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Introduction

Mt·t!/c,,1 BillcIrI!IIIH/r\' (If <, GI£II,,'I! was envisaged. de ...igncd and

written a...a learrung aul lor undergraduatexrudcnts, The boo" convi-t ...
01 u serie-, ofpmgre"ivcl) organized. self-coruuincd two-page spread ....

III keeping with the general formula of the'AI a Glance' sene .... The

cruphavis has been on the diagrams. with supplementary text.and an

UIlClTIpthas been made til keep the diagrams us srmplc as possible, given
the immense complexity ojIhl;! subject. We hope the reader will lind

the diagrams rapidly and comfortably accessible. and that they will give

the information. literally. at a glance.

Although the book hi!' been calledM('c/iC'IIIIJiodl(,lIIi.\/ry at a Glanc ('.

II hi!' been written not only for medical \Wuenh. and we hope Ihal

vtudemv of BIOlogy. iucludmp nurses, will find the boo" useful. Wc
haw related biochemlcul tuncunn to di-euvc.bUI the emphasis hu ... hccn

nil the baSIC inlurmuuun ami mechanism, There lire branches of
BIOchemistry which arc nOI covered here, Plant Biochemistry, for

evumplc. "a very tmponaru and raprdly grllwint' vubjcct. a, " C11I1II.:ul
Hiochernrstry. which deals in great detail w 1111the brochcnuvtry

undcrly IIlf disease and with themcasurcment ol climcal 010dll;'l111\:(l1

purumeiers In health and diseuse. lt rs hopedncvenhclev (hal \IUUClm

Wishing to specialr/c inthose areas will find Ih,s hoo)" most useful as

an introduction In Brochcmixtry,
Biochemistry h a vast ,uhJcct whose knowledge hast: cvpandvdnily al

an ulmovt unbclicvahle pace, and thiv boo", therct ore , modestly hopcvIII

cover only the buxic mformation which undcrpiux the pmgrc" uuu "

made, and which will he required to ensure a good exummution result

for the student. Thebook isnot 10 be thought of as an alternauv e to the

substantial volume ...of Biochemistry \\ hich are available, and \\ hich

deal with the subject in farmore detail

We have madeevery attempt 10 guarantee the clarity, accuracy and

reliability of'thc inforrnauon, and have had the con tents read by u number

ormedical xtudcnt», whose corn menL, und 'lIggeslion~ greatly improved

the clarity of the diugrurns. 10 addition. the boo" has been read by several

experts. w ho have contributed irnrneusurably II) lhe confidence With

which we have produced theboo)", In particular, we wrsh hI thank Drs

Kathleen RO\\ ...ell, Richard Gregory, Graham Wallaee and Ms Carolyn

Watson, who read the entire book and Illude Invaluable comments and
,ug£eMion" We lin: grutctul. also,10 Ben Brornilow and to 1)1" Gm in

Brooks, Brian ElIL, and Hywel Thomus fur reading several of the

chapter" II gllc' wuhout <aymg. however, thm any remaining error-,
(nunc we hope) arc thercsponvihilrty III the uuthors and il thc reader

'pUb any we should like 10 "11(1\\,

II remain, IIn1\ III thank the cdunnal stall of Blackwell Science.

and parncularly Stuart luylor und Jonathan Rowley. furIh~1I paucnce

and guidance In bunging thi-, project III U fruulul concluvum.

Bell Greenstein

Lundlln, 199~
Adam Green-rem

Manchevtcr. 1995
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1 The eukaryotic cell

The eukaryotic cell
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INTRODUCTION
limits cell vi/e. In most cells. no metabolically active regionIS more

than 10...25 um away Irorn thc cell surface. II wouldtake days tor amino

acids, pcptides and sugars to diffuse <I couple ul' ceruirncrrcs. but seconds

to travel u few micromctrcs. Multicellular organisms have overcome

thi~ problem by developing a circulation.

Eukaryote- have amembrane-bound cell nucleus with chromosomes.
which are organizedaggrcgatior», orgenes, Algae, protozoa, fungi, slime
mould" plants and animals urc cukaryotcs,Prokuryoies arc unicellular

orgarusrn«. including bacterin. whose ccll-, lack a nucleus and several
other eukuryouc orgunellcv,

INTERNAL ARCHITECTURE OF CELLS

Cell size The cell nucleus isbounded by two membranes: the mner. which

defines it, and the outer, which is usually continuous Withthe

cytoplnsmic endoplasmic reticulum (BR). The nuclear membrane

system is also called the perinuclear envelope. The spnce between

inner and outer membranes ilo continuous with the lumen of the HR.

In unirnals, ccllx range in diameter from about 10 to 30 urn. Cells arc

usually microscopic to allow diffusion, a process whereby solutes

distribute themselves in the available volume, andthe rate of diffusion

2



Al points on the nuclear surface, theinner and outer mcmhranesappear

10 fuse, creatine nuclear pores s, which rna)'conduct marcnul-, between

nucleus and cyropla-m. ~1o~1of the cell'< deoxyribonucleic acid I D~A)

OCCUN in the nucleus. il' a DNA-flrolcin complex called chromatin.

\\ hich i..urguni/cd into discrete. elongated bodies about 25 nm thick.

calico ChW1110MIIIII.".The DNA c()ntaill~ the cell's geneuc iufurnuuion.

Inside the nucleus I~ tile nucleolus. rich in ribonucleic acid
(R NA). Wi Ihin the nucleolus are \)IU':or more chromosomev termed

the nucleolar organizer. where ribosomal RNA (rRNA II~ Iorrncd.

The non-nucleolar area of the nucleus I.. the nuclcuplu-rn. \.\ ithin

\\ hich occur, II 'mall family of fihrouv protcm-, termed lamin .... \\ hieh
appear to hind DNA lu the nuclear mctnhrunc.

Internal membrane systems of 1111.'cytoplasm

The ER 1\ ottcn the largest internal membrane system\)f the

eukaryour cell Rough ERI' ..tudded with nbosomev. \\lull" vmooth
FR i..not

Smooth EU i, the 'IIC uf ,ynthc,b IIIIU metabohxm I)f phos-

phulipid« and lutty acids. Smooth HR cuntnrns several enzyme» thut
detoxify curcrnogcn-, 01 pe~lkidc, by rendering them WUlCI'soluble

and therefore IIImc easily excreted, Thiv may expluin II. h}' -ome

(elb. \Ud1 ", H\cl hCp:lt(lC)h! .... ha\'e mtlre ,mooU, ER IIl,ln other
cclllype,

Uough ER " pre,cnl III high ahllnuan~'c in l·el!.. thilt prvuuec
pcpllde hormonc .... e.g. in ...ulll1. and prnlein ... e.g. antlbuole ....

Ribosomes hound III wugh bR pl'lltlucc 11I'oteins. lormlng part of

c.:cllllnd organclh: mcmbrane ....Thc rRNA messenger RNA (lnKNA)

c.:olllflfex " ,lIwched to Ihl.! ER. and lI~ualfy ptlsse, thl.! clnngtlting
p..:ptloe Ihrough II pnrc II1l<lthe cenlrul IUlIlcn of the E:.R. \\ hl'rc the
chain tlg!:1rcg,IIC\ prior Itllrlm'florl:tliun chl'\\ here in the 1.'1.'11.or Into

Ihe elliraccllui.lr 'pal'c
rhe Goigi uJlIHlrlllUI> i, u ...Y~tcll1llf f1ullcrll:d \'e,klc\ lind ,month

lIlemhrane, whlt:h tran,)'er ... lipid IHcl'ur'tcW\ :II1U cnrbohydnltc In

prol..:ins tn rmmlipoprntein ...and gl),copl'Olein" respl'ctively. The laller

proce;.,. c:.lileu glyensylutinrt. i, ncce,"aI'Y f'or prmcln U·tlll'port "cm"
Ihc plasm:l IIll'lIlbmne The Goigi .1I)'u produ(;l';' much new cdllliur
Illcmbrune in Ihe form uf \ e,ide\. In \\ filch hormonc .., pruhurmunc ..

unu 'Ollle CII/) 1Il~' .. r~ pnc"agcu ,lI1d c\('urtcd from Ihe cl.'ll They
,,1,0 produce I1lcmhrane for organelle, ,uch a, IlI.'rOXISIlllll'\ ,Ilid
Iy,,\,nme~

LYSOlWIIlCS MC orgallclles wilh n ~llIglr l11emonlllc. enllnsillg
aI.:ld hyurulu,c CII/YIlIC' in an acidiC (flll 5) elwlrunllll'lIl. The

hyorola ...c .. ocgruuc pulymer, ,uch II' DI'\A. RN,\ and prulelll into

Ihelr II1tlnol1lcric III1'h. Th.: Ipn"llllllllllell1hrunc I' illlpcrlne;ahle

1(\ both li"'ge and srnull molecules. which arc iran ..ported through

it h) ;.('ccilic mediators Generic lac" of a 1),,,,um.i1 enzyme,

~-N-ht:\u ..aminidase. which i..important m the lumo, crllf a membrane

protein G'I. rC\UILS in Tay-Saeh« diseaseIII whrch thaI protein
accurnulaics in developing nerveccli, and rc ..ulr-, III death b) age

ahill! I 'i years.

Peroxlsomes arc smalt organelles containing cuzymes that u..c
oxyge n (0 l to ox idi zc uric: ucid. n-arruno acrds and some
2-hydw;\,)acid'. with ihe producunn ofhydrogen peroxide O-IP )
H 0: i, converted in the peroxr-ume IU water (H 0) and 0 h~
catalavc. The peroxisome tbu, protect« the cell from H.O " a powerful

oxidant Peruxivornev alvo contain enzyme, unportant 10 flpic..l

metahollsm, Peroxisomul enzymes vary lrorn cell III cell. and with

changes in cellular conduions. Absence or peroxisome« in hrnin,

t..hJnc) liver and vkeleial muwto result~ in a rare autnsumul recesvive

disease, ZeltwegerS) ndrome, \\ hichcausc-,death \\ IIhill6 month,

uf hirth
i\liloch()ndria are the cnl'rg} JlII\\crhou-ev of the cell. They are large.

being about 7 jJlll long and about O.'i J () um diameter, and Illa} UC(;UP)'

up to 25'~~ 01 the cytopluxm They pos~c" "(1Ih inner and outer

membranes. The outer membruuc 1IIh,w, the pas-ugc Ill' large molecules.
up 1(110"Du .....hile the IIII1CI tucmbrune IS levs permeable The inner

membranehux many infoldmgv or cristae. which protrudc intulhc inner
'pal.e tlr matrix. Re'plr<ll11r) cll/yane, prntrllue lrum Ihe inner

memhralll' IIlIU Ihe matm ..:I'wcll '" thCl~e which cataly'c Ihe produClltlll
(If adcnu~ill~' Inph()~ph:Jlc (AJ'P) from ,IOCntNIlC olphu'phme (ADP)
and inurg:ulIc ph()~flhlllC (Pi) tfle malnx J.. tilled wuh the enzyme,

convertlJ1!! Ul:Clyl-c(lel1i')'lm~ A (('(\Al lO carhon dlllxlde «(,°
1

), Many

'Uh'lan(;c .., '"c.h u, AT!>. AD!', CIlr:lte anu pho,'pI1:l1C. Whll'h nel.!d 1Il
muve Into and oUI of the IllltlK:hnnonu. cannot pa" pa ....jvcly through
thc rnemhmnc and :Ire 1r1111'jlUlleti hy permca ..c protcln, whICh IUfl11

chunne" 1m Ihel11

In thl' nllltrix .Ire ,ewrull'IIPIC\ Ilf a \ IIIa II DNA ll10leculc Ihul code,
for sevcraf "cy lIlit.oclmndl iullllcrnhral1t! prolcin ... MO~I rnilud1(lndriul

protcin~. Imwcver. arc proulIl:cd hy cYll1plu,mic l'iho"III1C' u~ing 111RNA
origlnaling In the cell nudcu,

rill: t')lu'tkclctoo" a nelWelr" Ilf fil.uncm\ uno microluhufe ... ""bi(;h

IllUlI1taln, ccllular morpholngy. tr,Ul"'port. Illlln ....'. me Ill ....' ano ccII
mull hI). rhe l1li~'rUlubule, .....1.' CUlllJlll>eO of JlIII) Iller, Ilf Ihc pmlCII1

luhuhll. AI fca,t three I11cchm1o(.hl'llllc.:al prolcln,. "lllc\in. u)'nc\in ano
Ill)'OSII\. whll'h l'onvcn l'hCl11ll',,1 il1ln mechanic!!1 CI1CI'I1),.tll·c.:llr in the
cyltl,kcil'ttln

The l'yl(\~ol. where mOlI1Y reacli(\n .. OCClIl'. c.:olltailh \oluhlc
C(1I1\lilllClih. (NOIC. thl' rihoMIOlC " uealt \\ ith mnre rull) (In

Pfl 32 H J



2 Membranes I

Membranes
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Membrane structure I
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LIPID MF.MBRANES

Functions

Membranes (i) define the shape ofan organelle or cell: (ii) control the
exchange of volutes, c.g, sodium (Nail, potussium (K') anti chloride

(C I I ions between interior and exterior: (iii) form the site of chemical

reactions. e.g. oxidatlve phosphorylurion on rnitochundrial membrunes:

(iv) are II site for recognition of chemical messenger such (IS hormones

and ncurotranxrniucrv, whose receptors may be situated on the
membrane. (v) have a role In cell-cell recognition: and (vi) lucilitatc

cellular locomotion.

Architecture

All biological membranes runge from about 5 to 10 nm inthickness,
and contain protein and lipid. the ratio or the two varying with the
membrane source. Mammalian membranes arc especially abundant in

phosphol ipids and cholesterol. Thephospholipid hi layer is the Cl)01mOIl

-rrucrural unit. Phospholipids arc: umphipathic. i.e. posxcssing both

hydrophilic and hydrophobic portions in the same molecule.

Hydrophobic interactions between the [auy acyl chains 01 the lipid

molecules produce II phospholipid bilayer. a sheetor leaflet possessing
lWO layers or phospholipid. whose polar heads face the H~O. while the

fauy acyl churns form the hydrophobic interior. When phospholipids



an: shakenup with H O. they form spherical micelles.whose fatty acyl

cham, point away from the H 0 surface.

The lipid bilayer I..coated on both sidcv with proteins, and according

10 the Iluid mosaic model. the lipid, them...elves and some protein, IllOVC

around in the plane 01 the bilayer.
The membrane proteins serve several IUI1CII()n~ They may: (i)

transport molecule ..through the membrane. Iii) actii' receptors for
chemical messenger .. ,..uch a,hormone ..; (III) make possiblecell cell

interactions through their branching carbohydrate chain x, which al,o

make possible therecognition of anugcns. and (IV) aCIii' enzymev,

Protem, may beintegral. being firmly bound 10 the membrane. or
associated. beingloosely or reversibly held tothe membrane amiahle
III he released by mildtreatments. lntegrul protcm-, may be anchored.

11:, bonded covalently to the membrane bya link between the enrhll\>
terminus of the protein and amembrane glycopho-pholipid (,ee beluw j.

Many integral protein-, arc m-oluble in II O. and arc embedded inthe
membrane ami held I~)II hy three main forcc' (i) ionic inteructions

wiih the polar heads: (u) hydrophobic mtcracuon-, with the lipid uucnor;

ami uii) specific uucrucuons with cholesterol III other membrane

molecules. Most integral proteins spun the lipid bilayer and have polar

rl'giolls at both ends 01 the protem.

l\IEMBRANE CHEMISTRY

Membranes arc made lip01 protein. lipid, and varying umounr- III
glycolipid and glycoprotcm !'glyco-' implies 1I vugur moiety)

The three main lipids 111 eukuryouc mcmhruncs arc cholesterol.
l.()hingolipid\ and phosphoglyccrides Phosphoglyceridcs lire the
major membrane lipid componerus. and the two most abundant phr»,

phogtyceridcs arc lecithin t alvo c.lllcd pho'ph.ltidylcholtncl lind

cephalin (aho called pllll'phalid) lethannlanlllle) Sphingolipid, arc

al11phlputhic molecule, COI1'IMlng01 Ion&,·chall1 fUllY acids With all
ul11id~'lil1klJgc, which prm ides Ihe pulur head. Such a cOIllPound i" tenllcd
II cel'mnldc. GlycC)sphin~C)liJlids have a Mlgar moiely. eithergillen,l' 01

galactose. attached to the ceramide,Cercbrosidcsare examples ofglyco-
vphmgolipid-. Gatactocerebrosides arc ccrebrosides found mainly in

the central ncrvou- system.
Cholesterol b arigid molecule that nuerculates U0111llg the phos-

pholipidx in the membrane, lls lour-membered hydrophobic stcnud ring

interacts with the tauy acyl chains or membrane phospholipids. AInoc.
in eukaryotic cells. cholesterol limns the fluidity of the membrane But.

it also prevents themembrane from becoming lesv fluid at lower

temperatures b)' preventing the chums from banding. to each other

Membrane fhndity depend ..nOI only on the cholesterol corucru. hUI

also on temperature and the lipid cornpnsition. Fluidity I' promoted by

shorter, unsaturuicd fuuy acldv There L, evidence Ihut fluidity in

membranes ofcertain cell ..may be mllucnced by diet.

THE ERYTHROCYTE MEII.IBRA'\E

The erythrocyte plasma membrane 1\ rclauvcly easily separated from

other constuucrus. The lipid component' arc avymmetricallydrsinbuted

across the membrane. III contrast 10 then vymrnetrical di-rriburion ill

micelle ...Fur example. cephalin occurs predominantly nil the Inner lipid

layer. Thi .. a'), mmciry may be muinuuned b) the tranwcrxc movement

Ill' pho-pholipid .. anlh' the membrane. a"'I'led 1'1)' membrane protcln'
uving metabohc energy to till \() An uncatalyvcd 'Ilrp-Ilop movement

oj 'phlngllhplu, and phosphoglyccndcv ann" the membrane I' ,Ill"
due to the tendency lor the polar hcads not 10 enter the hydrophobic

bilayer, lind 11I11Ytake days or weeks.
The erythrocyte 111cmhr;1I1cconuuux un mtegrul glycopnuoin.

glycophorm. which contains IJ I lIIllIIIO aculs and 'pans the membrunc.
and another called band 3. because(lj it, mobility on a polyucrylumide

gel after elcctmphoresis. BandJ.a 9()O amino acid protein. may have a

role In Ihc lacllllatcd dillu\ion III hydrogen earOonate (IICO) ) and
(I aern .... the melllhranc. II bind, Ihe C:ylO\ollc peripheral protem

nnkyrin. which III lurn hind .. the protcln spcclrin, Specll"in ami tll1l..Yl'ln

arc membl!I" or the crythrocytc cylo,kclclon.



3 Membranes II
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Nat;K+-ATPase pump

The mcmbrune i,selectively permeable III volute-, Inorder to: (II rcuun

u hUITICI to the cxtraccllulm CIWIIOI1I11CIlI; Iii \ ensure that csscnual
mulcculc-, such m, lipids. glucovc und al111110acnls enter the cell. ihu:

these 'lay In the cell and Ih.1I waste prmlucl\ kaye the cell: and

I ill \ uuunuun rome gradicni-, ac ro" the membrane lntruce lIular
orgauellc-, may abo ha\ c -clcctivetypermeable rnembranex.For
example. the lysosome mernbrune murnrum-, a concerurauon of
hydrogen inn' (H ) 1000 III I OOO() limes grealer than ill the cytoso]

Tranvport acro" the membrane may hI? passive. facilitated or active

(.

I'a,sin~ transport I~ the movement lit [I molecule or Ion down II

conccntrunon or etc I.:Iroche mical grudiunt. It may he h) "mple

ditluvron. wluch I~ how gil 'I.! , Midi a~ 0, and CO and IUl\\ iI :-.il1lplc
molecule like: ethanol crosv Ihe plu-mu membrane. In simple d inlIS"'",
1I small molecule divsulvcd in the cxtruccllular fluid di",)IVI.!~III the

membrane and then in the intraccllulur Ihud The proccv-, i, 11011

vpccific, and the rate-limiting Iucior tor entry of the 1l101l.'LUIe uno the

membrane I' lis hydrophohicll). I c It, ,"luhillt) in OIl. The rare III
dilfuvion through the phovphulipid hrlaycr is proportional 111the
hydrophohint) It I' al,o proportional [() the conccrunuinn gradicn:
acrov-, the:membrane

OUlslde

T

1



Facilitated dilTusion Il> the rapid movemem oi molecule, acro-s the

mernbrune. \\ Ilh the help of specific rncmbi ane protcms called

permeases. The processi~specific, I~ taster than would be expected
from diffuvion alone and there i, a maximum rate oftranxport,

Active transport i, the Il1(WC01enl 01 lonlt Ill' molcculcv ucrosv the

membrane again'l aconcemrauon gradrent. \\ hich uulizes energy In

the form 01 AT!> hydmly,i, 10 do 'U. There ,Ire three marn Iypelt (If

aeuve ion transport: (i) the N• •'/K·-Illienosinc triphosphatase (ATPlIse)
pump, which transports Nil' !lui and K' in: (il) the calcium inn (Ca ')

pump (alxu called the Ca' ·\TPa,c pump). which drive-, Ca= out of the

cell or from the cytoxo] uuo the sarcoplasmic reticulum: and(iii) the

proton (H I pump. lon gradients generated by acuve transport can be

coupled tothe ncnve transport 01 moleculessuch ", certain amino acids

:1Il1l ,ugar~ (',ccumJary' active Lr:l11<port).

Cotransport " the transport (If an ion or molecule coupled toU

cotransponed IIlII Sympor! i, the vimuhaneuus movement of both
III the same dirccuon. while untlport b vimuhaneous movement In

opposite dircctinnv If lr:tI1',pml I' not coupled In • .1cotrun-poncd ion,

the proccsv rx termed uniport, Couunsport may occurdunng lucihuucd

diffusion O( dUlIng acuve trUII\Ptu l. Glucose (,:1111he transported by II
') mport-Iacrlitntcd diffuvmn. \\ hile CI lind 11("0 arc transported

aero" Ihe cr)lhroc) Ic mcmhrane b) :ut anHpml lacllllaled dlllu,ion
pump callell h.lIld .,. wllll:11 pUIIlP~('I anu IICO In oppoltile dm.!ctiulllo.

tile Jirectiol1 JC'pl'lIuing on the prevailIng concclIlralion gradlellt.

Acti\ e Iran'pmt requlrc, clH!rgy gcncralt'd 11y A'll' hydrol),"lt to AD?
coupled III Ihe pumping 01 Il1lh agall1,l Ihell CIlIH.:cnlralltll1 gflldlem:

AlP -> AJ)P t PI, Likc li.'l ,liMed dllfu'lOn. Ihe lrun'pon " 'l.....llItC.
hal, ,alumllllll klnctk" and can he Inhibltcd. An 1.'\.lmple Ilt Ihl.' primury
oClive Lr,1I1~pllrlNII'/K'-;\TPtlse Jlump. Thi~ I~ lin llllliporl,'r ell/,Yllle
Io)'Mclll which requll'clt Nil'. K IIIHI l1lagnc~lul)1 ions (Mg"), lind j,

pre,enlill vlrillullv all :mllllul,'cll ... wllh e'llCtllllly high concentralion,

111 e\clIahlc tl\\UC, such :I' ncrvc and mll,dc. amJ III cclI~ aCllvely
il1\iuhed in l\a mm;emenl a~III" Ihe pla,lllll nll:l1lhranc. fur c\amplc
Ihe Iddnl') corte\ anll suitvar) glullds.

The ArPa,!: \:l1/yl11e is UII oligoi1ler. C(lll1pl)~l!d III two C11.-~Llbul1iISIII'
110 kDa. andIW\) glycopnllclllii ,uhunils uf 'i.'i kl)u cach, Dunng ,\'I P

hydrnIY"I\. Ihe ct \uhuntl " ph()~phor) I'llcd IInu dcph(hPhol") i:ued
on a \pe~'llll a'pan"lc rl"lduc I<l form iI rL"Jlllrlam~ I phll\phillC,
f'ho~ph(lrylaltlln rClIuil'e' Nil' and Mg • hUI nul K . while deph()~-

phnrylatilllll,:qllires K' hllllllli Nu' 01 Mg' rhc pmlclll cOI1l]1II.'\ hal>

been described inIWO conlormauons related 10 energy level. andIhe

ATP,,,e i, thus referred 10as ,111E,-E!-t) pe transporter The ATPasc

pUIllJl " inhibited by the cnrdiotomc glyc()\iuc\. ;ncluuing digoxin lind
ouabain. Ouabain. dueIn jh high I 1,0 volubility, has been extensively

used to characterize thepump.

GLUCOSE TRANSPORT

Glucose transport provides anexample of buth facilluued di [fusion and
active transport. the formerutilizing a uniport mechnnivm and the lauer
a') mport mechanism. Glucosecan be trunsported into erythrocytes b,

facilitated diffusron. The Michaelis con-tan; (K.,) for gillco~~ uptake

into erythrocytes IS about 1.5 mmoJII (i.e, at Ihl\ concentration 01

glucose, uboul50% \If the available pcrmea-e molecules willhe bound

III glu~'(l'c moleculev). Since the conceruruuon of glucose in human

blood "around -1-(, mlllulli. glucose uptake Into cl) throcy le~ \\ III occur

al virtually maximum ratev, The permeuvci,10peeI tic .... nee thei-rsomcr

or glucoxe i~ nnt 'Ignilicanlly transported into the erythrocyte
Ii-galuctosc and u-mnnuove tire trun-poncd. bUI higher cunccntrutions

ure required to half snturutc the lI'un"pofl vyxtcrn Once inside the cell.

gluc()'c I' pho,phol)'lah:d lind canno longer leave the cell The permease

for gillco~e I' ai,,, termed a n-hcxoxe permea,c II j, an inlegrul

lI1emhrancprotelll Ill' lI111lccular ~~clghl l'i kDa
Glucose can also he tllll1'porlcd by II Ntl"dl~pendclIl ~yIl1P()rlltyslelll

round in plasma I11cl1lhrullCSot'lis\Ues. lIIc1l1ding the kldllcy lUbule and
Inle'llIIlIl eptlhchulll. Onc molcl'ule of !,Iuco,e IS movcd ugaJn,t ih

concenlrallon gradient. und one 11)11 III Na' " mllvcd down I"
CUIIl'Cl1lrallllll gruulcnl hy facllilaled dlnu~iun But. Ihe 'y'h!11l "

ultill1!1lc1y lInvcn hy Ihl' Na'/K ATPu\C pump, The ,ylllpmlis lherefnre
<l sccl1ndllry "ClivI.! Irllll'pl)rt system AminI) ucid~ IIrc similarly
Il'an,portcd,

The ('a" pump i, an FI E.,-Iype ul:livc transporl pump,)I bUll inlcgrnl
IllCl1lhnlllC prolein. pholtphu/) IUlcd Ilil un a,purt<lmyl fc,idUI! dUring (' .. '
Intlhpun. TWIl Ca 11111'ure lran,pucll'd lor cilch mlllenilc (\1' AI P

hydrnly\Cd. In cul<uryolIl cell" Ca' nllllh I<l UcalCium hinding proleln
clliled cnlm(ldulin.lllld Ihe complex nilllh In Ihe (,,, pUlIlp. Olher (' ..

hindlll!,! protein" Illdutll' Impnnin C alld purvalhull1l1l

7



4 Membranes III

Receptors and second messengers

C·terrmnal ACTH
adrenaline (b)
gl\lcagOI'l
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J.
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J.
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Outside
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cAMP Inside 1
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hnkedreclll)lor With 7 N terminal
transmembrane helices
(e.g. Il,adrenerglc teceptor)
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C " catalytJc subonil

G
G

CHEMICAL COMMUNICATION

Endocrine signalling occur), whencells III organs rt,)1l111~echemicals

or hormones which travel in the bloodstream torarge:cell-, or organs.
which recogruze them through specific receptors Receptors arc

proteins Ihnl may he xituated on the plasma membraneIll' Inside (he

Oulside

Inside

OutSide

tnside

cell. The receptor ha« 'lie" that recognize and bind the hormone. and

the binding reaction produces a change 111 the receptor which .1110\\' II

to pusson to the cell the message thutthe hormone has hound toII.

Lxarnplcx 01 hormones ure adrenaline, msuhn the "ex hormones am!
thyrmd hormone. Paracrine signallrng occur, when the'l'l rcnng and

target cells lire udjaccm()I close to eachother, Autocrlne 'Ignalltng



involvev the releaseby a cell of a chemical that actson the cell which
released it. Gro« lh factors arc often paracrine or autocrine hormone,
Sometimes. achemical vuch It>. adrenaline. I' both endocrine and

puracrine
Chemical signals or hormone, acting on plasma membrane receptors

arc generally II~O soluble (e.g, rnxulin. adrcnuhne) and produce

relatively la,l responses(second, ornunutcs), Chemicalsacting inside

the cell arc generally lipid soluble (e.g, cortisol, vitamin D" enabling

them 10 pas~ easily through the plasma membrane. Their effects ure
slower III onset (hours or days) because their receptors alter gem!

cxprcsxion and suh-cqucnt protein synthesis.
Receptors detect chenncals,They exhibit the propertiesof bmding

selectlvny. high affinity. reversibility and effector specificity forthe

hormone Ihal bind, 10 them. An example01 effector specificuy 1<0 the
acuon of adrcnahne. which In liver cell- cau-e-, glycogen breakdown

and glucose release,while in neurone- adrenaline may generate an

electrical impulse.
Membrane receptors are integral protcms that span the membrane.

On the extracellular surtuce is generally theN·tcrlllin ..1domain: inside
the membrane ISa helical hydrophobic ('11,0 huting') domain: and the

C ternunul domain extends into the cytosol. Membrane receptors may
he linked to different signal trunsducuon ~ySIC1l1': Ii) G proteins: (ti)

IOn channel ..: and (Iii)enzyme ...

A (;-protcin-linkcd receptor. adrenaline. binds W ..cvcral different

receptor 'Ubl.>PC', termed a. a .. r!, and p. For example. the

fl adrenergic receptor recogrnzcv both adrenuhne and the neuro

truuvnuuer noradrenaline, as well as <evcral aruficral compounds.

MICh as isnprcnaline. Thc p,-adrenergic rcceptur rne,~age lralNJullioll
l\ystcllI has hccn rclalively well clml'tlelcri/cd Thc rcccpltlr itself ha\

,even IIlcl1lhrunc-~Jlallning heliccs. whose urrungcmcnt wllhin the

1lll:1l1hrdnC lIIay diclate Ihe ~pccilkily wilh which the receptor binds the
chcmieal. Alter Ihl! dl!;!mical h:" hound.lhc rceeplor intCf<ICI\ with othcr

'CPUl'lllC mcmbrane componenl', whichan: Ihc G protein» and Ihc
en/} mc udenylatc cyclase.

SECOND MESSENGER S\ S'I EM

Tlghlly hound Inthc cYlopla,mll. ,urlace (Illhe memhrane IS Ihc Integral

G protein, \11 c[llIec.1 because it hind\ gU:1I111Slnetripho,phale (GTIlI

wilh Iligh aftinilY. The G prolein CUI\\II-t, or Ihree subunits. callcd (1.1:1
:ll1d y. or molccular weighl uhout 42 ..l'i lIml I() kDa. respcclively. Thc
a··,uhunil call bll1d gunno,inc dipho'phulc (Ol)p) lind GTI). The third

protein Integral to Ihe membrane i\ thc erll.Yll1c udcnylate cyciao;c. which

I"I~ an ATP hlnding sile on the CYlophl\mic face of the membrane and.

when the cil/ymc 1\ aClivatcd. I( COll\'ert' ATP 10 cyclic udell(\\ine
lllonophll'phale (cAMP).

In the ah,ence of honnonc. the G prolem blllc.1, GOP. and udenylule
cyda'c i, In;Jell\e BUI. when Ihe hmmone hind,10 it!. \Ite on Ihe

receptor. the receptor' ... conformation is changed and it binds the G
protein. GOP dissociates. allowingGTP 10 bind instead. Consequently.

the G protem dissociates tnto GIll and Gu-subunits The G • .-,ubullIt
bind, to adenylate cyclase.which 1\ acuvated. andconverts \TP III

r,;A\lIP. cAMP is a so-called second messenger.relaying 10 the cell the

facl that the hormone has hound I() thereceptor, Adcnylate cycluse

ucuvuuon is rapidly tcrrruruned byhydrolysis of bound GTP to GOP.

resulting in the reselling or the system for further stimulation.

Within the cell. cAMP initiates a cascade of protein phosphorylation ...

hy binding 10 a protein kinase. When cAMPhinds to II. the kinavc

dissociates into two suhunus. one regulatory and the othercaralyuc.
The kinase is then able to phosphorylate other proteins by tran ..furring

the termmal phosphategroup of ATP to serine. threonineor tyro-inc

rcvidues ofthe substrate protem v.The end result of the cascade may be.
for example. glycogen breakdown In liver or muscle. the hydrolyvrs Ill'

tnucylglyccrol 10 fauy acids and glycerol in adipose (fal) cells or the

,ymhe\ls 01 steroid hormone, 111the adrenal cortex.

This type of cascade i~ an ....xtremely efficient system fur amplifying

the signal. since thebindlng of a single adrenaline molecule results in

the ucuvation of adenylatc cyclase molecules, and the generation of

many molecules of cAMP
lnhrbuory G protem-, also exist in the membrane, and thcvc are

activated III inhibit producuon ot cAMI' They arc activated by dtllercm
receptor', and hormone, Theve G protcms h;JVC Gil -suburutv, hUI a

different G ..-subunu, called (1, ... which bmds GTP when acuvatcd, bUI

which xumehow inhibus adcnylarc cyclase. For example. adrenulmc.
through 11\ p.receplllr. sumuluicv cAMP production. while the

I1Cllrtllr,U"Il1I11CradenllslIlc. Ihrough line nf il.' rCeeplOrl\. Ihe AI reccpllli.
111111hltscAMP prnductlllll. rhe adCIl(I~Ule A,-reCCpltlr, h()wever.

'lil11ulutcs cAMP production.

Nol('; chokra lOX In. produrcd hy Ihe haClerIUIll Vibrio (h"/I'/'(/('.

Irreversibly aClivatcs G". 'II thai II callnOl hydroly\e 01 I' til GDP.
rc\Ulllng In continuousl}' ral'ed cAMP In lhe 1IlIl!sllnai epllhcliulll

cl'lI. cau\lIlg a tlooc.l 01Na' .1Ild II () Illtnlhc IIlIC\lInallumcn. 1l),1\'1"C
dJ;lrrhol!a and po\slhlc de.lIh from dehydrallon.

Other example" elf \econd lI1es,en!,ers arc inoSlllll trisphll\phuIC
(II',) and diacylglycerol (DAG). which arc gcncrulcd b} ul'lIvali()n

of I11cmhral1l! receptors by hnl'll1(lI1Cs,I'm example Ihrough Ihe aClillll

01 adrenalinc on Ct,·recCplOl'~. (lr the ncurotransmiltcr ~Icelylchlliine
on IllUsc:trilllc cholinergic rcccptol" The.: IIcliv:l(ed reccplllr bind, 10

a IIH.!mbrane G prolcin. which stimulalc, Ihe mcmbralle hound

cillymc phospholipu\e (' (PI.C) III hydroly,e phosphmidylinu,illli

45 hisphosphulc (PIP,) In I)AG IImllP " II', diffuse, il1lolhc Cyhl\ul and
bll1d, lU a rceepwr on Ihc ER. whlth discharge, frec (':.' Into Ihe

c}lOpla,m The lun, facllllal .... Illlraceliular pmce,sc" such<1\ ' .......lc.:Ie

C)(llCylosls nr glycoly,i".

<)



5 Intracellular receptors and receptor antagonists

Intracellular receptors

Membrane receptor antagonists J
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Mechanism of receptor activation

Intracellular receptor proteins bind to the lipophilic hormones which

pass easily through the cell membrane. The intracellular receptors
for steroids. vitamin D and thyroid hormone form pan of a large

so-called receptor superfamily. whose members bind to the nuclear

chromatin and alter transcription.

10

Zlnc Zinc
finger hnger

The mechanism of intracellular receptor activation by hormone i!>not

known. but there is evidence lJl<11.in the inactive Stale, the receptor i~
bound by a heat shock protein(HSP90). The number 90 refers to the
size of the protein. The term 'heatshock' was given because these

proteins were originally detected after cells were injured by heat shock,



although it is now known thar they are expressed in untraumatized
tissues. There isa family of IfSPs associated with diseases. fever,

ischaemia. ageing and theinflammatory process. Some HSPs arc also

molecular chaperones (seep. 1(7).
When the hormone bmds to the receptor. the HSP90 dissociates from

the receptor. ami the receptor proteins formhomodirners, The receptor-

hormone complex binds to specific sites on the DNA. called hormone
response clements (HREs). upstream from initiation sites. Manyofthe

deoxynucleotide sequences of the HREs are known. Receptors for the

sex borrnoncs. andfor glucocorticoids such as cortisol. are associated
with HSPs. although receptors for thyroid hormone and vitaminI) are

nolo and these receptors appear able to bind to theirHREs in the absence

of the hormone. In all cases. the process of receptor activation involves
phosphorylation of the receptor, although the exact mechanism i:. unclear,

Nature of' the receptor

The members of the intracellular superfamily of receptors contain three
main regions. The first is a DNA-binding domain (region I) which

consists of two 'zinc ringers'. so-called because each binds an ionof

zinc (Zn1.). This region is rich in cysteine and basicamino acids. It is

believed thuuhe first zinc flnger dctermines the spccificity of the binding
of the receptor to DNA. while the other stabilizes the receptor to its

response clement(l11 the DNA. Regions 2 and 3 of the receptor determine

the hormone specificity or the binding reaction. From the scheme shown
in Fig, 5.1. it can be seenthut region I is very highly conserved among

members of the superfamily, while the hormone-binding regionsshow

I11l1chtess homology.

RECEPTOR ANTAGONISM

The specificity ()f the binding reaction between ligand and receptor

CI'\!lItC\many opponunltics for designing dl'ug\ that will lessen or prevent

the action or the ligand. Receptor-blocking drugs play II large ran in
therapy, andcxurnplcs include: (i) the ~-rcceptor blocking drugs. for

example, propranolol, usedto treat cardiovascular disorders: and
(ill the anticancer drug tamoxifen. which inhibits the binding or the
sex hormone oestradiol to its intracellulnr receptor. andIS used in certain
lorms of breast cancer.

Antagonists can block hormone effectsby binding directly III the

receptor, or through Indirect JJ1eUIl~. In classical pharmacological
terminology, the ligand that activates the receptor is termed an agonist.

and the ligand that blocks the action ofthe agoniMI.~termed an antagoniSt.

Membrane receptor antagonism

In the scheme shown in Fig. 5. I. agonist I binds(0 its site in order to

elicit the response. while antagonrst 1 binds to an allosteric site on the

receptor to block the action of agonist I. An example or such an
agonist-antagonist pair is theneurotransmitter glutamate. which binds

to its site in order to open ion channels. and the antagonist 2-amino-

phosphonovalerate, which binds to an allosteric site on the same

receptor LO which glutamate binds.
Two molecules ofagonist 2 arc required to bind in order to elicit a

response. and antagonist 2 blocks by occupying the sites.An example

of such an agonist is acetylcholine. which bindsto two sites on the

nicotinic receptor on skeletal muscle fibres. The antagonist

tubocurarine. a muscle relaxant. occupies both sites. and blocks the

action of acetylcholine.
Antagonist 3 does not directly antagonize the action of a ligand.

but is able to penetrate the membrane andinteract with the post-

receptor mechanisms to block the action of the agonist. Itmay. for

example. inhibit thepassage of ions through a channel opened by the

agonist. An example of antagonist 3 is the anticonvulsant drug

phenytoin. which blocks the rrunsmlssion of ion!'> through the

membrane.

Intracellular receptor antagonism

Intracellulur hormone action can be antagonized by substances thut

interfere with the normal hormone-receptor interaction and post-receptor
binding processes. The receptor itself may be blocked, or the post-

receptor-mediated events, for example DNA binding.transcriprion or

translation.

Dimcrization block

Drugs have been developedthat block the dimcrization of the receptor

once it hus been activated hy the hormone. An example of sucha drug
b the compound ICII64384, which appears[(1 block the dirnerization
or the oestrogen receptor homodimcrx after they have been hound by
ncsundiol. (lei is the company thatdeveloped the drug.) Failure to

dimerize will compromise the ability (If the receptor complex I() hind 10

the HRE.

Transcriptlonal block

Transcri pt IOn!I I block il. the mccharusrn whereby two important

antagonists 01 steroid hormone action exert their effects. Tam-
oxlfcn, mentioned earlier. and the controversial substanceRU486
(developed by the company Roussel10 block the actions of the
hormone progesterone. and rhus terminate pregnancy), both inhibit

activai ion of transcription activation sires after they nrc bound by

the rcccpt or.

II



6 Molecules I

Nucleotides and bases
I
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CIU:\IICAL IlASIS OF ChLLS

All cell, depend on chemical ucuvuy. which can convemcntly he

cla,~tlied III term, of function and structure Functionally. cells rely
Oil chcnucal-, In provide energy, to mamtum electrochemical gradicnt-,

.lcro~~ membranes undto provide the messenger- which convey

inlornuuion. Structurally. cells require chemicals to provide the building
blocks 1'01' the structures which have been described in previous chapters

and fill growlh and repuir of these structures.

Chemical slze

Chcmrculv can he classified broadly111 terms of .,I/C. a!oo'mall or large

molecules. Small molecule, COI1'I,t.gencrully. of k" than 50 atoms,
wuh molcculur weights mainly Ics' than I ()(X). and have beenreferred

III ii' metabolic intermediates, Theyinclude the morganic illll' such

us N<I', ,ugars xuch as glucose. ammo acidv, for example glycine,

nurugcuous ha~e,including the purines undpyrimidines, fatty aClus

and ,tcl'Illlls.

Larger molecules arc called macromolecules. In the cell. the
mucnunolcculc-, arc thepolysacchartdes. proteins and the nucleic

acids Macromolecules are composed 01 several smaller molecule"
linked chemically by covalent bonds, When the smaller molecules arc

of nne I) pc, the macromolecule I~ called a polymer. and the smaller
molecule, ure termed monomers. Thus. proteins are polymers.

compo-ed of monomers called amino acids. Monomers arc also

I::!

ATP aciellOSlne q,hospha1e
GTP QU8II08II18 lriphosphate
CTP cytidine InphosphaIe
TTP Ihymicine triphosphate
UTP undine triphosphate

o
"3 H, ......C, ......H

N C
I II

O~C'N"""C'H
I
H

Uracil

commonly called residues. Nucleic .Icitl, arc polymers of nuclcoudcv,

and polyvaccharides are polymer, III 'ligars. Some proteins cont urn

polyvaccharide moieties or groups covalently auached, when they arc

called ~I.)coproteins.

NUCLEIC ACIDS

Nucleic acicl~ are composed 111 nuctcnridc-, arranged in immense

cht"n~. Each nucleotide in turn i~ made 01 a base, either a purine or II

pYrimlfillC. u penrose sugar (five curhon sugar) anda phospharc group.
The sugar IS ribose or deoxyrlbose When the sugarI ... ribove the

nucleic acid i, RNA. When thc vugar1\ deoxyribose the nucleotide 1\

DNA. and the nuclcotidev arc deoxynuclcoudcs. DI'A. togetherwith

uwociated bavic proteins calledhistones.make, up the chromosome.

l lumunx have 46 chromosomes arranged In 23 pairs in the cell nucleu ....

and rhc-,c contain the hereditary information of the body, The

chromosomes havestretches of DNA, called genes, which code for

specific proteins, as well ;1, having ussociatcd sequences 01 dcoxy

nucleoudes which control the expression or the genes withwhrch thcy

are associated. A cell that containslWO sets of the chromosomes i,
termed diploid. while a cell that conuuns only one vc: is termed

haploid, Humans arc therefore diploid organisms, The human germ

cell, whether spermatozoon or unfcrnlized ovum. has only one vct ot
23 chromosomes. and is termed haploid. When thetWO combine during

tertilization. the diploid vtatu-, of the cellI' restored.



Basic pairing of DNA

Adenosine triphosphate (AlP) I
a nucleotide

0- 0- 0-
I I I-o-p-o-p-o-p-o
II II II
000

3'5'·Phosphodlester bondJ
I

c~~~ase

HHH
o H
I

o-p=o
I

c~o~ase

HHH
o H

OH

S' 5' 5' 5'

ShorthandforD~

Base pairing: thymine and I
adenine

..ill·
6.2

Nucleotide structure

For DNA, the ha~e, III the nuclcoridcs arc ring structures, either

pyrlmldtnex (thymine enor cytosine (C) or purines (guanine (G)
or adenine (A», Fur RNA, thc thymine is replaced by uracil(U).

FOI' both DNA and RNA. the nuclcoudcs urc linked (or 'condensed')
through the sugars. where phosphate groups link the 3' point of

one sugar 10 the 'i' point of nnnthcr, releasing a molecule or 11,0.
These phosphuic Iinkage~ arc termed ]'5'-phosphodiester bonds,

In rhrs way, a linear churn o! nuclcoudcs is buill up. Because there

<Ire four different nuclcnudcs. am) because the chains can he

avsernhlcd In any order or nuclcotidex. there are 4" different possible
nucleic acids having /I nucleorides. For example. a nucleic acid
containing l'i nuclcoudcx has 41\ povvible combinauons (more than

I x 10"), The chain rs represented as a strand wuh the 3' end having

an unsubvutuicd hydroxyl (-OH) group on the left. and the
phosphorylated 'i' end on the right. DUring synthesis of DNA (or

RNA), nuclcoudcs arc added to the '\' end.

Base palrlnJ\ and the double helix

The DNA molecules in the cell consist of twocomplcrncnrury
inten wined nucleotide Ml'llnds, The xtruuds are held together hy what1.\
called base palrtng. When two strands of DNA come together, guamnc
will pair with cytosine, and adenine will pair with thymine through

non-covalent hydrogen bond». Thus, the base sequence of one ~tr:tnd
wi II ulway- he complementary to that or the other. Also, dueIII the way

DNA is synthesized. the paired chains run Inoppovite directions: thc ~'
end of one chain lying udjaceru to the.'I' end of the other, Suucturally,
the chain formv what b termed a double helix. The double helix is a

form 01 twisted III sprrul right-handed staircase coiled round an
imagrnary central core. wuh about 10 basesevery tum and the helix
make, a complete turn every'\,4 nrn. The double helix is held together

not only by hydrogen bonding but also because the bal-es an: planar and

form l>tad,\ 01 base parr-, held together by hydrophobic and van der
Waal', forces (sec Glossary. p. 112). The pain. can be made to separate

simply by healing the DNA, when it 'melts' or denatures.



7 Molecules II

. Amino acid and protein structure

FI~.
7.1

H
(II

HOOC-C- NHZ

I
R

H
ul

HOOC-C- NHZ

I
R

p·Pleated sheet

NHZ•.
R ...... 9-- H.

coon

t-smno aCid

Charged amino acid

PrNCIt1~.lrC polymers made upof m()110IllCr, ammo aCllh Protcm-,

perform many functional rulcx in-ode andoutvidc the cell. which

ul-,o depcnd-, uhxulutely 011 proterns for ii' vrrucrure Unlike DNA.

protern-, occur III man) thrcc-dimcnxional shupes, depending on their

,11111110acid cornposuion and urrangcmcnt They may he fibrous tc.g.

fibrin. collagen), globular (e.g. 'CI'l.II11 hormone-binding proteins),

or antibodies.

Amino adds arc so-called because all. with one exception. contain
amino ( Nil.) groups, The exceptioni~proline. which contamx an imino

(-Nil ) group. They also contum acuhc carboxyl(-eOOH) group'

Chermcally. amino acid-, have a e0l111110nde'lgn(i) a central a-carbon
atom lymg adjacern 10 the acidic carbovyl group I' auached to (ir) the

amino (or imino, group: (iii) a hydrogen atom: and(IV) to a variable

"de cham (R). At neutral pH. ummoaCII" will be ionized. the charge

H H
I I

HOOC-
1
- NH OC-

T
- NH2

A R

Condensation 01 two amino acids and formation of
a pepbde bond

Parallelpleated sheet 1

I'ROTEINS
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H
ul

HOOC-C- NHz
I
R

11.' Carbon

5 • .• ..• • 5
R • • • • • • • R
CO • • • • • • NH
NH3.. • .. • HOOC

Oisulphide bridge
Hydrophobic bond
Hydrogen bond
IOOie bond

depcndrng on the relauve numbers 01 ununo and carboxyl groups.Lyvrne
I' povuively charged. while uxparuue I' negatively charged S()I11~anuno
aci(h arc 1110rchydrophobic thunorherv, depending on thehydrocarbon

content of the R side cham All ammo aculv, except glycme. have

usymmcrrical carbon atoms, and can therefore exist a, xtereoisomers

The two form, arcmirror images termed n and I .and protein, virtually
ulwuyv couuun the L rsomcr,

Amino acids condense rruo polymers through the peptide hondo

which joins the amino groupor OIlC umino acid to the carboxyl groupnl'
another. with the release of a moleculeor 1-1,0. I f the amino add chain

" Ie,s than 30 residue, long. II b commonly termed apeptide, or

polypeptide. Polypeptides ran range In anuno acid number from three
(e.g, glutathrone) to those which are mudc up of more than I ()()()ammo

acid" Fvery polypeptide hav a free ammo group alone end. and a
carboxyl group at the other Protem» contain:!O different types 01 ammo

acid». therefore. U 200-aminll aC1t1 polymer can have2(P" posvible



structures. This offers enormous variabiluy in protein structure and
tuncuon.

Proteinv have four vtructural levelv.

primary the linear sequence ofanuno acid-, and the S-S bonds.

2 secondary - protein folding into u-helix and pleated sheet-:

J tertiar) regional folding between pleated sheets and ex-helix,
determrncd by non-covalent bonds: anti

4 quaternary - non-covalent binding of differentpolypepudc subunit

chain, into a smgle protein molecule te.g.haemoglobin. Hbi,
Polysacebarides are polymers01 sugars (also termed vaccharidcv).

Examples of polysacchandes arestarch (storage form of glucoseIn plant

cells). cellulose (pan of plant cell wall) and glycogen(storage Iorm of

glucose in animal ccllv). Linkugcs can OCCUI several different ways,

ami polysaccharides can occur in many different branched forms.

15



8 DNA replication

DNA replication

Fi~.
11.1

DNA polymerClse

r:,

-:
RNApnmer ()

SSBB • Single·stranded binding ptols," I 5'

Replication in E,coll

Helicase

-~

Bidirectional replication of circular DNA

Dr' Topolsomerase

00

3'

DNA chain elongation at 3' end

DNA ligase

000 N ~

II II II 0 C~ 'f''''7
o-p - 0 - P - 0 - P - 0 - CH2 ~ W" c; c

~ b ~ I 'H N/ N/

H OH H

d ilucleohde J

DNA repllcutinn: (i) DNA chain ~Ylltlic~i', (ii) il~ iniuuuon: (iii)
tcrminatinn. (iv) packaging with chrornusornul proteins: (v) rccom-

hmauon: and (I, i) DNA repair A new strand III DNA combines with an

old line Thr-, rs semi-conservauve rcphcauon through growing fork s

Replication" bidirectional. withboth vtrandv being copied, Each copied
rcgron i, termed a rcplicon. Eventually. the rephcons merge, In

cukaryotcs the double helix " unwound virnuhancouvly at -everal sirc-;

16

und replicated bidirectionally. until eventually "II replicnrcd stretches

join up III lorm the new cornplcmernury DNA (cDNA) strand

Unwinding i, inuiatcd hy an appropriare cellular signal. A helicase

enzyme system bmds to a vpccrhc nucleotide -cqucnce and unwind-,

the Dl\A adjacernto it to create areplication fork. The DNA i,unwound

,IU'l ahead of the DNA polymerase mov mg up behind to replicate the

exposed vtrandx.
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Histones I

Polynucleosome chain
Molecular weigh!

Q-Right·handed

R"'_,,,,, ~

superhehx
HI 21000

H2A 14000

H2B 13800 Q!GGQ!QQQl,
H3 15300

QH4 11300 +Lefl-handed
superhehx

Newly syntheSized chromabn
In eukaryo!es

Bidirectional replication PrimasednaG

Action of gyrase I

Semi-conservative replication
3'

GroWingfork
5'

Leading-strand
continuous

Old
Lagglng,strand

3' ~ • • disconllnuous,.
Okazaki fragment New

Fig.

11,2

I{EPLlCATION

Rephcation is Initialed hy synthesisof a primer sequenceof RNA at
the starting point 01 replication on both unwound ,trand,by prlmase
enzyme activity 01 DNA polymerase ex.(The prirnusc gene" termed
dnut). J The polymcru-e begms elongation at thel' end of the primer
Elongation proceed,conunuouvly along the5' -+ 3' leading strand.
On thexo-callcd lagging strand. elongation Il1U,talso run from 5' -+ J',
lind runs in the opposite direction.Therefore. replication on the luggmg
strund i~discontinuous, and ha-,to stup periodical Iy to walt for more
of the strand to unwind. This creates segment, of eDNA. calledOkazakl
fragments. aboutt(XI-2()O dcoxyribonuclcoude-, long in eukaryotcx.
They are formed when proteins called pnmosomesattach themselves
to the RI\A-DNA complex and acrivatc the reaction ready for the

Old

3'

5'

polymerase. Aller turmation 01 the Okazaki fragmentuie primers arc
removed and replacedby DNA, uno the lragrncnts arc JOInCU together
by a DNA ligase. Errors Inthe matching ofbusex during elongation arc
detected by DNA polymerase o. which 'proofreads' the bases.

Histones

In eukaryote)" DNA II. associated With nucleoprotern hrstones Their
baSIC charge enables the hisrones to hind to the phosphate backbone of
DNA. The nucleosome is a disc-shaped coil ofDNA wound 1.5rimes
round a cluster of proteins includingtwo molecules each(If 114. 1-13.
1128 and H:!A. The polynucleosome con"~t' of several nuclcosomes
Joined by linker DNA. The chromatin formed from the DNA-protein
complex i, condensed toto chromosomes.

17



9 DNA repair

DNA repair

Action of DNA ligase

G C

I I
C G

pj

I
A

I
1 A C G

'pJ'pRpj

Aesynthesls

+
UgabOll

Enzymes
Uraal DNA glycosylaSe

2 AP endonuclease
3 DNA polymerase + DNA TIgase

tT A-I 0 ~T A~. f) I-T A~ 8 ~T A~G~ - G -G - GC-
CG- CG -CG CG-
AT- AT -AT Al

~
A T~ uv fA T~T A T]A

TAT A
C G C G

Fill,
1),1

-A-G -[9-T
Mutahon~

-A-G-7@-T

AepllC8!IOn ~
-T-C-7@-A

~
-T-C .!.@-A Normal

repllCa1l0n

Ethldlum bromide

~

A T ~ ElhldiumTA bromide

TA
CG

r Intercalation and}
Uameshlft

Ill'- <\ repan " the mauucnancc of DN,\ ,Iilhlhly through removal of
error-, 111ha-c -cqucncc due 10 chcnucal 01 urudrauon-induccd diunagc.

Of through errorv Introduced dunng rcplu ation Stabihty 01 DN \ "
ev-cntiul lilT the pre-ervation 01 gcncuc mlormuuon Survival01 the

specie- would he jeopardized h)CrTOI' in Tapidl~ tlJ\ Ilhng ucrrn ccllv.

11\

Base altered •alkylallng agents: IOOIZII1!I radiation (IAI
Base mlSSlllg- punnes removed by acid Of heal
Base ,ncorrect· C ~ U A 4 hypoKanthlne
Break In strand· bleomYCln,lA
InsertIOn Of delellOll • Inlercalatll1ll agenlS
CycIobutyI dlmer • UV IrracfaatlOl1
Slrand cross-linklng • mnomyan C

o NH2 NH2
II I I

HN.....-C'C.....-HA HN02 N,:::;,C'C.....-H NH20H I N,:::;,C'C.....-H

I II I II I II
,:::;.C, ,.C, r ,:::;.C, ,.C, l::::-c, ,.C -NHOH

ON H 0 N H 0 N
..L.. ..L.. ..L..
Uradl CytOSIIle

[

O~ .....-HlC-N

2x Sugar -{ f =0

C=C
H""'- 'CH3

Thymln~

MlltatJOn causes
Chemical: Irracfl8llon, repilClltJOnerrors

: T_h :

Base or Frilme
subst,lullon shift

I
Base parr

Delelion Ins9ruon

ami cellular function would1101 he pnvvihle in vtablc celb; xuch a, brain
01 liver ccll-; which may lIul di\ ide for yea".

111I vcheruhia coli,DNA pnlymeravc I imroducev nil average nne
IIKllITl'CI huve per 10' baseplm, (il'm:, In I: coli arc about 10' ba,e,

IUllv Therefore CrTOr. woukl be uuroduced 1:\1)1) tenth gene (10 I error,

tor muunion-, pergene each gcncruuon).BUI, the ..ctu a1rate oterrors
i, much Ie" in 1:.'. coli; around I() • errorv per gene eachgeneration, It 1\



thought that the rate oferror production i~ Similar in animal cells. which

must also have a mechanism lor repairing errors in coding regions of
the genes,

Mutations canbe defined asstable alterations in gene DNA structure.
They may be silent. or expressed ,IS phenotypic alterations. Mutations

may he one of the following.

1 Frame shift mutations. which result from:

(a) deletion ofa base pair or block of base pairs:

(b) insertion of new basepairs.

2 Basesubstitutions. which result from:
(a) transversions,which are the substitution ofpyrimidi lie-purine

base pairs by purine-pyrimidine base pairs:

(b) transitions. which are the substitution of purine-pyrimidine base

pair« by pyrimidine-purine base pairs.

Tests for potential carcinogens includetests for their mutagenic
effects on bacteria. This implies tha; alterations to DNA lie at theroot

of both carcinogenesis andmutagenesis. One res: is the Ames test. in
which a strain ofSalmonella. unable to synthesize histidine. is grown

in a Petri dish in II medium that lacks histidine. Any bacteria that grow
arc natural mutants. The suspected mutagen is added. and many rnutunts

may be formed - some or which can synthesize histidine and they

will appear asyet more visible colonies on theagar. Different strains

have been identified. some 01' which respond to mutagens thai cause
base substitutions. while other strainx respond to muiugens producing

uddition» or de let ionv, i.c. frame shifts. This makes il possible to identi ry.
teruutlvely, the mechanism 01' action or lhl.! mutagen/carcinogen.

Repair b effected by proofreading. The proofreading ability or

DNA polymcruxcs was lirst discovered illE. coli. The enzyme DNA
polymerase I i~ believed to have 3'-+ 5' exonuclease activity. which

enables it 10 proofread newly added base sequences. cxcixe non-

matching bases and replace these with the correctlymarching bases.

Repair 01' pyrimidine dimers

Pyrimidine dirncrs arc formed after exposure orDNA to ultraviolet (UV)

light. when adjacent pyrimidine residues ona DNA wand may become
linked covalently. The distortion 01' DNA produced by the dirner ih

detected by a group of proteins expressed by the1I1'I'ARC genes: uic

proteins convist or a tcuumer of two proteins. P""", and two proteins.
P,,,,fI'The exonuclease enzyme p"Yr( curs the strands at two places:lour
nuclcoiidcs away from the dimer on the :1' Side. and eight nuclcotidcs

away on the 5' side. The excised 12-re\itluc piece of DNA is unwound

by a hclicusc P,,\I[)' and diffuses away. DNA polymeraseI moves into

the gap created, and uses theJ' cut end ali the primer and the intact

complementary strandas the template to repair the cut strand. Finally,
DNA ligase joins the 3' end of' the newly synthesized DNA and the

original DNA.
Excision repair is also usedby the cell to remove crosslinks formed

by drugs used to treat cancer. such as cisplarin. mitomycin C and the

nitrogen mustards.

No/I': E. coli contains an enzyme. DNA photolyase. which binds to

the DNA region distorted hy the dimer, and becomes photoactivated

and splits the dimer.

Repair of deaminaled cytosine

Cytosine m3Y be deaminatcd to uracil. and thi~ occurs spontaneously
during the life of DNA. Sincc uracil can pair with adenine (U-A), the

chemical change is potentially mutagenic. The presence of uracil on
the DNA is recognized by uracil DNA glycosidase. which breaks the

bond between uracil and deoxyribose by hydrolysis. The gap formed

by removal of the pyrimidine IS called an AP site (i.e.apurinrc. containing
no cytosine or thymine. The gap is recognized by the enzyme AP

endonuclease, which cuts the DNA backbone adjacentto the missing

base. DNA polymerase 1cuts away the piece of deoxyribose phosphate

and inserts cytosine opposite the intact guanine residue on the

complerncntnry strand. and DNA ligase seals the cut DNA strnnd.

Diseases associated with defects(If DNA repair

These include hereditary retinoblastoma. Fancoru'v anaemia and Xero

derma pigmentnsum.

Xeroderma pigmentosum is the best understood, This rare disease
b genetically tranxrn iucd as anautosomal rcccssi ve trait. Patients arc
highly sensitive to UV and sunlight. developing skin lesion» soon after

birth. The dcrmix utrophics. the eyelids 'car and the cornea ulccrarcs
Freckles and skin ulcerations appear, followed by skln cancers.

The diseasei~ causedby 11defect 01' the exonuclease enzymewhich

nicks the DNA at the site of pyrimidine dirners. which arc known 10 be
caused by UV radiauon. Skin fibroblasts frurn piuicnts with Xeroderma
pigmeruosurn have been shown tocontain the deficient enzyme.

Mutations in one ul ;)1 IcUM nine different genes CUll cause the diseuse.

Although the incidence of the disease is low. aboutI '7('of the populuuon

are CUITler~ of at least one or the mutated genes.
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10 Recombination

Recombination
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Recombination and heteroduplexes

Fig.
10,1

Heteroduplexe~

I!'ITRODUCTION

Rccombinauon I, the exchange or crossing over or block» 01 gene,
by homologous chromoxnmcv. Recombination take-, place durrng
I11CIUI>IS in sexually reproducing orgamvmv, lind occurs in plants,
animals and even in subcellulnr particles such us mitochondria and
plasm Ids The proccs-, involves: (i) the breaking of IWO homologous

double-stranded ON A molecu les, (Ii) the exchange of both strands

at the point of brcakugc, (iii) the exchange of genes: and (1\) the

10

separation of the two altered vtrandv ul DNA, Thi-, procev of

formation 01 new DNA molecule, " termed general recom-
bination, When a gene I~ moved from one chromosome 10 another

or from une part 01 the chromosome to another. thl' " called
trunspositlnn, lind does not require the same degree of homology

as that for general recombination. The functions of rearranging
genes arc: (i) to repair damaged DNA; (Ii) [0 generate new vpccics

of DNA, which " an important cvoluuonary event: and(iii) to
regulate DNA exprewion.



Note: alternative forms of a gene. termed alleles, can be exchanged

by general recombination. and can occur on the same chromosomal

site.

MECHANISM OF RECOMBINATION

Initially, strands of DNA can join to each other by non-covalent base

pairing to form lap joints. and these joints are made permanent by

subsequentDNA synthesis.

ENZYMES OF RECOMBINATION

Single-stranded DNA for recombination i.!. generated hy a complex of

proteins. P,,,,a' P,"l" andp,e,[)' which are products of therecll, recC and
reel) genes. and which 1'01111 a complex protein enzyme system. In

E. coli, the complex: (i) recognizes u sequence - 5'-GCTGGTGG-3' -

the so-called chi sequence, and cutsthe strand about four (0 six

nuclcotidcs away from the J' end of the chi sequence: and(ii) the
complex unwinds the DNA strands. Theprocess requires AT?

hydrolysis.

In E. coli, the rerA protein utilizes AT? to catalyse the assimilation

of a single strand of DNA into a duplex. The protein: (il hinds LO the
single strand. lind the protein DNA filament thus formed bindslO the

duplex: (u) partially unwinds and 'rends' the duplex for sequences
cornplernentury to those on the single strand; (iii) further unwinds the
duplex where complementarity and pairing occurs: and (iv) Ihe exchange

process continues along the duplex, and these are the mechanics
underlying the process of branch migration mentioned above.All these
SICps require the hydrolysis of ATP.

80S RESPONSE

Normally, low levels of Pre", nrc present in I::. coli. due 10 <upprcssion

of P,,,,A mRNA production by a repressor protein termed PI.. ,,· PI"A
suppresses the production or many repair proteins. When DNA is

damaged inE. coli. the cell muiatcs whatis called an 50S response.
generating hundreds or new copies of recA protein: (i) damaged single-

stranded DNA bindsto existing rccA protein; and (ii) the complex formed
binds to lexA protein and splits lLS alanine-glycine bonds, rendering

it inactive. Note thai 1'"".,\ therefore acts not only as a rccombinase bUI

also ,ISa proteasebecause of ilSaction on PI"'" Another gene uetlvatcd hy
inacuvation or /exA is the /llIrA gene. whose product. thelII'rA nuclease,
cuts away thymine dimcrs which are formed byUV radiation damage.

MOBILE GENETIC ELEMENTS (MGEs)

MGEs. also called transposable clements or transposons. mediale

Ihe large-scale rearrangemcnts that cllnnot be cffected by general
rc.comhinmion. Plasmids Ilre imrortant MGEs L:onrined to pro-

karyotes. Plasrnidsare circular duplex DNA molecules which can

replicate autonomously, andare therefore replicons. A replicon IS any

unit length of DNA which possesses ns own origin of replicadon. and

includes plasmids. bacterial chromosomes or regions ofeukuryoiic

DNA.
Plasrnids carry genes which express: (1) the generation or bacterial

toxins: (ii) the metabolism of metabolites and other chemicals; and

(iii) the inactivation of antibiotics. They are therefore tools ol' evolution

and adaptation. Plasrnids are also toolsused by genetic engineers to

introduce novel genes into cells. Engineers have termed panicles such
as plasrnids, which are used to transfer genetic informution between

cells, vectors.
In recombination. plasmids may beF+ factor plasmids or R' factor

plasrnids.

F' factor plasmid

The DNA sequences ofP Iactor plasrnids t'F stands forfcniluy) can

he transferred bel ween bacteriaas follows.

1 A 'male' bacterium (p) fastens itself 10 a 'female' bacterium (F ) by

means or a sex pilus on its surface.
2 The pilus retracts to pull the two bacteria intoclose contact: one

strand of the plasmid is CUI and the DNA duplex unwinds.

3 The 5'end of the CUi strand passes intothe 'female cell', where a

complementary strand is synthesized and" circular duplex plasmid

formed.
The recipient cell is now F'. and the transferred plasmidhas the genet ic
information required forproduction of ~Isex pilus.

The new plasmid can: (i) remain separate from the main bacterial
chromosome; or (ii) become integrated into Ihe chromosome, when

the bueterium i~ IWW denoted as being a high frequency or rccornbi-
nation (hfr) cell. An hfr cell donates 11m just the F' fuctor plasmid
during transfer, hut irs complete chromosomal database. An hlr cell

can splice Out the F factor from its chromosome. und thus reverts III

Ihe F state,
F' factor plasmidx arc not the only means or trnuxlcrring genetic

information between bacteria. Thisinforrnution can also be transferred

by MGI::. called bacteriophages. A hactcriophagc is a virus ihtn infect»
bacterin.

R factor plasmids

These are so-called because they carryresistance to amibiotics. A

bacterium can develop resistance 10 one Of more antibioucs if II

receives anR Iacror plasmid. The plasmid may contaln a resistance
transfer factor (RTF) us well as many so-called r genes. r Genes
express enzymes that inactivutc aru ihiotics such H~ tetracycline.

streptomycin. chloramphenicol and sulphanilamide. Smaller plasmids.
lacking an RTF region. will confer resi~lancc toII ~ingle anlibiOlic

when lmnsfcrred.
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11 RNA

Fif,:.
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Ribose phosphate

\ ,i)

p

p

p

I{l\A j, an unbranched linear polymer whove chemical cornpovitiun
" vunilar to that 01 DNA. except that (i) ribo-,e " used invtcud III

dcovyribosc: (Ii) udcrune pair, with urucil (A LI) mvtcad 01 wuh
cytosine: anti (IIi) RNA I!XiM' a, a~inglc chuin whereas DNA exist»
", a double helix. Two forms. transfer RNA (lRNA) and rRNA.
11111ycontain rnndi t ied nuclcoxidcs. c.g. 2-methyladcn()sinl!.

'\ mcrhylcytovine. and there arc several others. The base sequence
01 RNA reflects the have sequence of theDNA vtrund from which II

\\ ilS transcribed In the case of mRNA. the information 11 curnes

Adenylale I
NH2
I

~C, .....N~
N C ~
I II C-H P

.....C~ .....C, / /
H N N

"" 0 CH2

i-ti
OH 0

\CytJdylate

Guanylate

o
((
C N

H'W· ... 'c"'" ~
I II C-H

H N.....C' .....C, /
2 N N

"" 0 CH2Q!
OH 0

\Urldylate

(ill CAP Q),

----iLA.U.G .. __ ... u.AA_l ..• • .. MLeader _ • IVVVV'\rI

sequence poJyA la~Translated sequence

mRNA structure

Amino acid
arm

enables the cell III vynthcvize. accurately. theprorems Cf1CIlU..:tI by

the genes.

tRNA molecule

RNA

I
!RNA rRNA mRNA

RNA may he cluvsificd in terms of il~ localizution III the cell. its vtahi lity
or its Iunction. Thus. mRNA is the earner of genetic informallon.tRNA

" single stranded and carne-, the correct amino acid to the protein

synthetic machinery and rRNA is pan 01 nbovorne structure

RNA SPECIES



mRNA

mRl':i\ may be monocistronic or polyci ..tronic. Eukaryotic mRNA

1\ rnonocrvtromc. r.e. one mRI'-A molecule carncs information about

one protein only. whereas a prokury otic mRNA molecule may be

pulycivtroruc, carrying intormauon abOUI more than one protem.
mRNA I~ relutively unstable. being broken down rapidly alter

transcription has occurred. Someforms 01 mRNA may be stored in

lin inactive form until required. for example in amphibian ovaor

unl'cu ilivcd cggs, where they rcrnuin 'silent' until fertilization.

Structurally. mRNA diflerv from other ronm of RNA because of Its
IUIICIIOII as a template for II-anslati(m Into protein. At the5' end of
the linear mRNA i~ a 'cap'. made of a 7 methylated guanosine-

5' -triphovphate. The cap prevents phosphatase, and nucleuses from

mctabolivmg the 5' end of the mRNA. andalvo serve, as arecogniuon

,IIC for the ribosomal iniriauon factor (vee p, 33). (Note. however.
thut 5-llleth} luted cyudmes and 6-methylated udcnovmes have been

discovered Iurther along the strund.) Following the cap i, a leader

sequence, lind afterthis the initiation codon (sec p. 32) or sequence,
111()~tcommonly adenine uracil guanine (AUG). Following this i~ the

codm]; region. whose message b endedby a termination codon which

lIlay be ll(;A. UUA or UAG. At the l' end i-, a non-trunvlatcd trailer
sequence, Iullowed by a polyudenyluted IpolyA) tail. whose role"

not known, but which may enhance ,lahlhl}

rRNA

rRNA conxtitute» about 80<if of total cellular RNA anu i, viable
mctubolicully. I1I:1il1ly because 01 ILS a,~ociati(ln with the ribosomal
protein». rile eukuryouc ribosome is made u(1ot'IWO subunits, the 40S
subunit, uud the 60S subunit. (Note: S is the Svedberg unit. which gives
an uuhcauun 01 the relauve slIe und mulcculur wcrght 01 tl

rnacromolccule.) 111Ctwo subunux together contain around 75 protein,

and lour ditlcrcnt vpccrcx uf rRNA, dlStlnlllllShed by size The lOS
,ubunit l'ontaln, Justover 50<,:'101 the protein and a mlllecule 01 I HS
rRNA lhc 60S ,ubunll contalll., lhe rc,t01 the protCIll. and a5S. 5.HS
and 2HS rRNA The 55. I H5 and 2XS arc ,ymhe,"ed in the nucleolu"
and the SS In the nucieopla,m

..RNA molecule, a"lIme sccondary strllcLUring, IOrllllng base pmI"
wilhin till: l11oll.!eule, allowing formlltion 01 helictlll'egil)n~, RNA may

lIbo lurll1 so-calil.:d hairpin I()up~. The conf'orm:Hiolls und nucll.!Olide

sequence of5S. for example. are remarkably constant in evolutionary

terms. being very similar in E. coli and humans, If the ribosome lacks

5S II cannot translatemRNA into protem The large rRNA forms contain
several modified nucleotides. parnculurly2'-methylation, on nO(N!.
and several methylations of the base». which may be necesvary for

proccsving RNA precursors.

Note: mcthylauon of basc-, in rRNA can confer resrstuncc to

untibiotics in bacteria. l-or example. StCiphylococclls aureuscun

develop rcsrstancc to lincomycm and erythromycin if it acquires a

plasmid that carrrex the gene coding lor a methylase. which

N6-methylate~ adenosine on 23S rRNA.Thrs bloch the binding of

erythromycm to the large bacterial ribosomal subunu,

rRNA may mediate translation h) pairing w ith specific region, III
mRNA. and by operating. together with the proteins. the hlllglllg
uppanuu-, of the ribosome,

(RNA

tRNA constitute» around IY,* ofthe Illtal cellular RNA, and hu, several

functions:

I It hmd, specific amino acids, thereby Iaismg their acuvity levcl-, for

Ionnuuon ofpeptide bonds:
2 II carncs the <Imino acul to till' rol) ribosome: and
J II ~lccurutel) recognizes the correct codon In the mR(\A. correspond

Ing to the ammo acid II carnes
One tRNA molecule carries line sl'lCcle, only of amino ucrd, and ulthough
there arc 20 amino acids, therearc over 'i() different species ollRNA In

the cell, An amino add may be Hole to hind 10 more than one vpccic-, 01
tRNA, which me called Isoacceptors,

IRNA hal> two active siles: (i) .n the ,'encJ CCA-OII, to which the
ammo acid is cnzymaucally attached (i]. for example, the tRNA cai ucv

:tr'Jl1 111nc, It I" called tRNA" l: and (ill an anucodon triplet. which rcco~
nile, the complemelllury codon on the mRNA.u the nbo!>Omal cnmplc\,

C;;tnlcturally, tRNA fum" the ,o-called clo\ er leur ,ccundtl!') ,tnleture

through base painng, the anticodon lICll\C \lte " "itutlted on oncuf the
clo,er le:lvc,. und the CC A 011 .,lIe nil Ihe ,tcm There arc 'I.!\'cral

nmdi 'led hu~c~in (RNA, nlthough thcll' precise Junction" not ~nllWI1.

They Illny be Involved in tRNA pmleill ill(cral:tioll~ and in cnhanl:ll'~
tRNA ,lahililY.

Site synlhcsi7cd, S 1Jnlt~·

\Ic"cngcr RNA (I11RNi\1

i'r'IIl,ler RI\.\ IIRI\i\)

l\udcopla"l11

Nuclcoplil'l11 -IS

SIIl.,1I nud~ar Ri'A hnRNA) "ludcopl'''111

Nuch;npl."111 30 IOOS

l\uclcopla'llI 5S

Nude()lu~ 5_9 t liS

Ilclcrllgcneuu, nudcar RNA (hnRNA)

Rihmoll1.,1 RI\A (rRNA)

Mltochondrin 12- t(lS

'v1ll()chondnul mRNA (mII11RI\A! Mltochondriu 9-10S

\11IochnndnaIIRI\,\ tml IR:-.JAI :\[ltochondri .. ~.:!-IS

Rough ERand cylo,ol 7<;, SdCt:h prul.:in fur c'"pon

S S\cdl:>crg UOII": .:oeltic,em of ,cdimcnl"I,uIL

Function

Il'mplale for prOlcin ,ymllc,is

Tr.I11\ll'r, ,ln1ll1l1 "eid, 10 mRN\

(,hnllll.lllll rcgul'lIol! and ,lru,'lur.,1 f{1'\',\

Pr,','uNlr, of tllher RNA

Plln 01 nno'Cllne ,Iruclun:



12 Transcription I

Prokaryote transcription

CodIng
strand

RNA polymerase

Heat shoe!<promoter

• Anynucleotide

FI~,
12,1

RNA polymerase subunits
(diagtammaliC)

c§
Hallptn formed by base SeqU9nce at 3'
terminus of mRNA transcribed 'rom
E. C()/; trp gene

5' -t 3' Dlleehon of mANA growth

5'

(j-

5'

RNA molecules arc ')nrhcsized III the cell 0) RNA pelymernxc-, which

l'Ulnl) ve the Iormauon III hneur polynucleotides whove vequencc is
cornptcmcnrary 10 the DNA tcrnplnte. RNA is synthevized I rom the 5' 10

rhc "end In prokaryotes, for example H. coli, frurn which I11l1chor the
mlbrmauon about transcription hilS been obtained. RNA i, vynthcsizcd
in the l') loplasm andirnmedimcly uwd ii'a template lor protein vynthesi».

C~/'r
U, J3

G-C
I I
A-U
I I
C-G
1 I
C-G
1 I
G-C

~-J
I I
C-G
I I
G-C 3'

U-c-o-C-A- C-A-A-(3 / 'A-U-U-U -U OH

PROKARYOTES

In F, mli,lr;lIl\cription occurs 111three phases:(i) iniuauon. (ii) elon-
gauou; and lill) rerrmuuuon. lind Is catalysed by :I xing lc RNA

2-1

A

S' ~3'_'if_
OH

U

Transcription inhibitors

ActInomycm D} Antibiotics
Rifampicin

Terminators01 transcnplion

U-U-U-U-U- residues
FlHO(p) protein
nusA protein
attenuatar signats

polymcrnsc. convrvung oftour subunus: a:~Wa,and the complete
enzyme 1\ termed IIholoenzyme. 1 hesubunitv havedifferent Iuncuons:
a identifies the promoter sue.ill;IIUII!S trunscription. uudthereafter
dissociuu» Irurn the enzyme: W binds to the DNA tcrnplurc, and ~
hind, the nuclconde .., The luncuons III thetwo a-sllhulllt~ arc not
known. u:l~l3'is called the con: enzyme, lind contums the catnlyuc
site.

The o-suhunu quickly enahlcv R1\lA. polymerase to idcnllfy the
promoter region, wuhoutthe need for the double helixIII be unwound:
11abo decreasesthe affinity of the enzyme for non-specific rCl:!lnn~ of
the DNA molecule.

Unwind seellon01
dsDNA to e~pose
template sIr and

t
Detect termination
signals

Choose C()rtfl(;l
nucl90hOI) and
catalyse
phQsphodiester
bond lormallon

React With repressor
and activator proteins
10regulate IraJlSGnpllon



Promoter sites

Promoters areshort sequences on the coding strand(as opposed to the

template strand) upstream, i.e. on the5' side. of the start site or RNA

synthesis. Two promoters have been identified in E. coli: the -35 and

the-IO (Pribnow box) sequences. separated from each other. optimally,

by 25 bases. If either of these sequencesis altered by one base. the

promoter loses most if notall activity.
Heat shock prompts E. coli to produce several HSP:..which help it

to cope with the heat trauma. This occurs because the cell rapidly

produces a different type of o-unit called 0':: o'll'ecognize~ a di fferent

setor promoters.

DNA unwinding and RNA synthesis

When RNA polymerase binds to the correct sec 1ionof'thc double helix.
it unwinds a 17-basl;:-pair-long section or DNA. corresponding III I.(l
turns or the helix. Unlike DNA synthesis. RNA syruhesls can begin

without a primer. RNA synthesis proceeds from5' til 3' end (similar It!

DNA synthesis). and at the 5' endtil' the newly synthesized RNA is

invariably found pppA or pppG (p, phosphate}. At the free 3' end
(or terminus) is a tree OH group. The newly formed RNA is culled

nascent RNA; nascent means newborn. but not yet active. The complex

consisting of the nascent RNA,the RNA polymerase and the portion of
unwound DNA b sometimes called the transcription bubble. In

E. coli. the speed of tranxcription i~around 50 nuclcotides incorporated
into nascent RNA per second, und during Ihis period the bubble moves

17 urn along the DNA. A, the bubble moves along. unwinding the helix.
so the hehx is rewound at the sume rare after the bubble has passed.

Unlike DNA polymerase. RNA polymerase does notproofread or alter
any errors (l.c. ct.!it)of'thc newly syruhcsrzed RNA. Therefore, the error

rate is greater than for DNA synthesis: DNA polymerase may make

errors once every 101" bases. whereas RNA polymerase may make errors
once every I()I hases.

Termination of transcrlption

Transcription b terminated when RNA polymerase encounters stop

signals 011 the DNA template strand. For example. on the DNA

template 01 the trp gene of 1:.'. coli is a palindromic length rich in GC
bases. followed hy one rich in AT bases. The term 'palindrome' refers

to a sequence uf base, that is identical when read from left to right. or

from right III left. c.g. TAAT or acca. The RNA bases corresponding
to this stretch of DNA spontaucously assume the so-called hairpin

structure. Arter the huirpin. :I series of' U bases (uridine triphosphate.

UTP) are added. Shortly after this addition:(i) RNA polymerase stops:

(ii) the nascent RNA dissociates from the bubble: and (iii) the DNA

reforms thedouble helix.

Note: RNA polymerase activity is inhibited hy the hairpin structure.

and the series of U bases[OCIll!> an especially weak pairing with the

template wand. Thisfacilitates dissociation of RNA from the DNA

template.

There i~ inE. coli, a protein called nusA protein that terminates trans-

cription. There are alsoattenuator sites on some E. coli genes that

terminate transcription.
The p (Rho) factor is an enzyme, foundin some phage panicles. that

hydrolyses ATP in the presence ofxingle-stranded RNA, and which hind~

newly formed RNA. p acts as(1 terminator or transcription by using the

energy from hydrolysis of ATP10 move along the nascent RNA towards

1J1e bubble. and it pulls RNA away from the bubble whenit reaches :1

certain signal in the RNA molecule itself. As with p-mdcpendcnt

termination of transcription, the terminuuon signal residesIII the RNA

and not un the DNA template.

Post-transcription processing

In prokaryotes, there is very littleIr any post-transcriptional proce-sing

of mRNA. But. rRNA and lRNA nascent chains arc cleaved and some
of their bases arc modified.

lOne nascent chain may he cleaved ny enzymes called nucleasesto

yield several species of tRNA and rRNA.

2 Another modificauon is the addition of terminal nucleoiidcs at the .~'end.

For example, tRNA receives the sequence CCAUl the 3' end (sec p. 23).
3 Molecules of rRNA may he altered by methylation or buses.

Inhibition of transcript ion

Tranvcription can be inhibited uving drugs,1'01' example some anti-
biotics.

Rifampicin reacts with the ~-subunit of RNA polymeraseto block
the lim phosphodicstcr bond net ween nuclcotidcs. But. iI' trunxcription

has started. rifampicin is ineffective. Bacteria can develop resistanceto

rifampicin by producing a mutated p-subunit. when they are termed

ri]-r mutants.
A molecule or actinomycin D intercalates between two GC pair-, or

double-helical DNA in the narrow groove of the helix. Actinomycin D

docs not hind to the RNA DNA duplex, nor docs il bindto single-

stranded DNA or RNA.
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13 Transcription II

Eukaryote transcription

Fi~.
13.1

* Any nuoleotide
Pyr pyrimidine

Transcription I Splicing RNA I
5' 3'

AG GU Exon - OHRNA polymerase -l.- Exon AG GU A inlron

Coding
Slrand-,

1"Transcrlphon 51

Template /
strand;

,..
Exon AG -OH P- GU- Exon - OH

DNA-RNA
helix

3'

-MUAA

5'cap ------- AAA .....[Aln 3'

5' splibing
site

3' spliCing
site

Branc~ site
Upstream AGGUAAGU _ .• ~_ [pyrln wCAGG

exon \Q#

lnlron

Exon AG Gcr Exon - OH

Exons spilced I5'------- 3' mRNA

AG GU

3'

3'

Intron A AG GtT Exon -OH

EUKARYOTIC TRANSCRIPTION

1
'Larlai'
form
of
Intron

Species Nuclear localization RNA products

Nucleolus rRNA: 5.IlS. 18S. 28$
II Nucleoplasm" mRNA: !lIlRNA and

mRNA precursors

III Nuclcoptasrn rltNA: 55. tI~NA

hukaryoiic transcription occurs insidethe nucleus, and the transcribed
mRNA is translated outside the nucleus. In cukaryotcs. there ,11'C three

different types of RNA polyrnerasc. and the nascent RNAformed is

extensively processed before beingutilized by the cell. In particular,

the RNA il> spliced. andthe nature ofthe splicing depends Oil the function

or the RNA. In eukaryotes, mRNA il> derived from heterogeneous

nuclear RNA (hnRNA; theprimary rranxcripr), which i~extensively

hydrolysed within the nucleus.

.. Strongly inhibited by low doses of' the tungu! LOXIIl n-urnanitin. (111is blocked
by hrghcr dose~ Ill' u-amunirln: I IS inscnsitivc.)

EUKARYOTIC PROMOTERS

RNA polymerase

Transcription is initiated without U1eneed for a primer. and mRNA is syn-
thesized by addition or nucleoside triphosphates in the direct ion 5'-4 )'.

As in prokaryotcs, RNA polymerase recognizes promoter sequences

upstream of the start site. but polyrnerases I. II and III recognize different

start sites. RNA polymerase II requires three start sites:al-IIO is the



CAAT box (CA-CAATC): at -40 is the GC box (GGGCGG); ut-25 is

the TATA box, also called the Hogness box (TATAAA), The CAAT

box aids the binding or polymerase II to the DNA, and the TATA box

guides polymerase U to the correct start site. The GC box is most often
found on constiuuive genes (continuously expressed). rather than on

those which are.1'01' example. developmentally regulated.
In addition to promoters. there are enchancer sequences which

may be thousands or bases away from thestart xite. ei therupstream.

downstream or both. and may beon either coding or template strands

of the DNA, Enhancers on their own, however. are nOIpromoters.

Enhancers may conferspecificity of cellular or organ responses 10

chemical stimuli. They have sites thut bind sets of protein modifiers,

both positive or negative in action. Steroidand thyroid hormones. for

example, bind to intracellular receptors which in turn bind to

enhancers. thus initiating transcription. Only those cellsthat normally
contain the receptors and/orthe enhancers will respond to the chemical
stimulus.

TRA NSCR 1PT I ON FACTO RS

Transcription factors are proteins that arc required in order for RNA

pnlyrnerase to recognize promoter sites. For example. genes containing.
GC boxes require a protein termed spl, A transcription factor called

CTI<' binds to the CAAT box. andII protein. B protein, discovered in
Drosophila, bind» to the TATA hox,

The 5' cap is added 10 the 5' end of eukaryotic mRNA very soon

alter transcription isinil iatcd. The cap hn~al leas: three functions:
I it prorccts mRNA trorn enzyme attack:

2 it b important in subsequent splicing:
3 it enhances translation of the mRNA.

The 5' cap contains an 'inverted' base. 7-methylguflnyIHII.:. attached

to methylated ribose units.
The 3' polyA tail of mRNA hns an unknown function. It il. nOI

encoded by the gene and is added after cutting of the primary Il1RNA

trunscnpt at the cleavage signal AAUAAA, which is recognized by a
specific endonuclease enzyme. The polyA ruil is not required for

transcnpuon, and ,0111e species or mRNA do nOI have a polyA tail.

SPLICING

Splicing is the removal of part, if' not most. of the newly synthesized

mRNA precursors. Only rhc mRNA corresponding to DNA exons arc
needed lor transcription. Exons urc the regionswithin the cukaryouc

genes that arc expressed. and in the DNA arc separated from each other

by introns, which are non-coding regions of the DNA. mRNA

corresponding to the DNA irurons is cut away from the pre-ll1RNA by
specific splicing enzymes. Alleukaryotic systems describedso far have

introns that begin with 5'-GU and end with AG-3'. Eukaryotic DNA

contains many nun-coding regions of repetitious DNA. which has been
called 'junk DNA'.

The site of splicing is determined by the5' and 3' splice sites and a

region of the intron called thebranch site.The branch site is a short

sequence of ribonucleotides which may vary with the cell type and the
species.All three splice sites, i.e.5', 3' and the branch site,must be in

order for correct splicing. Mutations of the sirescan cause disease due

to incorrect splicing.

The mechanism of splicing requires: (i) the CUlling of the 5' splrce

site: (ii) the CUlling of the J' splice site: (iii) the release ofthe intron in

'lariat' form (so-called becauseil resembles the cowboys' 1~ISSO):and

(iv) the joining of the two exons which are oneuhcr side of the spliced

intron. The two exons arc joined by means of twotransesteriflcation

reactions. in which the free OIl group of one exon I" linked to the
free 5' phosphate of the other. While these steps me being carried out.

the whole assembly is held togetherby the splicosome,

The splicosome is a relatively large 60S complex made up of the
I11RNA precursor and three different species or small nuclear RNA

(~nRNA). Molecules of snRNA have beenrucknurned 'snurps (small

cytoplasmic RNA has been nicknamed 'scurps'). Di tferent snurps haw
different functions in spliting.

Snurp (snRNA) Function in spllcosome

u,
U.
U,
U,-U"

Binds 5' splice site
Billd~ brunch site
Bind~ " ,pike sire
A~,cmhll!' the splicosomc

Catalytic RNA (selr-spticing) was discovered in protozoa, in which
rRNA can splice itself in the absence of any protein, i.e. enzymes.

Catalytic RNA is stable. and appears rofunction like an enzyme,

It has been shown to cuialysc the cleavage ""Ojoining together of
other nuclcoiidcs. It is therefore both a ribonuclease and an RNA poly-

merase. Furthermore, it exhibits the features, of enzymes, being highly
selective for substrates. obeying sarurntion kinetic, and thekineric- of

competitive inhibition. Sell-splicing RNA b important evolutionarily, since

biochemical reactions of DNA and RNA could have taken place even before
the evolution l)j protein enzymes involved in DNA and RNA synthcsi«.

27



14 Errors of transcription

Errors of transcription

f'il(,
I,U

Errors of transcription

I

S'CCTATIGGTC • • • • • • • TIAGGG • • • • • 3'nonnalJ}-olobin II1trOn

5' CCl ATI AGTC • • • • • • • TI AGGG • • • • •3' !l'globin IIIUon Ifl!l,thalassaemlll

G ... mutatiOn creates new &pice Site

DNA,
binding _ Hormono binding
domain domain --

DiagrammatIC recepl()( Siruciuru

Transcoptional
regulalots and
herodllary
rehnoblasloma

Transcrlpllon

-{}cD--
Reduced binding 01hormone Mutaled

r8Clipior

I.rror-, 01 rrunvcripuon (an n:wh in drvcavc. and tranxcnpuon "
\ ulnernble 1t111lXi.:agl'm, such ",u-umauitin. and to certain ;1I1uhIl111",

InappllIpr1:l1': .:xpr':"llIn III' tran'l'riplil1n and growth la':lllr, can cuu-c
cancer \1111;1lilln, otihc 1):'11,\ 1.';1111.';111'':changes 10 uie location 01
'phl ' '"C', wuh rc-ultam dl'll',II\l' tuncuonal and ,trlll.:lural proicmv,
111.:,., mutuuons can rc-ul: 111ddl'l'lI\ c receptor protem- for hormone-,

l'he \ Ilhwrnhrlil) III tr.mvcription III dru~, such a' tungal tovir», and III

;I!lIihilllil'~ mean' Ihal Ih':'l' urc uvctul hUlh a_, research [0111, and a..

P'}ll'llllill chemotherapeutic ugcnt-

l'IROI)lICTIO' (.\'(J.R

Hormone resistance

C1tCUlallOll

• • •
~ e

Hormone •effecl Hormon

Cell

IlNucleus I
PrOleln

~

1
~~mRNA

The ClIl\\l;r'lIlI1l1l normal cellv iuto malignant cells "rnedi.ued hy, 1111

example, \1I11'C' mutagenic dlcrnll;.II v ;ind iomzmg radiauonv, Mallgnanl
1.'.:1" dl\ ide out ofcontrol and may kill the hos: orgamsm il nUL vioppcd.

M.IIr~·nal1ll'CI" may <turt pwuullng thcrr 11\\n gro\\ th factors and reduce
or at'tlh,h rherr ,u'lepllblhl) III ncguuvc growth factors.

Trnn,r(lrmin~ ~ro\~ Ih raeI"" (reih) ,Ire chermcals ihmcun convert

a normal cell III ;I mahgnam cell Fur example. there b ev idenccIhal
the hormone progc-terone innc.I\':, the evprcvsron of a growth tuctor

culled 'I(jFort, \\hich may mediate the ).!rll\~Ih 01breast cancer cell ..., In

SlerOld hormones
androgens
glucocorhCoids
vlla!",n 0

Thyroid hormone



another type of cancer. hereditary retinoblastoma. a rare cancer of
the retina In infams. the cancer ccll-, lack the Rb gene. which in normal
cells may be a negative regulator of transcription

ANTIIUOTICS

The anuhiotic rifampicin. a verru-xynrhctic derivative of rifamycin.

which was isolated fromSlrl!{1/oI1l)'C'I'.\, blocks the formation of the first
phosphodiester bond in RNA synthesis (sec also p. 25). Chain elongation,

however, is not affected. The bacterium thul causestuberculuxis i~
MI'('olwI'IU;II111 tuberculosis.and il i., highly resistant 10 most antibiotics.

But. il i, vuvceptible to rifampicin. which i, not as toxic to mammalian

RNA polymerase. Rifampicin is used together with an anurnetaboluc.

i'on","d. III I real the disease.

Til A LASSA EM I A

Thala'SlIcrnill (Cooley's anaemia) is anhcrediuiry blo()d disease,especially

prcvnlcnt rn Africa, Asia uml the Mediterranean countries, in which the

glohll1 pari nlihe I-Ib molecule b altered. with decreased ~ynlhesis of

the CIr or ~ chains. The geographical disrrihurion nfthe discaxe coincides
largely With thai of malaria Puucnt-, with the diveave ure anaemic

bccuuxc the lib molecule cannot luncuon normally. There arc twotypc-;
<I) thalav-ucuua major,when the d"cu\e I'inhcntcd from both pauerus

< I.C there are IWI) copresof the abnormal gene). and the pauent " badly
altected, and< ii) thnlassaemia minor. when the defective gene" mhcrucd

lrom (Inc parent, and the child has mild symptorn-. or Il> tree ol

xymptomv, In thulas-aemiu major. ultccicd individuals are anaemic and
have swollen spleens andabnorrnulities oj the bone marrow. They may
require blood trunxfusions, whrch can result in uu iron overload.

The diseuse can also be classified us n-thalassaemla or

~·thalussllemill. 0.- rhala"aemia is u deficiency 01 then-glohin Chili II,
due to uncquul crossover between adjal'elll(t-ullde,. p-Thalas,,,emia.

which 1\ nlrer, can he due to one ofit numher oj dlflerent mutmi(lI1\. For
e\amplc. there i, a G ~ A mutation (If the ~.glllbin codmg reglUn.

re,ultlng In a lIe\\ ,pliclng 'lie; Ihu,. ,llrame ,hilt uecur,. The promoter

may he l11ut'lled. or the na\cent mRNA prem(llurcl) released frum the
tl.!l1lplutc ,trandur the spliCing Illay he IIIcorrect

HORMONE RESISTANCE

Steroid and thyroid hormoncv, and \ itarnin D all act on their target

cell, b} combining with intracellular receptors.The hormone receptor

complex binds to specific vcquenccs upstreamof tranvcnption start

sitcs and trigger, transcription. The receptor protein has IWo Important

domains: one that hinds thehormone amianother thatbinds the DNA.

Thix knowledge. and the know ledge of the structure of the genesthat
code for these receptors. hal> ledto un understanding of the causes of
several diseases characterized hy a 11I~k of responsiveness to these

hormones

For example. androgen resistance" the failure ttl revpond tn thc

male 'ex hormone testosterone. and IU Ils powerful androgenic
metabolite 5a·dihydrotestO\ICfClne (DIIT). The disease may he caused

by: ti) the complete or parual delcuon of the gene thatcodes for the

androgen receptor: (ii) \phl.!lng dclcctv; (iii, premature termmuuon

codonv, und (iv) amino acid vuh-utuuons resulting from mutated base

xubvututionx. These mutation, u-uully mcun a loss of altmuy olthc

hormone for the receptor, In the case of androgen resistance. lIlostof
the amino acid substitutions occur in the steroid-bmding domain ol the

receptor,

Thyroid resistance. lOll. can be causedby rnutarions ofthe genetluu

code» for the thyroid receptor. The-e pauents have retarded growth and

lcvionv of bone. despite havmg high plavma levels of thyrmd hormone.
11)c tlSSUCSare not 'seeing' the hormone Two distinct thyroid rcccprorv,

(1. und ~.are encoded by twodrxtinc: genes, the a·and {J-gencs In cascs

of generalized resistance to thyroid hormone, it has been discovered

thiu mo't mutations occur wuhin a lightly circumvcribed regron of thc
f)-gene.

Glucocorticoid I't!sil>lunce cun "Iso he explained. in part. hy mula
lions 0)' the receptor, und this has important implications rnl therapy

xincc glucoconicoids such II~ prednisolone are used extensively .. ,
tll1l1 inlltlmmulOry agenll> in cnnnccllvc tissue di,eascs. and as illlmuno

\uppre\\ant' in autoimmune d"l.!a'e,. Thus. patients whu arc re.,.~tant10

glucocortlcoids will nlll rl.!'JXlIldlO Ireatment wnh them. In ~ol1le ca,I.!'IIf
gluc()(:onicoid l'C,i,wncc. point mutation ...havc been di\Co\cred. re\ultlllg

III lhe \Ubstltulion of 'lIlgle ammo aCid, lnll> rc\ult, in a reduccd allinny
lor the homlone.

2\)
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Protein synthesis

Fig,

IS,I

Amino acid

+~
ATP + H20 AMP + 2Pi

(.l) OH

Dlagrammalic lANAIRNA shonhand

A = adenine
C cytosine
p pnosphats
G .. guanine
U uracil

Cystiline

Stop COdon

INTRODUCTION

Proteins arc synthesized hy a process calledtranslation.This i~ literally

the translation ofthe sequenceor bases inthe DNA, and therefore ill the

corresponding mRNA, into a sequence of amino acids joined togetherto

form the polypeptide chain,the primary structure ofproteins,The primary

)0



structure will determine. In turn, the secondary and tertiary structure.
and therefore the function of Ihi.: protein. Protein ~ynlh":~I~, ;\~ in the

case of DNA and RNA synthesis; 1<1"":'place in three <rages:(I) imtiarion;
(ii) elongation: and (iii) termination. Amino acid ..are activatedthrough

linkage to their LR:-IAmolecule- III a reaction caialy ..ed hy an enzyme.
an Illllinoacyl-lR:"IA syathetase -pecilicfor the particular amino acid.

In ,Qme CII"e" there may he morethan one tRNA and enzyme serving
:I purticulur amino acid Polypeptide chuins areelongated in Ihe direction
amino to carboxyl group (NH,' -t COO ), by the polysome 'assembly
line'. An initiator tRNA tl'lggl.!!'\ ,yl1lhe~b by binding to u ,ite on the

ribosome: elongation begins With the binding of another IRNA to another

'lie: IIIIU termmation occurs when II protein release factor 'read,' a ,lOP

"gnaluu the mRNA.

TilE GENETIC CODE

AI leuvt 20 different amino add,occur in proteins. hUI there arc only

[our hn ...cs ill DNA andl11RNA, uud it Wll~ discovered thalli sequence
of three ha~c~,called a codon, codes I'm eachamino acid. The number

uf Im~"hll.! triplet codons derived Irom lour ha ..es is 41 = M. E.\pt:l'imel1ls
huvc determined that of these, 61 combinations codefor ammo acids.

1\ IIIHllIgh 'lime amino acid" fur example tryptophan, have I)nl~ one
codon I lJGG), others, for example serine. have a, many a~\1 ....(\ce

below). Ncverthelesv, the gcneucCOlic 1\ specific aud unumhrguouv;
one codon codev flll one ununo licit! only,

l\lIddl~ flu", uf l'1II1(l1l

S' !'IIII of CIKlIII1 U (' \ G ~' end of codon

1I I'he Ser 1')'1 C)' II

1I Phe SCI hI C}, C

lJ Leu SCI SlOP STOP A
LJ Leu "ier S rot' Trp (I

(' l.eu I'rtl III~ Arg LJ
C Leu Pro II" Al'g ('

(. Leu I'm (i In ArS t\
( Leu PhI Gin \r8 (j

A lie Tltr A'11 SolI' II
,\ lie Thr A,n Scr ('

,\ Ilc 1111 I.>, Arg ",\ \kt I'llI' I.y' Arg G

G Val Ala A,p Gly I)
(j Val \101 I\,p Gty ('

Cl Val AlII (jiu Gly A
(j Val ,\I" Glu Gly (1

• The Uldull for melhionil1e t \1 '0) i, II STI\ RT I:otllln Inr lrun,lalilln t o,cc
p. JO), Fur ddinllinn' tit abhn:\'IaClIlI1' ,ce ·\bhrc"lullIlII,. 1'. I()• .

Bec.:au'e there I, more th,lI1 one codon for amino ac;ld" the ende I~
r!!ferred 10a~ degenerate The code i~ abo vinuallyuniverslll. ,ince

~lIh\1itlllially the ~nmc cock hu, becn found illnil livll1g orgtlnbm~.

Codon Mitochondrion Normal meanlng

CUA Thr Leu

AlJl\ ~lCI lie

UGA Trp STOP

Mitochundria provide tbe only known exception to the: rule: 111

universality, since some codon, which normully have one rnearuug arc

different In mitochondria.

The START signal for protein biosynthesis in eukaryotes i, AUG,
the codon fur methionine. Methionine 1\ therefore the firvt anuun acid

of the protein chain. The STOP signal\, UGA, UAA and U-\G. do not

code for any amino acid ... andnUl} -ometimes be referred 10a,nonsense

codon~

TilE 'WOlJULE' HYP{)TIII~SIS

The 'wohhle ' hypothesis isUI1explannt inn IIll' the fact that: (I) one

tRNA can reat! more than one codon: and Iii) many ot the codons

can he reud by more than one spccie' 01 IRNA Note. ho« ever. lhul

one tR"'A Call c .. rr) only one 'Ileclcs of amino acid:(i) and (II) ilia}
he pn\\lhle hCC:IU'C the ..trmgency rcquircmenrs for buve pumng

normally vupulated hy theCrick.. Watson base-purring rule dn nut
upply, ullowtng bnvc pairing between rhe tlnrd position0) the codon

011 the 11l'~NA reading 5'-t 3', nud the f1rst posiuon ul nnticndon

Oil the IRNA 5' -t _".This makes the nuclcotidcs literally wobble.
chungrng the geometry 01 lhl.! codon anticodon interacuon. and

allowing G 1I base parrv to 1(11'111 Wobble. and therefore the

relaxauon 01 'Inngenc) of base pumng between anucodon and codon
in protem '} nthevi», may also he Inducedhy the presence of ruodrhed

nucleotide, <II or ncar the flr:o.l 1'Il:o.I110Uof the anticodon III 'Ol11e

tRNJ\ :-'Pl'I:IC', An important modrtrcd nucleotide for wnhhlc "
Inoslnlc ucid (I), which can lurm huvep<lll':o. with A, C or II in the

lhird Jlll~itilln Ill' mRNA codon. The reluxntinn of stringency or the
ha,e puiring IUle during wohhle l1leal1~ thu1. theoreticlllly, IllUIlYIII'
the din crellt (.'Odlll1' could be read hy relatively few IRNA lint il'otlon,
In nature. hem ever. thb pCl~"lhilil} hu, nol nec.:es~aril}' been c\rltlilcd,

'Ince moM cclI!. I.unlain almo't n, lIluny speelc, of tRI\A ii' there

arc 01 alllllHl IIcld~

THE AMINOACYLATION REACTION

Amil1u :ll'IU' lIrc activaled lor prolein ,ynthcsil-. i.c. rabed til n higher

energy Ic\el rill' partic.:ipallon III prntClil ') nlhe!'is, through ~oupllng III
IRNA In iI n!llctllln calal>~ed b) a ,pecific: aminoac) I-IR~A

synlhela,c. Thl.!re arc 10 ditlcrcnl elll.ymc,; one for each amino ac.:iu
The en/)l11e c.:an (I) recogll17c I" 'pe('lllt amll10aCid tRt\A complex,

and (II) proofrcad the c.:umple:\ nherit hll~ hound it, and hydroly,e lhe
Inc.:orrCl:lly hound complex. It I~ not I-l1uwn with certtlillty huw the

CIlt.yIllC proofreuds the complex.
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Ribosome and translation

1-OH ~] 16S riboSomal uM

U C 3'eOO

UCCUCCA
I I I I I II

5'--AGGAGGU ---AUG ----mANA

i (IMel)
Start codon

P(,Irlne·rich mlliator
sequence01 mRNA•

Synthetase Translormylase

! !
lANA + Mel ~ Mel -lANA -t fMel- tANA

lMet = FormylmethlOntne

Inlhabon complex 70S

GTP

~

50S

OJIT8J [ffij+-
- AGGAGGU- AUG - mANA

_!!Met)

[llil [ill]

Protem assembly
$It~

Membrane
attachment

site

Largo (Ibosomal subunit 50S1 Modet 01subunits I

INTKODUCTION

Prot!.!11I vynthcsr» 1\ effected hy the rthosumes. which are riho-
nuclcoprotcrn parucles. Ribosomes convivt oltwo main subunits whrch

fit together 10 form a structure tnutconrdinutcv the a.....ernbly 01
protcrn-,

.n

505£

34 proteins

50S
5S ANA + 23S ANA

30S
21 proteIns

30S-L
165 ANA

E, coli ribosome

- - _ mANA--
Polyribosome assembly (polysome) I

The ribosome

TilE RIBOSOME

Bacterial ribosomes

In buctcna such a, E. colt, whose ribosome has been cxtcnvivcly
vtudred, the ribosome 1\ an Irregularl) shaped ribonuclcoprutein
panicle having a scdimcntauoncoclficient of70S. a diameter01 ahOUI



20 nm and a mass of approxinuuely nO() kDa. The ribosome can be
dissociated in the laboratory into a large 50Ssubunit anda smaller 30S

subunit. Thesesubunits can be dissociated further into the proteins and

rRNA which make them up. The structure and functionof the ribosome

depends principally on the way the constituent rRNA molecules fold

ami associate with the proteins. Each bacterial cell ha~ about 10000

ribosomes. which constitute roughly 25% of the mass of the eel LViewed
under the electron microscope. ribosomes may be observed free in the

cytoplasm.

Eukaryotic ribosomes

In mammalian cells. the structure and function of the ribosomeis very
similar to that of the E. roll ribosome. although its composition differs.

The mammalian ribosome is HOS. having a mass of42 kDa. and

dissociates into 60S and .lOS subunits. The 40S subunit has an I liS rRNA

molecule und abuut30 associated proteins. and the 40S subunit is made

up of 5S. 5.!:!S and 2gS rRNA. and about 45 associated proteins. Viewed

under the electron microscope. ribosomes may be observed free in the
cytoplasm orfirmly attached to the ER. A~ 11general rule. free ribosomes

synthesize proteins for usc in the cytoplasm. while membrane-bound

ribosomes synthcxizc proteins for export I'I'0m Ihe cell, or for making

membranes.

TRANSLATION

Por protein synthesis, several ribosome» can hind simultuneoulsy to a
mRNA molecule to lorm H polyribosome. or polysome. There may he
up to one ribosome uuuched every eight nucleotidcs along the mRNA.

The individual ribosomes of the polysome work indepcrulcruly of each
other. and each produces a complete polypeptide chain.Polypeptide

chains aresynthesized III the drrcction N 1-12 -+ COOl-I. and the mRNA

is read from 5' to 3'. In cukaryotes.mRNA i!>exported from the nucleus
to the cytoplasm, where protein syruhcsisoccurs, whereas in prokaryotcs
such (I, H. I'IIli. n mRNA molecule may he translated even while it is

being transcribed.

Initiation in prokaryotes

Protein synthesis in prokaryoi ic cells is initiatedby the combination. In

the cytosol (sec p. 30).of the free. smaller subunit of the ribosome with
an iniuator t RNA molecule that carries the amino ucid methionine (Met).

The initiator (RNA: (i) ls linked with Mel through a reaction caralysed
by the corresponding aruinoacyl-tfcN A synthetase: and (i i) the Mel

attached 10 the tRNA is lormylatcd by atransforrnylnse (formyl' is
derived from formic acid. HCOOH). The initiator tRNAb therefore

expressed us (RNA,. The Met attached10 tRNA, docs nOI usually form

pan of the final polypeptide chain. hUI is removed alter the protein has

been made.

Note: Met attached to an iniiator tRNA, can be Iormyhncd, but it

cannot be formylmcd if attached to the species oftRNA thatcarries

a molecule of Mel destined for permanent inclusion in the protein.

In this lauer case, the lRNA that carries Met is designated tRNAMCI•

The free,smaller 30S subunit bindsthreeinitiation factors (IFs). IFI,

IF2 and IF3. IF2 binds GTP. and also recognizes the Met-tRNA ..
complex. The reaction betweenIF2 and GTP also enables the mRNA
molecule to be bound by the 30S subunit. IF3 dissociates as the

30S-Met-tRNA, complex isformed: GTP is hydrolysed as the larger

50S subunit joins the complex: and IFI lind IF:! dissociate. The

Met-tRNA, molecule is located in the Psiteof the ribosome. unci the A

site is empty at the start of the elongation phaseof protein synthesis.

The resultant 70S complex is termed the initiation complex.

The Shine-Dalgaruosequence

The Met-IRNArn1olecLlle has the anticodon UAC which binds non-

covulenily to the initiation codon AUG on the rnRNA molecule. AUG

codes for Mel. In E. coli. the site of initiation IS situated at a purine-

rich region of the mRNA upstream from the AUGstart codon, and

this purine-rich region is called theShine-Dalgarno sequence (e.g,
for E. coli lacl, the sequence is5'-AGGAGG-3'1. This sequence pairs
with a complementary sequence very ncar thc J' end of the 16$ rRNA

of the 30S subunit.

Therefore. protein xynthesis will be initiated where the anticodon of
the tRNA, binds the initiator AUG codon. and where the Il1RNA pair,

with the complementary sequence atthe 3' end of the 16$ rRNA

molecule.

Initiation in eukaryotes

The rnechunism of initiation of translation in cukuryoric cells is

fundamentally the same us in prokuryotcs, hut with some differences.

I The initiating tRNA b Met and not Iormylmethiorunc (IMet). The

IRNA currying Met is termed IRNA,.

2 There a....:many more Irs (at least nine arc known. anddoubtless
more will be discovered):

(n) elF2 binds GTP und escorts tRNA to the 40S complex;

(b) cap-binding proteins bindto the mRNA 5' cap. anti elF3 binds

to the AUG start codon nearest to the cap. using energy provided by
e1F4. which HI turn derives its energy from AT!':

(c) Met tRNAI binds to the start codon AUG anti elF5 cause), elF2
to hydrolyse GTP, which results in the release ofelF:! anti ell'3 from

the initiation complex;
(d) the 60S subunit isall ached to form the curnplcte initiation

complex.

NOI/!: in cukaryotes. there is one <mrt codon only AUG - anti
110 Shine-Dnlgarno purine-rich sequence. The 40S complex attaches
itsclf'to the IllRNA at the 5' end and uses energy (ATP sec (2a) ubove)

to move toward- the 3' end until il finds the AUG start signal.
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Elongation, termination and modifications

Flit,
17,1

Protein
targebng

NHZ
HS

HS

\ SIgnal
\ recognilion
L!__ar1iclC \
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proleln

IN'IIHHHICTION

Atter lh~ 1I1111"llIln111protem ')nth~,i" the pepudechain i,elongutcd,
noll when tht: ilppropliutc xiunal j, reached clungalllln j, ll'nnm:ltcd
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dcpendinr linwhether it j, ues\lIICU for olher cellular IlH
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ilIlClk, \uell
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OJ' ihe n'll mcmbrane It ilia) be n1()(hllcd 'Uf nplln l.rrnf .. 10 P()~t
Irill1,lallollal ll1olhllcUl1011 may fI:,uh III dhe"'l',



ELONGATION

The amino acid tobe added to the initial methionine is delivered, attached

lCJ its lRNA. to the A ~ite of the ribosome by an elongation factor. It is
critically importaru that the correct aminoacyl-tRNA is in the A site.
because the cell cannot exciseCI 'wrong' amino acid once it hasbeen
added to thechain. The 'proofreading' is done by an elongation factor,

EF-TU ill prokaryotes. EF-TU binds GTP. andthis enables il to bind
the aminoacyl-tkf+A and bring it to the A site. The amino acid cannot

be added III the chain until EF- TU leaves the complex, and EF- TU cannot

leave until it has hydrolysed its GTP to GOP. Therefore. there is time.
while GTP is being hydrolysed. and while theEF-TU is leaving the

complex. for an incorrect aminoueyl-lRNA to leave the complex. In

eukaryotes, the proofreading elongation factor is EFt. whose subunit

EF 10'.forms it complex With the nmlnoacyl-tRNA.

Elongat ion has two main steps. peptide bond formation and
translocation. Peptide bond formation i~ catalyscd by peptidyl

transferase, which attaches thecarbonyl utom ofthe P site aminoacyl-

tRNA (0 the c-amino group of the amino acid of the umiuoacyl-tk NA

in the II. site. The A sue must now be emptied for the next aminoacyl-

tRNA. and so thereading frame b shined three bases along the mRNA
unti l the next codon is at the Asire. This movement b driven by another

elongation factor, or translocase, which utilize!' GT!> hydrolysis for
energy, In prokaryotes. the factor is RF-G. and incukaryotes It is EF2.

During the process, the IRNA-OH. whose amino acid has been removed
i~ shifted to a so-culled 'exit site' on the ribosome. from where it is

released back into the cytoplasm. In eukuryotes, a number of other

elongat ion factors have been itlentitied but their exact roles <Ire1101 clear.

Terminatlon

When a termination ()I" STOP codon is reached. no nmilloucyl-IRNA

1.:!I1l be accepted in the A site, lnsrcad. the codon i~ bound by a release
rllctor-GTP complex IU'-GTP. As a result, pcpudyltrunsferasc swuches

to bcmg u hydrolase, adding Hp to the carbonyl end of thepeptide

chain. Rr hydrolyses its GTP LO GOP. and undergoes a cunformationul

change. These changes provideIhc energy III dissociate the elongation

complex into the consutueru mRNA. polypepudc chain and the

ribosomal subunits, In prokaryotes,three release factors have been
described: RFI. RF2 andRr3. Rfl and RF2 recognize different STOP
codons, and RF3 poieruiarcs the ucuons of Rrl and RF2.

Prokaryote-eukaryote protein synthesis summary

FClIturc PrClk;lryotc~ Eukaryotes

Large rihoqome suhllnil 50S 60S
C;;mnllribosome slihunil 30S -lOS
Whole rlbo~omc 70S 80S
Large suhunit rRNA 5S 23S 5S 5.8S 28S
Smull subul1ll RNA 16S 18S
Large subunit prolein numbers .14prolein~ 50 prOlcins
Small ~lIbul1l1protein numbers 21 prOl~ilb 14 prOicins
Inilialion faclOrs IFIIF2IF) elF:! elF3 elF4a elF ...b

elF4c dF5 elF6
cap-hinding prolein

Illiliuling Hminoacyl-lRNA IMct-tRNA Mel IRNA
Pre-swM purine-rich sequence Shine-i)!llglll'Oo Nl)nc
Elongation factor, F.F·G tU'fLnslocnsc) EFI EF2 (1ransloC<lse)
Releasefnctlll's RFI RF2 RF3 RF

Post-translational modifications

The amino acid sequence and conformational shape of(I protein will

determine it!>fate. whether it b It) be targeted to a purticular site, or to

be a substrate for modifying enzymes. They will also determine it~
half-I i fe.

Eukaryote ribosomes thatproduce IY!.OSOIlH11proteins, membrane

proteins and proteins for export are bound to the ER. During protein

synthesis in the cytosol, a signalsequence rich in hydrophobic residues.
such as phenylalanine. is produced near the amino terminus, The

sequence isrecognized by <1 ribonucleoproiein termedslgnal recognition

particle (SRP). which binds tothe ribosome. enabling it to hind to the

surface of theER at a 'docking' protein called SRPreceptor. The

ribosome interlocks with two ER membranetranslocation proteinscalled

Rlophorin I and n. which drive the elongating peptide chain through

the ER membrane into the lumen or the ER. Once insideIhe lumen, the

signal sequenceis excised.

Inside the lumen of the ER, several modifications may occur: (il the
protein may be crosslinked bydisulphide bonds: (ii) pun of the chain

may be excised by proteolysis. for example the removal of an inactive

portion of several prohormones, such us the conversionor proinsulin to

insulin. for export; and (iii) proteins may be glycosylated. Glycosylatlon

of proteins serves three 111a111 purposes: (i) changes therr physical

properties, for example solubility. size1II1U stability: (ii) (he carbohydrate
addition is an important component ol' a membrane protein which has

to recognize other proteins or cells; and (iii) enables Lhe proteinlIJ be
targeted to specific cellular sites.

In the lumen. oligosaccharides may he carriedto Ihegrowing peptide
chain hy a lipid currier. doliellol phosphate. which is located011 the

luminal surface of the ER membrane. The oligosaccharideuuached to
(he dolichol phosphate becomes uuached to un uspsraginc (lI.snl residue
UI1 the peptide. in u reaction catulysed by u glycosyltransfcrasc.
Glycosylation IIIUY take place after the protein has moved throughthe

ER to the Goigi apparatus. whereit may abo be packaged into vesicles
lor cxocytosis if it is for export.

Proteins rnuy be modified during trunslutiun (cotranslarionully)

through the alteration or <Imino acids. I'mexample, in collagen syn-
thesis. proline ishydroxylatcd to hydroxyproline.

TARGETIN(;

To the mitochondrion

Proteins 1,1l'gcted 10 spccinc cellulur ~itc~ neeu special l>ignals. M(\~t

proteins dcslincd for Ihc mitochondri()n arc releu!--ed inlO the cytoplnsm
by free riho$omcs. ancl theil' signal wLiI differ depelluing on whethcr
they :u'e targeted to the mitochondrial membranes or to Ihe mi(oehondrial

matrix. Once inside the mitochondrion, the largeting I>lgnal i\ usually
cleaved from Ihe protein.

To lhe nucleus

Most proteins deslined for the cell nucleus have spedfie ~ignal sequences

rich in arginine and lysine sC4uences. The localization of histonesto

Ihe nut:ieus appears(0 be mediated by a protein termed nucleoplasmjn.
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Peptide formation

P A

NH2~1' Phel.

~ro~~·T ~DP.'
GGG, ~AA] L-.:;. -'-.

ccc UUU

Correct ./

'Proofreading' aminoacyl-tRNA
in A site of ribosome

Correct ./

Incorrect X

u

CCC UUA mRNA

Inoorrectr;

EF·TU·GDP -+ PI +--

ccc UUU mANA

Corr~

Fig.

17.2

31\

Termination I

IF3 = Initlabon factor 3; AF1 • Aelease factor 1; sees STOP codons UAA. UAG
NH2(/jbr, AF2 a Aelease.::r 2; sees STOP codons UUA UGA

50S

UAA =Terminabon codon

T- AJ'R£!) ---\)I P ~I RF2

I: OM) I Illi)

Termination occurswith a STOP oodon whidl binds a release factor. As a result
(i) Peptidyllransferase forms a COOH terminus to the polypepMe, which dissociates
(Ii) tRNA and mANA dlssooate from the complex
(ill) The ribosome dissociates into 50S and 305 subunits IF3 binds to 30S and prevents premature binding of 30S and 50S

Peptide bond formation NH2 NH2
Growing ;t:: Growing ;t::

NH2 polypepHde ;: POlypeptide;: G Peptide formation: is catalyzed

T
Growing ohaln 9 -0 chain C= H by peptidyl transferase. an enzyme
polypeptide N· Ii N - H fonning part of the 50$ unit

chain AI C-H R,- 9-H • Translocation. IS

9]:1- 0 Peptldyt q=o OH 9jJ- 0 (i) the dissociation of
N- H NH2 translerase N- H N- H NH2 IRNA.()H from the P
I I I I I

At-C-H R2-y-H---+ R2-~-H IRNA A2-C-H A2-C-H site
C=O c=o =0 t 9'=0 (;=0 (lI)thenbosomemoves
I r I so that the peptidyl·
9 ? ?H 9 GTP .GDP. Pi 9 9 tRNA cxx:uples the P

tANA lANA tANA lANA EF.G IRNA lANA Sde.Elongabon factor
mANA G mANA • mANA EF-G dnves
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Elongation factor cycle
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EF·TU enables positioning of amlnoacyHANA in
ribosomal A srte and GTP IS hydrolyzed to GOP before
EF·TU leaves the rlbosOma

Elongation factor EF·TU binds GTP and
amlnoacyHANA
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EF·TU bInds GTP, EF·TS diSSOCiates
and EF·TU·GTP IS ready to bind another
motecule of an amlnoacyl·tANA

• GTP

t +~F'TU
Ef.TU.(3TP I

• EF·TS

( EF.TS)



PATIIOPHYSIOLOGY OF PROTEIN

MODIFICATION

Several di,e:I":, and abnormalprotem vtatus situutionx arise from error ...

In the post-trauvlauonul modification 01 proteins. including errors in

the targeting process.

Familial hyperproinsulinaemia I' an autosomal dominant stare in
\\ hich the indiv idual hav upproxrmately the sameamount of proinsulin

and insulin in the crrculauon Thovc \\ uh the condition may exhibit
none of the,>mptomx of UWhcIC\. andgluco-c metaboli ...mi,apparently

normal, dc'pitc the presence01 very high levels of proinsulin in the
blood. The cause otihc condition i, not know n with certainty, but may

involve point mutation, Inthe proinsulin molecule. which prevents the

action of theproIC:J'C cn/yrnev which splice proin ...win.
l-cell disease i, one of 1I number of related disorder- ..arising from

aberration, Inthe targeting or lyvovornal enzymes. Other di ...eases
are mucolipldosls II and III The lcsroni...a deficiency in the enzyme

whtch catalyves the tranvtcr of N-acctylgluco:-.amine phosphate to
polyvaccharidc moicucs 01 proteins which are targeted to the lysosume.

These protcinv arc ...ecreiedinto the blood ...tream. andarc found 10 high
concentration ...In a number of body fluids The defect is usually present
at birth and manifested by xkeletalabnormaliues, facial eoarsemng or
Icuturcx and psychomotor returdauon. Patient, usually die before 7 8
year, of age.
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