
18 Errors of translation

Errors of translation
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Proh!111 'Ylllhc~i, can be blocked by drug),. termed anlibiotics. This

term encompasxcs agent" Ihal have ;tt:IIOIlS other than translation.
They may Interfere with cell wall ,ynthc.!'I' or with intermediary
mctubnlrxm. They arc useful iools lor clucidaung the mechamvms

oltranvlauun. and "orne arc extremely uvclul therapeutically because
the)' target the prokaryote translation machinery specifically, Defect,

In the transluuon process may alvo be rc-ponviblc for veveral diseases
In human ..,

Alcln

NH2

Growing
peptide

eIlain

Ribosome

C=O
I
o
I

tANA

INIIIHITORS OF' PROTEIN SYNTHESIS

Antibiotics

Streptomycin and neomycin arc ammuglycos idc anubiuuc-,

cxtenvively usedrherapcuucalty Streptomycin inhibits irutiation b)
binding to the 30S ribosomal subunit and interfering with thefunctioning

of a ~ing'e ribo ...ornal protein called S 12.which mediate!'. the binding 01



Inhibitor Site of inhibition Process inhibited

Chloramphenicol
Cycloheximide

Erythromycin

Fusidic acid
Ncomycms

Puromycin"

Ricin
Streptomycin

Pepiidyl transferase
Elongation

Trunslocation

Translocation
Translation

Peptide transfer

Many processes
lnitiution
Elongation

Aminoacyl-IRNA
Binding

Prokaryote 50S subunit
Eukaryote 80S ribosome
Prokaryote 50S subunit

Prokaryote EF-G action
Prokaryoics many sites
Ribosome

Eukaryote
Prokaryote 30S subunit

Tetracyclines Prokaryote 30S SUhUl1I1

• Eukuryotcs and prokaryotes,

IMet-aminoacyl-tRNA and mRNA tothe ribosome. It also causes

nusrcuding of the mRNA codons. Neomycin does not appear toact

through S 12. Tetracyclines also bind to the ribosome and block

mninom:yl-tRNA binding. They were heavily prescribed in children

until it was discovered thatthey stained their permanent teeth yellow.

Chlorumphenicol is tox ic to a wide variety of microorganisms. but is
also senously toxic to bone marrow. and i~ reserved fordangerous

diseuses such as typhoid fever. or for localized (topical) nppllcarion in,

for example eye drops.

Antibiotics. such a\cycloheximide and puromycin, whichattack both
prokaryotic undeukaryotic translation. an:virtually uselesstherapeutically,

but ure very powerful experimental tools. Puromycin resembles the

termmal urniuoacyl-adenosine part ofthe lll1linoucyl-tRNA and therefore

competes with it for the binding ~ill.!011 the A site of the ribosome.
Puromycin becomes incorporuted into the growing peptide chain at ihc

carboxyl end bC<:!111Seit has anc-amino group recognized by peptidyl

trunsferasc. Ricin b a plant toxin from castor bcuns, Ihal hax N-glyco~ida~e
acuvity and auacks the ribusorne directly, cleaving<111 adenine base from

the large subunit. Recently,III Spain. many hundreds ofpeople died after
ll~ing. cooking. oil coruuminated with ricin.

Translation can also be inhibitedhy bacterial toxins. For example,
u protein toxin produced by the diphtheria-producing hnctcrium

Corvnebarterium diphtheria,enzymaucally inactivates EF:! byconverting

ir to AOP-ribosyl Er2.

TRANSLATION AND DISEASE

Several. usually familial. diseases arc caused by defects In the translation

process. These may involve uttcrations to the cleavage of newly

synthesized peptide chains,01' defects in the targeting of proteins or

from mutations an the genes, and thus in the mRNA. resulting inthe

incorporation of the wrong amino acid into theprotein.

Cleavage

Defectsof cleavage are responsible for familial hyperproinsulinaemia,

in which affected individuals haveabnormally high circulaung levels of

the insulin precursor proinsulln, Normally, the insulin gene codes for a

large precursor. preproinsulin, which is released into the lumen of the

ER. The signal sequence is cleaved bya Signal peptidaseto yield a smaller

protein, proinsulin. This is transported to the Golgi apparatus. whereit is
packaged into vesicles for export. Inside the vesicle. the molecule is

cleaved further to remove the so-called C peptide, an internal peptide

chain, and bioaciive insulin is eventually released byexocytosis.

Receptor defects and hormone resistance

Errors of uanslmion canrcsult m hormone resistance. This is afailure
of the target cell to respond to certain hormones. for example androgens,

glucoconicoids. thyroid h0I1110nel>and vitamin 0, which alI act through

intracellular receptors
In patients with androgen resistance, these receptors may be:

(i) absent altogether: (ii) grossly uttered in structure due to deletion ol

segments of the carboxyterminal end of' the polypeptide chain: or
(iii) altered in JUStom: amino acid (a point mutation. which results

from a mutation or 11 single base pair in the ONAJ. All these are dueto

mutations of the androgen receptor gene, and the conditioni~therefore
Iurni Iial. /\;, a result, the patient doe~ not respond to hi~ own androgen.

and i~infertile.
Muuuions of'diffcrcnt regions of'the low-density lipoprotein (LOL)

receptor gene can cause u disruption of cholesterol metabolism. and

lead to hypcrcholcstcroluemia and premature vascular disease. The
mutation may result in: (i)U reduced number of' receptors or none at all;

(ii) (I reduced rateor transport of the newly synthesized receptor from

the ER to the Golgi apparatus: (iii) the fnilurc of the LOL receptor to
bind LDL: or (iv) failure or recycling of LOL receptors. These diseuses

arc usually familial.
There arc defects of translation of the proteinsof collagen,

resulting in structural weaknesses of collagen. anirnportunt

supporting tissue In the body.
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19 Collagen

I

Collagen synthesis
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Intracellular stages of collagen synthesis
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('nlla~tl'n I~ used 111lhl' chapicr u-, an example 01 the cvcru-, in protein

'ynlhc'I' dcvcnbcd III prcv iou, chaptcr-,

"A'IORI·, OF COLLAGEN

Occurrence und structure

Collagen 1\ ;1 [ibruus. secretory prutcin, the mOSI abundant protein in

the human body, and occurs in ull ussucx tluu demand a framework or

'lIp[1ml 111order to give them structural strength and retention ol' their
chaructcnxuc shape or form. Other cxnmplc-, oj fibrous protein-, arc

tropomyosm and u-keratin, Structurully.fibrou ...protein ...povscv- a high

proporuon 01 regular secondary structure and a rod-likeC) hndncul
...hapc, and arc relauvely msolublc InII ()

'-,<lch collagen peptide. referred toa, an n-chain. OCCUh (I, a

lett handed helical polypeptide. in which every third rcsrdue I' a

Proline, lysine
hydroxylated

Lysine
glycosylaled

Chains jOined
by disulphlde
bridges

Procollagen
secreted from
cell

Extracellular stages of collagen synthesis

Procollagen

H2N==:" r\ I
a-chain ~~~ =.::&j:==--~L4~..;T~np~le~h~e~lix;..~~~=ei==

Il Propeptides removed

Tropoooliagen

COOH
COOH
COOH

H2N-~ COOH
H2N-- COOH
H2N-_'L6I ~- COOH

PolymeriClibnl.

J
glydnc. anti j, about IOO()rcviduc- lling Three u-chain- IIlICI'!\\ me
III form a right-handed triple hchv, and the glycmcresidues arc at
the centre of the helix Thi-, helical -tructurc 1\ terrned rropocollugen
and II I' the tundarncruul buildiug block or repealing unit ul

collagen

Tropocollagen

Tropocollagen can he expressedIII terms or an approx imate suucturul
formula: (Gly-A-B)\I1' where proline occupiesupproxirruucly onc-tlurd

of' the A poxiuons. lind ahOUI one-tlurd oj the B positions u....: occupied

hy hydroxyproline. Tropocnllugcn molecules spontaneously combine

through ,I crosshnking between I)sine and hydroxylysine rcviduc-, hI

form the so-called poly merle fibnls. which canbeseen under the electron

rmcrovcopc. and the-e aggrcg.uc HI form the light microscope-v I....blc

polymeric collagen Iibre-,



TIll: rigidity of collagen b due ttl the presence of proline residues.

The strength of collagen i~ provided by the fad thaI trnpocollagen

molecules <Ire adjacent to each other alongapproximately 75% of the

length of each molecule. Becauseof the way they lire attached, they
..Isoresist stretching. or ten-mg. and will rupture if subjected to exce ...sive

tensile forces.

Types of collagen

Dlllercru tissues possess different types of collagen, (If which there are

.1I kast I), called type I. II. etc .. up toXIII. Collagen types differ in

termv of the a-chains. which arc termed a I anda2. Type I. the lirsl 10

hechuructerized, is present in the hlrgc'l abundance III the humun budy

S \ N" II E SIS 0 F COL LAG E N

Collagen is ...ynthesized b)' severnl di Herem specialized cell types, for

example hy the (lste{1blusis ill hone, Iihroblasts in the tenuolls and by

chondmhlaxts in curtilage. Synthesis may be thoughtof ill ICmlS of

intracellular and extrucellular cvcniv.

Intrncellular events

In the cell. the liN ...ICp IS the ,ynthl'si .. of ane-chain h) the I R-
attached nbosornes, which tmnslutc the a-chain sequence trom the

II1RN/\ as well us the propcprlde vequcncex, andthe N-tcrlllIf1ul ~ignul
peptide, which directs the newly Iormed protein mto the lumen of the

ER.lhl! prnpcpl ide sequences ensurethai the precursorsrcmulnxolublc,

a~ they dll not form a helix. In the lumen, the enzyme \I~nlll pcpuduse
remove» the vrgnal sequence. and the pro-a-chum move-, along the

...month liR and the Goigi apparntu-, lU\\uru\ the plavmu memhrane

Dunng th" voyage, -Oil gruup' are added to proline and I),'yl

residueswhich usc vitamin C 11\ II cofactor. The sugul ro.!SIUlICS glucose

und galactuse are added to hydruxylyxinc; lhe extent01 glyc(1"ylutlnn
dctcnnining the thickness or the rcsultnnt collagen lihril~. The slIg.lr

re"ulIe~ I'etluce the tiegrec III pUCJ..1I1!:!of thc tropocoll ..gcn l11h:rofihrib
Illto pul) nwrlc fibril!>. The cllto.:nt III the gIYl'l1'yllltlnn uepend!> on Ihe

tlS,ue III which collagen" fmllll'd.
Durinr Ihe laiC stages III glycn ...ylutwn, Ihree rro (l-l:hains ure h.nned

111111 a umt hy thinl (SH) bunus hctwcell thc prupcPlide ...at tho.:Cten11IllIlI,

and the IinJ..cu chain, coil IIIh) Ihe chnraeteri~IIC triple h~'II). of

tropocollagen. The Golgi apparatus packages the soluble precursor

(procnllugen) into vesicles. which urc secreted from the cell hy

pi nocy ll1,js

Extracellular events

Once I)Ul~IUC the cell, the fibre-forming collagens (typesI. II .IIlU III)

lose the prnpeptidcs by enzymatic cleavage to yield tropocollugcn (Type
IV tropocollagen docsnot lose the propeptidex.) These molecules
spontaneouvly aggregate It) form fibrils, LInd 3S ibe polypeptide chuin ..

build up a network of crosslinkugev, so the strength of the collagen

fibres increases.

PATIiOPII \'8 I OLOG \

Scurvy

Scurvy i, the result or (I deflcicncy Ill' vitamin C (ascorbic acid). whose
lack in the diet causes a decrease In the synthesis of hydroxyproline.

(Note. unlike many other animal" humans lack the enzymes required

to ') uthcvizc ascorbic acid fromgtucoxe.) Hydroxyproline contn

bUies uddiuonal hydrogen bending for -aabilization of collagen
hence ....A, a re...ult, collagen lu'e, I" stabiluy at body temperature.
and structures canno: adhere tl)connccuve tissues. TIll! consequences

include supnrcssion of growth in childrcn.cnpillary fragility .II1U delayed
and deficient wound healing. Teeth become di~lodgell from the gums,
and sudden death can result In extreme clIses If the patient chungc«
posture

There are, HI .uldiuon. n number 01 gencuc drsorder-, thnt rcsul! 111.

• failure 01 collagen Ilbnls to erne-link. lor cxurnplc. o!>lcogellc~is
impcrfcchl, where pouu rnuunionx m thc n-chein prevent helix Iormuuon.

;and enzYIIIHtil.: dCNlrllclion llltile tropoc.;nllugcl1 molecules I)CClll'~:and
2 dct'tcien~y 01 I.:crtuin en"ylll1.:~, ~lIch ;I, lysylhydmxyl:l,e whleh I,

called Ehlcr.,-I)anlo~ syndrome Iype VI. lIere. ~ymhcsl' of hydro

xyl>,inc I' ,uppre"cd
The ....e dl,casc, an: churacteri/cd 0)' (X)(lr wuund hcaling. multiple

fr.u:turc, :Inu hypcrc'I;(ensiblc ,J..1Il andjill Ill..
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20 Control of gene expression in prokaryotes

Lac operon
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CAP
Promoter Operator

,Mi'!=-r ;1:' Pa''''::m!:_

~~ Promoter l~'·QLB I

[] RNA polymerase

Laotose-metabollzlng
enzymes

o
CyclioAMP

Low glucose
concentration

In cell

PROKARYOTES

E. coli IS :.1 bacterium in which gene expression has been extensively
studied and characterized,E. coli ha\ II single, circular chromosome.
composed of a double-stranded DNA moleculeor about 4 x 10' base
puirv, There are about 3000 genes. which are clustered according to
funcuon. For example. the genes coding for enzymes of a particular
metabolic pathway arc clustered, us are those coding for structural proteins.
These clustered genes are usually under co-ordinate control. and are
transcrihedtogethcr10 form a single strand ofmRNA that codes for severoI
different proteins. Such an mRNA strand i~termed polycistronicmRNA,
and a complete set of functionally clustered genes. together with their
operator and regulatory genes, is termed an operon.

Regulatory genes code for proteins that in turn control expression of

the geneshy binding l() control clements at sites on the DNA ncar10

the structural gene. Regulatory proteinscorurol the degree or access
(hOIthe enzymeRNA polymerase hasto Its binding site on the gene.
Two types of regulatory protein have been found:(I) negatively acting.
which repress the operon by bindingto the operator: and(ii) positively
acting, which enhance theaffinity of RNA polymerase 1'01' us binding
sires on the gene, A good example or an operon is the lactose operon of
E. coli.

THE LACTOSE OPERON

Expression of the operon is regulatedby an inducer (lactose), andby a
repressor protein. expressedby the; gene. The; gene (also called
/CII'/) , is situated just before the controlling clements for the cluster of



genes coding forthreeenzymes. at least two or which are important in

the splitting of the disaccharide lactose into galactose and glucose. These

three genes. called theIl7cZYA cluster. code for: (i) ~-galactosidase.

which actson lactose: (ii) ~-galactoside permease,a membrane-bound

protein which forms partor the transport system Ior taking lactose into
(he cell: and (ih) p-galactoside transacetylase, whoseprecise function

I~ unknown. hut whose expression is essential for the metabolism of

lactose. The mRNA transcribed by thelac operon is extremely unstable,

having a half-life ol approximately 3 min, which means that expression
of the operon can changerapidly, As soon as inducer concentrations

fall, expression ofthe gene ceases.

The lac repressor

The i gene codes fora repressor regulatory protein. called thelac
repressor, and theigene itself is not regulated but continues to produce

the repressor at a low level, independent of other cellularevents. The
lac repressor is expressed as umonomer or 360 amino acids, which

nre associated to form u tel ramer, and there ure usually about I()
tetramers in the cell at anyone lime. The tetramer binds with high

affinity to a specific DNA sequence situated between the promoter
called JacP. and the operator, calledtact), for the z gene. Thi-, binding

reaction blocks the binding or RNA polymerase to thepromoter, The

operon is said to berepressed.

Derepression 01' the operon

Lactose induces or derepressesthe operon by binding to specific high-
affiuiry ~itc~ on Ihe ietramer -ubcnhs. The binding reaction causes an
allosteric change in the tetramer. which drastically lower, it)' affinity

for the DNA sequence to which it usually binds.

Lactose is not the only inducer. A number of so-calledgratuitous

inducers have been found, including isopropylthiogalactose, which bind

to the tetramer but are not themselves metabolized by ~-galactosidase,

and are therefore useful in the study of thelac operon. The mechanism

described above is an exampleof negative control. But. lactose

metabolism can also be under positive control.

POSlTIVE CONTROL

E. coli prefers glucose tolactose asan energy substrate; iI' there is plenty

01'glucose inthe cell. the lac operon is repressed. even if there isplenty
of lactose present. This is known ascatabolite repression. since it

happens only when glucose is beingrnctubolized.

The cell will turn to lactose as usubstrate only when glucose
concentrationsfull. When concentrations of glucosearc high. those

of the second messenger cAMP arc low. When glucoseconcentrations

fall. concentrations of cAMP in the cell rise. and cAMP binds10 a

protein called catabolite activator protein (CAP). which b an

allosteric protein. CAP undergoes a conformational change as a

result of the binding reaction. This enables CAP 10 bind to the
promoter just before the RNA polymerase binding site. ant! lhi~ in

turn facilitates the binding of RNA polymerase to the promoter. CAP

synthesis is regulated by a gene that is not a component of the
/11(' operon.

CAP is un activutur of a number or other genes, including the

galactose and urubinosc opcrons, (Inti is probably a co-ordinator for
the general control of enzyme synthesis whose activity is unwanted

when high concentrations of the preferred energy substrate (glucose)

arc high.
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21 Control of gene expression in eukaryotes

,

Differential processing of RNA transcripts
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COMPONENTS OF CENE CONTROL

Gem: control has three main components: (i ) signals; (ii) levels; and
(iii) mechanisms. Signals include hormones. protein factors and

environmental conditions sucha, heal shock.

4·l

CalcltonIil \ AAA.......n bCGRP rJAAA.......n

Calcitonin

+ Translailon

CGRP

Levels or regulation

Control is effected at three level!'>: (i) nuclear RNA synthexis ;

(ii) differential processing of primary transcripts: and (iii) altering111RNA

stability in the cytoplasm. Control of nuclear RNA synthesis is effected
mainly at the initiation "Iage. Initiation i, activated by transcription

factors (activators). which may interact with genomic promoters. In

order tel guide RNA polymerase II lO the correct site for expression or
an mRNA species.

CGAP = Calcitonin gene·related peptide



Gene control in eukaryotes

Protein faotors

Environmental ~

Signals

- Differential transccjp\ion
I

- Dlfferenli;1i stabilization of mANA
I

- Transcrlphonal factors
Hormones I

- DNA uncoiling

Dlffetential processing of transcripts
I

- Differential translation of transcripts

RNA polymerase II control of transcription J Regulation of mRNA stability r

Organism Signal Target Protein Protein 1/2 life of m~NA
mRNAstablllze Cell type product no stabilizer stabilizer

Chick Erylhropoeitln Erytbroblasts a.-globulin, ~-globulin
DNA replication Hela cells Hlelonas 10 min 45 min

Vltellogenln
Oestrogen Prolaotln Mammary gland Casein 5 hours 90 hours

Ovomucoid
Ovalbumih Oestrogen ChIck ovIduct Ovalbumin 3 hours 30 hours
Lysozvme

Oeslrogen Frog liver Vitellogenlh 15 hours 500 hours
Mouse Cell contact/termInal Muscle proteIn

cell division

Terminal cell division Erylhroleukjleml<l a.·globulln, f3-glbbulin
celis

Fig.
21.2

Nuclear RNA svntliesis

CcII or nrgullbm Trunscrtptlnn focttlr Genomle lurgel CcII or organism Trnnscrlpunu fllClor GenomichlrJ!cl

Mammalian cells SpJ Promoters containing GC
boxes e.g. dihydrofolurc

I'CeJuCII],e promoter
CAAThnx

Glucocorticoid-
responsive
ccli.

Glucocorucord receptor 5'-GGTACA/IIIIITa1~rCT-3'
consensus sequence
III. any nucleotide); genes

coding for. e.g. chicken
lysozomc

gol4 protein Specific upstream sequences

in prornuterx or genes

expressing gIlJUClU~C-
metabolizing enzymes

CTP

Drosophila B protein
HSTJ"

TATA box

Promoter of hCIlI shock

genes

a lymphocytes Immunoglobulin enhancer Enhancer sequence for
innnunoglobulin gem!

expression

('TI", CCAAT-hillding trunscripuon factor: IISTF. hem shock transcription factor

Differential nuclear processing of transcripts.Differential choice of

polyA sites on Lhe primary transcripts determines tissue speciflciry of
gene expression. For example, in rats, the transcript encoding the

hormone calcitonin also codes fora brain peptide, calcitonin gene-
related peptide (CGRP), andill the thyroid gland the cells involved

produce calcitonin, while in the brain CGRP is produced.

Cytoplasmic gene control.The rate of protein synthesis may be affected

by: (i) the rate of transport of mRNA into thecytosplusrn: (ii) half-life
of mRNA: (iii) frequency of mRNA translarlon: and (iv) POSI-

translational control. Control of half-life of mRNA may be enhanced

by hormone, the occurrence of DNA replication. tissue regeneration
(liver) and by certain viral proteins.
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22 Mechanisms of transcriptional control

Mechanisms of transcriptional control

Jii!:.
22.1

Control of SV40 early RNA synthesis I

DNA synthesis legion

Enhancer region

T anugen binds to Slta , with
htgh alhnlly to stimulR1B T
anligen pnmary transctlpl

More T anllgen molecules are
Ploduced

T antlOlln bulds to sites I anelli.
wt11Chhave a lower alhnlly for
T anl'98n. and uaRSCnplion at
T anllgen mRNA IS inhibrted

""TV. ~( ( ON' ~
Mousemammary

cell

~~
MMTV DNA Incorporaled

Inlo host ONA

• •• • •• •• MMTV replicated In
celt

Gc • Glucocorticoid
_l

C8
Tanttgan
lelramar

Mouse mammary cell I Gc receptor.. _.....,'-
(il• • • •

MMTV RNA

4~~--~~
m

DNA

o
Receptor-bIRding

region 11~
-8OObp -84bp

Early primary ..Ll
transcrlpI codes
foraoUpen

EBEamEa

Transorlpilon of T anl/gan
early primary transcrlpl blocked

Thiv j, a bnct, hUI I1IlIre uewlled 10111...11 some ul the rnechunixms
underlying. the prncesxes whereby trnnvcripuoni,controtled Lxnmplcs
used arethe following.,
I rhe role Ill' the T antigen in the control ui' uunxcription ill the SV40

viru ... w hich i~ a papovavirus. Thevc arc a lam]Iy ur small. non -cnvclopcd
double-qraruled DNA viruses. including the papilloma \iruvcv \\ hich
produce: the common wan. '(11111.' Ilf w hich can be oncogen«

INTRODt. eTIOI\
2 The rule III' glucocorucoid ..in the control lit trunvcription of the

\<1MfV

SV~O \ IIWS

When SV40 virus infects cells. it~ DNA b rruuscrihcd by host RNA
polyrneruse Il SV40 DNA contuins two transcription units: one termed

'carl}', and the other termed 'Iatc ' Thiv is bCl'UU'C the early unit b
rrdercnllall~ transcribed snon alter infection. and the late unit "



prclcrentiallj rranvcrihcd l.ucr dunn" mlccuon The ,hlft trom carlv., e- •

til late 'tage' I' mediated h) aprotein called T antigen. \\ hrch I'

produced during cart) rruuwnpuon T antigen. w hich function, .1' a
tcrramer, ha, three hlOdin~t 'lie, (10 SV.JO DNA I. U and III Bmding
10 I may rncreuse the alluuty ut T antigen fur ,ite, n and III. I hus

tnhlhllln!! further tran'lllptiun ul the cally prrrnary tranvcript.

T unugcn ma) therefore 1'1\:an autoregulatory protem. \\ hich inhibit,

the ')nlhe,i, of its 11\\ n mR~A. Tantigen \\3' the firvt of the protein,
III he discovered in eukaryorc-, thar hind, tilvpecific ,IIC, on the
[)~A

M\IlV

membrane and combine \\ith xpccific receptor proteins. These

complexes bind to vpccific 'lie, 110 the [)l\A to alter tranvcripuon.

Fur example. glucoconicoidv aresubstance-, that bind10 intracellular
rccepror-. GIUCllcurtICOlI" arc known III xumulute the producuon 01

increased number, ofMM'! V molecule, III cells Infected with the
rcrrov uu-,

Not«: retrov Iru'C' are enveloped. ...ingle-xtrandedR.'\A \ iruse-,

including humanimmunodeficiency viruv (HIV), which IOrel:t cellv,
ale convened uuu DNA b) the COL)"ll! rever-e trunscnpra-c The
DNA" incorporared IIltIl" hu,t chromosome and mayprefcrenuully

be trnnvcribcd bac], 111(1)thc viruv or rernam dormant fur ,e\<:ral cull
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23 Growth •

Signal transduction and cell growth

Growth lactor(GF) t Receptor(R) J
J

GF·RPTK GF,RCRS

Growth

GF ·RpTK p PrOleln Iyroslne kinase
OF RCRS Cytokine receptor superfamily

Insulin, IGF· 1

r~
Insulin receplor subslrale ~ lKinase)

1JRS
-:j~

SH2flL1 J
L,......,

Filt·
D.l

Signal transduction

TilE <:J~ L L (' \- (' J. E

EGF,PDGF

Docking
proteins

The c:u".tr)nli~ cell h.rs a Ilk ~~dl charucrerizcd b) four drvrinct
'U"C:"IW pha,c:,. lililcd G,. ~. (, ,md \1. G 'l,mJ, for gap. , lor
,ynthc'I' and M 11111111111'11-. DNA I' 'yl1lhc,j/cd during the S phase.

while RN \ and 1'11111:111arc 'ynlhc,i/l'd during G . "i and Gz• The S.(i

Fibroblast growth lactor
Plalelel-denved growth lactorHour.

Eprdtlrrnal
growlh
lactor

Insulin growth
raClor 112
Insubn•8

Cell cycle In mammalian cell (e.g. 16 hours)

STAT signallransducer
and aellvalor ollranscnplion

TF TranscnpllOn laclO(

~
~ +- Transcnpuon

and the M pha'l" in dittcrcnt l.!fImlllg cellv remarn rclauvely con-taru

in dur,llIon O • .i and I h, rC'I'lCCII\cl) l. During mllll'I' Rt\A '>Ilthl',i,
C~"'C' and protcrn ') mhe,i, i,greatl) reduced.

\1ilO ..i..I' 'll}Pll;il procc-, III nuclear div ....HII1. "hen 1\\11 dauehter
nuclcr arc Iormcd, eachhavlllg the -amechromovomal complement ,...,

the purcm nucleus ('ell uivi\l(lll (ICl'Ur,after a full cycle ha, been



Growth factor or hormone" Main sources Target tissue or cell

EGF
Transforrniug growthfactor Ct (TGF-Cl.)
'1'01--13
Erythropociun
Insulin
NerVI.! growth factor {NOrl
POGF
IGF-II: somutomcdinA
GH

Mouse submaxillary gland

EmhrYOI1lL and cancerous cells
Most cells. cancer cells
Kidney

Pancreauc I\lel
Many cells
Platelets
Liver
Anterior puuirary

Epidermal cells, fibrobluxts

e.g. tlbroblast»

e.g. fibroblasts
Ret!blood cell precursors(erythrobla'ts)
Liver. muscle
Syrnpaihcuc nerves
Arterial smooth muscle cells (repair function)
Mediates OH action on growing bone: mitogenic in somecells

Liver-stimulate, scmutumedin prnductlon

*Thi, li'l i, not comprehensive.

completed. Some cells. such as muscle and nerve, muy never divide
after forrmuion. while others, such as liver. skin or gut. will be active in
cell division. When lhe cell enters a phase called Gil' il is dormantuntil
a trigger (usually ~I growth [actor) switches it into active cell division.
Ceruun growth factors. notably platelet-derived growth factor (PDGF).
fibroblast growth factor (rGF). epidermal growth factor (EGF), and
insulin-like growth factor (lGF-I) and IGF-2 (see below). stimulme
the cell cycle at various points during G

I

GROWTH FACTORS

Growth factors are peptidesuuu stimulate cellular proliferation. They
reguluie normal growth and development. They may ulso cause what is
known as phenotypic transtorrruu ion of cell" which may result in cancer,
They produce these effects through an imeraction with a specific receptor
on the cell surface. They fall into several arbiuurily classified groups.
I Hormones. such as insulin, secreted by the B cells of the pancreas,
growth hormone (Gil) and prolactin, both of which tire secreted by
the anterior pituitary gland.
2 Cytokincs. which are nOInecessari Iy hormones, and which arc made
by muny different cells. They uffcct growth and division of cells.
3 Lymphokines, Which are polypeptides released by activated
rnacrophagev and T cells of the immune system, Someinfluence white
cell migration, while others also act as growth luctorv, lrucrleukin I
(IL-I). which is released hy macrophagcs. stimulates proIt Icrat Ion and
differentiation of the B lymphocytes.

Mechanicsm of action of growth factors

Growth factors exert theireffects on cells through membrane receptors.
When the factor bindsto the receptor, the signal is transferred10 the
ce ll in the form of a cascade of several rcacuons, especially
phosphorylation reacuons, In certain cases, the intracellular domain of
the receptor contains u protein kinase that enables the receptorLO

autcphnsphorylatc itself (see below). The final result isiniriation of
trunscription. protein synthesis and growth.

The growth factor receptors can be classified in terms of the
intracellular pholopi1orylalion cascade.

InSlllill reap/nr .whs/ra/e 1(IRS·}) siKl1al/illf( ."ys/ell7. Some hormones
and growlh faclors. for eXlImpk insulin and IGF-1. bind to receptors
thut contain inlrinsic tyrosine kimL~eactivity (lnd <Il1LOphosphorylatc
themselves. This results in ule tyro~inc phosphorylation of' a protein
l~,LlleuIRS-I. This enables a groupor so-called SH2 proteins (proteins
wilh src homology) Ltl 'dock' at IRS-I, resulling in consequcnt

intracellular events culnunating in the mitogenic response. Some growth
factors. e.g. IL·-4, bind to a receptor that does notcontain intrinsic kinase
activity, but which recruit, a cytoplasmic tyrosine kinase that
phosphorylutes IRS-I on tyrosine to create the SI12 binding sites.

Nelle: the insulin receptor consists of two n-chains, each of which
binds u molecule of insulin. and two ~~chains., which span the
membrane and contain the catalytic sites. rile chains are held together
hy disulphide bonds.

Receptor killll.ve-SH2 sY.\(I!I/I. Certain growth factors, for example EGF
and PDG!:-,bind to receptors that possess intrinsic kinase activity, which
allows Ihe111 to become autophosphorylated, and these phosphorylated
sites become dockingsires for SI-I2 proteins.

Cytokin« receptor superfamilv (CRS).This is a group of hormone and
growth factor receptors thai do nOIthemselves have any kinase activity.
bUIwhich activate a groupor cytoplasmic protein kinase kinascs, called
the Janus kinase (JA K) family. At least four members of'thc JAK fumily
have been identified: JAKI. JAK2. JAK3 and TYK2, and there ure
probably more. The JAK proteins bind10 the membrane proximal area of
the activated receptor, become tyrosine phosphorylated and in turn they
phosphorylate the receptor causing the aCIivation of the following.
I A group or cytoplasmic proteins thaI form pun ofit Iamily of
transcription acrlvntors. called signal transducers and transcription
activators (STATS).

2 The phosphorylated STATS uctivutc transcriptionat the level of the
DNA-the Ras pathway. The phosphorylated receptor provides binding
sites for a group of SH2 ducking proteins, which activates the Rlll>-
GTP system, resulting in uciivationor a group of mitogcn-nctivatcd
protein kinase (MAPK), and a unnscription ucuvaior TF.

Terminal ion of action

Growth factor action will be terminated by the dlssociation ofthe factor
from its binding site on the receptor,Ii may also he lermlnated by the
inactil'lIIion of the intracellular MAPK. There is evidence that the MAPK
may be down-regulmcd by dcphosplwryJating enzyme phosrhmases.
Furthermore, it seems that when MAPK are activated thi~ Irigger'> lhe
expression of the gcnes encoding the phosphat3.'Ies, which would provide
a tightly and clegantly controlled mechanism for the regulution of growth
factor activity. Any disturbance of Ihis control syslem might conceivubly
comriblllc to [he facLOf~that cause cancer through unrestrained growth
faclor action.



24 Cancer

Cancer

Fij!.
24.1

Tumours

Benign

well differentiated
local1zed

retam genotype

e.g. wens

Malignant

poorly dillerentialed
metastasiS; digest through
basal lamna
escape Immune system
altered genotype
i nuclear/cytoplasm ratio
mitotic ligures
prominent nUCleoli
e.g breast cancer prostate cancer

Coat (capsid)

Glycoproteln'ru
- envelope S

Nucleic acid '

VIrus

Carcinomas

Malignant tumours J
Sarcomas
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Derived from
mesoderm

Autocrine
growth factors

fl
Oerlved horn
endoderm or
ectoderm

Benign cell
controlled
muiliplica110n

Loses anchorage
dependence

Invades olher
tissues

Nucle!llus

Malignant cell
uncontrolled
multiplicallon

Need for growth
factors reduced-
produces own
growth factors

:: Viruses..

PermiSSive
~II

@
Non'permlsslve

cell

Cell morphology
changed

Viral DNA
mcorporated

into host DNA;
rapid muttlplicatlon

01 perlT1anenlly
transformed progeny

I

Cancer is the uncontrolled, apparently autonomous growth of cells, and
their invasion of the rest of the body. Such cells are termed malignant.

and their invasion is termed metastasis. Normal cells become [runs.

formed through mutagenic agents.

Transformationr:::l1n Vitro

~ Viral chemlcat
irradiation

Cell morphology'
changed; virions

m"'"0°O
.1 I
I

Cell lyses, dies
and refeases virus

particles

MALIGNANCY

Knowledge or the molecular basis of cancer sterns lnrgely from the

study of viral activation 01 oncogenes.

Cancer-producing viruses

Certain viruses transform healthy cellsto malignancy. Viruses arc



LTR ---+ LTA ---+

IAI USIPBslgag! pol I env I SfC I u31 A I
Host

oncogene

Retrovirus

VIral RNA

Reverse 1
transonptase Sli'veralsteps

._. ;t ~!~I~!~"~I ~!~!~I~!;!~I ~!~!~I~~~! ~!~I~~' <j
... lTA Double-stranded DNA LTR

IRNA pmner

tRNAprimer

3' polyA lall

R~
transcnptase

Envelope
glycoproteins

LTR: long terminal repeat

Host nucleusDNA

I Retrovirus aHacks~r·orJ~
Virus RNA -+ DNA

-) incorporated into
host DNA

mlccuuu» DNA or RNA, which may he \ingh: or double stranded.
-urroundcd by a protective cUall'(lI1sbling of u lnrgc number of repcaung

prorcln subunits.

Viruses mU\1 mvudc other cells to multiply. and their own nucleic
acid IIl,IHICI, the hos: (permissive) cell (I) ~ynthesil.e more viral nucleic

nerd protem Thi-, invnsion u-ually "111, the cell, and the complete virion.

or "in" panicle. 1\ rcleaved, Occasronally, the cell "non-permiv-ivc.
and nla} destroy the invadmg \rruv. or mcorporute the viral genetic
uuormanon 101() Ih own genome

Some viruse-, that contain RNA arc termed retroviruses. They have a
polymeraseen7) me termedreverse transcriptase.which. when they have

entered a cell. produces adouble-stranded DNA copy which 1\ incorporated
into IIn,1 ONA,111c cell is transformed either because the viral DNA copy

contains the oncogene. or because the viral gl.!lIe~uctivaic a hnst oncogene.
l'he uviun -urcorna retrovirus hinds to vpccific cell membrane

receptorv, anti inserts il' contcnt-, into Ihe cell. Reverse rran-cnpta-c

produce, a DNA copy which 1\ longer than the \ iral RNA template

bccuuve il contain, long terminal repeats (LTR).The LTR contamv

the enhancers. polyadenylauon "tcs and prornuterv, The \ iral DNA
circularizes. enters the host nucleuv.and" vpl iced into the host DNA
lit TC AG ,tiCs,

Avian sarcoma wus geneltc map

Virus activates
a host
proto·oncogene

~ IRI USlpBSlgag I pol I env ! src I U3! R I

l TR Vifa~ore lVlrSI !velope LTR

proteins glycoproteins

reverse

.'):.
24,2

The I() kbp of avian sarcoma vuus contam-,four gene" three of

which ure necessary Inrinfcctlun. These arc ,'Ill/:. po! and ('/II', The

other. srr. is necessary I'm trunvlormnnon 1(1occur. Three viral 111RNA
specie» arc expressed: oneunxpliccd rnRNA coding for both gag and

JlIII; and IWIl unspliccd mRNA .. cucoding ('/II' and H'C, The srr product

b a tyrovine kinase. The virul proterns and the unspliccd primary RNA
trunvcrrpt migrate I() the cell rncmhranc and are incorporated mit!II

Pari III the altered membrane hud, nIl a new viral panicle Rctrov tn"e,

do not uvually "ill the 11\),t Ihe IllY" aretrovirus

Oncogenes

Oncogcncv arc cancer-producing genes, They may he present on the

virnl genome. imported into the h()~t genome or already present a~ II

ccllulur gene which IS activated through viral infection. Cellular
oncogenes (also culled proto-oncogenes) are usual!y vi len I. or

exprcwcd normally under cellular control.BUl. if a viral DNA copy "
vphccd into the cellular genomeadjacent to a prow-oncogene. the
viral 1TR rnny sumulate iI, evprevvron. thereby tranvfornung the cell

Oncogenes arc named alter the 'pecles anddiseaseproduced b) the
mfecti VI.' virus,
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25 Genetic manipulation I

Genetic engineering

E'coRI BamHI

'ilill 'lIiil
GAATTC GOATCC
CTTAAG CCTAGG

£'1 l 14 hb ' I J I..hJ,,J.a
CUI open plasmid or bacterioPhage vector DNA
Make an DNA ends 'stiaky'
ligate gene.contwnlllg fragment and vector DNA
Introduce recombinant DNA Into bacteriophage

Produce lecomb4nant DNA

EStimate fragment size
and map restriction sites
In and around the gene

--
-E'coRI BamHI

Hille/III PSII

'1'"1 11111,.
AAGCTT CTGCAG _'\
TTCOAA GACGTC V

.J.1..1 ! I~ • .lb btU..

-IntrOduce vector Into host cells
Grow cells
Select celis wllh cloned gene
Isolate gene (rom host celis
SequElflCe gene of Interest

I Amplify gene 01 Interest

Hmd Iii Pstl
CUllingDNA withreslnctlOn eodooudease

Sample Smallest DNA
applied molecule
here moves fastest

Denature DNA With all<all

Weigl}!

Nylon $heet

Oel

'J~~'~'~~'~~'~·~~'§'~i:J~ un !I m ad :~IFllter_pa~r

'-'!Utter

Nylon sI1eetLi· -
I I

Souttlern blotting

i II I II I I

u

Expose film

EJcDNA'compiementary
DNA

1IIlIIIc:::a___ AAA ....A ~

Use ohgo·dT
Plasmid pBR322

H~.
15.1

INTROUUCTION

Cut wilh Pst I
endonuclease

ACTCG ;E:O:IEE:::;::;;;;;;:::S;;;;;: ...

Temunal transcnptase + 0
dGTP adds GGG , G

to ends
CTGCAGGG ...O

Terminal
transcllptase t dCTP

:o~~~CCC ... c "I ~1I"'1"'1"'1Iii.1"'1 "'I ~IIIIIII
CCC ....C

DNA II1Seft8d
Anneal; gaps and
reconstruction
01Pst I cut
s"es repaired
In l1'al'lsformed
host

111111 111111 Blun! ends

mil IIITIT Slk:ky ends

Genetic rnanipulatlon jI, the alteration 01' UNA. which i" transrmucd in
a vector syxtem intohost orgamsrns. In \\hich the manipulated I.lcne(,)

an: umplificd lind recovered tor further use. 111egenes implunted into
the hnst may cause It to expressthe gone products directed by the
implanted gene.The vector maybe a bacterial plasmid. ,I bacteriophage.
or the DNA may be introduced directly into mammalian embryonic
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tissues using surgical techniques.

Techniques involve the introducuon of the chosen DNA nucleotide

sequenceinto avector. the introduction of the vector intoa host in which

the sequence will be ampUti ed, the cloning. of the altered host and the

recovery or the amplified sequence.

CREAT1NG THE DNA SEQUENCE

DNA from mRNA

The production of a mixture ofeDNA from small quantiues 01 mRNA

is made possible using the enzyme reverse transcriptase. obtained

from retroviruses Double-stranded DNA for insertion into a vector can

be prepared from the mRNA ex-pressed by the gene. The procedure
involves the following.

1 The mRNA is isolated and given an oligo(d)']" primer, after which it

is incubated with reverse iranscriptase and the four deoxynuclcoudcs
to make the tin..t cDNA strand.

2 The first wand has at its 3 end a hairpin bend which is used. together

with a primer called the Klcnow fragment and DNA polymerase to
make asecond DNA strand complcrnemury to the first. after which the
bend i, removed with anenzyme, S I nuclease.

3 The 3'-tcrminul ends of the DNA arc given homopolymeric tracts of
CCC .... ctc .. which combine non-covalently with tract» of GGG .... etc ..

added to ends of <l cut plasmid. After the plasmid with its new addition
or the sequence ofinterest i~ annealed. it b introduced into thehost,

It is possible to amplify the gene starling with minutely \111311

quantities ofmRNA. A disadvantage istluu many thousands ofdifferent
cDNA molecules will be cloned.

Restriction endonucleases

CUlling DNA ut selected vitexis possible through (he uscof restriction
cndonuclcascs. The physiological role of these enzymes is10 destroy

unwanted cellular DNA. Once DNA has been extracted, itCLlIl he cut
with enzymes that recognize certain sequences,and which cut the trucrs

in predictable places The enzymes share in common the abilityto read
palindromic sequences. (A pure palindrome,c.g.AAl1'AA. is identical

when read from left In right or frOI11 right to leti.) Some enzymes
(c.g. Alul) cut the DNA leaving 'blunt' ends. This is not ideal. since a

meeting between ends to be joined depends purely on chance. Some
enzymes (e.g. t:"coRI) make 'sticky' ends. with sequences extending from

the chain, allowing complememary base pairing with another chain.

Fig.

25.2

" QJ
_G AATTC_
~CTTAA G~

~ 'Stlcl<y'ends ~

SEPARATJON OF DNA FRAGMENTS

Restriction endonucleaseswill Cut the DNA into several fragments of

differing sizes. These are separated by gel electrophoresis. The
negatively charged DNA fragments migrateto the positive electrodes.

with the smallest moving fastest. In order to estimate the sizes.aseparate

lane is run containing standard DNA fragments of known size. After

electrophoresis. Ihe bands of separated DNA are visualized by staining

the gel with cthidium bromide, which intercalates in the DNA and

fluoresces under UV light. The gel can be photographed. This enables
the estimation of the number of fragmentscut. As lillie as 25 ng of

DNA can be seen thisway.Ifthe starting DNA material is radioactively

labelled with phosphorus-Jz (UP). 1-2 ng of DNA can be visualized

using X-ray film. The size of the band i~obtained by comparison with

the migration rate of the standards.

Once the size and number of fragments arc known. and the sites where

they have been cut. it is possible to start constructinga map of the DNA

molecule - so-called gene maps.

SOUTHERN BLOTTING AND
GENE PROBING

The technique of blotting involves transferring the separated DNA bands
from the gel to (I nitrocellulose or nylon sheet. when the DNA bands

are transferred hy cupillary action. Once on the sheet. the DNA b fixed
to il by heating or chemical reaction. and the bundx can be probed using

a radioactively lahelled gene probe. whose DNA sequence is

complementary to that of the gene to beprobed for. The probe hybridizes

to the gene. the unbound probe iswashed away and thehybridized probe
visualized. The experiment confirms thm a gene ha~ indeed been isolated,

The DNA or interest can be recovered and inserted intoII vector.
RNA call be electrophoresed instead of DNA. andtransferred lO

a nitrocellulose ornylon sheet (Northern blotting): the separated

blinds of RNA an: probed with labelled eDNA complementary 10 the
rnRNA expressed. Thisconfirms thut a particular gene hal- been expressed,
and that its mRNA is among thespecies ofmRNA electrophoresed.
Similarly, prrucin-, can be transferred and probedusing irnrnunocyto
chemical techniques. when theprocessis tern led Wcstem blotting.

POLYMERASE CHAIN REACTION (PCR)

PCR enables u\ to amplify very rapidly u DNA sequence ina small

biological sample. This allows the ideruificauon of potcnual disease-

producing genes111 a prenatal sample. the forensic identi flcation of DNA
Ior legal purposes and thearnpllhcation of sequences forinsertion uuo
VCClOrs or for sequencing purposes.

Principle

The method was Illudepossible by the discovery ofcrganisms living

ncar boiling geysers. Their enzymes, including DNA polymerase.
operate at high temperatures. peR depends on the useof this DNA

polymerase. u supply or the four (d) nucleotides and primers which

flank the DNA 10 be amplified, after it has been denatured to give single-

stranded DNA: (i)the DNA;" denatured Ht9()"C; (ii) the primers anneal
to the sequence to be urnpliflcd lit 50°C; (iii) the primer sequences (Ire

extended (It 70°C: (iv) the cycle is repeated several rirnes: and (\ ) [he

amplified DNA b recovered from the reaction mix. Theoretically, it is
possible to create over 250 million copies after 30 cycles.
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26 Genetic manipulation II

Genomic libraries and sequencing DNA

To make a genomic library J
Prepare total genomic DNA from orgamsm

Digest with restriction endonucleases

• • • • • • • • •
~

Il'1sertinto veclors

000000000

Selecl clone and amplify gene

Clones r~presenting ali the genes
01 the organism

Clone in E coli and plate out
Probe for specific genes with

laballed probes

• • •
1

i' Purily pll)smld and
1- chromosomal DNA from cell

•o
j l

Separate uSing electrophoresis

1---1~ r.
I

Sequence to be determined ElectrophoresIs 01 newly synthesized
labelled cDNA trects in presence 01

3' - T G A CAT G - 5' dldeoxynucleotides

A C G T
TIncubale wllh ddATP ddCTP - -A

deoxynucleolides - -AC G
and one -A -AC - -ACT A

(dd) nucleotide -ACTGTA -ACTGTAC
-ACTG C-

ddGTP - -ACTG T A- -ACTG TA T
-ACTG - -ACTG TA C G ~

Fig.

26.1

DNA sequencing

oP'P'PV~
H H

Inslead 01 OHt

r= I Dideoxynucleotide ~
\= (dd: terminates elongation .........., DeoxynucleolJde

W
p

Cell containing
selected cloned gene

o~ iii iii OH III( r.::::::J
Primer ~ .JI:=J

VECTORS

w
OH~i~i~i~i~i:C:~~i-------- p

p ~"" J OHelongation stops
Primer"

Sequenoe the gene

A vector must be able10 enter a cell, be stableand able 10 replicate

within the cell. The ideal vectorhas alow molecular weight. enters

hOSI cells easily, readily confers selected phenotype character-
isucs on host cellsand possesses singleSiIC~ For many restriction
endonucleases,
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Vectors J
C()nfers ampicillin

resistance
Hindlll

BamHI

Pstl

M$dlum conlalns
antibioticsCells killed by

antibiotic

•
uni~ue cleavage siles

in~t all the Sites are shown) ./
Pvull

00
Plasmid

°0Vectors

0
calCium

,,·C ~{;J
~

~~~~plasm'ids chloride 37°C

bacteriophages --, ~

~~~~
cosmids
phasmlds II

£. coli

Plasm ids arc small circular DNA, occurring naturally in bacteria.

Inside huctcrin, plasmids replicate independently of the chrol11()~ClJ11t11

DNA. Plusmids enter bacterial cells more readilyif the cells arc
Ilrst treated with CaCI, at low temperatures, or exposed to an electric field

(·dectroporation·). Cael, caUM~Sthe pi US 111id to bind to the cell membrane.
und if the cell b heated briefly to ..woC. the plasmid rapidly enters

the cell. Transformed cells. i.c, those comaining foreign DNA. will replicate

in culture to form a clone of daughter cells. Not allthe bacteria in a culture
will take lip the plasmid that contains the gene of interest; these have10

be dislinguishetl ami scpurarcd from those thai have taken up the gene.
Plasmid ..., such us pBR.122. have been designed to achieve thb separation.

Plasmids

Head proteins /

Gene to be cloned 1$inserted ( ")
wilhln tetracycline (Tl resistance

gene at Bam HI site-dlsrupts
resistance to T

Ta~teins
./ -

Cells from
oolonies
transferred to
dish With both
antibiotics

Medium contains
ampicllhn

Colony contaIning ~
plasmid with Inserted

gene dles- can be seleoted
from original plate

Bacteriophage A.

pBR.122. Plasmid pBR322 is an artificial circular DNA molecule

containing 4~63 base pairs, and contains sequences which arc the genes

which confer resistance to ampicillin and tetracycline (genes AI''' anti
Tc", respectively). Tilt: plasmid al...o has several sires for cleavage by

restriction cndonucleases, When the plasmid is cleaved, the sire of every
fragment produced can be calculated.

Other vectors

Bacteriophages arc viruses that infect bacterin. The phage binds 10 the

bacterial membrane and injects its nucleic Cicio into the cell. where it is

replicated. The phage can he 'primed' with the recombinant DNA one

wants to infect the cell with.

Fig.
2(,.2
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27 pH and buffers I

DISSOCIATION OF H
1
0

The dissociation of 11,0 is through a breakageof an -OH bond.

H.O~ H'+OH

UI25"C.

IIl+J IOH 1= 10 I~ nllllfP

where [H I ,1111.1 [Ol ! lure the concerurations of the IWO lon:- in moles

per litre. The reluuve molecular lI1U~~of II 0 is 18: therefore. I mol

of H,O weigh-, IKg. One litre of ll.O weigh» I()(x) g. Therefore. II 0 I'

HIDIS", 5611mlli. In pure HzO. (11"1 = [Ol l J = 10 molll

pH

It IS more convcment ro refer to (hehydrogen ion conccntruuon in whole

numbers. 1iJ do 11m, log of IHI" lI'cd ( log i~called 'p') Thus:

pH = -log III 1

Therefore. when III'J = 101i J. the pll = 7,I,c.lhe neutral pll, Belo« 7.
,oluuons urc ucidic, lind above 7. \!lllItIOI1~ are basic (alkllhne). Note

thnt a change 111'1pi I unu me:II)',:1 10 fold change in 11-1' I. In the body
the pll varies, depcnuing on the Iuncuon of thecompnnmcnt. In the

cell cytnpla'l1lthe pI Ii\ 7 2. III the stonmch, .....here food i,drgcstcd by

uctd, the pI! ., ahoul I. In the ,mall mte-une .t ., about H .1111,) ill

ly-osomc " j, ahuut 'i.

ACIDS ANI) !lASES

An acid i,any molecule that can releaseII proton, and glllll' a negative
charge. ,1111.1 a hu\e " II substance that call accept a proton. lind gum a
P(I'ItIVC charge Ncguuvcly charged molecules are called anions.and

po..iuvcly chllrgl.'d molecule ..are called cations. Strong add-; ure acid ..

thai readily lo,e prmon, anti are I()()''( d"socl<lted, und \lrnllA hasel>
are thoselhut lake. them up.

In an UCIUIC solution, H weak uctd [xuch tI~ the -COOl I group of

ununo add .. or the pho ..phatc group» 01 nuclcrc acid .. ) teud-, to hold

onto it:. proton .. (t.e. remain largely 1I11111nl/cd), while a weuk hase wilt

lake up proton- ti.e. IOI1lLC) In u o",i~<oluuun. weak "".Id, \.\III Willie,

w hile \\ cal. ha"c, arc unl) parually iOlll/cd

Nudl'lC m:ld" IUIlIL!! hy relca,ing proton.,. and becol11e I1cgnllvcly
charg.ed. Amll1ll m:ltJ.. CUllluill both hUMC ( Nil) tllld aCidic ( (,OOH)
gmuj}'. uml can hC(;()ll1e po\illvcly OJ' ncgalively charged, or hoth.

Ionization of amino add ...

\mlnu aCid .. ha\c COOH gr<Jups \\ hu:h can release protllns, anti thc)

hm c -NH. group .. which can acccpt prollln'. Therefore. dcpcndlllg(Ill
the pH of thc ..nlution. aminu aCid, l'an eXIMU, weak tlc:id~ or huscs

Since prnteills IIIUY have une4w.tlly bnluncod numher, oj' COOH

lind -NI-I_ gfUUP", chunges ill plI ut Ihe ~l)luLion in which they arc

db~olved Will cau'e chunge, in the ratioof charged aCidic 'II1U bl\~ic

!,.'fnup ... Fur ulflen:nt amino a\!id~, Ihe pH at which the -cooH and
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(1 )

-NI-Il groups exactly balance each other10 create 110 net charge onthe
molecule i..called the isoclectric pH of the molecule. Inchemical terms,

any molecule that hasboth negatively andposuively charged groups is

called a1\\ itterion.

(2)
The Henderson-Hasselbulch equation

The COOl I group ionixes thus:

COOII COO + W (5)

AI equillhrium:

K
ICOO I[H 1

ICOOHI
(6)

(3)

where K (also someumes culled KII) is the equrlibnum constant for

Equation (5) pK b defined ....the pH nt which SOtII 01 the -COOH (or

-Nil) grnup' arc iomzcd. Clearly. K will depend (111 the number ..of

the-e I:'HlUP' rhat the ununo acid h",.
Silllllarly. the NH, group 1\ deprotonatcd thul\:

NH, Nil + H' (7)

I'igure 27.1 b n titration curve fur the -COOl I and ·NII groups.
showing that deprotonuuon or the group, occurs over n pi 1 range. and

the pi I ilt which 50o/t of the group, arc deprmnnutcd i\ the pK Note

that at pi I value-, below the pK. the protonated Iim11 prcdominares: (II

pi I valu c' IIbm e the pK. the deprotonatcd Iorm-, prcdomimue It follow ..

that a stronger acid hasII lower pK. I.C. " readily I()sc~ prutuns.

-g

~ 100

J
'0

ft 50
~
CIl a'0 2, 4 6 8 ;'0 12
'#. • •

PI< pH pi( Hg,

27 .•

Using Equallon (6). wc clln derlvc olle which enahle., us to predlcl Ihe
,tate of inniLmion of agiwn allllno acid if we know K and thot pi I of the

solullon.
J Rearrangc and take the IOf!01 hOlh ,ide.,

log K - log [Wl + log ..;_[C_O_O__;_I
ICOOtll

2 Convcrt 1(1 log and rearrangc

-log [WI =-Iol! [Kl+lng..:..IC_O_O__;_[
~ [COOIlI

(9)



3 E;..pres~ interms ofP( log): the Henderson-Hasselbalcb equation

pl l = pK + I02..:...[C_0_0~1
~ICOOHI

( 10)

Equuuon ( I0) allows 1I~10predict. for example, Ihe degree of ionization

of the eOOH group ol drugs for absorpuon through brologrcal
membranes, which arc lipophilic and allow only the umomzcd form

or the drug to pass through easily. For example. aspirin isII weak

acid. with a pK of 3.5. thereader is invited 10 usc Equation (I O) to

calculate the degree of ionizntion. i.e. the ruuoor IOnized to unionized

groups In the stomach (rH 1.5), and in the small intestine (piI 8).

From thi, result. the theoretical sue ofgreater absorption ma) be
predicted.

nu,,'FERS

Buffer solutions are those Ih;1I resist a change in pH evenwhen II
I(ln\ arc added to. or removed from the -oluncn, Thus. the> protect
the 'lllute!> within the buffer from 'harp change .. in pH thatcould. for
example. inhibit (I chemical reaction. In the absencelIf u buflenng
mechunisrn. the pH ul a soluuon Will change much more when ucidv
Of .1I1<.:lli, arc lidded to the snlurion.

Mcchunbm of buffer uctlon

The weak acid. acetic acid(CH,COOH) (found 10 \ megar and bad
wine), allc.l ih sail sodium aceuue (CII,COONa) provide all exmuple
01 u buflcrlng system. The acid has urK or 4.75. A change oj' 2 pH

units In the solution trom 5.7510 3.75cuuves a change from uhout
lor} CII,eOOH In the umonized form hi about 90C)f unlOnlled
CII,COOII The uhllll) 01 a wen" acid and 11\ sal: to buller a

solution is greatest mer the pH range pK -ILO pK + I When
CH,COOII and CH,COONa are present together 111 soluuon. Ihe)

ionize a~ follows:

CH,COOH ~CH,COO + 1-('

CH.COONa.-' CHtCOO +Na'

(11)

(12)

Although the acid ionizes only partially, ~nIL"ionize virtually completely.
Therefore. there will be a large concentration ofCH,eOO and Na
ions III solution. The increased concentration ofCH,COO' ions from

the sail suppresses even further the ionization of CH,eOOII. II' more

II' ionll arc added 1.0 the solution. they will combine with CI1,COO

IOn:. LOform even more 01 the largely undissociated CH ,eOOH.A new

equilibrium is established. and the resulung liberauonof H 100' I),

relauvcly ,light.

IfOH ions are added. they Will combine with II' ions to form neutral
11,0 Thus,at pH values closeIII its pK. II wcuk acid is a useful buffering

agent when mixed with its ,all

The system Yo ill lose it.. buttenng capacity vhurply at pH values more
than I pit value away from the pK. In a <trongly basic soluuon the
weak acid itself ionia, vmuully completely. ~() cannot 1;"01,1 in the

uruonizcd form. and In ,'rungly acidic ,oiutiunl> It cannot exj'l ill the

lonivcd Inrm.

In cells. buflcring of physiologicul fluid, is achieved largely through

the ionization of phosphoric acid (H.PO,). to form phcsphutc«. H,POI

can C:I;j'l 111three form ... depcndmg on the pH nl the voluuon.

pK 2.1 I-I,PO, ' II PO, + H

pK .. 7.2 HlO, IIPOJ'+H'

pK .. 12.7 HPO, PO, + 1-1'

( 13)

( 14)

( (5)
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28 pH and buffers II

Buffers and acid-base balance

pH-HC03 - graph
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I
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Effect of concentration on the I
buffering line of blood

Fig.
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I'HYSIOl,OGICAL HUFFER SYSTEMS

The major fluid compnnrnerus in the body are the intracellular fluid
(lCr) .• md the extracellular fluid (ECF). which conxists or the plasma
and the interstitial fluid.All are bounded by semi-permeable membranes.
whose propcrtlcsdepend on Ihell' function. All need huffenng systems,

which depend on the major iom, of the compartment.

Plasma bufferioA system

In plasma and iruersutial fluid, the CO
2
-bicm'bullate (!-JCO, ) system i,

very important. It prevents the development til' dangerous acid or base

imbalance, and works as follows:

pH-HC03 - graph

40

$ 30
E
I..,
0 20(.)
:x:

10

0
7.0 7.2 7.4 7.6 78

pH

Normal v~lues
HC03' ; 24n\Eqll
pH .. 7.4

Pco2lines

• HC03- compensates
tor
(a) respiratory aCidosis and
(b) respIratoryalkalosis

BuffeClngline of bloQd

pH imbalance

(I) Respiratory aCidosis
(ii) Respiratory alkalOSIS
(Iii) Metabolic acidosis
liv) Metabolic alkalOSIS

C'o~+ H,O.=II,CO,

Carbonic acid (J-IPO,l is a weak acid. and ionizes:

(Il

(2)

!-J~CO)ionizes sorapidly thm for our purposes the reaction of importance

can be considered to he:

Recalling the Hcndcrson-Hassclbalch equauon:

H = Ka + lou lI-IeO, I
p p ~leolllH201

(3)

(4)

The pH in blood i~7.4 (actually ranges from 7.35 w7.4S): the pKa for



HCO, ,,6, I. Therefore, from the pre\ IIlU.... pread. we know IhOlllh" "

:.Ibuttering 'y'lcm Ihat operate, mer the pll runge111about 5-7 IH.OI
" taken :.I' umty, The concemrauon- III ga'.:, In fluid-, -uch a' plasma

arc evpressed a, partial prevsure-(c.g. the /'(11: in pla ..rna range' trorn
4.5 to 0.1 "1'..1 l.ll1 conv crt partial p,c"urc, mto concentration term-, II

" ueccv-ury til uve ..I cunvervron 1.lclm l-or CO,. the correcuon iacror,

at ~7 C. ,,0211111;411 perkPu. For ourpurpme .... letPco = 'Ul kPa
1'«1I1l l.qu.uron ( I).

IIICO I
OA = 6,1 + log I l' . 01

(L.l X),

J hcreture. under thcve condiuonv. II Ie () I 11.Y4 mE'll!.

The reader ilia) havenouced IhUI lie '() " nor, theoretically. a good

buttering '>'Iem above pH 7 I Yet,II" clhclcnt at buttering plavmaal

pll value ...;" 11Igh" ..7.Y TIl1''' bccau-e the Il<Kl) chrrunatcs CO, through

rcvpirauon. In other word" undixsociutcd weak acid " being eliminated,

and 'on Equation (3) " driven 10 the lclt. 'nil' enhance ... thebuttering

cupacuv III the ,>,Icm.

II CO, hU11tup 111 the plasma and othc: uvsucs.rhebody would ..utter

an ac:tll(l",~. hut CO ,,10,1 through Ilw hill!:!" The pll 11("0, graph
,huw.' how 11('0, ion change- with pll lit u given /'('0, When 1'((1
change ... the gl't1('h ,hill ...111" line culled the blood buffering line. The

buttering ,11.:l1l1nIIIHCO, " vupplemcnicd h,· protcms andpho-phutev,

"hldl a,,"tlo '11111pup' H' illn, u\ Ihc~ arc lurm\!d, 'Ille 'leeper the

~I"I)(' III Ihl' ""Ih.'ring hne. the heller Ihc hlillcring .ll:lilll1. Thl' ,Iorc

rl'lkel' Ihl' (;lllIl'\!lIIr:llilln I1f H~ in hlolld

Ilh I' i1111111)1l11ll1l1thllffenllg .lgentll1 hloud thrllu!!h ih 1(;II1'p"l1ln1'
III CO" :tlld Ih 1I11111alion IIh Il'ItHlW ... ahout 60th lit II 11111...

)lllldll~'cd thmut'h I1lHl11ulCO In.lIl')11111 Iherelnre, in dbeu\C 'lUll"
IIIVI1I\:III1' if dcpkllllll olllh.lhc hul lcll II!, ....1)111(;11)nl lht: hlOlal "ill
he reduccd

Anl}-IL\SF IS\L\NCI·

I'IIC hnuy gCI1Clilll" a\.ld, lhmugh II1l'1i1hlllr'lIl .1I1d rc'p,rilllllll. I ht:

""Ijllr re'pir;lIor) "lid" ("°1, and imllllilallt 1I\\!I<lhulrc aCid, arc lao.:lIl'

acid. and the ketoacids ri.hyufll\)hulyrie acid and ucetoaccucacid.
In addttion acid-, rna) be tukcn III the form ul drugv such ii' uvpmn

(accl) )o.,.IIII:\Ir...acid I.In the UI'c:l,e '1;IlC diabetes rncllitux('t.'C below)

C\CC" kctoucid-, are produced,

Acid-base imbalance

(5\

There arcIUUI main typex (II nubalancc
I Re ..plratory acidosis Here. COI, retained. either because III

h) P"VCI1I1Ii1110nllr IOlnO"C lung dl,ea,e imcrtering \\ ith ga' exchange.

Fur cvamplc. hypovcruihuion lila) resultfrom ueprC""l11 III the

rc'pinlluf) centre h) drug', \\ hilc intnnvic lung dl,ea't: could mclude
condition ......uch as chronichnll1l.'hlll' In the laucr condition. mucoval

thickening anu airway plugging w IIh IIlUCU., mOl) lead IU pour alveolar

vcnulauun and CO! reteruion \\Ith IIIw arterial ['0: value-,
2 Re ..pirulClQ alkalo,i!, Thiv rcvultv Irom h) pervcmilation. CO: i,
hllm 11 nil through the lUll!!, 11111 rupidly, and hlnud pH ri ...e,.

II) pcrvcnuluuon may be caused hy I'ui,uning w ith acid ...such a., aspmn,

Ily h:VCIIIl hy <l1I'(U!I).

3 Mctuhulic acidosi ....'1'111,muy urise [rum Ingc,tlull Ill' aCid, or
-'l111,1;lIICC' merabolrzed to IIl1l)., (l·.~' 1l1l!lhUIlOI mtuvicuuon. when
mcthanol r-,uvulized 10 lomuc .Illd) from ovcrproducuon 01cndogcnou-,

ut:ilh '11l'h '" I..cloa":IU...In d"IOctcs mclhtu .... Ifilm lallurc III e,crCle non-

\ulillilc nCld, in certarn I) pes 01 fenal d"e,l'c, Induulllg acutc and

I.'hfllnll' rCllallailurc: 110m 10" III haw IIICO I rC\Cl'\e. lor e"lIllple III

,e\cre dlarrhl>eil or Immlu" III ,,1~.lllIIc upper ga'lrnillte'"llal Cl1l1telll'
<lltCI \lIfrery (e,g thlul" 10rll1.l1l1l11\

'" l\1t'hlhulic alkulosb Th" call1ll'nir IhrnuJ:!h Ingc'lil1l1 III bl"e, 'lId,
t1\ ,"dllllll blcllrbonale. It tan abo on'ur tI ccn:tln d'llfetlt.:\ arc take II,

DIUI'l'lIl" IIll' drug, Ihilt Plllll1llll' tlw 1111\\ III unnc.

I'hc helll) l'OIl1pt'n,ule, 1m melllhuho.: i1CIUll'" hy h>Jl':r~cntil,lIiun lu
bllm nil CO. anu hy IIIcfcu'cd (\'11<11(~idllc) ) C\~'rcllllllill II ,Inu HCO,
regcller.ltlnn Thc omly cnlllpclI,.lIe, for mel"hlllrt.: .rI"alll,j, h)

hYflu\enlllau(1n anu Inl.:rl·"'l'd l.',nellt111 uf hil.:~lrhunate Ihruugh the

"illnc), although h) pll\entllallllll " lillllteu h} till' lall in arll'n,,1 /'0

\\hll.:11 "tluld Ulhcl'\\il,e IlCt.:lIr



29 Chemical reactions I

ClIEMICAL EQUILIBRIUM

A reversible chemical reaction can he characterized thus:

A+B· C+D

when: A and B are reactant v. and C and D are products. Initially. the

concerurauonv ofC' and 0 are 10'\. buta, their concentrations build up.

'" the rcacuon 'Iuw' down. until there1\ no lurther net change In the

conccrurauon- of an) of the chcrmcalv The reacuon has reached a
chemical equilibrium for the condrnonv, r.c tcmperuture and prevsurc.

under whrch the reaction occurred, and the ratio of reactants and productv

" cnnstunt, defined by the equilibrium constum (K ..
I
):

KNO (leIIDI)
., IAII HI hj (2)

where IA I and I B f arc the molar COllCCllIraIHlII' 01 reactants, and IC I
and I D] are the molar concentrunons 01 the product ...

K.~ " uvctul. 'IOCC 11 dclrne ... the rcacuon vystem under given
condruonv. hUIII doev nUL tell whether the rcacuon " gOing to occur

or nul lor that, we need to know lite energy Ie' el at the start 01 the

rcacuon. and Ihc energy lev cl 01 the vyvtem al the end of the reaction.

«'nEE ENEl~GY

l-rcc cncrgy i\ the energy available fur a n:aCIIIIIl, and the rclauve free

energies 111 a 'Ylttern at the xtan and end of a react Ion will dcterrmne
whether a rcacunn will lake place or not In other wordv,it r-, the change

ill free cllerl-:) (fiG) that ., uuponunt ro mca-urc \0 i...defined hy

~(I '\/1 1\S

where '\ mean- rne change. (i ., tree cncrgv, /I ., heat energy (alvo
called I.·nthalpy) \If Ihe lty'tem. T ., the:ah'llitM te:mperature andS .,
the cntropy 111' the sy,lelll (,ce hl.'ll1w). A dll'IllIl:1I1 r..:al,;tion can \lcl-'ur
only il 6.(i is IIcgative.

i:qlllllioll (1) was derivetl from till' law, or lhcrmotlyn(lmics, which

wcre lormulale:<.i to predict Ihe directinll, or chcmical rcal'li(111~. Thcre
arc ,eyeral 1.lws, hut only ~UI11Cnced CllllCCl1I u, hcre.

IAI\IS of thcrmudynamic!>

Thc fi ..,1 111\\ of thermod) namic, ,t.lle ...that ~ne:rg.) ., con,cned .n
a c:hcmllal ') ,tcm, i.c the Illlal cncr~)' 1)1' II ,y,lcm and .1,

,urroundlnl:!' .,11 C!ln\lalll. The nr,llaw I' .11elfel·t lhe cOlhervatioll
01 cncrgy. The: encrgy IllUYhe convert cd frol11 onc i'onn to anothcr.

I'm cxamplc from chemical hond ellcrgil" to hent, and vice vcr ...a.
but lhe IIltal I.'nergy w.lhin the sy\lCI11 i, l,;on,cl'vcd. Thcre is Ull

Cqllllltllll dCl'lvcd from Lhc first I:.w.
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when! 6£ i, the energy change,E, is the energy of the system at the end

or the reaction and£, b the energy at the start.

6.1:.'and 6.(/ arc related by the cquuiiorr

(I) sa- 6[- T6S (~)

The firs: law cannot predict if .1 reacuon will occur spontaneously.
I'm ihrs, another law i~ summoned, namely the second 11)\\ of

therrnody namics.whrch "'latc' that a rcacuoncan occur spontaneouvly

only ifthere .\ a net mcrease III the vum of the entropies of thewsrcm

and 1(\ xurroundingv.

Entropy b a term thal means. quite snnply, the degree III disorder

or randomnevs of a system.An example of an increasein entropy I!'.the

dltlusiou of (I volute such u, a lump01 sugar in11cup 01' lea A negative

entropy condition would be required 111 suxtuin the \ug.1I ill the hot tl!a
:1\ a lump. Similarly, negative entropy i, a measure of the'holding

together' ul brcmoleculev in their churacterixtic shape, Notice rhu: 6(;

g.VC\ nil mtorrnauon about the rule III a rcacuon. only if It can occur

vpontuneouvly

Type., of reaction

ln un exothermic reaction. heatI' given off Therefore, flH i, ncguuve.
In an endothermic reaction. t.1I ., poxitivc since heat i~absorbed hy

the system lrom us surroundings, According to the lirsl law, no cnclgy
can he Iml from the system during the cheuucal reaction, and IIIUI1

excrgonic rcacuon. the energy111'1 during the reaction i,conscrvcd u-,

heat

Standard tree energ_) change\

Change, In free energy durmg it rcacuon are influenced hy the

prcvvurc, temperature and the uuual cunccntrutions of the rcuctantx

ilnd pmLluch. BIOlogical reaclionlt ale ,Ibu influcnced hy pll In order

10 standardi/.": free energy chan!!e" \ltllldard condition, have heen

adopted: the temperaturc is wken til he25°C (29X K): thl.' pres'llrc
i, I aIm (I 1J:!5 x 10' PII): the initial I.!llnccntraliul1!'. of l'ellClilllh

and products b I mul/l: lhe pll.\ Illi-cn as 7: lhe molarconCenlrUtlll1l
III 11.0 .It taken Ult unity (I lIlol/l) -\(i under these 1.·()llllllllln' .,

c\pre"ed a, ..1U".
There I" a formula fur .JU"

6G 60"+Rloo leilDI
eo'IAIIBI (6)

wh~rc 6G is the free energy change forn reaCllon, R .~ thc g:I'
l.:(In~tant, T is Ihe ab\lllulC tempcraturc and lng, i, the lIatlll<11

logarilhm.
Frol11 i::.qullliOll\ (1) and (6). it I.:an hc worl..ecJ outlhal:

(7)



Note the gas con...tant(R) i~ also called the universal molar gas
constant,and hasa value of 8.13-1J/mo] perK. It means that all gases
havc the same kinetic energy for afixed number ofgasmolecule, andat

a giventcmpcrururc. The absolutetemperature i\ measured in Kelvins
(K), Theoretically. the lowest pI)\\ihle temperature is -273K.

If Kr~ is less thanI. flC"' is posiuve. This means the reaction will
no! occur un lc .... energy is applied. The reaction is "aid to be
endergonlc. It K,~ 1\ greater than I. the reaction will occur
sporuaneouvly because I!J.G'"b negative. The reaction i\ said to be
exergonic (seeabove).
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() '\ II) \ I 10 ~ IUW u CTI ()" RE,\(' TI 0" S

(h1(I:UHIIl rcductlon (redov) rcactionv are Important in biochcnu-try

and the nutochondriul elccrron uunsport cham,lor cvamplc I' bcuer

undervtond II the havic priucrplc« of redox rcaction-, are know n
beforehand \11) '1IIhl,lI1ce Ihal dOllalC, an electron 10 another III a

chemical reacuon I' ~';llku u reductant. An) -ubvtancc thai ucccpt- an

electron I' culled nn nvidunt CIIII'llkr thecquai Hill:

whrch CUlla"o h,' \\ rutcn a' two hulf-cquutionv:

.:! \ • .:!,\ + 21.'

('OI1lPOIIHd t\ h .. , hC1.'1ICI\iUI/l'II, ,11111II' iOI1' IHI\l' h<:CI1reduced 10

g,I'I.'IlU' "1'
1:k'l'IIIHl nll\\ I' P,lIt III l'lcl'Ulldll.'lllical change, mid i, ""\luatcu

\\IIh un clcctromonvv lorn' ("1111, thill dnvc» Ilw rcacuon. Thl' lorce
cuu Iw 1II";I\lIr,'d, ,lItd t, l'\pr,-, ,l'lI ,I' rhc redov potentia! ,C I, and I' ,I

I1lC:l\lIfC 01 the IIl.cllhood that a H'dll\ r '.JdtCllI \\ III II(;CUr, I: can be

mc.l,ured lor rcucuons under \1,llIIla,1I CIIIIIIIIIIIII' ( I arm til prcv-urc;

21)~ K 1.:!.5 CI, pi I 71 \\ hen il 1\ Il'II1l~'d I,'..:IIlU cxprcv-cd In \ lilt"

,\lcu,urcl1lcnl of I:'.

I:'" I' 1IIt':I,ureti ;I' an electron I1m\ bctw ,'CIlI\\ o halr-ccllc. one Cli \\ IIII.:h
I' 111l'S:lIl1pk'l.'cll,l'lIlIlallllllg a "111111011111I mol/l conccurrarion ofthe

lI\idalll til he t,"I,'d, linked h) a budge III II 'lamlard rclcrcnce halt-eel].

1\ hidll'Ullhlll)\ ,I I Il1ulll solution 11111'1110'III cquihbnurn 1\ Ilh II: ga,

at I ,11111, TIll' ,ultllt;~· ot' tltl' reference ,"lulill1 I' taken a_, II V undct

IItI."~'l'lllltlIlIClII' J:1l'l'1I1111'\\ 11111111\ lIunl rl'UUU,1I1tIII nXIUill1llhwlI!,h
t'1l'lllmk-, 1Illl11l'IWd III tl1l' ,ollitIClil IIl1d th~ 1.'1111" mcnvurcd II' II

volu !1l'I"1'

Not«: ;jlth(lu~h the potcuual ot,I 'I.md'lru II dl.'t'lro~k" 'el ill 11\, ,

tlll\ 1\ tal.t'll till pi I 0 when pl l 7,0, the I 'n i, -O.4::! V _j

Suh't,IIlCl' ,\ ill Equalillll III has a lower illlilllt)' 1111electron- thall

tilIC' II" and tl1l' //" \\ 111he IIl'g,ltiH', A povuivc I,"u mean-, that the

,uh,wlIl'l' h:" II IlIghl'r ullinn) 101 ""'1:1'"111' Ihan dIll" H
J
, A ,I rung

o\ldl/lIl!: agl'III, ,udl ", O.. lw' a pmlll\e rl.'ull\ ll<lIl'llllal. \\hik ,I 'tfllll)!
ll.'dll~·lIIg ag~'III, \Ill'll H' lIil'lllinall1l1k ;Ilknlll~' dllllldl.'ClIlUe (~\I)III,

ha, Illll.'g.lIi\e redel\ JlI'h,·lItial.

'Ille l'lrger thc JlII'III\(~ h"". Ihe ~1I"l1gl'r Ihl.' oxidallt. 1,1.'_ the hl£ha IS
II, all IIII t)' IlIr del'llIlI": In olhel \\ 111l". il II illll'nu III he redu.:l.'u The

1I10rl' IIt'gall'e 11ll' I.~"I', tht' mort' ,''',II) "ill tht' reuuclallt rell'",l'
CkClhlll',

'1111.' h:"delll.') ollhc 1l\l'r:11I rcdll\ fl'''ClIlln III happen I..'anbe cakulal,'u

'1IIIpl} 11) 'UhlrRClIlIg 11ll' n:liu\ 1l<lt"lltt:ll, III the IWI) half-readillo"

rOI ",all1plc, I:ol"id"1 the l'\ert'i't' helm\

(I,

(3)

VoItme'.er

11~,
.l",1

Agarbndge

SafI1IIe haIf<el
1M oxidant
I M feclJclant

Standard reference
HaH-oeil
I M H' equilibrated
with H29as

t.."III1ll' that we dl"ol",' III I 1111tll'lIl1eu IllO, at "'i 'C I 'g molecule
(I 11101,of cuch "I o\allla~'clak, acetate malate and,1I.:el,lldl'l,) tll'_

Pled".:t \\ hich '1Ilhtalll'C \\ ill hc 1l\ll!l/cu, and \\ hidl w 111he reduced
WhIch \\ ill hl' tIll' oxulum and \\ hich thl' rcducuun I

where h "I = - I), 10 V

where i"" = 0,60 V

o\Ullllll'l'WIl' + ~II' + ~l' • IllId.ltl.'

IIl'l'lah: .. 211 + .:!l' • 1Ic.:l'whll·hydl'

(I)

(ill

hluatloll'l) ha' the moreJlI"ill\l' rcdox PI1IC'l1tl.II,Thcrclurc.1l \\ ill
rl<ll"l'~'d mill',' I.:alll" ,1\ II rcducuon, I.,' ii' Ill' \\ nucn. Thl'ldor~',
l~qll,lt lOll (i I) \\ 111proceed III n'wl 'I.' ", an ovulauon.

Soh mu:

O\,IIU;I':l'lall' + 211' + 2~' _. maliuc

:t~'l'I,lldl'h) de -it acct.ue + 2H' + .:!l'

(h,lloa(elal~'llalll' I.'kClr(1l1\and I' r,'dul'cU 10m"lal':. and al.:l'talul'IIyde
lo'oC'Sck'Ctnln\ and i, .",iliih'll to ,1l'I.'I:ttC'.Thcrl'lur.:. ,tcctaldcll)de i,
the Il'Judng lIgcnt. ,uld o\ahla':l.'t,llc! I' the Il\idi/inll agt:nt,

,\1'0;

\/ =( (l,11I1 lI,hlll = ..fI,IO + 0 hI)

=+05 V



FREE ENERGY OF OXJDATION

The tree energy of oxidation. ~(.,'" I' grvcn h>:

where /I 1\ the number of electrons transferred permole and F is the

Faraday constant (96500JIV equiv.) Note thnt tJ.E;. must be positive 111

order rOI t-oG'" ro he negative.

TIlE NER~ST EQUATION

TIll! \/.:rn't equation can be used to calculate the redox potentialunder

non-standard condruons. III w hich til,' conccntratinnv of the reactant-

arc present (II non-standard conccnuuuouv

RT [oxidized torrn]
E= F +-100

-II /I F eo, [reduced form I

2..103RT [oxidivcd form I
E - I ... + log." -'----

liP [reduced 101"1111

Ihcrcforc. the Ncrnsi equauoncan be expressed as:

. 0.059 [oxidized form]
L = L~+--102.. .

II - Ireduced tonnI

COUPLED REACTJONS

(5)

Biochemicul reactions very often require energy; they muy not 'go' by

themselves. for example tile Ioruuuion of macromolecules sLu:11II!'>
nucleic a<.:ill!'>and protein, trnm their respective nucleotide und amino
acid subunits. This son oj clahorarinn requires work, which III turn

requires energy, The energy i" supplied by exergonic rcucuonx

h\crgnnie reacuon- do the work that dnve the endergonic rcacuon-,

The cell has enzymes Ihal curalyve exergoruc reacuonv. <omc 01

the energy produced by the reacuon-,I'trapped hy coupling the reaction

In an cndergonic reacuon.which generates so-called energy-rich

compounds such a' ATP.

((l )



31 Enzymes I

Enzymes

Class 4: Lyases
aldolases
decarboxylases
dehydralases
hydratases
Iyases
synthases

Enzyme classification

Class 1: Oxldoreductases
eatalases
dehydrogenasos
hydrogenases
hydroxylases
oxldases
oxygenases
peroxidases
redlJclases

Class 2: Transferases
aoyl1ransferaso
glucosyltransfelase
lunases
n1ethyllransterase
phosphornulclses
phosphoryltransferase
transaldolase
transmutases

IClass 3: Hydrolases
amidases
doamlOases
asterases
glycosldases
phosphatases
phosphollpidases
nbonuCleasos
tn/olases,-----.

Fllt·
31.1

Class 5: Isomef8&eS
epimeraSf1s
isomerases
some mutases
racemases

TranslllOn slate
-.--

Aohvation r
""" I

Free energy level
of oducts

pHopumum

A
pH Temperature Time

o Rate Increased as temperaure Increases
f) Rate decreased as enzyme ISdenatured by heal

Properties of enzymes-blologicel cetalysts

! level of aClIValtOnenergy reqUll'edlor reacton
Specific for substrate
SpeCifiC for sUbStratereacuon
t rale of attainment of raactlon equilibrium
00 not alter equihbnum poslhon
00 not alter reacllon direction
Unchanged al end of reacuon

Free
energy

Free
anergy

TranSllion state

Ac:Ilvotlon
energy level

Free energy
level of

reac1.ants

Tima

Enzymes arc proteinswhich cntnlyse chemical rcacuons. Theycall

operate In the living cell. or in the LC~t lube under the correct
condition v, and arc evenput into wa ...hmg pow dcrs fordigcsung food

stains III clothing Enzymes mcreasethe rate at which a rcacuon
reaches equilibrium, although they do not alter thethcrrnodynarnlc
propcrucs of the reaction. Ior example the equilibruim constnnt CIt

the rcncuon.

Activation I
energy.

Actlvatton
energy level

Free energy
levalol

reactants

Time

ACTIVATION STATES

En!> me .... like other catalyvts nrc not changed thcmselv e...alterthc
rcncuou, although they muy be temporarily altered m <trueturc while
the reaction I:> proceeding. Enzyme, makereaction, possible in the
body. at rates which allow the (ell, to live. Normally. at 37 C and at
a pl l 01'7, 010'0.1of the reacuonx necesvary for life would go IOn 'hm I>.



During a chemical reaction, the reactingchcrrucals pass through an
energy statehigher than that ofeither the reactants or of the products,

The reactants need to attain a certain activation energy in order to

reach a so-called transition stale. and therare of the reactionwill depend

on the rate at which indivrdual rcacung molecule,build up activation

encrgy to the transuion state.

Enzyme». like other catalysts. actually reduce the arnount of activation

energy required. They achieve thisby providing alternative pathways
for the reaction; these pathways requireless nctivauonenergy than would

be needed In the absence of theenzyme.

PROPERTl ES OF ENZ Y I\-IES

Substrate and reaction specjfieity

Lnhke inorganic catalysts. sucha...platinum. which can catalyse awhole

host 01 reucuons ill the test tube. the biological catalysts, the enzymes.

arc highly specific. They will rccogmze one or a few chemically closely
related substrates, Substrates mayhe delmcd as substanceson which

enzymes uctin hiochcnucal reactions.SIIll ilnrly. enzymes will catalyse
SPCCII'tCtypes (If reactions.

Chemical composition

Fnzyrnc-. arc macromolecules. They arealmost all protein ...(although It

has been shown that RNA can catuly-c certain rcucuons). They arc

compoxcd III ammo add cham'. whose 'PCClftC sequences dcrermmc
the folding. shape and funcuon of the enzyme

FA(,TORS AFI'ECTING

..;NZYME ACTIVITY

The pH can utfcct brochermcal rcucuonv III II vanety of ways.

I extreme, III I'll may rudicully alter enzyme ..irucrure. and thus
denature till' ell/) me;

2 the pl l ma) ullcct the degree to which the vubxtrute i~ ionized. and

thus allect the rate of the reaction;
3 the I'll call affect the binding of (heenzyme and substrate:

.. the pi I cnn alter the reactivity \)1 the enzyme during the catalytic
process,
Only n) and (4) will he considered hcn.:,

Must cn/yllle~ arc active only within a lalrly Itmtled pll range. and

thcy have an opllmum pi I ut whIch their UCllvtly b greatest The I'll
optimum Will depend on ",here In the organbm the cnLyme1\

phY'lOluglcally active. For e'(.lmple. pcp ..tn. a dlge'tivc en/yme.

operates in the ..tomach in the presence of hydrochloric acid. and its pll

optimum i, around 2. Lysosornul enzymes have a pH optima of around

5. the pH in the lysosome.

Temperature

All chemical reactions arc Increased a.. thetcmprcrature i\ incrca ..cd,

including enzyrne-cataly ..ed reactions. But, whenenzymes arc healed

above 40°C many of them begin tobecome denatured,which rcsuus in

a fall in activity and afall in the rate of the reaction. Oncethe enzyme i~

denatured, comparatively liule more of the product will be funned. no
mailer how lung the reaction i, left to proceed.

CLASSI FICATION OF ENZ YM ES

The Cumrnisvion on Enzyme Nomenclatureor the International Lmon
of Biochemistry established a clussiflcauon of enzymes into six clasvcv,

I Oxldoreductases: these catalyse uxidauonreduction rcacuon .. An

c xumple i~ alcohol dchydrogcnuvc. which oxidizes alcohol to

acetaldehyde,
2 Transf'erases: these catulysc group transfer rcactinnv, The

groups transferred include methyl. ketone. nurogenous or phoxphoru-,

groups. Examples of a rrunvleraxc arc hexokinase and methyl
tranvtcra-,e.
3 Hydrolases: these catalyxe hydrolyuc reactions. They cleave0 P.
C Nand C 0 bonds. Example .. arc the pcpudehydrolases.which cleave

peptide bonds.
.. Lyases: these cntalyvc the reversible uddiuon of groups to double
bonds, or formation or double bonds by removal of groupv, I'mexample,
thcy may remove arnrnonin. C()~III11,0during the reacuon.An example
is pyruvate decarboxyla-,c, which decarboxylutes a keto-nerd to yicltl
an aldehyde with release of CO • .
S tsomeruses: these cn/yme-, catulyxc different kmdv of isomerization.

which involves the rcurrangemcnt of a molecule 10 YIeld one \\ uh
diltcrcru physical and/or chenucul properties. There arc ditlcrcnt type,

of isomcra-,e. The epimerases and raccmases catalyst! mvcrvion at

axyrnmetrical carbon atomv. hu example. lactate racemase c;,lIalyse\
the conversion ofi.-lacunc to I} lucuuc. The mutases catalysethe trun..fci

ot group, within a molecule For example. phosphoglycerateI1lUlUM:

produces 1-pho~phoglyccrute from2 pho ..phogtyceraic.
(, Lign'ics: these nrc ulso termed synthctuscs. They cuiulyscrho
condcnvauon or tWI) molecules. and the reaction is coupledto the
cleavage of a high-energy phosphuic oond. ,uchIll\ is found in ATP An

example i~ pyruvate carooxylusc. which c()ndensc~ pyruvate ilnd

olcarbnnate to yield ()xuloacctllte. which1\ coupled to the CllllveNlln
III ATP to ADP
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Coenzymes and enzyme action

Models 01enzyme action

G

G
G

G

1.Iembrar.e ActivalOrS
dlacylgtycerol
lipids
Ca2+

C. catalytic Sile
P. pseudosubs1tate
R. regulatory site
S. substrate pocket

Coenzymes

Bt;. vltamm 86 In Its coenzyme lorm of pyndoxal ph05phate

Transaminase Transaminase

IAmino aad21

t

Transaminase

Menbrane

GIuooseC====
tMg2'
AlP

_ SUCC1nale
COO-

Biotin COO- coo-100 dehydfllQcnase I BiotinI PyruvalO carboxylase I
CHz CH CHa CHz + I

~H. f !
II I I Pyruvato
CH CH=Q C=Q carboxylases=~ I I I
coo- coo- coo-

Fumarale OxaIoacetate
FAD FADHz

Substrates garn
access 10 Ssite

~

~

Model 01a prolom kinase C ISOtype, showing OctivatlOll and
substrate specifity

M I' ( II \ N I:' \1 0 F \ ( T I () 1'1.1

Prntein fold in!:

EII/) Illl', are gloouillt protcin-, l"lIN'IIIl!,; III one 01 more r()l)p~pIIJ~
chains \\ hich Iuld into a thrce-dimcnvronal structure, depending on the'

anuno "dd sequence The amino .KIU, Ioruuug all .1I,:II\c ,III! 111.1)'be
tar .Ipall. hUI urc brought into pm\imit) through chain lolding. Al'II\C

'Ill" (In the en/) me -urface include the suhstratc-hinding. rcgUI:lh'f)

...__ _ .

~Ie;::nz=ym=o;-'"•GIucos&-
6-phosphate

,tnt! cutalvuc ,ile,_ The nature und art .mgcment otthc .umnoiII:ll!\ at a

'Ite dercrnune. h,r!lel). Ihl' fuucuonul ,pl'~lliclI) (II the ;U.IIW vue,

StJh"lrnl~n/) me comptev I'lIrl1llltilln

Th~ ub-trate I' held ar u-,"llIdlng 'lie "> non-cov alcrn torcc-, including

hydrogen and hydruphobic "'lIll", and dedrml<tllt ,IItU \ an der \\';1,11,

torccv. The binding vitc i, \II ~pccilk tor a vubxtrutc Ihal oltcn it will

hind only om: ivomerIII a dl;t'ICrCIlIlICrtl' pair Some cn/> me,IIfC nut



1I~ specific Glucokinase will hind only glucose. while hClIl1"lI1aSC will

hind and catalyse the phosphorylation of l-deoxyglucosc, fructose.
glucovarninc. gluco-c and mannnxc. although not all at the varnc rate.

It" believed thai "hen the subxrnne makes contact with the active
vite. the ,lie changes Its conformation til accommodate the ,uh\trmc.

This I' the induced lit model. Povsibly. theIDUuCed lit mechanism place"

'Iraill'. (10 the substrate, thcrcbj lowenng the acuvauon encrg), required
fur the reaction HI occur.

Mechanism ofcatalysis

lhe suhstr;ltc-hllloing ,ile "u,ually \\ here someor :.111111the catalytic
reacuon occurs,Chy motrypsin i, a digesuvc enzyme catulyving the

hyuruly,i, of dietary proteins III the vmall mte-tine, dea\ ing peptide

bundv al the carboxy I vide III aromauc side chain, of phenylalanine.

tryptophun and tyrosine Theil' lire IWI) main \tcp' 111uic reaction.
I The substrate binds to the enzyme at u chemically active vite

domlnnred by a triad of three amino ucid-, These are Asp 102. l Iis 57

und Ser 195,which form a catalytic triad. The \Ub\II':llC and Ihe triad
1'lC1'0I11ehound by hydrogen bondrng.
2 The su-ccpublc pepude bond (II the substrate1\ cleaved through the

action 01 III, 57 and Ser 19S, andIhe pepude ..ub-trarei, hydrol) wu 10

yielu :111 acid and an amine.

Rc~ullltC)ry ,ite~ on enzymes

I:III.Yl11e uctivuy may he rcgulurcd hy sites Oil the cuzymc itself
l~\;ll1lple, arc CllIYIIlCS thai phosphoryhuc proteins, the protein kinllse!.,
I'rolelll!..IIHISe C (PKC). a sCril1l'1lttrl'OlllllC "in;],c. IS aCII\illed hy J)AG,

phn'phllilpllh am.! calc.:iulIl illll'. :Jlld I.. h.!lil!\ cd to mec.ilah.! cellular

c\en" Illllm\ 1Il~ aCII~all(l1l oj cell, h:;. honllonc, ilnd second Ilw\\cl1gers.
PKC a!,pC;Jrs til beu mClllhcr lit il IUl1l1ly III PKC i,ntype,.

The l'Il/)'ll1e ha~ runLllIluall:y dlMlncl region" a ,uh,nalc poe!..el: an
alniull-Il'rmillal reglilulUr), ~Ill'. II fl..elld()~uh~lralC \lIe \\ illlll1 Ihl'

rl'gululory lIomaill; !lIILI II l:lllhll:\y-lcrlllillal calulYlil.' :-.ilc. fhe

r,euu()'lIb'lrule ,Ile con,iM' Ilr'l 'eqllelll.'e 01 anllllll ,IL id, re'l'mhling
the ,ubslratc, hUI wllhoUI a wlilie/lhrelllllnc re'ldul' \\Ilkh l"IlIl he

phll'phorylalco Inslead, it 1:0111:1ill'0111;Ililninc re~illuc, In Ihe tllUc.:tlW

'Ulle, lhe p..euuo~ub'tratc ,ill! UClUPIC, Ihe sub'lnllc pudcl \\ IIhll1thc
1.·:ltal)IIC dOlllain lind lOal.'li\'alc' It '\LII\'allllll 01 Ihe en/yme ,'au,e, J

,'onitlnn:tllonal change :lIld d,\\oc.:tatmn ul Ihe "\eulil,,uhsll.lle IrUIn

lhe ,un,lralc poc!..el. BUI, the p~cudo ..ub,.trale'1I1I Inler",:1\ wllh the

,uhstmll: pueket, allowlIIg only certain 'IuhMrate,to gUl11act:c,s til th.:
pm.:kel, Ihll~ playing 1I part in dctcnnlning sunslralc 'pecliieilY,

COFACTORS

('olallor, (lr.: ehelllicab th.1I .. "isl or are nece",lr) fur en/yme

aClion. Cllfaclors bccollle uIIIIl'I1Cd 10 Ihe enz)'m.:. u'tlall) ;11 the
cIlIai) Ill' sile, and may ('nahle Ihe hllldlllg 01 the ,uh,lraIC (lild/or Ihe

cutulyuc process. There arc two main groups:(i) coenzymes:and

(ii) prosthetlc groups,

Coenzymes

Coenzymes may he metals. e.g. cobalt,copper, Iron, Mg', manganeve

(Mn-') or Zn- Fur example, Mg:' orMn' are needed fur thereduction
of rhc high nugaiive charge, 01 ATP dunng the kinave-cutulyved

phosphorylm ron reaction. The phosphorylation or glucose 10 glucove-
6-phu'piHite provides all example of Ihi, type of reaction. ClIlln/Yl1lc,

may be organic molecules whichare derived Irorn vitamins,

I"!t'('htllll,\/ll (If ('tJt'II::YIIII.! Ut'lUIII. Coenzyme" such U!> Ilav inc adenine
dmuclcoudc U;AD) may he required a~ proton and electron .1l.'eCplllr"

FAD I' reduced In FADII during. dehydrogenation reactionv, and 111.1

separate rcacuun1\ oxidized buck III rAD, which b read) to ;It:1a~
coenzyme again, l'herefore. PAD I,mn unly IIcoenzyme but u vub-trutc

too. Slnce the cocnzyrue is altered during the reaction, it iN '1lI1ll~lll1le~

referred toii' a ..econd substrate lm theenzyme.
Vitamin 13" tpyridoxine) I., all (;t unuuo group acceptor wluch can

transfer the0 amino groupIII an (X keto -ucrd, thus forrnrng a new ammo
acid.

Prosthetic J.:ruup:-.

Proxthctic gl oups ure non-proteins, whrch hind covalently II) the enzyme

at il~ active vnc. I'hese include metal iCln~ and organu, molecules, such

a' hruun Hioun r-, vuamin B" and I' required for the incnrporuuon nl
CO Illln urgUIIIC compound .. II tioe, thl' hy aClm!! a, iI CUlIH':1tor ('0

BIUlIn hind' CO\ alenll) 10a I", ... nc re ...duc at the caw I) lil' 'Ilc "," Ih~

en I} me ilnd 'Iccepl' COO, u,uall~ from 11('0, ''nlC -COO i, Ihen
!,a"ed r.lpidiy tn Ihe ,ub,trale III form n carh(l,ylaled compound. Biulin

nced' AII' to hllld CO.
Ml'wll> ~lIc.:h", I'n' mH)' lunl'tilln (I., c.:nIUl'lor, by hindin);!. Ihe ..ulNmll',

allli/llr hy promotillg clltaly,ilo, Proll'in, Ihat conlUin cllvulunlly houud

l11ewl illl1' llI'l' lermed metaUopl·oldll!'.,

~llIL'JISl nSTRATE RE \(' 1'10'\ S

rn/Ylllc rClll'IHlI1' III \\ hlch line en/)'lI1c lIluy he uhle til hind nllln.

thun one ,uh,lrate Ill:l) be.,cquenliul or \\ hal is ,(llllellll1e .. l'alled
'ping-I)()I1J,:' In II sequenllal reacliun, om: "lIh~trtlle lIIuy Ilecu III h,'

bound helnre tll1(lLhcl', fol' exLI IIIpic alcohol dt:hydmgenll~e 111,1hlmb,

ethylllh:lllml prim (() hlnuing 111l'l'nJ'actor NADt The reac.:uoll " ..aid
10 he ordcred, whcl·ca .. one In \\ hkh I\\I() ,ubstrmes can blllli In any

order ., ,aid to hI! rllndom. III ..pinA-p(ln~ reUClIun, un ell/Yllle hilld,

:I 'Uh'lr:llC. COn\erh II In a produci which" rclca,eu :lnu Ihen hind,
allulhel' ,uh ..trate, An example I' Ihe Irall,allllnU\C rC:lcliulI, \\ here a

kelO-(Il'IU 1\ rdca,cd a... pmducl and anmher "elo-licid hound a .. a
,ub'Lmle,
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Enzyme kinetics

Progress curve

In~

······

Time

Substrate saturation curve

V ma( - - - - - - • • • • • • • • - - • • • :..:-:.:-,:,,::;.. _

Substrate s,1luralion
curve

Substrate OOIlCaniratl()nIS)

Constant substrate concentration

Enzyme concentration

ENZYME KINETICS

Enzyme ....substrate interaction

Lineweaver-Burk plot

K
Slope .. r

ma.

llc!gradcd. or a.. equilibrium i.. approached From the graph obtained.

called a progress curve. we can derive the iuitial velocuy.v". There

i~a direct relutronship between v" and the enzymeconcemrution in
the rcueuon mixture. in thar thc rare or the reacuon will double when
the CtllYIl1C COIlCCnLrutlO1I I" doubled. for a given concentration of'

sub ..trntc

When enzyme and substrate react together, the rate (II the reucuon
will increase athrst then xlow down with lime as the enzyme becomes
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Substrate saturation curve

11"1," plotted against substrate conccntrauon at a given concentration
of enzyme. then a curveIS obtnmcd \I, hose shape we call u rectangular

hyperbole, Initially, the rare ot the rcacuon ~·oi~ directly proportional

to the ..ubstrate concemrauon lSI [Mathernaucianv callthl' 'ftr't-

order' kineucs ) But. a...IS) incrca ...es.the rate eventually reaches u
limning maximum. \f"",\. The maximum reflects the fact that all the

binding sues on the enzyme fife taken lip or saturated, und the rotc

could be mcrcased only by uddlng more enzyme, This curve is called

the substrate saturation curve. (Mathcrnnticians call the 'bend' in
the curve 'mixed' or first- unci /cru-order kinetics.) The flat part of

the curve reflects the fact that thereb no further increase In rate no

matter h(m much substrate I' added. (TIm 1\ called 'zcro-urder"

kIllCIIC ....)

Enzyme units

Enzyme activity is measured in units estnblishedby The Counuissron

on billY me Nomenclature of the lmcrnationnl Umnn of Biochemistry

(SI! The unit I'>the katal (kat),One katnl i~the quanuty of enzymeIn
tho: presenceor which I mol of xubvtruteI>. converted per ...ccond. It.,

more common, however. ttl cxprc" enzyme activit) in mrlhkutal-, or

micrnk.nuls, ~IIlCC J I.;utl' equivalent to the activit) {If ahout I kg of the
pure enzyme. In many textbook-, enzyme a('tl\ uy 1~ C"PIC'~CO a\

micrumolcs of substrate thut arc converted per minute to product under

given tlS\IIY conditions. The standard unli tll enzyme actlvuy, U,i...the
amount (If enzyme catalyving the Iornuuion of I umol (11' subsuute pCI'

I1IIIlUtC. The specific activit) or 1111enzyme prcparauonb the number
III CII/) me 1II11t, per milligram of' protein This gIVC\ an indication of
the purit} 01 the preparation.

The formula of the substrate saturation curve

The substrate saturation curveallows us to den ve equilibrium constants

rhnt charactenzc the enzyme-substrate rencuon forgiven conditions ot

pH and temperature. We can arburarily define a constant. theK ,,' or

Michaelis constant. which I~ the substmte concentration \\ hen the rate

"" i~ half the rnnxrmurn rate (see belowl. The equation that describes
the curve wa .. derived by Michaelis and Mcnten,and the equauon they

derived i~called the Michaelis-Mcnten equation:

v -= \/mn lSI
" K",+ISI

(I)

If I', I., ploued again\t [Sj. arectangular hyperbole j, obtained

(0 calculare that \\ hen 1'(1= V.....'2. then A' • = IS)
In order to ontain values of K and V ,the Michaeli .. Menten

" n"
equation l':111 he linearized.

I Invert Equation (I ):

J K +ISI-= .!!.!..

I'" ".,.,1 ) J

2 Sepanuc and ~illlphf) to give the l.incweaver-Burk plot.

J..= K",
" \'u ''''I'

I
+--

lSI VII'"~
(3)

The Lineweaver Burk plot i~the equuuon ofU straight line (\ = 111.1 + c),

when Ill'" (\') i, ploued against I/ISI (v), wuh gradient (III) = K"/I'",.,,,
lind the intercept (!') on the ordinate i:. IN" ... ilK", can he read dlrectl}
from the gruph where the linc e.:rn:.,e, the uhsci ..su,

Ahnough nllt presented here, there an: othermethod., of hnenrillng the

Michaeli ... Mcntcn equauon,which an: ge.:m~mll) favoured b}biclI:hcllli\t v,
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34 Enzymes IV

Enzyme inhibition and allosterism

Enzyme inhibition

, -'--
Km IS)

Significance of Km
(I) High Km low enzyme-substrate

alhMy and Viceversa
(If) When 15I·Km. vo" VII\\>.
(Un Altered Xm may IOdicate

patllol9!JlcaI problem
(iv) Km valuesmay indlca1e cellular

concentratIOns of substrates

__ ,_ -'--
Km IS)

Non-compe'l~ve Inhibition

Km Is unchanged
VINI, IS decreased
e g Heavy metal poisoning

Fi~_
,\4.1

Cooperative and allosterism

Feedback Inhlbilion 01enzyme
(5 I: Activator or substrate concentratJOn

POSlllve co-operatlVlty: J
1 _, __

Km [SI

Binding of ligand to one subunll
(pIOl0mer) 01enzyme progreQ'wely
Increases aJlinlty 01binding SJ19S
on other subunits 'rom tile tiganc:tCompelltlYB InhlbHion

Km IS IOCieased
Vmax Is unChanged

Unear translormatlOn 01Hili equabon

Substrate Product

1 log'C Va 0 / __ '.
Vrnax-Ib

..1 • • • :· .· .· .· .Inhibitor I

~A
log'O(S)

Vo KISjl1

Vmax - Vo 1 .. KIS}"

Substrate Product

6 1 AllosterIC

O~· aCllva·rn ill Subslrale
-+

~.}
• Allosleric
+ Inhibitor Allosteric activatorm. I

I

ru. AUOSIOfiCInhit>llor

KINETICS OF
ENZ\ ~IE INHIRITlOl';

he UCICllI1l1Wd u,lng enzyme krnctic-, und theLineweaver Burk plot
Some ,1111111 molecules may control enzyme acu VII} by binulng In

allosteric site........hich inmbu oract 1\ate till: enzyme MUll) CI1/)llIl"

arc oligomerv. hcmg tormcd (If rdenucul subunu-, orprotorners,each

wuh ;1vubstrutc-bmding ,IIC. \..:II\,UIIOI1 01 an ullo ..terre 'Ill.' 1111one

protorner 11111)InerCII'C substrate enzyme alfinuy onother proromcrv,

a pfIl.;el>' called co-operativity.

bllYlllc~ mU) he inhibued Irum acung by vmull rons nr molcculc-, \l hich

form pan of n:gll Imol) contrul ') 'tcm, or hy drug .._lnhibiuon Ilf Clll} me

aCIIOI1 111;1) he irreve ....ihieIII' reversible. Reversiblernhibruon 1l1:IY hc

eumpetit lye or non-cornpetitive: the nature ofreversible mluhiiion call
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Irreversible inhibition

irreversible mhibuion is permanent enzyme inhibitiou. usually due to

the covalent attachment of a chemical to the enzyme at one or more of

its active sites. orat another site which alters the conformational shape

of the enzyme. Theorganism hasto produce more enzyme (0 replace it.

Examples of irreversible inhibitors are heavy metal ions such as mercury

ions. Nerve gases such as tile organophosphorus compounddi-
isopropylphosphofluoridate (DFP)bind irreversibly to the specific serine

In the active centre of a large group of hydroluses. for example

acetylcholinesterase.

Reversible inhibitors

Reversible inhibitors bind to enzymes non-covalently and are able to

dissociate, thus leaving them free to cutalyse substrates. Reversible

inhibitors can be removed by dialysis.

Competitive inhibition

A competitive inhibitor competes with the substrate for its binding

,Ile on the enzyme. and is often structurally similar to the substrate.
Once bound. the inhibitor muy Itself be converted toa product, or

l)CCliPY the ~itc until it dixsociarcs from it. The action ofthe inhibitor

call be overcome by increasing the conccrurarion of the normal

substrate al the binding slre. The Linewcuver-Burk plot in the

presence or a Fixed cunccruration or the inhibitor reflects cnmpetitive
inhibuiun through tin apparent increase in the Kno' and un unaltered

V,,,..:...
An example of a competitive inhibitor i~ malonate. whichcompetes

with succinate at nx binding ~itc on theenzyme succinurc dehydrogenase,
where succ] nate is normally converted to fumarate. Iru.e concentration
of succinate is increased, it will displace malonute from the CIl/,YI11C.

Examples of mctnbolizcd inhibitors urc the antibiotic sulphonurnidcs,
such a~ sulphanllamide, which bind to dihydruptcrutc syrubcrasc. ,I
bacterial enzyme that synthesi/es folic acid from {l-aminobcn/(lillc.

which rs necessary for bacterial growth. The enzyme converts thc
sulphonamide to a compound ihut cannot be metabolized to folic acid.
and the bacteria die.

Non-competitive inhibition

Non-ccmpctirivc inhibitors usually bind 10 the enzyme ut sites other
than thut which binds the substrate, und the substrate docs not compete

wuh the mhihitor, Therefore. although the substrate may still he able to

occupy it!. own binding site on the enzyme.it is not convened to product.
The inhibitor-enzyme- -subxtraic complex b sometimes called a 'dead-
end' complex, ~inee it i, caUl Iyticnlly inaCI i ve. Non-competiti ve

inhibilors in erred remove enzyme fmm the uvailahlc pOIlI. and the

Lincweaver-Burk pInt reileCII\ Ihis in that theKm is unChanged hut the
V h reduced.II.",

ALLOSTERISM

Allosterism is a word used to describe enzymes that have binding sites
tor molecules. usually or low molecular weight. other than those where

substrates bind und are converted to product. These smallmolecules are

termed ligands. A ligand is a molecule that binds to a binding sue on II

macromolecule. suchas unenzyme ora receptor. Theseallosteric binding

sites are very often where enzyme activityis controlled. Ligands that

bind to allostencbinding sites maybeallosteric activatorsor allosteric

inhibitors.The product of anenzyme may itself be an allosteric inhibitor.

binding to and inhibiting. an enzyme further backIII the chain of metabolic

pathways that produced it. This isall exam pic of a physiological control

mechanism whereby metabolic processes areregulated.

Classes ofallosteric enzymes

Allosteric enzymes have been classrhcd as K class lind V class,
depending 011 how their allosteric ligands affect thekinetic constants

Kill and VIII.' In the presence of their allosteric ligands. K-cla~~ enzymes

yield plots showing (Ill altered K", and unchanged V,""' (al> i\ seen with
competitive inhibitors of enzyme action). In otherwords, un allosteric
inhibitor binds to the allosteric site. and the enzyme reacts by losing

afflnlty for the substrate.

In the presence or their allosteric inhibitors. V·clu'~ enzymes yield

plol~ showing lUI unchanged KIA and lower VIII.' (a~ i:, seen with non-

competitive enzyme inhibitors).

Mechanism of utlostcrism

The mechanism or allosterisrn is not well understood, hut It is believed
thut when u ligand binds to an allosteric site it auers the conforrnarlon 01

the enzyme so that the affinity of the substrntc (orSIlIl1C other ligand] i'ur
Its binding site on the enzyme is eitherincreased Ill' decreased. depending

Oil whether the ligand I~ an allosteric activator or inhibitor. respectively.
If II ligand increases the affinity 01 another protorner for the same

ligand. this is termed a bomotrophlc interaction. ll'the ligand increases

the atllnuy of another protorncr lur a diflcrcm ligand. this b termed ((
heterotrophic uucracuon.

Co-operutivity is the term used HI describe the effect thut one

protorncr can exert Oil another, us happens when a ligand binds,

Co-opcrutivity reveals hscl! in the substrate saturation curve. which
is ..igmordul, and the formula ol the line is given by the IIiII equation.

whieh can be linearized. Allosteric activator" will shift the curve to the
left, while iniubirors will shift the curve to the right. The binding orO,

to Hb provides another example of positive co-operunvity lind a sigmoidal
curve. Note, however. that sigmoidal curves will always be obtained

with multisuhunit enzymes. even in the absence ofco-npcrativity,

Allo~terit' ~fTech t'llil occur Oil OIlC pmtOlm:r with()ut Jj co-operatlvc
.;:fleet on other proIOI1lCr).. For cxmnple. al..:ol101dehytlrogel);l,ei-. a linc-

conLUining melUllorrotein which redllcc~ ilcetaldchyde 10 alcohol. and

t'()II~hts or pmt()mer~ which ~Ire indepcndently aC:liv:tted allostelic!llly.
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35 Digestion: basic principles and cell types

Basic principles of digestion

Transport of Na+coupled to uptake of digested food

Lumen sma! IIIltlStne ...

C02
HC03- HI

Lumen large Ifltestine

Impermeable
light
juncllonluminal

membrane ~---

Enlel eBasolalclal ,...;.......;.;;."""'-'~
membrane

c- K'.
I K'

Solute i U
e.g glucose •

1 !
_] Enler e~~~~----~~! I Na'~~~~

Nat II Inlerstltlal

~J======iElii "'"
II Jon channol

Captllary: largelnlostlne

.. ~ Active tronsport

:0:PassIVetransport
Capillary. smaRInlostlne

Secretion of Na+,cr, HC03- and HCI

capiUary

Overview of digestion I
and absorption

Protetns - AmIllO
IICIds

Blood

Polysacch· - Slm~~"1
arides suga/O

Fats - Fatty ~ lymph
IIdds V

Na'o Hydropl'lIhc

f) Hyckophobic

\\ hen I<K)<.Ii, ing~'h:d. II i, not in a limn that can he n:ildil) absorbed

h) the ccllv olthc alinll'llIary truer. Fllrctncrcru absorpuon IUoccur the

pili) nll.'1 ic fll(I(l\lutt', ,II~ hydrolyvcd 11110their CIII1'IIIUII\'C residue»,
\\ hich loan he taken up more ~a'il) intu the epitheliul ccllv,

()lgl"li\~ ~n/) mc-, are released 10 coni rolled vecreuons lrom

'llI!(lah/cd organ, .Hld l'l'Ih 111Ihc uhmcutary Irill'l These -ecrcuon-.
al'lI cunt.un (OIl1P"\lIIII1' ut ~()IUll" to maxinu/e the activity 111till'

en/Y111t:' Dally I 2 I 01 saliva arexecreted II1tn the mouth. 2'i I 01

!,W'lril' JUice arc vecrctcd into the -uunach. 1-3 I arc secreted1111(1the
vmull intcvtine 1-.) Ihl' epithelial (ell, (It' the inte'tinal \\ all ami I I 01

I-.llt and I I (II pan':rl',lIil juice drain ulrectly into the duodenum.
Due 10 the dincrcnce-, In rhc (Ol1lpO\IIHln 01 the vecrctions, Ihl'

plllli Iho: IrUl:1 varle \\ idely In Ihe vrornach. the pI! i, u'\I;III) ·U)

due III Ihe ,e(rI.'IIOI1 III hydrochloric acid, hUI III rhe duodenum Ihe
pJl n,\:, It1 tI..'i-h.1\ \\ uh the addition of bicarbonate IIl1h 111the

pauc rc.u«, IU1(1.'

The epithchul cd), til' the ll1ll',lInal wall therefore. art.' nut only

adnpted 10 Ihc nhxorpuon (IIdlgc'lo:d 100xb bUI ulvo to the rrunntcuance

.,\TROOt:C I'I()~

Enlerocyte

K'
~------~2Ct"----~-

Na'

Secretion of NaCI by enterocyte

capillary

C02+H~
, CarboniC anhydrase

Ht+HC~-

Ns' CI-



of a luminal environment in \\ hich dige ..tion and absorption can occur

at maximal rules.

Solute transport

There are two distinct pathways for xolute transport (i) the ,ohl"::\ Ill")

pa-,sthrough (he light junction, which connect the epithelial cells of
the intestinal wall to each other (paracellular route); or(ir) they may

p<1~'directly through Ute epithelial cells themselves, so passing through
the luminal membrane and the baxolateral membrane (transcellular
route).

The lununul membrane contains many protem transport molecules

thnt are spcciallzed fOT uptake or secrcuon of solutes and ofdigesuve
enzymes. The basolateral membrane ismore typical of the plavmu
membrane01 1110\[ tells. while also showing tranvport ~)stems tor the

exit of numerus absorbed into the tell from the lumen.

The dommam dnving force for almost all of the trunscellular volute

movement ugamst an elecirochcrrucal grndiem is the No I K ATPn,c
In the baxohucrul membrane. The actions of thl'> cnergy-consummg

transport protein arc responsibleror low Nu and high K I conccmrauons
III the cytosol and an electric ..1potential of the cytoplasm of 60 111V

compared WIth the extracellular I1UJd.The potential difference i, caused

by the axyrnmetrical transport of the ions by the protem (three Na Ions
arc transported nul. whilet wn K I ions arc transported in).

\IECIJAI'IIISI\IS FOR
THE A8~ORBTlON 0 .. SOLUTES

The Na in the lumen of the smull und large inlcsllrlil~ orgmaics from
both the dietary intake und the secretions ol' the exocrine gl(1I1lb which

drain inti> the intcstlllal tract Fheuptake ot Na' 1010 the enterocytes
along with ('I is therefore vrucrul to thc maintcnance of (l\'cmll

clectrol) tc halance in the hody, Thc trJn,pllrtllf Na'1\ als(I Imilllmel}

illvl11vcd III the upwkr ot digested fu"li molecules 'liCit n~glucose and
amino Ilcids ('co Fig.35.1).

The light JlIlItlllllh tonncl'1J1l1.' thc epllhelillll'clls in the large intestine
MC much Ic" permeable III III,,' and 11.0 thall arc Iho,e 111the ,mall

Illle'line Thl' cUlTclates wuh the Nll·-,cuven~lIl~ fUlll'tionof the tllrge

Inte!>tinc lind tlw uhtlilY of the 'n1(llIlOte~tine tn ,cercte Nu·.

lJptake or '\ulutc,

The luminal trunc;portcr Ifl\'ulve, the uptake lIt .,olute, 'llch II'

rlul'o,e or .lmllHl aClth .. Na flow, 11l!U the cell dnwlI the
eleclrochcl1w:algladienl. cMuhllNhed hy the Nu'/K'-ATPasc.thmllgh

1I l'()lrall~port protein which carries Ihc 'nilite acruss the111111111111

membrane against ill>concentration gradient.This cotransporter can

transport both ways. but is influenced In one direction b)! the negative

potential in the cell.
In the small iutcxrine, ~ix speciflc earner-mediated cotrunsportcr

~Y'temz., tor L-arnino acid-, have been nlernificd: (I) acidic amino acid,...

e.g .• ispartare:(ii) basic anuao acids.e.g. nrginme: (iill uncharged amino

add ...WIth polar or short sidechains, e.g.threonine:(i.,) uncharged amino

:Icld, WIth hydrophobic or nrornuuc SIde cham s, c.g. methionine:
(V) imino acids. e.g. proline: and (VI) p-a.lllino acids, e.g, taurine.

u..truciose. o-glucoseand o-galactosc nrc the main monosaccharides

resulting (rom digcsuon of carbohydrates. Thelaner two arc absorbed by

H monosacchande cotmnsporter on the luminal membrane a.. described

above. while o-Iruciu-e is absorbedIhrough the lummnl membrane by a

lucilirauxl diffusion mechanism which IS Na' mdcpcndcnt.
The basolateral transporter I'II ditlerem type of transport system

which facilitates the passage of the ab ..orbed solute from the epithelial

cell into the bloodsrrcam. The bavolateral transporter isnOI a

coira 11sponer,

MECHA"IISMS I"OR
THE SECRETION OF SOLLTES

The secrcuonof solute, other thanthe digestive enzymes thcmselvc .. "

unportunt for it nUl11bCIof reasons.

1 The changes in osmotic pressure thut result from the movement 1)1
the 'OIUIC' trom the epuhclial cell luyer cause the movement of H 0

into the lumen of the tract TheH 0 I, necessary 10 prm Ide a more
effective medium for digestion.

2 HlllYme~ in diflcrcnl areas or the digestive lntt! require dill'ering
cllndiliun, for their maximal efficiency. lind the corurollcd secret ion 01

acidic lind basic 1011\ can provide theenzymes Yo 1111 the envrronmcm

Ihm th~'Y need.

"a and CI can he ,ctrcted hymoM III the cplthehlll cells of the
inIC'"l1ut IruCI. hut Ihl! pil of IUlllell l~ conarolled hy 't1ecillllzed ccii
lypc!' Ihul secrete hicurhonuLc ions Illtn the pancrelilic juice lind

hydrnchillrit acid illlllthe ~tull1l1ch.

PATII OPII YS I OLOG V

Vif>,./o dw/ural' is (III intetliun of Ihe gnstl'oil1leSlillllltl'llt'1, Toxins lhal

ill'C pruduced hy the hnctcria call'c cxtcs,l\e \ecretiullIll' c1eetmlytes
by the slimulation uf a tAMP regulatory pathw:I>. Th~' re,uhlllg

dmrrhUl.'a tan be hie· threatening dllelU 1m, I)r essential c.:Ieclml) It'
and 110. Trealmtllt i, bu,ed un Ihe lact that the Nil' glucnse

cotrllll\)luner I~ not I'cguluted by a tAM P pllthwuy and so ndl11inistratl(111
Ill' llnd glucose will cau'tC ub,urptiol1 oj' Nil'
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36 Digestion of protein and carbohydrates

Digestion of proteins and carbohydrates

Fi,:: .
.~6.J

l
'Enterokinase

epithelial
celli

Sectetin

CCK t
t-I

CCK Secretin \,
I

Protein
.. HOI

Denatured I
prolein • .

.. +---1- Pepsin <1114t---:~Pepsmogen

L-_---+_ Amino acids L_j
Polypeptide rragments

EnterokinaseL_.;~,,,'''''.'m.II • • "".

Trypsinogen II Trypsin --...;.;::;.;....--+-+

C~ymottypsjnogen ~ Chymotrypsin

Ptoelastase ~ Elastase -----+-.,.
Procarboxypeplidase II Carboxypeptidase

+--11-------:-- Amino acids Amino acids

DiPe1Pbdes _ t Ohgopeptldes
Endopeptidase Enzymes on

Aminopeptidase luminal
Dlp&ptidase surface

Capillaries

CH20H

~O)\
OH __,. OH

OH

Monosacchatlde

Glucose - straight
chain molecule forms
pyrose 'ring' in solution

Fragments

~

Dipeptldes )+ Dlpeptldases
Amino acids

,---+L Capillaries 0

Disaccharide

Maltose - 2 x glucose Joined by
('.(-1. 4·glyooSidlc bond

--- ------

Digestion of carbohydrates

Site

Mouth

Enzym&

sativary
amylase
In saliva

Action

Hydrolysis 01
internal (X-1 , 4·
glyco~idic bonds
e.g. Starch
-) Maltose
Maltotnose (3 x Glucose)
(X·llmlt dextrin
(containing u-t, 6 bonds)

See salivary
amytase

Small
intestine

Pancreatic
amylase
In pancreallc
Juice

En~ymesol Hydrolysis of extethal
mucosal glycosidic bonds
epithelial cells

SUQrase Sucrose ~ Glucose

Isomaltase Isomaltose, a.-limit
dextrlns~ glUCOS9

Maltase Maltose ~ Gluoose
Maltotriose -} Glucose

Glucoamyfase Amylose -t Glucose

Lactase lactose ~ Glucose,
Galactose

~ Glucosidase Gll,lcose ~ gluoose
ceramide

Trehalase Trehalose ~ Glucose
acts at tt-1, 1-glycosldlc
bonds

Polysaccharide

Glycogen - fang glucose residue
chams with e-t, 4-glycosldlc bonds,
joined to otner chains by
0,-1. 6-glycosidio bonds

DIG ESTI ON 0 F PROTEINS this. 10-20 g of protein are secretedasenzymes and about20 g of protein
as mucosal cells thatare sloughed orr from the intestinal surface into the
lumen of the intestine. Virtually all of this protein is digested and absorbed.On average, a 70-kg man eats80-100 g of protein daily. In additionto

74



The lip,t vtage of protein digextion occurs in the mouth with the

mechanical breakdow n of thefood by the teeth. Thi ...provides a larger

surtace area for the later 'Iagc~.

Protein digestion in the stomach

In the -aomach. hydrochloric acid ...ecreted hy the parietal cell ... kill,

invading bacteria and causes unravelling of the protein chain, or

denaturation. prov luing an increased surface areafor drgestion. 111e
firvt ,tuge of enzymatu .. digcsrion also occur ... in the \!llmach When

digestive enzymes are released into the IUIII':II. they arc in an inactive
Iorrn (zymogens) so thutthey will not damage the mucosal surfacesof

the epuhchal cell, that line the rntesune. PepsinogenIS rclca ...ed b}

zymogen rciea\lOg cclh In the ...romach, and i, the precurvor fur the

digcsuvc enzyme pepsin. Cleavageof the pepudebond between residues

44 anti 45 of pepsmogcn to releasepepsin l'1I11occur spomaneouslyat a
pl l more acidic than 5 (m, provided by (he hydrochloric acid (auto-

uctlvatlonj), or by active cleavage of the pcpudc bond by pepsin itself

(autecatnlysis). PCP\Ln " stable only in the acidicenvirunmcm nl the
stomachand cleaves pepudc bond ..on the Nit side 01 aromaucamino
ucrdv, e,g, ryrosme (Tyr). phenylalanine (Phe). 111C large peptide

fragml.!nt~ und arnmo ucids which result sumulutc secretion of digestive

1.:111.YIIII.:...into the smull Intestine.

Di~c~tion of protein ..In the ~mu1l intestine

DIgestion of proteins in the \1T1i111 intesune rv triggered b) thecontrolled

rell-a'e Ilf cllternkilllls(' from duodenal epithelial cclls, anu IS

dl'pclltil.!nl 1111 thc I'ekase nf bicarbollHle ion" which flclltmlizc lhe
ucid frlllll the ,lnmach Fntcrtlkina\c clc:lve\ tI hexupeJllldc ff'ClIl1

IrYI',hlllgen. UIlC(It thc zymogens releascd frultlthc pancn.·u". til turm
tryp,in rr),p'IO, III addllinll tn its 0\\ n UIIIII\.<ltal) tic pnwcr ..., dcu\c ..

pcplldc I'ragl11cnb oil uther pancreallc 1)'lllllgen' I<) .Icti\ate them
The uctivllted pancreallc elllymcs hyurnlysc porlide hUl1u~ III ditfercllt

sitcs ;tlnng Ihe polypcptlul', clltllns. Thcrc un: tWI! carhm,ypcptiduses

that relc!.l'c ',"linu HCld, trom the cnrhllX) I terminal ot the prutc1n,
TrypMlI, ctl) l11oll1'p,in amJ l'laSluse arc cndupeptlda,c;. and \\ til digest
the prtltelll fmm \\ IIhln tho: chum

O!t!!upeplldc\ resulting from the aclton 01 thc pancreatic: en/ymc ..

lll',' tUllher digc~ted hy cndnpcpliuu1>e~. aminopcptlda,es ;lI1d
dipcpltdu~es prescllt un lhe IUflllnul surl'lLc\:of epithelial cells of Lhe

Inte ...llne. The tinal producl'o of the IUll'lin;lllIlgestHlI1 IIrc Illllino Ucill\.

dlpeptlc.h.·", .Ind tnpcpllde .., 'WhIch call he t.lken up into the epithellul

cells. rUTlher hydroly,,, of peptide O<lnd, occur, In the epIthelial cclt-.

helme the finultran'porl of illnlllll aClu, 11110thl' pOllal blood In gcncrul.
all dipeptide, and Lripcptidcs tlrc broken down intu Lhelr conMIlUCIll

aIII III 0 uc:id, in thc eplthcliul cciI. bxccptiull'; tothb rule incJudl.: pcptidcs
Lhm Cl1l1t:lln proline. hydmxypmlinc or unu~ulli !.Imino acids.

DIGESTION OF CARBOHYORATES

Nature of carbohydrates

The three mostCOnll1ll111 carbohydrate products 11"digestion, glucose.
gilluctose ami fructose arc ..II example ...of' hexose mono ...accharidcs.

Monoxacchurides arethl! simples; form or carbohydrates a, thc) are

comprivcd of one sugar unu. which j<. the bn..." for the ..tructure of

more complex carbohydrate ..,Disaccharides comamtwo sugar unus,

oligosucchurides contain u few units and polysaccharides contum many

units. The general formula for monosaccharides is C"I12,,0 • .The

'11mplest rnonosncchuridcs contain three carbon atoms. Those

coruuimng four, the. \IX or seven carbon, arc called tetroscs. penrose ....
hexoves or heptosev, rcvpecuvely The carbon aturnv in the

monosucchande arc numbered so that an aldehyde or keto group I' :11

the low number end andu primary alcohol rs :It the high number end.
Almost all the carbohydrures in the body exist inthe a-configurutlon.

Thr-, relcrv to the conflgurauon 01 atom, around C I' which dctcrnunes

\\ hethcr J a-isomer or a ... isomeri~ formed. Two further IMUlIer, <Ire

termed \\hen iJ monosaccharide form' .. ring structure III soluuon:
u- and ~.I~Ol11erS (l and 13 refer 10 the arrangement of the II and

-011 groups around C"
The hond lhnt connects sugur units 10 each other IScalled u gtycosidic

bond, und when formed between two monosaccharides involvev the

10\\ of II 0, i.e. it h. II condensuuon reacuon.
Curbohydrutev ure stored111 the form of lung chain pol) ..acchandc ...

Wh(I\C unit ..aI\! joined by plYCll\ldic bond ....The cxisrence of 10n1'chain,
of unit, avoids the generation (If osmoric pressul'l!s in 11 cell. which

wCluld OCl'ur Wllh tlte equivul..:nt nUlllber otU1111~ Mllfed scpurlltely nr in

~tlHlller chllin ....Glycogen I, thc llIaJor 'tor:lge rurlllo! carbl1hyonlle~ in
<ll1ll1lil)\ In plant~. lhe elllllvalcnt storage mulecule b stal'eh Starch I'
mudc up (If amylopectin. which ha .. the ,ame \lructure a .. glycogen

C\cc:pt thllt the brnnl'h plllllh <II\! Ie!>.. cmnmull. alld amylo'l: "hldl I'
made up ot glucose re,idlle' jOineoby 0.-1A glycosidic linb lind htl ..
110 hntnch rOilllS.

The dll.:lHry carnnltydr;ltc!o .Ire mauc up nUlIlllyIII .. I<lrch, ,ucru~e llno

laetu\c. In Ihe mouth. the elficicncy oflhe \nliv"ry amyla.\ci' limited hy
thc extent thut the food h;" he!!n chewed. Al'id in thc 'tomach inm:lI\ate,

,ali"",) amylu'iC. butma} hydmly'e ,nmc uf the glycn'idic bUIllh.

PATH 01>11YS I 01.0(; Y

LUCia,\: deficiency or milk intulerance 1\ thc II10\t frequenl lIt the
dISOlc....hllrida\c deliclency ,> ndmmc~. The IIltlhlhty tll dIgest lact("e 111

the upper ,mall 1I11cstille n:,ult ..111 bactenul fermcntatlon of the 'ug ....
in the lowel '111(111 inte,lInc. rho: productlo ut the fermeillatiull Include

ga ....which causes abdolllinul disten~lon :Ind tlnllllclice. nnd osmullclllly
active ,nIUh!, which call~e dlllrrhoea, Treatl1lclll includes prim digc,tinn

of the 1111110. by commcrclillly punfied lacla,e
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.... Medlum cham
faUyadds

Short chain
fallyaclds

Lymph I

INl ROOU(,T10N

I.lfllU, t"r 1011" arc Iound In nutv, chec-,e.mill. and oils. and ihetr
dilily 1111,11..'in a hc.lllh) normal adult "bcl\\cen 60 and 150 g \11"1

01 thiv j, in the torm o] trinc~I~I)l:croh (tri~l)'cl'rides) I)ho,·

rh(lltrld~, cholesterol. chulcvtcrul cxtcr-, amitree I:Illy acid, tire abo

prevent.

71>

n·i~I)'(·{'ridc., and flltt) ucidv

Trrglyccrulc-, are the muvt common form 01 lipid ami thc) arc

composed III three lall} :I~'id,joined h) an e-ter linkage10a molecule
ut rl\'\:cwl hlll~ .I<.id, arc chaructcnzed b) a lung hydrocarbontall

with a carboxyl tall lhe mnx! common length for these is between 16

lind I K curbun mulec tile" alrhouph knglh!> may runge from tour up til



24 molecules. Eachfauy acid has a carboxyl anda methyl terminal.

The carbon atom thai comprises the carboxyl terminal is numbered

Cr' The adjacent carbon is numbered Cl' but is also known as the(1-

carbon. The carbon that comprises the methyl terminal is knownas

the co-carbon.

DLGESTION OF LIPLDS

Lipids are hydrophobic innature and ill an aqueous solution arc insoluble

and aggregate together. This applies to both the digestive substrates
and also to most ofthe products. The result is thata comparatively

large volume of lipids has a small surface area. The digestive process

acts to: (i) increase the surface area of lipids: and (ii) 'solubilize' the

digestive products so that they can be absorbed.

Gastric digestion

Digestion of lipids beguis in the stomach With the action ofUngual

lipase. This il-releasedby glands at the back of thetongue and is active

at the acidic pH ofthe stomach, The action of the lipase is10 hydrolyse
triglyceride molecules to form freefatty acids, monoucylglycerols.

diucylglycerols and glycerol. The action of gastric lipase i:, aided by
churning movements of the stomach, which act to disperse the lipids

into a line emulsion increasing the surface areafor digestion.

Intestinal digestion

The main part ofthe digestion of the rat).occurs in the small intestine

und is co-ordinated by components of both the pancreatic juice

(bicarbonate ions and enzymes) nnd bile (bile ucids), Bicarbonate ions

from the pancreatic juice neutralize the acidfrom the stomuch and
provide optimal pl (conditions for the digestive enzymes. These include

pancreatic lipase. lipid esterase lind phospholipase A" all of which arc

secreted from the pancreas.Pancreatic lipase has tl;e same action as
the gastric lipase. but preferentially acts on lipids whosefuuy acids

contain over (0 atoms of carbon. The enzyme shows inhibition by bile
acids hut thrs is overcome by colipase, which bindsto and acrivntcs

lipase while holding it10 the I-lp-lipid interface. Collpusc b secreted
by the pancreas u.'>procolipasc and is activated by hydrolysis lit its amino

terminal by trypsin. Lipid esterase hydrolyses most lipid esters, e.g.

cholesterol esters and monoglyccrides, and phospholipase A, hydrolyses
phospholipids. Both the lipid esterase and the phospholipase A, require
bile acids for efficient function, .

Bil« saits. Bile salts arc synthesized in the liver [rom chotcsterol and

are released into the duodenum where they aid the digestion and
absorption of fats. The bilesail, arc arnphiparhic molecules and in

solution aggregate to form1I micelle with the hydrophilic parts of the
salts facing the solution, while the hydrophobic parts of the salts face

inward. Free fatty acids and monoacylglycerols me slightly more

Hp-soluble than are lipids. and as they equilibratewith the aqueous

surroundings they will beincorporated into the bile sail micelle.

Cholesterol andphospholipids are also incorporated into the micelle.

ABSORPTION OF FAT

The bile salt micelles transport their contents to the wull of thesmall

intestine lind soconcentrate the digested fats next to thecells into which

they are to be absorbed. The contents of the luminalarea adjacent to

these cells are very poorly mixed and without the micelles the digested

fats would not be able to achievethe steep concentration gradients that

are necessary forefficient absorption into the epithelial cells, The

absorption of fats occurs mostly in the jejunum. whereas the absorption

of bile acids occurs via 11 Na"-bile salt cotransport system ill the ileum,
The salts then pass tothe liver where they arerecycled.

Inside the cells, the fate or Iauy acids depends OIl the length of their

hydrocarbon tail. Fatty acids whose tails arc lessthan 12 carbon atoms

long, pass directly into the bloodstream. Fuuy acids whosetaih are

over 12 carbon atoms are conjugated to a bindingprotein and transported

to the smooth ER. Here. they arc incorporated into triglycerides which
form lipid globules, Modification in the ER and Goigi apparatus results

in the formal ion of specific lipcprotch» called chylornicrons.

Transport of absorbed lipids:
the exogenous pathway

Chylornicrons in the epithelial cells pass Into the intestinal lymph vessels.

These lead ultimately to the thoracic duct which empties intu the (eft

subclavian vein. This blood passes through the lungs before reaching
the capillaries 1)1' the pcripheral ussucs.

Most of the chylomicron constituents arc taken up by peripheral

tissues, especially adipose and muscle tissues. At the surface of these
rlssues Ihe triglycerides are hydrolysed by lipoprotein lipase: the fatly

acids arc then taken up lind reassembled into triglyccridcs inside the
cell. The lipoprotein that rcmuins after depletion oj mOM of the

chylorrucron is u chylomicron remnant and is taken up in the liver by
receptor-mediated endocytosis.

Pf\THOPH YSJ OLOe Y

Cholesterol and phospholipids arc secreted in equal proportions by the

liver into the bi Ie. IL is important that there OfC equal proportions of
cholesterol and phospholipids because cholesterol is insoluble In aqueous

solution and the two arc only solubilized in the bile by their incorporation

into a bile acid/phospholipid micelle. When tOO much cholesterol is
secreted into the bile. it precipitates OUl or solution to Fonn crystals,

Gallstones can eventually form from the crystals and these l11uybecome
lodged in the cystic duct. causing abdominal pain. vomiting. steatorrhoea

and jaundice.
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