory processing, primary cilia in, 780
S e p a l s , 9 8 3 , 9 8 4 f
Separase, 869, 871f, 894
Sequence drifr, 220-221.
Sequence homology, 72-7 3, 7 3f, 244, 244f,

245f
Sequence map,203f . See also Mapping
Sequence orthology, 244
Sequence paraIogy,244
Sequence-reading helix, 290, 291.f
Sequence-speci f ic DNA aff ini ty

chromatography, 288, 288f
Serine, 42f, 43. See also Amino acid(s)
Serine proteases, active sites of, 81.-84,82f,

83 f
Serotonin

drug effects on,1.023
structure of,1,020f

Serrate protein , 705, 706
Serum response element, 690
Serum response facto1 690
Seven-spanning cell surface receptors,

697-702. See also G-protein-coupled
receptor(s) (GPCRs)

for Hedgehog, 700
br Ylnt, 699

Sex chromosomes, 13, 13f, 19,1,9f,955
dosage compensarion and. 253, 958-959,

959f
inactivation of, 253

in heterochromatin formation, 253-254
Sex determination, X-chromosome inactivation

in, 253
sex lethal, alternative splicing of, 338-339,

338f
Sexual differentiation, in Drosophila,

338-339,  338f ,339f
Sexual reproduction, 19. See also

Reproduction
SF/HGR in myoblast differentiation, 928
SFFV retrovirus, 1128
SH2 domains, 682,683f

in JAI(STAT pathway, 67 5
in Ras/MAP pathway, 685,686f

SH3 domains, 687-688, 688f
shaker mutation, K* channel defects and,

1 0 1 0 - 1 0 1 3 , 1 0 1 3 f
Shear stress, gene expression and, 843
Shepherd's crook cells, 1002f
shh, 966-967, 987-988, 987f

in axon extension, 1045-1047
in limb development,99l-994, 992f, 993f
in neural development, 987-988, 987f,

1046-1047
in patterning, 966-967, 987-988, 987f

shibire, 1023
Shine-Dalgarno sequence, 135
Short interfering RNA (siRNA). See siRNA

(short interfering RNA)
Short interspersed elements (SINEs), 230-234,

232f ,233f
SHPI, in JAK/STAI pathway, 678,678f
shRNA (small hairpin RNA), 210

Shugoshin, 897-898
Shutt le vectors, 183, 183f
Sialic acid, 837
Sialyl Lewis-x antigen, 837
Sicl, 876-877, 876f, 886t
Sickle cell disease, 1.67, 1.99,'1.99t
Side-chain-specificity binding pocket, 82-83
o (sigma) factors, 271, 273-27 5, 273t, 274f
Signal amplific ation, 634-63 5
Signal-anchor sequences, 545-546, 545f,

545f
Signal antagonists. in development, 965
Signal peptidase, in protein translocation, 540
Signal-recognition particles (SRPs)

in protein translocation, 537-538, 538f
structure of, 538, 538f

Signal sequences, 535, 536f
Signal transduction, definition of, 624, 624f.
Signal-transduction proteins, 17
Signaling, 9-1.0, 16-17, 623-660

in action potential propagation,
1005-1006, 1005f

adenylyl cyclase in, 639,646-652
adhesion receptors in, 803, 807,807f,

833-835, 843
in apoptosis, 936-944
autocrine, 6251,626
in axon guidance, 1043-1047,

1.044f-t046f
B-..ell receptors in, 1.09 1.,'1092f
Ca'*/calmodulin complex in, 65 5-6 56
calcium ions in, 451-452
in cancer, 671,-672, 680-682,71,0, 1109,

1.1.24-1125, 1.126f, 1.1.29-1.130, 1 1 30f
CD3 complex in, 1088
cell-adhesion molecules in, 805, 807,807f
in cell-cell adhesion, 833-835
in cell differentiation

in muscle, 927-929
in yeast, 922-923

in cell division, 909, 909f, 913-916, 913f,
915f,932-933

in cell migration, 746-748, 747f-7 51.f
in cel l  survival,  936-937
in cell-type specification, in yeast, 922-924,

922f-924f
cellular responses rn, 632-633
cellular sensitivity in, 631
in chemotaxis, 748-7 5 1, 7 5 l f
competent cells in, 951
cross-talk in, 657
cytokines in,672-679. See also

Cytokine(s); JAK/STAT pathway
cyroske le ton  and.  715.  7 l5 f
desensitization in, 631., 644-64 5, 6 5'L-652,

65l.f
in development, 9 51, 963-969
double-mutant analysis of, 172, 1731
down-regulation in, 651-652, 65lf
early studies of, 663-664
effector protein activation in, 637-540,

6381, 639f
environmental influences in, 657-660
enzymes in, 633, 639, 640t
epidermal growth factor in, 626, 680
in erythrocyte production, 673-674, 674f
erythropoietin receptor in, 674-67 6, 674f
extracellular, 31 1-313, 312f, 31.3f
extracellular matrix in, 805, 807, 807f
feedback repression in, 551
future research directions in, 660,

709-71,0
G-protein-coupled receptors in, 423, 624,

635-657. See also G-protein-coupled
receptors

G proteins in, 633-634,533f



gap junctions in, 818
gradient-mode, 954
growth cone in, 1040-1042, 1040f
growth factors rn, 626,746-747
GTP in, 633-634, 633f, 637-638, 638f,

663-664
GTPase switch proteins in, 637-638
hormones in, L7f, L8,31.2-313,372f, 625,

625f, 626. See also Hormone(s)
induction, 9 5 l ,  9 53-9 64, 9 63f
in infect ions, 838
integrins in, 807, 807f, 817, 833-835
intracellular proteins in, 633-634, 633f, 6341
ion channels in, 539, 640-645,540t,

641f-643f
in leukocyte extravasation, 837-838, 838f
ligand concentration in, 629-630, 630f
in Iimb development, 997-992
long-rerm responses ro, 665
mechanisms of, 632-633
mitogens in, 880-881
morphogenic, 700,964
negative feedback loops in, 671,,671f
neural,  987-988, 1001-1006. See also

Neuron(s); Neurotransmitter(s)
oncogenes in ,  1129-1130,  1130f
overview of, 623-527, 624f
paracrine, 525f,526
phosphatases in, 634
phospho l rpase C in ,  651-657
in plants, 840-841, 841f
in pre-mRNA processing, 335
protern cleavage in, 703--09
protein kinase A in,667f
protein kinases in, 634
in protein targeting, 557,557t

to endoplasmic reticulum, 536-539,
s37f-539f

to mitochondria, 558
PTB domains in, 682-683, 683f
receptor-mediated endocytosis in, 508-510,

609f, 583-684
receptor tyrosine kinases in, 679-694
receptors in. See Receptor(s); Receptor-

Iigand binding
relay-mode, 964,954f
second messengers in, 534, 635r, 8f8

cAMP as, 639, 640t
coordinated acrion of, in glycogenolysis,

657-659, 658f
enzymes as ,639,640t
G-protein-coupled receprors and, 634,

635r, 639, 640t
ion channels as, 639,640t
in signal amplification, 634-635,

650-65L, 6S1f
synthesis of, 639

SH2 domains in, 67 5, 682, 683f
SH3 domains in, 687-688, 688f
signal amplification in, 634-635, 650-651,

650f
signal range in, 625-626, 625f
signal threshold in, 964
small molecules in, 633-634, 633f
Spemann organizer in, 965, 965f
in stem-cel l  niches, 909, 909f,912-920,

9151-919f. See also Stem-cell niches
steps in, 624f, 625-627, 625f, 626f
switch proteins in, 633-634, 633f
synaptic. See Synapses
synchronous, 1 003
in T-cell activarion, 7094-1095, 1094f
T-cell receptors rn, 1.091, 1,092t
target cells in, 623
Toll-like receptors in, 1098-1099
in transcription, 312-31,3, 31,2f, 3131,

665-71,0
transcription factors in, 532-633. See also

Transcription factors
in vesicular  t ransport ,  589.  589t ,  594-595.

600-602
in vision, 641.-645, 642f-645f

Signaling molecules, 523-624, 625-627. See
a/so Ligand(s)

cellular sensitivity to, 631
definition of, 523
membrane-bound, 625f, 626
receptor binding of. See Receptor(s), cell-

surface; Receptor-ligand binding
signal ing range of, 625-525,625f
srructure of, 710
synrhesis of, 625
transport of,625-627

Signaling pathways, 624. See also specific
pathxL/ays

a c t r v a t f o n  o l ,  b 6 ' ,  6 6  / l

BMP,965-966
future research directions in, 650
G-protein-coupled receptor, 423, 624,

635-657. See also G-protein-coupled
receptors

GPCR/cAMP, 646-652
Hedgehog, 667 f , 697 -69 8, 7 00-7 02, 7 00f,

701.f
highly conserved components of, 632-640
Insig- 1 (2)/SCAP/SREBP, 7 07 -7 09, 7 08f
IPr/DAG, 653-657, 6s4f, 655f, 694
JAK/STAI, 57 4-67 9, 67 4f-67 8I
NF-xB, 703-70 5, 704f
nitric oxide/cGMP, 656-657, 657f
Notch/Delta, 703
order ing  o f ,172,773f
PI-3 kinase, 694-697, 69 5f-697f, 696f
protein kinase C in,647-649,647f
prore in  k inase C in .656-657,657f
Ras/MAP kinase, 684-694
reversibility of, 703
terminology for, 624
TGFB/Smad, 665f, 668-672
\lnt,  667f, 597-698, 699-700, 909,

909f
Silencers, transcriptional, 1,8, 299-301, 300f
Simple diffusion, 438439
Simple-sequence repeats, 207, 224, 225f

in DNA fingerprinting, 225,225f
in genetic diseases, 224,340

SINEs, 230-234, 232f, 233f, 234
Single location postulate, 407
Single nucleotide polymorphisms (SNPs), 201,

246-247
Single-pass membrane proteins, 422f, 423,

543f-545f, 545-546
Singlet microtubdes, 7 59-7 60, 7 60f
SIR proteins, in transcriptional repression,

300-301,  300f ,301f
siRNA (short interfering RNA), 325, 347. See

a/so RNA
base pairing by, 347, 348f
in RNA interference, 350

siRNA knockdown, 350
Sister chromatids, 257, 258f,782-783, 783f, 849

alignment of, 7 83, 7 83f, 7 88-7 89
cohesion between, 867-869, 870f, 898
in meiosis vs. mitosis, 892-894, 8941
separation of, 869-870, 870f, 87 1,f . See

aiso Anaphase
Situs inversus, 954-95 5
Skeletal muscle. See Muscle
Sk i  p ro te in ,  671. ,67Lf
Skin

barrier functions of, 1059, 1097
cancer of, 148-149

in xeroderma pigmentosum, 1.L42, 7142t
pigmentation of, 469, 469f
stem cells for, 9L4-9L5, 9l5f
touch and, 1.030-1032

Skou, Jens, 477-478
SLBP protein, in oogenesis, 957-958
SLC24A5, 469,469f
Sliding filament assay, 7 33, 7 33f
Sliding filament model, 7 38-740, 7 39f
Slit protein, 1046, 1047f
Slo pre-mRNA, processing of, 366-367
Slow-acting retroviruses, 1122
SMAC/DIABLO,941
Smads

activation of, 665f, 667f, 670-672, 671.f,
672f

in cancer, 1134
Small Cajal body-associated RNA (sca-RNA),

365
Small (monomeric) G proteins, 354-355

in signaling, 634
Small hairpin RNA (shRNA), 210
Small nuclear RNA (snRNA). See snRNA

(small nuclear RNA)
Small nucleolar ribonucleoproteins (snoRNPs),

361-362
Small nucleolar RNA (snoRNAl, 222, 222t

in pre-rRNA processing, 361-362, 361t
SMC pro te ins ,  255,256f ,  866,869
Smell,  1036-1039,1037

primary cilia in, 780
smo, 701-702, 701.f
Smoking, lung cancer and, 1140, 1140f
Smooth muscle, contraction in, 742-743, 743f .

See also Muscle conrracuon
smooth ened ( smo), 7 01-7 02, 7 011
SNAP proteins, in vesicle fusion, 591, 1022
SNARE proteins/complexes, 586, 586f, 591,

in synaptic vesicles, 1022
SnoN, 671
snoRNA (small nucleolar RNA), 222,222t

in pre-rRNA processing, 361-362, 361,f
SNPs (single nucleotide polymorphisms), 201,

246-247
snRNA (small nuclear RNA), 222,222t. See

a/so RNA
base pairing with mRNA, 330,331,, 332,

332(
evolution of, 334-335
RNA polymerases transcribing. 279, 279t.

See also Transcription
in spl icing, 330, 331f

SnRNPs, in splicing, 330-332, 331.f, 332f
Soaps, 41 1
SOCS proteins, in JAK/STM pathway,678,

678f
Sodium, in muscle contraction, 1023-1024,

L024f
Sodium-bicarbonate-chloride antiporter, 468
Sodium deoxycholate, 428, 428f
Sodium dodecylsulfate, 428, 428f
Sodium-glucose symporters, 466467, 466f, 477
Sodium/hydrogen antiporter, 466
Sodium ion channel proteins,438f
Sodium ion channels. See Ion channels, sodium
Sodium ions, in cytosol vs. blood, 448,448t
Sodium-leucine symporter, 467468, 467f
Sodium-linked Ca'* antiporter, 468
Sodium-linked symporters, 466468, 465f,

467f, 471.
Sodium-lysine transporter, 438f
Sodium-potassium ATPase. 438f , 45 245 3, 452f

in cardiac muscle, 458
discovery of, 477478, 478f

Sodium-potassium (Na*/K*) pump, 449,
452-453
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Solitary genes, 219 -220
Solubi l i ty, 37,381

of amino acrds,4243
diffusion nte and, 439
hydrogen bonds and, 37,37f
hydrophobic effect and, 38-39,39f
Iipid, hydrophobicity and, 439
polari ty and,39,42

Solutions
aqueous

hydrophobic effect and, 38-39,39f
ionic interactions in, 36-37, 36f-38f,

38 f
pH o{, 57-52, 52f

hypertonic, 372,444
hypotonic, 372, 392, 444
isotonic, 444
rehydration, 471.472

Somatic cel l(s), 14, 905, 950
d iv is ion  o f ,767,768f
oncogenic mutations in, 1108, 1119
stem, niches for, 914
vs. germ-line cells, 913

Somatic cell nuclear transfer (SCNT), 9
Somatic cell transposition, 226
Somatic hypermutarion, 1073
Somatic recombination, 208-209, 209{,

1069-107 3, r069f , 1.070f, 10721. See
aiso Recombination

allelic exclusion and, 1.070f, 7071, 1073
antibody diversity and, 1059-1073
in B-cell development, 1069-1073
deletional joining in, 7070f, 1071.
early studies of, 1105-1106
in gene inacrivation, 208-209, 209f
hairpin opening in, 1071, 1071f
in heavy-chain immunoglobulins, 1069,

1.0 69 f , 1.07 1-107 3, 707 2f
inversional joining in, 1070f, 1071.
junctional imprecision tn, 1070f, 1.071.
in light-chain immunoglobulins,

1.059-707 I, 1069f, r070f
RAG proteins in, 10701, 1077
recombination signal sequence in.

1069-107r, 1070f
in T-cell development, 1.09 1,-1,09 3
in T-cel l  receptor, 1088-1089, 1089f

Somatic stem cells, niches for, 914
Somites, 977-97 8, 97 8f, 979f

cell-fate determination in, 988
in muscle development, 925,925f

Sonic hedgehog
in limb development, 987-988,987f
in neural development, 987-988, 987f
in patterning, 966-967

Sonication, 391
Sort ing signals, 589, 589t, 594-595, 594f,600.

See also Protein targeting; Signaling
cytoplasmic, 589, 589t
d i - a c i d i c  5 R 9  5 R 9 1  5 9 1

GPI anchors, 505
KDEL, 589, 589t, 594-595, 594f
KKXX, 589, 5891, 594f, 595
Iuminal, 589, 589t
mannose 6-phosphate, 60-f, 589, 589t,

600-602, 60tf
NPXY, 589, 589t, 608-609, 609f
in receptor-mediated endocytosis,

508-6 1 0
Tyr-X-X-O, 589, 589t, 609-610

Sos proteins, in Ras/MAP kinase pathway,
685, 685f, 687-688, 688f

Sound perception, 1032-1034
Southern blotting, 191-192, l9lf
Space-f i l l ing models, 33, 33f
Spacer DNA, unclassified, 220t, 225-226

l-46 . INDEX

Specific activity, of radioisotopes, 99
Specific pathways hypothesis, 1042, 1043f
Specific transcription factors, 285
Specificity, molecular complementarity and,

40 ,  g0

Specimen preparation
for electron microscopS 388-389, 389f,

390,391
for light microscopy, 384-385, 384f

Spectral karyotyping, 258, 259f
Spectr in, 728,729f
Spectroscopy, picosecond absorption, 518
SPED microscopy, 385
Spemann organizer, 965, 965f
Sperm, 950

acrosomal cap of. 954. 955, 955f
acrosomal reaction rn, 9 56, 9 57
in fertilization, 9 5 5-959
f lage l la  o f ,  954,954f ,955,968.  See a lso

Flagella
production of, 9 53, 9 54-9 5 5, 9 54f, 9 5 5f
propert ies of, 954, 95 5f

Spermatocytes
differentiation of, 914
primary, 954

Spermatogenesis, 953, 954-95 5, 954f
Spermatogonia, 954
Spermiogenesis , 9 54, 9 5 5f
Sperry, Roger, 1042
Spherocytes, 730
Spherocytic anemia, 730
Sphingolipids, 41.1., 4121, 476

distr ibution of,420
Sphingomyelin, 431

membrane content of,  418, 418t
structure ot, 479, 41.9f

Sphingosine,43l
Spinal cord, development of, 985-986, 9851,

986f. See a/so Neural development
axon guidance in, 7047, 1047f

Spinal muscle atrophy, 334
Spindle-assembly checkpoint, 888-889, 888t,

889f
Spindle pole(s), 7 57, 7 671, 782, 7 83, 7 83f ,

7841. See a/so Mitotic spindle
in meiosis vs. mitosis, 892, 894f
separation of, 783, 7831, 789

Spindle pole bodn 890, 890f
Spindle-posit ion checkpoint, 888, 888t, 890,

890f
Spinocerebellar ataxra, 224
Spleen focus-forming virus (SFFV), 1128
Splice sites, 21.7, 329-330, 329f
Spliceosomes, 330-333

pre-mRNA in, retention in nucleus,
345-346

Splicing, 1.1.9, 1.24, 217, 329-333
abnormal, 357

in genetic diseases, 333-334,334
activators in, 339
alternative, 1.25-1.26, l26f ,2L8,219, 323,

337-338, 366-367
Dscam isoforms and, 340
in fibronectin, 126, 125f, 21.8, 338
in hearing, 339-340, 340f
in isoforms, 1.26, 1.26f,338
in vision, 340

in bacteria, 338-339, 338f, 339f
base pair ing in, 330, 331f,332,332f
branch points in, 330
definit ion of, 1.24, 125f,329
exon skipping in, 333-334
by group I introns, 363,364f
by group II  introns, 334-335, 335f,363,

3641
intron removal in, 329, 3291

of nonstandard introns, 333
repressors in, 339
self-spl icing, 334-335. 335f

oI proteins, 91.-92
of RNA, 119

in sexual differentiation, 338-339, 3381
339f

sites of, 21,7, 329-330, 3291
snRNA in, 330, 331f
snRNPs in, 330-332, 331f, 332f
spliceosomes in, 330-333
SR proteins rn, 333-334, 334f
trans-splicing in, 333
transesteri f icat ion in, 330, 330f, 332,

332f
Sponges, cell-adhesion molecules in, 805,

806f ,807
Sporogenous tissue, in plants, 839, 839f
Squamous cell carcinoma, 1,48-1,49
Squid giant axons, microtubule-based

transport in, 770-77 1., 770f
SR proteins, 333, 334f, 343-344, 344f
s/c oncogene, 1.1.29,'1.L30f
Src tyrosine kinases, in lymphocyte activation,

1091,
SRE-binding proteins, 707-709
Stable transfection, 19 6-197, 1.9 6l
Stahl, V.F., 140
Staining. See also Microscopy

of chromosomes, 258, 258f
fluorescent, 382
of t issue, 21, 385
in transmission electron microscopy,

3 8 8 - 3 8 9 , 3 8 9 f
S t a m e n <  g R l  9 R 4 f

Starch, 46
as photosynthesis product, 511
structure of, 511, 51lf

START, in cell-cycle regulation, 872,875
Start codons, 127-L28, 128t
STAT transcription factors, 666f, 667f,

674-677, 67 6f, 1.096. See also
JAK/STAT pathway

Stathmin, in microtubule disassembly 768,
758f

Statin drugs, 432-433
StelZ protein,924
Steady-state reactions, 50, 50f
Stem cell(s), 8-9, 905, 91'2-920

cell division in, 906-907, 906f, 912-913
definition of, 8, 905
embryonic, 8, 91,1,-91.2, 91.1.f, 960

cultured, 9LL-91'2
experimental uses of, 912
from inner cel l  mass, 960,962f
mouse, 25

epithelial, 91,4-91.6, 91.5f
future research directions for, 944
germ-line, 9L3-914
hematopoietic, 91.7-920, 919f
identification of , 912-9 13
intestinal, 91. 5-9 16, 9 1. 6f
in leukemia, 920
lymphoid, 91,8,9191
microenvironm en.t of, 9 12-9 13
myeloid, 918,919t
neural, 91-6-91'7, 917f, 91'8f
plant,920, 9211
pluripotent, 907,960
self-renewal in, 907
skin/hair, 914-915, 91.5f
somatic, niches for, 914
therapeutic uses of, 912
totipotent, 907,960
tumor, 1111

identification ol, 1'1'1'6-1'l'1'9, 1'1'1'8f



unipotent, 907
Stem-cell nrches, 972-920, 9131, 914f
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intestinal, 91. 5-9 16, 91.6f
neural ,  976-917, 9 l7f
signaling pathways for, 909, 909f,

912-920, 9 14t ,  91 5f-919f
skin/hair, 914-97 5, 915f
subventricular, 91,7, 9791

Stem-loop binding protein (SLBP), in
oogenesis,  9 57-9 58

Stem-loops,  718,  1.79f
Stereocilia, 1032-1034, 1033f, 1034f
Stereoisomers, 33
Steroid hormone receprors,  373,374f .  See also

Hormone receptors
S te ro i ds ,415
Sterol-sensing domain, 432
Sterols,  415.  See also Cholesterol ;  L ip id(s) ;

Lipoproreins
Sricky ends, of restriction fragments, 177-178,

177f,  180f ,  18r
Stigma/stylar cysteine-rich adhesin,

842,842f
Stigmasterol, structure of, 472f, 475
Stimulated emission depletion (SPED)

microscopy,385
Stop codons, 1.27-128, 1,28t, 137-1,38
Stop-transfer anchor sequences, 544,

544f-546f
Store-operated ion channels, 555, 655f
Stress, oxidative, 502-503, 520-521,
Stress f ibers,  776,  776f ,  741-742, 747f ,  7 50f
Stroma, in chloroplasts, 379

carbon fixation rn, 524-529, 525f-528f
Stromal import sequence, 565
Structural domains, 70-7 7, 7 Lf
Structural  maintenance (SMC) proteins,  255,

2s6 f ,  866 ,869
Structural motifs See Morifs
Structural proreins, 63
Sturtevanr,  A. ,  175
Subcloning,  184
Su bstrate( s )

definition of, 79
enzyme binding of ,  80-84

Substrate binding. See also Receptor-ligand
binding

mechanisms of ,  467-468, 467f
Substrate-binding site, 80, 80f, 82-84
Substrate-level phosphorylation, 481482, 482f
Subuni t  vaccines,  1101
Subventricular stem-cell niche, 91,7, 9l9f
Succinate,  oxidat ion to fumarate,  59,59f
Succinate-CoQ reductase, in electron

rransporr ,  49 5t ,  496497
Succinate dehydrogenase, in citric acid cycle,

489
Suc rose ,  46 ,46 f

as photosynthesis product, 51,1, 525, 526f
Sulfhydryl groups, 552
Superoxide, cellular injury from, 502-503
Suppressor mutations, 17 3-17 4, 17 3f
Suppressor of  Hair less,  -06

SV40 DNA, replication in, 142-144,
1,42f-144f

SV40 enhancer, 284, 285f
svedbe rgs ,133
Sweet taste perception, 1035f, 1036
S\7VSNF complexes,  306-307, 1 135-1 136

rn cancer, 1,135-11,36
in myoblast differentiation, 927-929

Switch proteins, 90, 90f, 911, 1,38, 587
in mitotic exit network, 890, 890f
Ras as,684,  685.  See a/so Ras protein
in s ignal ing,  633-534, 633f

in vesicular transport, 587-590, 590f
Sxl protein, in Drosophila sex differentiation,

3 3 8 - 3 3 9 , 3 3 8 f
Symporters, 440, 466-470, 47 1

in transepithelial transport, 471, 47 lf
Synapses, 1004f, 1005, 101.8-1.026

directionality of, 1005, 1025
electrical, 1025-7026
formation of, 1018-10f 9, 1018f
mRNA localization to, 352, 357-358,

358f
in muscle cel ls, 1019
postsynaptic cel ls and, 1005, 1018
presynaptic cel ls and, 1004f, 1005, 1018,

r019
Synaps in ,102 l
Synapsis, in meiosis, 892,893f
Synaptic glomerul i ,  1037
Synaptic vesicles, 1019-1022, 1020f, 1.021.f

cycl ing of, 1021f
dynamin and, 1,023
formation of, 1021.f
fusion with plasma membrane, 1022, 1,023
l inkage of, 1021
localization in active zone, 1021.-1.022
neurotransmitter release from, 1020-1022,

L 0 2 t f
recycling of,1023
SNAREs in, 1.022

synaptogamin, L022-1023
Synchronous signals, 1003
Syncytial blastoderm, 970, 970f
Syncytium, 925
Syndecans, 829
Synpolydactyly, 992, 993f
Syntaxin, 591,1022
Synteny, conserved, 259
Synthetic lethal mutations, 173f, 1,74
Systematic linker scanning mutation analysis,

290

T-antigen, large, L43
T cel l(s), 1057-1058, 1057f, 1058f,

1088-1097. See also under Immtnel
Immunity

activation of , 1094-109 5, 1.094f
antigen receptors on, 1056
apoptosis of, 1050f, 1094, 7094f, 1095,

1095f
in B-cel l  act ivat ion, 1099-1101, 1100f
B-cell collaboration with, 1097-1,1.01.

in antibody production, 1099-1.1.01,
1100f

in vaccines, 7707-1,1,02
cD8,  1095
chemokines and, 1096-7097
cytokine production by, 1,09 5-1,096
cytoroxic, 107 6, 107 8-1079, 1079f , 109 5

CD8 and, 1080
mechanism of act ion of, 1095, 1095f
MHC molecules and, 1080
targeting of

in class I MHC pathway,
1 0 8 2 - 1 0 8 4 , 1 0 8 3 f

in class II MHC pathway,
1084-1087,  1085f ,  1085f

definition of, 1056
dendr i r i c  ep idermal .  9  I5
development of, 1088, 1091-109 5, 1092f

avidity model of, 1.093
posit ive/negative selecrion in.

1091-1093
somatic recombination in, 1091-1093
steps in, 1093f
vs. B-cell development, 1093f

differentiation oI, L09l
extravasation of, 837-838, 838f
function of, 1088
future research directions for, 1702
helper, 1075-1077, 1,09 5-1096, 1096

CD4 and, 1080
cytokine production by, L097
MHC molecules and, 1080

inflammatory, 1096
interleukins and, 1.096
memory, 1096
migration of, 1096-1097
natural killeq L060-106L, 1060f, 1095
production of, 1058
regulatory, 1096
somatic hypermutation and, 1.073

T-cell receptors, 1088-1091
diversity of, 1089-1091, 1093
ligand binding by, 1090-1091
loci organization in, 1088-1089, 1.090f
signaling pathways for, 1091, 1092f
somatic recombination in, 1088-1089,

r090f
structure of, 1088-1091, 1089f, 1090f

T-loop, 863, 863f
I-SNAREs, 586, 586f, 591
T1R/T2R proteins, in taste, 1036
Tactile sensatio n, 1 034-103 6
Tailless, 974-977, 97 5f
Tamoxifen, 1133
Tandem mass spectrometry, 101, 102f, 1,03
Tandemly repeated ar r ay s, 221-222, 22lt

in DNA fingerprinting, 225
TAP (nuclear export factor 1), 573
TAP,Nxtl mRNP exporter, 342-343,

573-57 5, 574f
TAR element, in HIV infection, 315-316, 315f
Taste, 1034-1035, 1035f
TAT protein, in HIV infection, 315-316, 315f
T,{TA box, 282-283, 282f, 286f, 297-298
TAIA box-binding protein (TBP), 297 -29 8,

297f
Tau proteins, 77

in microtubule srabi l izat ion, 76--768, 767f
Taxol,766
Tay-Sachs disease, 199t, 374
TCA cycle, 487489,489f
TEL sequences,263-264
Telomerase, 743, 222t, 263-264, 265f

in cancer, L143-1,144, 1,L43f
Telomerase RNA, 222t, 264,265f
Telomeres, 27 , 261 , 261.f, 263-264, 1143

loss of, 1143-1144,1143f, L1.44f
shortening of, 263-264, 264f
structure of,11.44f

Telophase, 871
initiation of, 890
in mitosis, 783, 783f, 789-790

in plants, 790,790f
Tem1, 890, 890f
Temperate phages, lysogeny in, 158
Temperature, melting, of DNA, 117,1.17f
Temperature perception, 1 03 1-1 032
Temperature-sensitive mutations, 23, 1.70-17 1,,

1.70f
in yeast cell cycle studies, 851

Ternary complex factor (TCF), 690, 691.1,700
Tertiary structure, 65f, 67-72, 68f, 69f,71.f,

7 5 , 7 s f
of proteins, 65f, 67-72, 68f, 69f,71f

Testis, developmenr of, 91.3-91.4
Tetrads, 892
Tetrahymena th ermoph ila

histone acetylase in, 305-305
replication |n, 263-264
self-splicing introns in, 363
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TFIIA, 98, 297, 298
TFrrB, 297, 297l, 298, 298f
TFIID, 98, 253, 306
TFrrE, 297f, 298, 298f
TFIIF, 297f,298,298f
TFIIH,297f ,298,298f
TFIIIA, 317, 317f
TFIIIB, 3r7, 317f
TFilrC, 3L7, 3r7f
TGF

in cancer, 1,1,34, 11,34f, 1142-1.1.43
in neural development, 965, 966f, 985,

987-988,987f
TGFp receptors, in Smad activation, 565f,

670-672, 670f, 571.f
TGFp superfamtly, 668, 669f

in cancer, 671,-672, 671f, 1L34, 1.L34f,
ll42-1143

in cell division, 91.3,914
in embryonic development, 963-964, 964f,

965
functions of, 668
isoforms of, 668, 659f, 671.
in neural development, 965,9561,

987-988,987f
purification of, 559-670
Smads in, 666f, 658-672, 670f, 671.f
structure of, 658,669f
syn thes is  o f ,668,669f

Thalassemia, 346
Thermal energy, 54
Thermogenesis, brown-fat mitochondria in,

5 1 0
Thermogenin, 510
Thick-filament r egulation, 7 42
Thick filaments, in sarcomere, 739-740, 739f
Thin-filament regulation, 7 40, 7 4l
Thin f i lamenrs. in sarcomere, 739-740,719f
Thinking, neurons in, 1001
Thiol groups, 552
Thioredoxin, 527
Three Na*/one-calcium antiporter, 468
3-D adhesions, 833-834, 834f
3' end

cleavage of, in pre-mRNA processing, 124,
r25f, 329,329f, 335-336, 336f

of DNA strand, 114, 114f
of Okazaki fragment, 741, 141,f, l42f
of IRNA, 135,136f

3' poly(A) tail, post-transcriptional processing
of, 335-336, 336f

3' untranslated regions (UTRs), 124
3T3 cells, 1713-1,1,14,'Ll1,3f
3T3-L1 cel l  l ine, 398,400f
Threonine, 42f,43. See also Amino acid(s)
Threshold potential, 1.025, L026f
Thrombospondin, in synapse formation, 10L9
Thylakoid(s), 379, 3791

definit ion of,511
electron transport in, 512, 513f
oxidative damage in, 521-522
structure of, 511, 5f2f

Thylakoid lumen, 511
Thylakoid membrane, 379, 379f, 5l2f

photosynthes is  in .  5 l  l .  5 l2 f
structure of, 511., 572f

Thymidine. See a/so Base(s)
Thymine.  44 ,45r ,  I  l3 - t  14

in  doub le  he l i x ,  114-115,115f
structure of,44,44f

Thymine-thymine dimers, repair of,  148,
1 4  8 f

Thymosin-Ba, in actin polymerization, 7 22,
722f

Thymus, 1058
Thyroxine receptor, 3L2f . See a/so Hormone

receptors
Tight junctions, 802f, 809, 810f, 811t,

8  t4 -816,  8  l4 f ,  8  t5 f
epithel ial,  471.,47|f
functions of, 814, 815, 815f
l e a k 5  8 1 5 , 8 1 6 f
structure of, 814-815, 814f

Tim proteins, 559, 559f
Time-lapse microscopy, 382
Time-of-flight mass spectrometry, 1.01-1.02, 1.01.f
t inman,967
+T[Ps,767,768{
TIR fluorescence microscopy, 404
Tissue

art i f ic ial,404
cell integration into, 801-843
classification of, 801
connective, 801
definition of, 801
development of, 9 51.-9 52
epithelial, 801
muscular, 801
nervous, 801
organization of, 801-803. See also Cell-cell

adhesion; Cell-matrix adhesion
in organs, 801-803
stem cells for,91,2-920. See also Stem cell(s)

Tissue compatibility, MHC molecules in,
1077-1078, 10781

Tissue plasminogen activator (TPA), 71
t i tan ,2 l7
Titin,740f.
Titration curve, for buffers, 53-54, 53f
lk gene from herpes simplex virus,283,284f
TNFa receptors, 566f
Toes, extra, 992,993f
Toll-like receptors, 703, 1059, 1,061,

1.097-1099, 1098f
in adaptive immunity, 1,097-1099, 1'098f
in antigen presenting cell activation, 1099
diversity of, 1098
in signaling, 1098-1099
structure of, 1.097-1.098, 1098f

Toll protein, 1097
Tom proteins, 559, 559f
Tomography, cryoelectron, 389, 390f
Tongue, taste cel ls in, 1034-1036, 1035f
Topogenic sequences, 543

of integral membrane proteins. 541-549,
543f-546f
hydropathy profiles for, 548-549, 548f,

5491
identification of, 548-549

Topoisomerase l, 1,1,7-118, 1.18f
Topoisomerase II, 118
Topological domains, 72
Topology, of integral membrane proteins.

41441.5, 41.4f, 426, 543-549, 543f-546f
TOR pathway, 353-355, 354f
Total internal reflection fluorescence

microscopy, 404
Totipotent stem cel ls, 907,960
Touch, L031-1032
Tra protein, alternative splicing and, 339, 339f
Trans fatty acids (trans fats), 48
trans-Golgi cisternae, 580, 58 1f
trans-Golgi network, 580. See also Golgi complex
Trans-splicing, 333. See a/so Splicing
Transcellular pathway, in transepithelial

transport, 471,, 471f, 814, 816f
Transcellular transport, 477, 814
Transcript

nascent, capping of, 3241, 325-326, 327f
primary, 1.21.-L22, L22f ,  323

Transcription, 1,7, 1,21, 1,12, 113f, 120-L26
in a/ct cells/mating types, 922-923,922f,

923f
in cel l-cycle regulat ion, 881-883, 882f,884
in cell-fate determination, 971.-973, 9721,

973f
cell-type specification and, 922-923, 922f ,

923f
in chloroplasts, 317, 31.8
concurrent with translation, 123
differential gene expression and, 24, 24f
direction of, 1.20,'1.21.f
downstream, 1.20, 1.21,f, 277, 298
elongation in, 31.5, 326
energetics of, 120
in eukaryotes, 1,23-125, 1,23f
initiation ot, 72, 72f, 120, L22f

activators in, 286-290, 287 f-289f ,
289f,305-31.0

in bacteria, 271.-276
chromatin decondensation in, 306, 307f
chromatin-remodeling complexes in,

306-307,3071
combinatorial regulation of, 294J9 5,

294f ,295f
CpG islands in, 282
downstream promoter elements in, 298
enhancers in, 1.8, 27 4-27 5, 27 4f ,

284-285, 285f, 29 5-296, 296f
in eukaryotes, 276-281
helicases in, 298
hormones in, 31,2-313, 312f, 31'4f
initiators in, 282
MAP kinases in, 690-691,, 69lf
PhoR/PhoB system in, 27 5, 27 5f
preinitiation complexes in, 134, 135f,

29 5-299, 297 I,  298f ,  307-308, 308f
promoter-proximal elements in,

282-283, 283f, 285, 376
reporter genes in, 283
RNA polymerases in, 1.20, 12Lf,

271.-27 5, 274f, 278-281,, 279t,
280 f , 281.1, 29 6-29 9, 297 f-29 8f ,
315-317,  3 l7 f
type l, 278, 279f, 279t, 316-3L7,

31.71
type II ,  134, 1.35f,279,279t,

295-299, 297f, 298f, 307-308,
308f

type II I ,  278-279,279t, 317, 3l7f
o (sigma) factors in, 271,273-275,

273t ,274f
sites of, 280-281,,282
two-component regulatory systems in,

274-275,274f .275t
upstream activating sequences in, 285,

315
insulators in,254
matrix-attachment regions in, 254
in mitochondria, 3L7-3L8
mtDNA in,240
of operon, 122-1 23. 124f, 27 l-27 3. 272(,

307f
polymerization in, 120, 121.f
pre-mRNA in, 1.23-125, 123f
primary transcript in, 1.21.-1.22, L22f
in prokaryotes, 1'22-723, 1'23f
promoters in, 120, 272, 273-27 5, 273t
rate of, 1-21-
regulation of

activators in. See Transcript ion,
initiation of

chromatin-med rated, 29 9 -307
chromatin-remodeling complexes in,

306, 307f
combinatorial, 294-29 5, 294f, 29 5f
extracellular signaling rn, 312-313,

31.2t
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future research areas for,318-319
mediator complex in, 299, 307-308,

308f
repressors in. See Transcriprion.

repression of
in yeast two-hybrid sysrems, 310, 311f

repression of , 29-30 5, 290, 299-30 5
chromarin-remodeling complexes in,

306-307
co-repressors in, 304-305, 305f
in higher eukaryores, 301-303
Polycomb complex in, 302-303, 302f
RNA interference in, 350-351
silencer sequences in, 18, 299-30L,300I
in yeast, 299-301, 300f, 301f

reverse, 230,231f
telomerase in, 263-264, 265f
in transposition , 230-234, 230f-233f

RNA processing and, 123-1,24, 725f- See
a/so RNA processing

rn Saccharomyces cereuisiae, 279, 279t, 281f
scaffold-associated regions in, 254
stages in, 720-1,22, 122f
strand elongation in, 120-122, 122f
TAIA box in, 282-283, 282f, 286, 297 -298
template DNA in, 120, lzlf
termination of, 721-122, 122f, 314-316
upstream, 120, 127f, 277, 285, 31,6
in yeast, 691-692

Transcription bub6le, 1,20-721,, 1,22f
Transcription conrrol elements (regions), 270,

282-28s
as binding sires,286
enhancers, 1.8, 27 4-27 5, 27 4f , 284-28 5,

28sf,286f
initiators, 282,286f
location of

in bacteria, 274-275
in eukaryotes, 27 6-278, 277f, 278f

promoter-proximal elements, 282-283,
2 8 3 f .  2 8 5 ,  2 8 6 f , 3 1 6

T.ATA box, 282-283, 282f, 286f, 297-298
Transcription-coupled DNA repair, 149
Transcript ion factors, 12, 112, 120,270,277,

286-296
acrivation of, 288-290, 289f, 293-294,

664-710, 666f. See a/so Activation
domains; Signaling parhways
MAP kinases rn, 690-691, 691f
signal ing in,65t-660

activator, 923
in body segmenration

ln lnsects, > /+-> / /
in vertebrates, 977-97 8, 982-983

in cell differentiation, 905-906
in cell-type specification

in muscle, 925-929
in yeast, 922-923, 922-925, 922f, 9231

chloroplast ,3 lS
chromatin and,256
co-activators fo4 293
in combinatorial regulation, 294-295,

294 f , 295 f
cooperative binding of, 294-29 5, 294f,

29sf
de f in i t ion  o f ,270,286
DNA-binding domains of, 288-296, 289f .

See also DNA-binding domains
DNA-binding motifs of, 69-70,70f,

290-292, 291.f_293f
in embryonic stem cells, 917-9L2
gap genes as,974-977
general,  253, 296-297, 297 f ,  298f

in preinitiation complex, 297--299,
297f ,298f

heterodimeric, 29 4-29 5

homeodomain, 291
identification of

DNase I footprinting in, 286
electrophoretic mobility shift assay in,

2 8 6 , 2 8 7 f
sequence-specific DNA affinity

chromatography in, 286, 287f
in vivo transfection assay,288

interaction of, 294-295
mating-type, in cell-type specification,

922
mitochondrial, 3 18
in myoblast migration, 928
in nuclear-recepror superfami ly,  29 l .

312-31.3, 3t2t, 373f
in oncogenic transformation, 1130-1131,

1,1,32f
regu la t ion  o f ,311-313
repression domains for, 290
repressor, 290,923
in signaling, 632-633. See also Signaling
specific, 286

Transcription-initiation complex, 72f
Pol I ,  31,6-317, 317f
Pol I I ,  134, 135f, 296-299, 297f, 298f,

3 0 7 - 3 0 8 , 3 0 8 f
Pol I I I ,  317, 3l7f

Transcription unirs, 217 -21 I
bacterial, 217
eukaryotic, 217 -221, 2l9f

complex, 218,279f
mutations tn, 21.8-219, 2L9f
simple, 217-218, 279f
s t ruc tu re  o f ,2 l9 f

insulators for,254
Transcriptional gene control. See also

Transcription, initiation of
activators in, 270, 270f , 27 |
in bacteria,27l-276

enhancers rn, 274-27 5, 274(
PhoR/PhoB system in, 27 5, 27 5f
RNA polymerase rn, 27 1.-27 5, 27 4f
o (sigma) factors in, 271.,273-275,

273t ,274f
rwo-component regutatory systems ln,

274-27 5, 274f, 27 5f
combinatorial, 294-29 5, 294f, 29 5f
coordinate regulation in, 271
in developmenr, 28-29, 291
enhancers rn, 18, 27 4-27 5, 27 4f, 284J8 5,

285f, 295-2e6, 296(
in eukaryotes, 276-281
functions of,275
future research areas for in, 318-319
in genetic program execution,276
overview of, 269-270, 270f
post-transcriptional, 323-367. See also

Post-transcriptional gene control
repressors tn, 27 0, 270f, 27 1.
silencers in, 1,8, 299-301,, 300f

Transcripts, processing oI, 123-124, 125f. See
a/so RNA processing

Transcytosis, 505
of immunoglobulins, 1065-10 66, 1,06 5f

Transducin, rhodopsin and, 641, 644f
Transducing retroviruses, 1122
Transepithelial transport, 470-472, 47|f,

472f
Transesterification, in splicing, 330, 330f, 332,

332f
Transfection, 1.9 5-1,97

in secretory pathway studies, 582
stable,196-1.97, l96f
transient, 196,196f
in yeast, 261,-263, 262f

Transfer proteins, in lipid transport,

+55
Transfer RNA. See IRNA (transfer RNA)
Transferrin cycle, 611-612, 617f
Transferr in recepror {TfR). 356. 357F
Transformation

in cell cultures, 398
of tumor cel ls, 1113-1114, 1,1,141

chloroplast, 242
oncogenic, 1.1.1.3-1114, 1114f
PI-3 kinase and, 694-695
in plasmid cloning, 1.78-779

transformer, alternative splicing of, 339,
339f

Transforming growth factor B. See TGFB
Transfusions, blood types and,426
Transgenes, 209
Transgenic animals, 209, 209f
Transgenic plants, 470
Transient amplifying cells, 905, 916-91.7,

91.7f,91.8f
Transient receptor potential cation channels,

843
Transient transfection, 1.96, 196f
Transition state, 56-57, 57f, 79, 80f
Translation, 11, 72f,74, 1,1,2, 113f, 1,27-131,

21,7
in cell-cycle regulation, 881-882
in cef f  - fare determination. 973-974,973f ,

974f
chain elongation in, 1.35-137, l36f
in chloroplasts, 557
codons in, 127-129, 1,28r, 129f
concurrent with transcription,'123
cytoplasmic polyadenylation in, 351-352,

351.1
delnition oI, 127
eIF2 kinases in, 355-356
G proteins in, 354-355
init iat ion of, 127-128, 128t, 130f,

133-135,  134f ,355-356
sites of, 217

in learning and memory, 352
in mitochondria, 557
mRNA in, L27, l27I
mRNA degradation in, 352-353, 3521
mRNA surveillance in, 357
nonsense suppression in, 138
P bodies in, 348, 353
polyribosomes in, 138, 139f
poly(A) tail lengthening in, 351-352,

3s1f
preinitiation complex in, 134
in prokaryotes, 123
proofreading in, 131, 1,45, 146f, 35 5
in protein targeting, 537-538, 537f
rate of, 133, 138
reading frames in, 128, 1.291
regulation of, 323-325, 3241. See also

Post-transcriptional gene control; RNA
processlng
cytoplasmic, 351-353
g loba l ,353-355
sequence-specif ic. 356-357. 357f

repression of
eIF2 kinase-mediated, 355-356
miRNA-mediated, 347 -3 49, 3 48f
RNA-induced silencing complex in, 348

Rheb protein in, 354-355, 354f
ribosome in, 132-139
rRNA in, 1.27, L27f , L32-1.39, 1.35f, 1.36f.

See also Ribosomes
of specific mRNAs, 356-357, 357f
steps in, 130f
termination of , L37-1.38, l37f
3' regulatory elements in, 351-352, 351f'
TOR pathway in, 353-355, 354f
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Translation ( continued)
IRNA i n ,  127 ,1 ,27 f

Translocation( s)
chromosomal

analysis of ,258,259f
in cancer, 1,1,30, 11321
in proto-oncogenes, 1 120

protein. See Protein translocation
r ibosomal,  1.35-137, 136f

Translocons, 539-540, 540f
Transmembrane proteins. See Membrane

proteins, integral (transmembrane)
Transmissible spongiform encephalopathy, 77
Transmission electron microscopy, 388-389,

3 89f
T - ^ - ^ ^ l ^ - . ^ . : ^ -r  r  d r L r P r 4 u  r 4  L r u i l

bone marrow, 920
MHC molecules and, L077

Transport
electron, 493-503. See also Electron

transport
membrane. See Membrane transport
transcellular, 47 1., 471.f
transepithelial, 470472, 471.f, 472f
vesicular, 579-606. See also Vesicular

transport
Transport proteins

membrane. See Membrane ffansport proteins
nuclear, 342-347. See also Nuclear transport

Transport vesicles, 376-377, 375f, 579-606,
580. See a/so Vesicles; Vesicular transport

Transporters, 439, 439f , 440, 441443, 441.f,
442f . See aiso Membrane transport
proterns

ABC. 447 f .  448, 45445 6. 45 54 50, 4 5 5t
flippases and, 456, 456f
in genetic diseases, 455456

antiporters, 440, 466, 468470. See also
Antiporters

conformational changes in, 440
cotransporters, 440, 440t
exocytosis of , 1020-1021, 1.020f
in glucose metabolism, 441.443, 441.f,

442f, 47 1., 47 tf, 488f, 489491, 490f ,
545f, 547. See also under GLUT
as multipass integral membrane

proteins, 547
GLUT,  44  1443,  44 l f  ,  442 f  ,  47  l ,  47  l f  .

See also under GLUT
for neurotransmitters, 1020-1022, 1021.f
phosphate, in MP-ADP exchange, 509,

509f
symporters, 440, 456470, 471

in transepithelial transport, 471., 471f
uniporters, 440, 441.-443, 441.f, 442f

Transposable elements. See Mobile DNA
elements

Transposases, 228-229
Transposition, 226-227

Ac elements tn,228-229
of Alu elements, 234
in bacteria, 227 -229, 227 fJ29f
cut-and-copy mechanism in, 227
cut-and-paste mechanism \n, 227, 228,

228f ,229
definition of,226
of Ds elements,228-229
in eukaryotes, 229-234
integrase in,230,233
of IS elements, 222-228, 227-228, 228f
of LINEs, 230-234, 232f, 233f
P elements in, 229
retrotranspons in, 227, 229 -23 4
reverse transcription in, 230-234,

230f-233f
of SINEs, 234

l - 5 0  o  | N D E X

somatic-cell, 226
Transposons, 227 -229, 227 f-229 f , 26 5 -26 6,

350. See a/so Retrotransposons
bacterial, 227 -228, 227 f
definitron of,227
eukaryotic, 228-229, 229f
in exon shuffling, 235
multiplication of, 229, 229f

Transthyretin, 282-283, 309-310, 310{
Transverse tubules, 7 40, 7 41.f
Treadmilling

in actin f i lament assemblg 7Zl-722,721.f ,
722f

in microtubules, 7 53, 7 63f
in mitosis, 785, 786f ,  787f ,  788

Triacylglycerides, 48
Triacylglycerol, 491
Tricarboxylic acid cycle, 487489, 489f
Triglycerides, 48,491,. See also Lipid(s)
Trimeric C proreins. 355. 637-639, 638f

in signaling, 634
subunit dissociatron in, 644

Trimolecular cargo complex, 573
Triplet code. See Genetic code
Tripler microtubules, 7o0, 760f
Triskel ions, 598,598f
TrisomS 887
Trithorax proteins, 302, 303, 306,982-983
Triton X-100, 428,428f
trk oncogene, 1.128, 1L28f
Trks, in neuron survival, 938
IRNA ( t rans fer  RNA) ,  112,217,222t

in amino acid activation, 131
amino acid linkage to, 129, 1.30f, L3L
anticodons in,127,129
codon recognition by, 727-1.31'
cognate ,131
diversity of, 129
folding of, 129,1.30f
functions of, 127, 1.27{, 1.29
isonine-containing, 1 3 1
methionine-containing, 133
nonstandard base pair ing and, 130, 131f
post-transcriptional processing o\ 363,

363f ,364f
processing of, 363-364, 365f
p r o m o t e r s  i n .  J l 7 , 3 t 7 f
rRNA and, 137
structure of, 118, 1.29,1.30f
synthesis of. See also Transcription

RNA polymerase II I  in, 278,279t
in translation, 1.27-131.

Trophectoderm, 960
Trophic factors, in apoptosis, 243f,936,

942-943
Trophoblast, 962,962f
Tropomodulin, 723, 740, 740f
Tropomyosin, 7 40-7 41. , 7 41f
Troponin, 740-747, 741.f
trp operon, 1.24f ,21.7
True-breeding str ains, L 67 -1- 69
Trypsin

activation of, 91
active site of, 80f, 82-83, 82f

Tryptophan, 42, 42f. See also Amino acid(s)
TSCl/TSC2, 354-355
Tsix, tn genomic imprinting, 958-959
TTR, 282-283, 283f

transcript ion of, 309-310, 310f
Tuberous sclerosis, 354, 355
Tubulin, 7 58, 760f

ct form of, 758,760f
B fo rm o f ,758,760f

in neurogenesis , 929, 930f
critical concentratton of , 7 63
1 fo rm o f ,761, ,762f

sequence homology in, 244, 2451
Tumor(s), 1108

benign, 1109
hypoxic, 1. L09, 1. 1. L2-1 1 13
malignant, 1.1.09-7110. See also Cancer

Tumor cells, identification of, 7716-1J.13, 1.11.8f
Tumor microenvironment, 1111
Tumor necrosis factor alpha (TNFo), 703
Tumor stem cel ls, 1111

identification of , 1.1.16-1119, l1.l8f
Tumor-suppressor genes, 882, 1107, 1122t

inherited mutations in, 1-123
loss-of-function mutations in, 148,'l'1'23
loss of heterozygosity in, 11'24, 1'1'25f

Tumor-suppressor Rb protein, 882-883, 882f
Tumor suppressors, in cell-cycle regulation, 891
Tumor viruses, 158-159
Tumorigenesis, 1108
Turgor,377-378
Turgor pressure, 444, 830
Turnover number, 8L
20S proteasome, 87-88, 87f
Two-dimensional gel electrophoresis, 95-96,

95f, 106
Two Na*/one-glucose symporteg 466457,

465f, 471.
Two Na t/one-leucine symporteg 467 468, 467 f
Iy elements, zJz, zSzr
Tyrosine, 42, 421. See also Amino acid(s)

U1 snRNA, 330, 331f
U1 snRNP, 332,332f
U2 snRNA, 330, 331f
U2 snRNR 332,3321
U4 snRNP, 332,332f
U5 snRNl  332,332f ,333
U6 snRNl 332,332f
Ubiquinone, in electron transport, 495t,496,

496f
Ubiquitin, 88, 858

in endocytosis, 610
Ubiquitin/proteasome pathway, protein

degradation in, 555
Ubiquitin-protein ligases. See also APC/C

complex
in cell-cycle regulation, 850, 850f, 851'

858,  859f ,  876-877,883,  886t
Ubiquitination

in cell-cycle regulation, 850f, 851
in anaphase initiation, 867-869, 868f
of B-type cycl ins, 858, 858f
in mammals, 850, 850f, 851, 858'

859f,876-877
in Xenopous laeuis, 858,859f
in yeast, 876-877

in chromosome segregation, 867-859, 868f
of histones, 250, 250f, 251'-252

Ultraviolet radiation
leukemia due to, 1139-1140
mutations dte to,'1.46-1.47

Umami taste perception, 1035f, 1036
Unc proteins, 1045
Unclassified spacer DNA, 220t, 225-226
Uncouplers,5l0
Unfolded-protein response, 555, 555f
Uniporters, 440, 441'443, 441446, 441'f,

442f. See a/so Transporters
in transepithelial transport, 471', 47If

Unipotent stem cells, 907
Unsaturated fatty acids, 47-48, 47t
Untranslated regions (UTRs), 124
Upstream activating sequences, 285, 3L6
Upstream transcription, 1.20, 121.f , 277, 28 5, 316
IJracll, 44, 45t, 113-11'4. See a/so Base(s)

in RNA, 118
structure o1,44,44f

Usher syndrome, 1033-1034



V-class proton pumps, 447f ,  448,453454,
453f. See a/so Pumps

in synaptic vesicle transport, 1019-1020
V segments

in heavy chains, 1069, 1069f,1071,-1,073,
L072 f

in light chains, 1069-7071, 1069f, 1070f
in T-cel l  receptors,  1088, 1089-1091,,1,090f

v-SNAREs, 585, 586f, 591., 1022
v-s/c proto-onc ogene, | 121-1 122
Vaccines, 1 1,0 7-1, 1,02
Vacuolar  membrane, 377-\-8,  3--  f
Vacuoles,373f

acidification of, H* MPases in, 453-454
contractile, 444
plant, 377 -37 8, 469-47 0, 469 f

Yal ine,42,42f  .  See a/so Amino acid(s)
Val inomycin,  502
VAMB 591, 1022
Van der Waals interact ions,  37-38,  38f

in phosphol ip id b i layer,  411,  418419
Variable region

of  heavy chains,  1066f,  1067
of l ighr  chains,  1,066-1067,10661

Variation, genetic, 7. See also Mutations
in evolution, 28-29

Vascular  CAM-1, 835
Vascular endothelial growrh factor, in cancer-

re lated angiogenesis,  11 12-11 13
Vascular muscle, protein kinase G and,

656-557, 657f
Vascular  t issue,  in p lants,  839,  839f
VASP,726
Vaul t  RNA,222t
Vector(s)

BAC,179
b a i t , 3 1 0 , 3 1 1 f
definition of, 176
DNA insertion rnto, 777-178
DNA processing for ,  176-177,1,76f
expression, 1,94-197. See also Gene

expression studies
bacterial, 194-1.9 5, 794-196, 19 5f
eukaryot ic ,  1,96-L98, l96f-798f
in gene/protein tagging, 197-198, 1,98f
plasmid,  195-196, 795f
retrovi ra l ,  197,  l97l

f i s h , 3 1 0 , 3 1 1 f
plasmid,  178-179, 178f ,  179f

expression,  194-196, 19 5f
in prorein product ion,  195-196, 795f

shut t le,  183,  183f
viral, 6

Vector DNA, 176-178. See also
Clones/cloning, DNA

Vegetal pole, 963
VEGF proteins, in cancer-relared angiogenesis,

1112-1713
VEGF receptor antagonists, for cancer, 1113
VelocitS maximal (V",",), 80, 80f
Ventricles, cerebral, 916
Vesicles

aggregated proteins in, 602
autophagic,  51,4-616,  6 l5f
budding of ,  580,  581f ,  586-587,586f,  587f

coat  assembly and,  586-588, 592f
donor/destination organelles in, 585
dynamin in,  599-600, 599f ,600f
in endocytosis,  414f ,  581,610,

612-614, 6r3f, 1023
pinching off and, 599-500, 5991, G00f
in retroviruses, 614
from trans-Golgi, 599-600, 599f
in vesicular rransporr, 599-600, 599f,

600f, 6L3. See also Vesicular

rransporr
clathrin/AP-coated, 393, 586-589, 587t,

589t, 598-600, 598f-500f
in  o rgane l le  pur i f i car ion .  393-394.  393f
pinching off of.  59e-o00. 5q9f, 600f,

1023
dynamin in, 1023

in receptor-mediated endocytosis,
606-607,607f

uncoating of, 600
COPI, s86-589, 587, 587r, 589t, 595
COPI I ,  586-589,  587f ,587t ,  588f ,  589t ,

592-5 9 3, 592f-59 4f , 5 9 5
fusion of, 535, 585, 585f, 589-591,590f

in exocytosis, 414f, 580, 591
synaptic, 1022

GoIgt, 376-377, 377f
secretory, 37 3f, 37 6-377, 37 6f, 580,

602-603
constitutive, 602
regulated, 602-603

synaptic, 1019-1022, 1020f , 1021f . See
a/so Synaptic vesicles

rransporr, 376-377, 376f, 579-606. See
a/so Vesicular transport

uncoating of, 500
Vesicular glutamate transporters (VGLUTs), 1020
Vesicular transport,  376-)77, 549-606. See

a/so Cell  movement/migration
anterograde, 580, 58lf ,  592-593, 592f,

595-597, 596f
cargo proteins in, 580, 588-589, 593
in cls-Golgi, 592-597, 592f-596f
cisternal maturation in, 580, 596, 597, 597f
clathrin/AP-coated vesicles in, 393,

586-589, 587t, 598-600, 598f-600f
pinching off of, 599-600, 599f,600f
uncoating of, 500

coat assembly in, 587-588, 588f
endocytosis in, 414f, 581
endoplasmic reticulum to Golgi, 592-593,

592f-594f
enerBy sources for. 587-588, 5ql
exocytosis rn, 414f, 580, 591
experimental studies of, 580-586
future research directions for, 61.7
intercompaftmental
k ines ins  in ,  ta l -7 -2 ,77  l f
lysosomal, 600-602, 600f, 601f, 608-610,

609f, 612-616
mannose 6-phosphate in, 600-602, 500f, 601.f
mechanisms of, 586-592
membrane fusion in, 474f, 535, 585, 586f,

589-591,  590f
microtubules in, 593, 769-770, 770f
mitosis-promoting factor in, 866
overview of, 580, 581f
protein targeting in, 588-591, 600-602.

See also Protein targeringl Sorring
signals
to apical or basolateral membrane,

504-60s ,605f
transcytosis in, 605

proteolytic processing in, 503-604, 603f,
604f

Rab proteins in, 589-591, 590f
retrograde, 580, 581f, 592, 594-595, 596,

596f
in secretory pathway, 533-535, 534f,

579-606. See also Secretory pathway
in early stages, 592-597
in later stages, 597-606

of secretory proteins, 602-605
signal ing in, 589, 589t, 594-595, 594f,

600-602. See also Sorting signals
SNARE proteins/complexes in, 586, 586f,

591
in trans-Golgi, 597 -606, 59 8f-601.f , 603f,

604f
vesicle budding in, 585-587, 599-600,

599f, 600f, 613. See a/so Vesicles,
budding of

vesicle docking in, 589-590, 590f
vesicle targeting in, 589-591
in  yeas t ,  584,  584f ,  591. ,596,597f

Vibrio cholerae, 639-640, 816
Vil l i ,  intest inal,  471,916, 976f
Vimentin, 793t,794
Viral capsids, 154-155, 155f
Viral DNA. repl icat ion of .  142-143, 142(. l43f
Viral envelope, 154, 155f
Viral infections

time course of, 1101f
vaccines for, 1,1.01.-71.02

Viral oncoproteins, 1121.-1723, 11,22f ,
1.1.28-L1.29, L1.29f

Virions, 154
budd ing  o f ,  158,158f
progeny, 1.56, 1.56f, 158, 158f, 159f

Virus(es), 6, 154-1.59. See also Retrovirus(es)
animal, 154
budding of,5l4, 675f
cancer-causing, 1.1.21-11.23, 11.22f,

L128-1.L29, 1.L29f
cloning of, 155
definition of, 154
DNA, 154

oncogenic, 1122-1123
DNA replication in, 142-143, 1,42f, l43f
enveloped, 154-155, 155f

retroviruses as, 158, 159f
as experimental organisms, 25
genome of, 154
helical,  154, 155f
host range of, 154
icosahedral,  154, 155f
infective mechanisms of, 1057
integrins and, 838
membrane invasion by, 409, 409f
mRNA transport in, 346-347, 346f
oncogenic, 1121-11,23
phage, 154, 158
p lan t ,154
plaque assay for, 155, 156f
quantification of, 155
repl icat ion of,1.057

lyt ic, 156-158, 155f, 1.57f
nonlyt ic, 158, 159f
in plaque assay, 155

reproduction of,5,5f
RNA, 154
structure of,6,6f
tumor, 158-159
veclor, b

Virus-associated RNA, in translation, 356
Viscometrg in actin polymerizatron, 7 19
Vision, 1027-1031. See also Eye

acui ty of ,  1028
alternative splicing in, 340
bipolar cells in, 1.027f, 1029-7030
color, 7027f, 1028
evolution of, 1028-L029
image interpretation in, 1029-1031, 70301
integrative processes in, 1029-7037,

1.029f-1.03If
neuronal organization in, 1,029-1031,, 1,029f
pat tern recogni t ion in,  1029-1031, 1031f
primary cilia in, 780
receptive fields in, 1028-7030, L029f
signal transduction tn, 641-645, 642f-645f
spat ia l  processrng in,  1031, 1031f

Visual adaptation, 644-645
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Visual cortex, 1028
Visual pathways, 1002f
Vitamin C deficiency, 825
V-,* (maximal velocity), 80, 80f
Voltage, electrochemical gradient and, 439,

4 6 4 , 4 6 5 f
Voltage-gated ion channels. See Ion channels
Von Behring, Emil, 1062-1063
Von \Willebrand factor, 834
VSV G protein transport, 582-583, 582f

Wall-associated kinases (\7AKs), 84L-842
WASp protein, 725-726, 725f
Water. See a/so Solutions

membrane transport of, 444445,
444f446f

Water-channel proteins (aquaporins), 423424,
444445, 444f446f, 445

in diabetes insipidus, 445
structure of, 424, 424f, 446f

Water molecule, dipole nature of, 34, 35f
Watson-Crick base pairs, 114-715, 11.5f
Watson, James, 114
Wee protein, in mitosis, 860,862,862f
Weel kinase, 886t
Weel protein-tyrosine kinase, 852
Western blotting, 98, 99f
White blood cells. See Leukocyte(s)
Whole genome shotgun sequencing, 187
Whooping cough, 640
Wiechaus, Eric, 17 l, 999-1000
Wiesel, Torsten, 1031
\fild type organisms, 166, 167l
Wilkins, Maurice, 114
Wilms' tumoq 290,290f
Wilson, H.V., 805
wingless, 699,702
Wnt pathway, 667f, 697-698, 699-700

in axon guidance, 1046-1047
in body segmentation, 909,914-915
in cancer, 1125
in limb development, 992-994,993f
in stem cell differentiation, 909,91,4-91,5

Wnt receptors, 666f
Wobbte position, nonstandard base pairing at,

1 3 0 - 1 3 1 , 1 3 1 f
Wound healing, dendritic epidermal T cells in,

91,s'Wounded-cell 
monolayer assay, 748, 7 50f

X chromosome, 1.3, 1.3f, 1,9, 1.9f, 955
dosage compensation and, 253, 9 58-9 59,

9 59f
inactivation of, 253, 958-9 59, 959f

in heterochromatin formation, 253-254
X-inactivation center, 958, 959f
X-linked recessive inheritance, 200, 200f
X-ray crystallography,22, 37, 38f
Xenopus laeuis

mitosis regulat ion in, 856-858, 856f, 857f,
867-869, 868f

neurogenesis in, 929, 989-990
oocyte maturation in, 854-856, 854f, 855f
n 4 t t P t n r n o  r n

anterior-posteri or, 96 5-966, 966f
dorsal-ventral, 963-965

Xeroderma pigmentosum, 148-1, 49, 1.'1. 42, 1' 1, 42t
Xist protein, 222t,253

in genomic imprinting, 958-959
XMAP215,  785,  785f
Xolloid, 965,966f

Y chromosome,1 ,3 ,73 f ,  19 ,1 ,9 f ,955.  See a lso
Sex chromosomes

Yeast, 5. See also Ftngi
autonomously repl icat ing sequences in.

2 6 1 , 2 6 2 f
budding in,872,873f
cdc  muta t ions  in ,  170-1-  l ,  l -0 f
cell-cycle regulation in, 851-852, 852f,

853t, 859-853, 860f-863f
cell-type specification tn, 921-924,

922f-924f
centromeres in, 261-263, 262f, 263f
cytoplasmic inheritance in, 237 -238,

237-238.  238f .  2381
as diploid vs. haploid organism, 166,

1.69-1.70, 169f
DNA repl icat ion, 877 -879, 87 8f
as experimental organisms, 26
functions of, 5
gene inactivation in, 205, 206f
meiosis in, 895
mitochondrial DNA in, 237, 238f
myosin V motors in, 743-744,743f
nuclear transport in, 343-344, 344f

protein translocation in, 540-541, 542f
pyruvate synthesis in, 485
reproduction in, 7,71
rRNA processing in, 350-363
secretory pathway in, 584,584f
telomeres in, 261., 2621, 263
transcription repression in, 299-301., 300f ,

301f
transfection experiments rn, 261-263, 262f
vesicular transport in, 584, 584f, 591, 596,

597f
Yeast genomic libraries, 180-181, 182-184,

1  83 f
Yeast mating systems, MAP kinase signaling

in, 691.-692,692{
Yeast mating type(sl, 7, 7f

alu, 169,170f
in asymmetric cell division, 930-93L,

9311
cell-type specification in, 922-923,

9221,923f
Yeast mating type silencer sequences, 299-300,

300f
Yeast SR proteins, 343-344,344f
Yeast two-hybrid systems, 310, 311f
Yeast Ty elements, 232,232f
YXXO sorting signal, 589, 589t,609-610

Z d\sk, 7 39, 7 39f, 7 40, 741.f
desmin and, 794

z DNA, 115, 115f
Zebrafish

as experimental organisms, 26
transport proteins in, 469, 469f

Zellwegger syndrome, 568
Zig-zag ribbon, in chromatin, 249,249f
Zinc-I\nger motif , 69 -7 0, 7 0 I, 29 1', 29 1'f . S e e

a/so Nuclear receptor(s)
Zona pel lucida, 9 5 5-957, 9 56f
Zone of polarizing activity, 991, 99lf
ZP glycoproteins, in fertilization, 9 56f, 9 57
ZwtllelPinhead, 920
Zwitterions, 52
Zygotes, S, 854, 950

cleavage of, 950, 960-96L,960f
as stem cells, 907

Zyklon B, 498499
Zymogens,9L
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