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COLI P I, I N G 0 F REA C TI () NS T ()
THE IIYDROLYSIS OF ATP

When IOlllbllllf .. arc drgcsied they are broken down Inl(111l11l~IIHII arc

Ic,~complex thun their parcru cunipound-. Polysucchar id~~,arc broken

down uuo monoxaccharides vuch ;" glucu-e. protein, uuo"11111111 acid,
and lUI, uno glycerol and jail) aCII,j., Drgcsrion can he thouglu of us

the lir'l xtage 01 energy gcncrauon. 1\' tlu-, I' acbicvcd, the porenual
e:nL'r~ythut rv coruaincd In the: lood molecules 1\ tranvtcrrcd into iI

turm \\ hrch can be usedby the hod" til tuel I"variou ..cnergy requiring
~ICU \ 1111.,",

7M

This princtplc Ill' coupling reacuon-, I~ lI'CO cxrcnvivcly in hi()lll~ical
processe-, ami oneor the main form, 01 energy currency is AT!' Ibc

t.U" tor the hydrolys] .. of ATP i, 17 kJ/mnl and the product, olthe
reacnon IIr~ \Df' and PI r-ee below). under the condition ..Ihut exivt

mtracetlularly. the actualchange in tree energy that nccompamc-, the

hydroly '" (II ·\TP i,closer to 60 Id/mol

ATP' + II~() -t ADP'- + PF + II



The free energy that isreleasedby the hydrolysis of ATP is used to

fuel four types of activities in thebody: (il synthesisof macromolecules:
(ii) active transportof ions; (iii) thermogenesis: and (iv) contraction of

muscles, Hydrolysis of other phosphorylated nucleotides is also used

to provide energy forendergonic reactions, but not to theextent that

ATP is used. For example, cytosine triphosphate is hydrolysed to fuel

synthesis 01 phospholipids.

J>HOSPI:IATE TRANSFER POTENTIAL

The ability of a molecule to release free energy with the hydrolytic removal

of a phosphate group15 known as itsphosphate transfer potential. Of

the phosphorylated molecules involved in metabolism the phosphate

transfer potential of ATP occupies a relatively intermediate position.

Hydrolysis of the phosphate groupof phosphoenolpyruvate has aLl.(JJ' of
-62 kJ/mol. while that of glucose-l-phosphete IS only -14 kl/mol. it
follows. therefore, that hydrolysis of phosphoenolpyruvate call provide

enough free energy to phosphorylate ADP to form ATP, while hydrolysis

of glucose-I- phosphate cannot. The formation of ATP from ADP is
important a~ there b only II limited quantity of the nucleotide in the body

and ulmosr all the cells ill the body can phosphorylate ADP.

THE ELECTRON TRANSFER CHAIN

II is the contrnlled metuboltsm or digested food molecules thai i~

rcsponxihlc for the 'Yllthcsb of ATP. This involves the oxidation of

the digested products to ('0, and11,0, and involves u large number or
rcucrion-spcciflc enzymes,The oxidative reactions of metabolism nil

involve ihe trnnsfer of IWO molecules or hydrogen (II') anti two electrons

Ic ) 1'1'0111 one metabolite to anotherThe metabolite thutlo...cs the two 1-1'
and the two c )~ then saidIn he oxidized while the receiving mctubolite is
snid to be reduced and the two make up1I redox couple. The principles of

redox potcnual and redox couplmg have bee11 discus-ed in Chapter 30.
ln metabolism, when two II· and two e ,II'e removed trom a substrate

by a dehydrogenaseenzyme. they arepa...sed onto a coenzyme, There

are three coenzymes that arc involved in OXidative proce ...xes:
nicotinamide adenine dinucleotide (NAO+) and flavine Adenine

dinucleotide (FAn') which are involved in the ,ynlhl!~is of ATP, and
nicotinamide adenine dinucleotide phosphate (NAOP'). which is

involved in the vymhesis or mucromolcculcs.

NADel')' + 2H +2c -t NAD(P)I-I + II'
I'AD + 211 + 2e -t FAD!l,

NAD- and NADP+ are able to move freely between different dehydro-

genase enzymes. hut FAD is attached covalently to succinate.dehydro-

gcnase. As the coenzymes are reduced. theyarc effectively absorbiug

the potential energy which was contained in the food molecules. because

the reoxiduuon of the coenzymes NADH and FADn~ fuels the synthesis

otATP.
The reduced coenzymes transfer theirelectrons into the electron

transfer chain (seeFig. 38. I), This is a series of proteins on the

inner mitochondrial membrane organized in orderof progressively

increasing redox potential. NADII can reduce (and so transfer its

clecrons to) the first complex of the elwin. while rADH~ can only

reduce the secondcomplex of the chain. The driving forcegenerated

by the increasing redox potentials of adjacentcomponents of the

chain carries electrons through the chain until. finally. complex [V

somehow accumulates foure and reduces O?which then combines
with H' to form H

1
0. As the electons move down the redox potential

gradient. energy is released and at three site~ along the chain

(complexes J. 1Il and IV) the energy released is sulficieru to pump H'

across the inner rnirochondriul membrane from the matrix to the
intermernbraneous space. The outer surface of the inner membrane
xubsequenrly beCOl11eN 140mv 111m!;! positive than the inner surface

of the membrane and the lnterrncmbrancous space becomes 1.4 pH

units lower thun the matrix. A~ II result, a proton motive force of

approximately 20() mv develops across the inner mitochondrial

membrane. This membrane b, however. impervious to I I' lind the only

way for the 1-1' tn cross, i~ via n pruion channel (Fill which is coupled
to ATI' synthase (F, J. The ATP synthase enzyme i, activated by the

passage of1-1' and catalyses the phusphorylatlon ol ADPto AT!' with

the passage or three proton>; through the channel. TIllSmethod for the

gencnu ion of ATP trorn ADP and P, i~ known a~ oxidative

phosphorylatton. Gelling ATP nut of the mitochondria ,HId AD!>
into Ihe mitochondria costsone 11', andso il takes lour II to produce
one AT!> outsiil» the mitochundriu. rADII, can only reduce complex
II. so It, reoxidation yields only two molecules of AT" while that of
NADH yields about three.

Complex I is composed of a NADH dehydrogenase with a
flavi n mononuc lent ide cofactor and various Fc-S proteins. Complex

II is composed of various FADII dchydrogcnuscs and Fe S proteins.
Coenzyme Q (uhiqui none) shun les C from I and ll to III. Complex

III is composed of cyrochrorncs h rind c I' Cytochrome c ...hun lex c

from complcxc ...III to IV. Complex IV i~ composed of cyroehromos
a and a..
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39 Glycolysis and gluconeogenesis

Glycolysis and related reactions .

Fig.

39.1
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GLYCOLYSIS

Glycolysis. which occurs in the cytosol of the cell, can be divided into
two parts.

J III the first part. the six-carbon monosaccharide isphosphorylated

twice ami glucopyranose b. converted into Iruciofuranose. The

addition of the phosphate groups uses two molecules of ATP. This

phosphorylation prevents the sugar from leaving the cell and activates

the molecule for later oxidative energy-producing reactions,
2 The initial reaction of the second pan of glycolysis splits the

six-carbon sugar into two triose phosphate sugars. At equilibrium.

9Mi of these are in the form of dihydrnxyacetune phosphate.
This is quickly converted into its isomer. glyceraldehyde-Lphosphate.

which i~ oxidized to I .:I-bipl1osphoglycerate. A~ a result, the second
half of the pathway is 'repeated' once for each molecule\)1' glucose

metabolized.

Substrate level phosphorylation

There an: two reactions in glycolysis when ADP is phosphorylated to
ATP: (i) the conversion of l.3-bisphosphoglycerate to 3-phosphoglycerme:
and (ii) the conversion of phosphoenolpyruvate to pyruvate.

The two reactions shown above phosphorylate ADP b) substrate

level phosphorylation. which IS the formation of ATP byphosphate
group transfer from H substrate. The lir~t of these molccu lcs, 1.3-

bipbosphoglyccratc, IS lormcd by the coupling 01':111 endergonic reaction
(the phosphorylation of a carboxylate) to an excrgoruc reaction (the

oxidation of (In aldehyde - in this case glyceraldehyde-Lphosphare).

The second of the 'high-energy' molecules, phosphoenolpyruvate,

generates sufficient free energyto phosphorylate ADP by its conversion

to un intcrmcdiarc. cnolpyruvme. which can then form pyruvate. The
second half of glycolysis will therefore produce foul' ATP. while the

llrst half metabolizes two AT!>.
In summary:

glucose + 2Pi + 2ADP + 2NAD' ~ 2pyruvatc + 211p + 2ATP

+ 2NADII + 2H'

There arc a couple of points thlll should be noted about glycolyxi».
All the reactions of glycolysis discussed above arc reversible apart

Irom rhree: those catalyscd by hexokinase. by phosphofructokinase and
by pyruvate kinase.
2 No 0: is necessary forthe glycolysis to function. This meansthat
in tissues where 0) blow (c.g. active muscles), poorly supplied (c.g.

cornea) or where oxidative metabolism cannot occur(e.g. erythrocytes
have no mitochondria). ATP can \IiII be produced from energy sources,

In anaerobic rcsprrnrion, i.e. without 0., pyruvate b reduced to lactate.

The, reaction oxidizes NA DH. and the coenzyme can then return to the

reactioncaialysed byglyceraldehyde-Lphosphate dehydrogenase where
it jt., reduced.

Integration of galactose and rructose
into glycolysis

Galactose and fructose are also linal prodllct~ of the digestionof
carbohydrates and are Integrated into glycolysis (secFig. 39.1. Boxes I

and 3). Frllelose can also be converted to rrucLOi.c-6-phosphate by
hexokinase. but the enzyme's aflinity for fructose is much lowerthan

for glucose.

GLUCONEOGENESIS

Under homeostatic contlitiuns, enough carbohydrateis ingested in the

diet 10 supply organssuch as the brain.,I11U cells such as the erythrocyte.
which require glutose as theirprimary fuel. Under conditions ol'deficienr

dietary intake, glucose canbe formed (rom non-carbohydrate precursors,
This pathway is called gluconeogenesis and runs in the opposite

direction to glycolysis (i.e, from pyruvate (0 glucose).

Gluconeogenesis occurs mainly in the liver, hut also 10 a lesser

extent in the kidney cortex. Some amino acids canenter this pathway

through their conversion to either oxaloacetate or pyruvate, depending

on their initial structure. Of the products of the digestion of triglyce-
rides, only glycerol canenter gluconeogenesisthrough its conversion
to dihydroxyacetone phosphate and subsequently to glucose. Lactate
is also used ingluconeogenesis through itl>conversion to pyruvate.

Gluconeogenesis pathway

Although glucose is formed from pyruvate. gluconeogenesis is nut

simply 11 reversal or the reactions or glycolyus. Three or the reactions
of glycolysis are irreversible and have to be bypassed orcntalyscd by

different enzymes,They are thereactions catalysedhy: (i) hexoklnnse:
(ii) phospbofructo-kinasc: und(iii) pyruvate kinase.

The overall change in free energy1'01' the gluconeogenic pathway is

positive and four ATP and two GTP are metabolized[(1 fuel the pathway.
The reaction catalysed by pyruvate curboxyluse occursIn the

nutochondiral mmnx. The other rCaCII(1rISill thegluconcogcmc pathway

occur in the cytosol. Oxaloaccuue has no carrier through which It can
leave the mitochondria and has tobe reduced to malate bya NADH-
linked dehydrogenase. Malate docs have a specific carrier and leaves the
mitochondria for the cytosol where it isreoxidized to oxaloaceiate which

can return to (hegluconcogenic pathway. To convert two molecules of

pyruvate 10 one molecule ol' glucose. four ATP and two GTP arc needed,

REGULATORY ENZYMES OF
G Lye 0 L YS[S AND (; L U CON E 0 G ENE SJ S

Glyc(lly~b i~ (Inc of the central pathwuys of mctaholixm as it provides

vubstrutes for both energy production and biosyntheses.II is therefore

vital that both glycoly ...is and gluconeogenesis are coni rolled to prevent
wasting of fuel molecules or excessive production or macromolecule

precursors.
The main step that controls glycolysis und gluconeogenesis is shown

in Fig. 39.1. ATP acts at regulatory <;ilCSvia an allosteric mechanism.
thereby preventing excessive energy production when the ATP/AM?
ratio is high. Citrate cnchanccs the action of ATP. thus preventing the
over-formation of carbon skeletons for biosyntheses, whose levels arc

reflected by citrate levels, Fructosc-Lo-bisphosplunc acrs tostimulate
glycolysis when levels ofIructosc-e-phosphatc rise.

There arc two other enzymes tl1l11pl.IY a ~ll1aller partan the control of'

glycolySIS: hexokinase and pYnlvate kinase. Hexokinase is inhibited by
glucose-6-phosphate. but when glucose levt:ls rise overa critical level in

the liver. the same reaction canbe c:ltalysed by gltlcokinase, whieh hasa
higher Kin for glucose than hexokinase. The produel of lhe reaction
catalysed by pyruvate kil1llse is pyruvate. which can he used to build
molecules or produce energy by its conversionto acetyl CoA. PynlvaLe

kinase exists in three forms:L (mostly in the liver). M (in muscle) and A

(in other (issue!.). The L form i~ allosterically inhibiteu by ATP. thus

slowing the production or energy When levels of ATP are high.

ill
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The citric acid cycle and mitochondrial carriers
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INTROJ){ICTION

The citric acIII cycle j, a ,eric, of reacuon-, III the rnatrrx ot the
nutochondria that completes the uxulation01carbohydrates lauy acid-

and ilI1l1l10 aClu ,I.CICIOI1~. and in M) doing reduces electron carrier» ,0

lhal they can luc!the redox cham Pyruvatein the cytosol i\ vhuulcd
uuo the mutri l( ()I the nutochondna where II " converted IIItn ilCCI} I
CoA Acetyl C'uA then enter, thecunc acid cycle h) condensmg with
ovaloacetatc 10 10m! citrate. The ..ubscqucm rcacuon-, of the cycle are

a ..cries 01 modi licuuons W the carbon skeleton, which result» in the
regeneration ot oxaloacctare, The overall reaction achieved by one round

otthe cline .rcrd cycleIS:

'''\AD' + FAD + aceryl C'oA + ClDP + 2H 0 + PI -+

3NADH + 2CO + FADII + C'llA + GTP + :!H'

GOP GlP
Succinatl)dehydrogenase

AOP ATP
I

0, Otcarboxylate camer
GlA GlutamatelAspartateearner

P Pyrvvale cerrier
T TtanslocaseGOP GlP AOP ATP

Products and stolchlometry

There are a number ot unportant ~)lIlI\ Ihat need «l tic noted about the

prodllu, anti sroichromcrry of thecunc acidcycle.

I Wuhin nne cycle there are [our dehydrngenatiuu rcncrionv, which
rc,ull III the rcducuon nl three NAD' and unc PAD The-e hydrogen
currier .. e\i~l in only lunitcd quaruinc .. in Ihe mitochondna uno need to
be rCO\IUIICU III the eletron transport chain Ior the cunc acrd cycle hi

ccnunue Con-cqucnrly. the citric acid cycle can ()nl~ operate under

aerobic conditions.
2 'I\V() carbon atomsin the form of ucetyl CoA enter the cycle and IWU

different carbon atoms leave the cycle In the form of CO The tic-

carboxy lation reacuon- arc tho ..e \\ hich arecatalysed by u-ketoglutaratc
dehydrogenase and h) isocurate dehydrogenase,



Control of pyruvate dehydrogenase J
Method of
regulation

Activated pyruvate
dehydrogenase

Reversabte
phosphorylation
by enzymes NADH
associated
With complex

PYM~2+
d8hydrogen;iS8
phosphatase

Inhibihon by
products

NADH (actlOg on E31 ...

Acetyl CoA (acting on E2) --+
4-- NAD+ (acting on E~)

4-- CoA (acting on E2)

Regulation by
nucleolides GTP (acting on Ell --~ ...~ +-- AMP (actlOg on EI)

Inhibited PYl1.Ivate
dehydrogenase

3 The two reactions caralysed hy citrate synthase and hy Iumuruse each
consume one molecule of 1120.

" A molecule of GTP IS formed trom a molecule III GDP and Pi in the

reaction cntulyxcd by xuccinyl CllA -yrnherusc.

ENZYMltS OF TIfE CITnlC ACID CYCLE
AND THEIR CONTROL

The cunc acid cycle I~ vital in thc process ()J'energy generation, hut b

also mtncutcly Involved in mile!'lundarucrunl metabolic processes such

us gluconcogenesls, amino acid metabolismand lipogenesis. It is
therefore important that the cycle be precisely controlled so as not LO
provide all excess or biosynt hct ic precursors nor touti lizc more luel
than i\ nbsolutcly necessary. There are four main enzymes by which

the cycle b controlled: 0) the pyruvate dehydrogenase complex: (ii)

curare synthuvc: (iii) isocitratc dehydrogcnusc: and (iv) o-kcrogfutarate

dehydrogenase

t The irreversible conversion of pyruvate to acetyl CoA hy the pyruvate
dchydrogcnu-,c complex is nOLpart of the citric acid cyclebUI is esscntinl

1'01' it~ efficient functioning. The complex is made up of three enzymes:
(1I) EI - pyruvate dehydrogenase oxidatively dccarboxylates

pyruvate,

(h) E, - dihydrolipoyl trunsaccrylusc trun-Icrs, thc acetyl residue

to acetyl CuA: and

(c) E, dihydrolipoyl dehydrogenase oxidatively regenerates a

lipounudc.

2 Citrate synthase controls the entry of acetyl ellA into thecycle, and

is mhibued allosterically by ATP.
J lxocitrate dehydrogenase caialysc ... thc conversionof isocitrate to

u-ketoglutaratc. The enzyme I~ allosterically stimulated by I\DP and i"

competiuvcly inhibited by NADH which can displace NAD·.
4 n-Kctogf utnrate dehydrogenase catalyses the conversion ofa-

The production of 38 molecules of ATP from the
complex oxidation of 1 molecule of glucose

Fig.

40.2

2ADP
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Insulin
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134ATP I

2ADP

6NADt

6NADH+ Ht

2 FAD 2 FADH2

ketoglutarate It) succinyl C()A. It exise, a:, a three-enzyme complex

similar to pyruvate dehydrogenase, andshares many of its properties.

i.e, it~ uctivity b regulated hy its products and also by levels of
phosphorylaied nuclcoudcs In the cell.

TilE GLYCEROL-J-PIIOSPIIATE SIIUNT ANI)
TilE MALATE/ASPARTATE SHUNT

The glYl'olytic reuction thnt OXidizes glyccruklchyde-d-phoxpbute to

1.3-hlphosplmglycerute results in thercducnon of NAD' 10 NADII.
Quamiues of thl~ hydrogen carrier arc limitcd m the cytosol and therefore

NADH needs to be reoxidizcd for glycolym [(I be maintained.
TIIC oxulution of NAOI r in the electron chum (ICCUrS In the rnltochon-

dria, bur the carrier cannot pass across theinner mitochondrial membrane,
Thus. IWO sysren», have developed so that the cytosolic NADII CUll he

rcoxidized in the mitochondria,

I In the glyccrol-Jvphosphate shunt. a cytosolic dehydrogenase
oxidizes NADII ali dihydroxyaccionc phosphate b reduced to glycerol-

3-phosphute. Amitochondrial dehydrogenase operatesin the reverse

direction, hut reduces PAD instead (11' NAD'.
2 In the malate/aspartate shuntNADH i\ oxidized hy lhc conversion
of nxulouceture LO malate. Malate crosse» theinner mitochondrial

mcmhrune where it is oxidized to oxaloaccuuc. Oxnloacctarc b then

tranxaminuted LOform aspartate. which moves bad. into the cytosol.

PURINE NUCLEOTIDE CYCLE

The purine nucleotide cycleb used to supply fumarate to the citric acid

cycle when the availability of acetyl CnA exceeds the availability of

oxaloacetarc. Tlus imbalance commonly occurs in skeletal muscle

during exercise. and the nucleotide cycle is essential for maintaining
the efficient functioning of the citric acid cycle.
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41 Glycogen metabolism

- Glycogen synthesis and breakdown
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Glycogen i~ the form 10 which glucose i, stored. II i~composed of
many glucose rcviduev joined by (1-1...1glycosidic houdx (vee Chapter
3(1) \\ ith a-I.b lmkcd branch perms, Glycogen C"<I~"" In the cytoxul of

INTRODUCTION

Muscle contractIOn

Glycogen granule

the cell 11\ granules. These granules range from 10 to -lO nm in vize and
contain the enzymes that ure involved in glYl-OgCII metabolism. 111C
main sources of glycogen in the body are the liver ( 100 g after a meal)
and vkcletul muscle (up to lOO g). although there arc abo subsumtial

amount" In cells of the iruesunes, kulncys and bram.



GLYCOGENOLYSIS

t Phosphorylase catalyses the removalor a glucose residue hy the

phosphorylysis of an n-t A-glyc(l~idic bond. Phosphorylase requires

the presence of the coenzyme pyridoxal phosphate, which acts:L'" an
acid-base catalyst. to work.

2 Phosphorylase can only break a-I.4-gJycoloidic bonus upto four

residues away from a branch point. The three residues leadingto the
branch are thentransferred 10 another part of the glycogen molecule by

transferase.
3 The a.-I ,6-glycosiuJC bond forming the branchpolnt is cleaved by

a-I ,6-gluco~idase.

4 Phosphoglucomutase convertsglucose-l-phosphate into glucose-

6-phospbare. via a glucose-Le-blphosphate irnermediate, which can then

enter glycolysis. In the liver. intestinesand kidney. glucose-e-phosphaiase

can remove a phosphate group from glucose-ri-phosphare 10 form

glucose. which can then pass out of the cellinto the bloodstream. III
brain and skeletal muscle tissue, glucose-e-phospharase IS not present

and glucosc-o-phosphatc cannot pass out orthe cells.

GLYCOGEN SYNTHESIS

The synthesis of glycogen (glycogenesis) follows (I different pathway
from that of glycogenolysis.

I To be added onto a cham in a glycogen molecule. the glucose residue
must be in the 'acuvated' form of uridine diphosphate (UDP)-glucose.

glucose-l-phoxphate + UTP -7 U DP-gluco~e + pyrophosphate

Thrs b catalysed hy UDP-glul,;o:.e pyrophosphorylase. The reaction is
driven towards the formation of UDP-gluctlse by the hydrolysis of
pyrophosphate to orthophosphate by the enzyme pyrophosphutusc.

2 Glycogen ...yruhasc catalyses the udditiun of glucose lrom UDP

glucose LO the non-reducing endof u chain. The a-I...I-gIYCllSidil.: bond

b made with the hydroxyl group onC
4

and UDP is released. Glycogen

synthase cannnly add UDP-glut;(\se toa chui 11 of five \)I' more residues.
Chains smaller than live residues arc attached III proteins and arecalled

primers.

3 When a chain contains morethan II residues, a branching enzyme
transfers a htock of seven 10 lin interior site within the glycogen molecule,

to form a new branch. The branch pointmusr be at ICl1~tfour residues

away from any prc-exisung branch pouus,

CONTROL OF

GLYCOGEN METABOLISM

The synthesis and breakdownof' glycogen is one of the majorcontrolling

factors thai determine the availability of glucoselor energy production

in the body. When there is an excess of carbohydrates in the body, for
example (IFter n rncal, it is important that glucose can be storedlor later

use. In periods such as these, insulin is secreted by Ihe endocrine glands

of the pancreas and causes glycogenesis.
On the other hand. if a supply of glucose is needed which is nOL

readily available from the diet, glycogen can be broken downLO give

glucose-e-pbosphate, which can be integrated directly into glycolysis

or glucose. which can pass into the circulation and be taken up by

organs that need it. When concentrations or glucose arc low in the

blood. glucagon is secreted from the endocrinecells of the pancreas.

and 111 periods of stress or excitement adrenaline is secreted from the
adrenal gfunds. Both glucagon and adrenaline stimulate glycogenolysis

(Note: there nrc no glucagon receptors in muscle tissue.)

Both glucagon and adrenaline work vian cascade mechanism

whereby the initial signal by the hormoneis amplified manyfold while

being relayed to the enzymes of glycogen metabolism. Thehormonal

signals are dually effective because reversible phosphorylation is used

10 control the activity of the enzymes. So,for example. when glucose is

needed.the enzymes catalysing glycogenolysis are phosphorylated and

acti vated while the enzymes catalysing glycogenesis ure phosphorylated

and inactivated.

Control orenzyme activity by phosphorylation

The enzyme phosphorylase inskeletal muscle can exist in two forms
depending on thephosphorylation of U specific serine residue: phos-

phorylase aand phosphorylase b. Phosphorylase aiii phosphorylated

and is usual Iyalways active while phosphorylase b is dcphosphorylated

and is usually inactive. The two forms arc imcrconvcrtible hy the actions

of phosphorylase kinase and phosphataseI, which ulso control the
activity of glycogen synthase.In turn. the activity of phosphorylase

kinase and phosphatase I arc also controlled by reversible phosphoryla-

tion. The activity of phoxphatuse I i:. modulated by a protein culled

inhibitor I. When inhibitor I is phosphorylated (e.g, by lite action or
l'AMP-Hclivmed protein kinase) it inhibits the activity or phosphatase

I. llowever. when levels of cAMP foil. 1)1' when insulin acts I1n the cell.

inhibitor I becomes dcphosphorylutcd and the phosphutaxc I activity

resumes. When glucose levels arc high. the activity of phosphorylase

falls before the activity of synthase rises.This 1/\ explained below
I Glucose enters the cell and hinds ro the phosphorylase e!1mpOI1CI1Iof

II phosphorylase 1I: phosphatase I complex.

2 Phospharnsc I dcphosphorylnrc, phosphorylase .1 to yield inacuvc

phosphorylase h.
3 Phosphorylase b dissociates from phosphatase I.

4 Phosphatase I then dcphosphorylmcs glycogen synthase h to convert
it into the acuvc glycogen synthase a lorrn.

PATHOPHYSIOLOGY

Von Gierke's disease is OJ deficiency or the glucose-ri-phosphatusc

enzyme in liver uno kidney ussucs, The resulting increased level. ... of
glycogen in the affected organs causes enlargement of the organs und
hypoglycacrnia. Cort's diseaseis ,I deficiency or the dcbranchmg

enzyme in liver and muscle tissues. Increased levels of glycogen with

short brunches result and causesimilar symptoms to type I diseuse.
McArdle's disease is a deficiency in muscle phosphorylase. Only

moderately increased levels of glycogen result in the muscle tissue, but

severe cramps develop with exercise due to the lack of glucose-6-
phosphate available for oxidation.
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42 Lipid metabolism I

Fatty acid synthesis and oxidation

I'~'" ATP 40P d' H·
1Arc \.. _j _j Synthesis

CHJ-CO-S-CoA \... __ CoA rbo .. • COO·-CH.2

I

....ety ca xy...S{' co -s -CoA

I ACP Acyl HS -fSl Malonyl GoA
carrier proleln II HS ..-t.:.J

_. J Acelylo:Fatty acid synlhetase CoA ~+transacetylase

,• • • • • • • • • • • • • • • • • • CH3-00~~:0
: Butyryl ACP now IS Malonyl ACP .-1..----....
: In p!aco 01Acetyl ACP. Malonyl transacetylase
: condensauon with CoA
: Malonyl ACP forms
~ C6-1~-KetoacyIACP CH3-CO-S-0

: COO'-CHz-CO-S ..-

: Malonyl ACP ::iAcyl- Malonyl
: ACP condensing enzyme: ~,

HS-fSl

CH3-Co-CHz-CO-S ..-t:J
(C, - (~- Ketoacyl ACP) ~

Acetoacetyl ACP

NAOPH + H· I~Ketoacyl- ACP
Reductase

NAOP f H·

OH HS:0
CHr CH - CH2 - CO - S

0·3Hydroxybutyryl ACP +1
3 .hydroxyacyl - ACP

HzO dllhydratase

HS -fSl
CHJ-CH.CHz-CO-S -t:.J

Crotonyl ACP ~
NAOPH .. Ht Enoyl- ACP

reductase

NAOp·
,

: HS-fSl

:• • • • • • • • • • CH3- CH - CHz - CO - S-t..:..J
Butyryl ACP

I Wilen aC'6 ocy1ACP has been lonne<Ilhe IIdlOrI

• 01Thloeslerase cleaves Palrrutale from ACP

,. iJ:. CH3- (CHZ)!4 - COO' t ACP
·n.1

Oxidation
• • • • • • CH3-(CHVn-CHz- CHz-CHz-COO'

CoA. ATP~ Acyl CoA
Synthetase

PPi. AMP

1 Acyl CoA CoA
2P, \ ..

Transferase I '--..-/
Carnilina ----+ Acyl CarMrne

) (

Cytosol

Translocase rll1ermembra=

Caroillna.. TransferaslJ II j Acyl Carnlline Mllochondnal.. r-:: malrix+ CoA

: CHJ-(CHZ)n-CH2- CHz-CHz-CO-S-CoA
Box t

' FAD~ Acyl CoA IntegratIOnof monounsatumtes
Dehydrogenase 3

FADH CIS -..\ - EnoyI CoA
2 I~m~~~~~~~~~

CH3- (CHVn - CHz - CHz - CHz - CO - S - CoA CIS _ A2, AS- EnoylCoA

HzOiEnoJ~ - A2 - Enoy1CoA 1EnoyI CoA hydraIase

Hydratase o.T.Hydroxyt - CIS -
OH ,vi ~5 - Enoyl CoA

, CHJ-(CHz)n-CHz-CH-CHz-CO-SCoA Box 2

: NAD'~ L·3 Hydroxyacyl CoA IntegratIOnof polyunsaturales I
: Hydroxyacyl CoA
1 NAoH I H t Oehydrogenaso

CHl-ICH.,ln CH2- co - CH2- co - SCoA
CoA 3 Kelo Acyl CoA

I' Kelothrolilse Box 3
1- -. HJC-CO-SCOA Fonnabon 01

t r:~Co~ ketone bodies

, ThlOlase
: CoA

: AoeIoacetyI CoA
fl- HydroxybuIyraIe ,0 - • • : Acyl CoA + HzO

NAOH~::l f··o.o • •.! Synlhelale.t::GoA

~ 4 ( ~ymethylbutyrale

Aceloacel81e

CHr(CH2In-CH2- CO-SCoA
Acyl CoA (minus two
carbon atoms)



BREAKDOWN OF LIPIDS

Formation of fatty acids and glycerol

[rom triglycerides

The breakdown of lipids hegins with the hydrolysis of a cytosolic trigly-

ceride into one molecule of glycerol and threefauy acids. This reaction is
catalysed by the enzyme hormone-sensitive lipase. which is activated
by glucagon, adrenaline, noradrenaline andadrenocorticotrophin

(ACTH). These hormones and neurotransmitters act via a cAMP cascade

mechanism which leads to the phosphorylation of the enzyme.Insulin
action results in the dephosphorylation and inactivation or the enzyme.

Glycerol can enter glycolysis by phosphorylation to glycerol-3-

phosphate. This is then oxidized to form dihydroxyacctone phosphate.

Fatty acid oxidation

The fuuy acids art: 'activated' by the formation of athioester bond

between the carboxyl group or the acid to the sulphydryl group of CoA.

The reaction i~catalysed by (IcyI CoA synthetase and is driven forward
by the hydrolyxis uf pyrophosphate, The subsequent shuttling of the

fatty acid into the mitochondrial matrix anti ith breakdown (culled

l3-oxidation) are shown in Pig. 42.1.Carniiinc deficiency or a defect in
the trunslucasc enzyme impairs energy production from fat oxidation

and results in muscle cramps developing with exercise. The overall
rcuction fur the oxidation or a typical Inuy add i~ shown below:

palmiioyl CoA + 7NAD' + 71'AD + 711p + 7CoA ~

Hacctyl CoA + 7NADH + 7H' + 7FADIl,

The complete oxidation of ihi, ratty acid witl thus yield 129 molecules
of AT?

Muny lauy acids occur that contain one or more double bonds in Ihe
hydrocarbon tail andnrc said to he unsaturated. Theenzyrucs of the
H-oxiJation chalu are stereospecific and the unsaturatedrally acids have

to be modified before they can be fully oxidized. The modification of

an nerd with only one double bond i, shown in rig. 42.1, Box I. while
those of polyunsatunues tire shown in Fig.42.1. Box 2.

The nile til' breakdown isdctcrmrned by the availability of substrates.
the inhibition or carnirine transferase I by malonyl CoA and the

inhibition of hydroxyacyl CoA dehydrogenase by NADI!.

Ketone body Iurrnatien

Whcn the breakdown of rat), exceeds thebreakdown of carbohydrates.

the supply of acetyl CoA from ~-oxidatioll exceed, the ratethut

oxatoncctatc can be formed. Theacetyl CoA then follows a different
pathway: that of ketone body formmion (Fig. 42.1, Box 3). The ketone

bodies. uceroacetate andhydroxybutyratc. diffuse out of the cell and

arc common fuel molecules inthe body, especially in cardiac muscle
and the renal cortex where acetyl CoA can heregenerated. The
regeneration of acetyl CoA from acetoacetate is catalysed by two

enzymes: (i) CoA transferase adds a CoA group: and (ii)thiolase cleaves

aceioucetyl CoA. Incorporating another CoA. to1~1I'mtwo molecules of
acetyl CnA.

THE SYNTHESJS OF FATTY ACIDS

There are three major differences between (auy acid synthesis and
breakdown:

1 synthesis occurs in the cytosol whereas breakdown occurs in the

mitochondria:

2 the enzymes catalysing the breakdown are separate whereas those

catalysing the synthesis are joined[0 form a single polypeptide chain

called fatty acid synthase:
3 the reductant used in the synthesis is NADPH whereas the electron

donors in the breakdown are FAD and NAn'.

The principal reactions of fatty acid synthesis are shown ill Fig.42. t
Essentially, lhe pathway consists of the repetitive addition of a two-

carbon unit to the forming fatty acid by the condensation ofa three-

carbon unil(malonyl CoA) to the end oftile Iauy acid tail ~U1dthe release

o! CO,.
The- committed step of the pathway is the irreversible conversion of

acetyl CoA to malonyl CoA. The enzyme catalysing this reaction. acetyl

CoA carboxylase. hasa prosthetic biotin group attached. which is

initially carboxylated bya biotin carboxylase subunit of the enzyme. A

transcarboxylase subunit of the enzyme then transfersthe CO
2

group to

the acetyl CoA.

After the formation of malonyl CoA. the next step in the synthesis

pathway b the activation of the substrates by their attachment to the

phosphopantetheine group of acyl carrier protein (ACP). Thesubsequent
steps arc shown in Fig. 42.t and the overall reaction for the synthesis of

palmitate i~a~follows:

Bacetyl CoA + 14NADPII + 7ATP -t palmitate +8CoJ\ + 611p

+ 14NADP'+7ADP+Pi

Fatly acid synthase

This enzyme 11- dimcric with each subunit composed of three domains.

I Domain 1: acetyl CoA transferase, malonyl CoAtransferase.
acylrnalonyl condensing enzyme.

2 Domain 2: ACP, ~-keloucyl reductase. hydroxyucyl dehydratase,
enoyl reductase,
3 Domain 3: thiocstcrase,

The dimcr i1>arranged sothat the domain I of one of the enzymes is
racing domains 2 and ::I of the other enzyme. Therefore, by rotating on

the phosphopuntcthcinyl group, the activating reactions can occur on
one or theenzymes lind the rest of the reactions in the cycle can occur

on the opposite enzyme.

The main site of control in fattyado vynthesis i~ the enzyme ucctyl
CoA carboxylase. Theenzyme's activity i)' inhibited by high levels or

palmitoyl CoA and the actions of glucagon. and is stimulated hy high
levels 01 citrate and theactions of insulin.

The assembly of triglycerldes:

the a-glycerol phosphate pathway

Triglyccridcs arc formed by the esterification of threefatty acyl CoA
molecules with one molecule of a-glycerol phosphate,
J a-Glycerol phosphate can beformed by the phosphorylarlon of

glycerol or by thedehydrogenation or dihydroxy acetone phosphate by
NADII.

2 a-Glycerol phosphate combines with two molecules of fatly acyl CoA

to form phosphatidate and two molecules or CnA.

3 The phosphate group i~ removedI() lorrn a diglyceride.

4 The diglyccride combmes with a third molecule of rally acyl CoA to
Corm II triglyceride and a molecule of CoA.
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43 Lipid metabolism II

Metabolism of lipids II
I
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attached to C" but theiruses in metabolism are clearly differentiated.
Both molecules can provide reducing powerto fuel reactions by their

oxidation to NADP' and NAn', but the reducing power from the
oxidation ofNADPH is used to fuelbiosyntheseswhile that from NADH

IS used to fuel the reactions involved in the generation of ATP.

There arc two different metabolic pathways that reduce NADP'to

NADPH: (i) the pyruvate malate cycle: and(ii) the pentose phosphate

path wily. Approximately 40% of the NADPH needed for fairy acid
synthesis is produced by thepyruvate malate cycle (see Fig. 43. I). The

remainder is produced by the penrose phosphate pathway.

The pentose phosphate pathway

The penrose phosphate pathway is made up of two component pathways:
(i) an OXidative pathway: and(ii) a non-oxidative pathway. These both

occur in the cytosol. The oxidative pathway is responsible for the

formation of NADPH and involves the irreversible conversion of glucose-

6-phospha1c. through OJ series or steps. toribulose-Svphosphate.

Ribulose-5-phosphate isII precursor for a number of imponnru molecules
in the body. which include DNA, RNA. ATP and CoA, If synthesis of

these molecules b required in the cell, then ribulose-Svphosphate will

be utilized for that purpose. If ribulosc-S-phosphate i~ nOLrequired for
biosyntheses. the [Jon-oxidative pathway i~ used.

The non-uxiuativc pathway i~ a series of reversible carbon skeleton

intcrconversionx which result in the formation or two molecules of
Iructnse-fi-phosphatc and one molecule of glyceruldehydc-J-phosphatc

from three molecules of ribulose-Svphosphate. The starling substrate of

the oxidative pathway and the products of the non-oxidative pathway
ure all metabolites of the glycolytic pathway, and so the pcntose
phosphate pnthwny can act as a shunt off from glycolysis.

The rate-limiting step forlite oxidative pathway is the conversion of

gtucoxc-e-phosphatc 10 o-phosphoglul'ohlctone, This reaction is
catalysed by the enzyme glucosc-e-phosphate dehydrogenase, whose

activity is regulated by level, of NADP·. The controlling factors in the
non-oxidauve pathway ore the uvailabilities or the substrates,

Pathophvsiolog» of the pentose phosphau: pathwav,A deficiency of

the enzyme glucosc-e-phosphatc dehydrogenase in red blood cells

I~ found in II % of black Americans. This deficiency leads10

decreased levels of N A DPH in the red blood cells. N AOPH is needed

in these cclb, for the reduction of oxidized ghnathionc. Glutathione

maintains the reduced state of the cell and is also involved in the
rncrabolism or toxins, The deficiency therefore predisposes the cell

10 damage which might be prevented with su [ficicnt levels of reduced
gl uun hionc.

Wernicke-Korsakoff syndrome. The enzyme ketolase, of the

non-oxidative pathway. tightly binds a thiamine pyrophosphate

prosthetic group. In the Wcrmckc-Korxakoff syndrome. the
prosthetic group is held less tightly than normal and a deticiency

of thiamine in the diet (e.g. in alcoholics or malnourishment)

precipitates characteristic symptoms which include disorientation

and decreased mental function,

CARRIAGE OF LIPIDS
AROUND TH1~ BODY

Lipids arc transported round the body in structures known as lipo-
proteins. These lipoproteins consist of a shell of polar lipids (phos-

pholipids and free cholesterol) and npoproteins and acore of non-polar

lipids (triglycerides and cholesterol esters). Carriage of the lipids in

this way facilitates their transport in an aqueous medium and enables a

very specific targeting system for metabolites to occur. Dietary lipids

that have been digested and absorbed followall exogenous pathway
in volving chylomicrons und chylomicron remnants.

Lipids that have been formed within the body. for example

biosynthesis in the liver or membrane turnover. follow an endogenous

pathway. This pathway involves four different types of lipoprotein which
call be differentiated by density and surface protein markers:(i) very

low-density lipoprotein (VLDL): (ii) intermediate-density lipoprotein
(IOL); (iii) low-density lipoprotein (LDL): (iv) high-density lipoprotein

(HDL).

The pa ...sage and interconvcrslons of the lipoproteins are shown in

Fig. 43.1. As triglyccrides arc IOSI from the coreor the lipoproteins,
VLDL become IDL. which lose 1110re triglyceride to become LDI..

NuscentllDL is released in the liver and acquire ...further lipid from the
mehrane-, of peripheral eel Is; its purpose is to transfer cholesterol esters

10 other lipoproteins for subsequent hepatic metabclism.

Pa1hophysiology of lipid transport

Familial hypercholesteroiacmla (type 1111)is caused by u deficiency

of the LDL receptor us a result of a number of typesor rnuuuion (c.g,

absent receptor: defective ligand bindingby receptor: disruption of
transport to cell membrane of receptor). Increascd blood levels of LDL

and cholesterol result and these may be deposited in the walls of arteries
leading to premature uthcroma.

Familial hypertlpoproteinaemia (1YI)C 111) is caused by an abnormal

apoprotcin E and (;3USeS increased blood levels of remnant panicles
(IOL) with raised triglycerides and cholesterol levels.

Familial hypertriglyceridacmia (type IV) has un unknown cause.

but results in increased blood levels tlrVLOL with high trigtyceridcs.
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44 Nucleotide synthesis
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Nuclcoudcs arc involved in most of the integral biochemical

processes of the cell. To name only u few of their functions. they arc

involved in energy storage and release (ATP). communication or
extracellular signtlb intracellulary (cAMP) and genetic information

processing (DNA and RNA). The srructure of nucleotidcsi~described
in Chapter 6.
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ASSEMBLY OF PURINES

The purine ring is assembled fromfive precursors: glycine. glutamine,

aspartate, CO, and Inrmyltetrahydrofolate. The firststep in the synthesis

i...the formation of 5-I)hosphol"ihosyl-l-pyrophosphatc (PJU>P) from
rlbose-s-phosphate andii> caialyscd by the enzyme ribose phosphate

pyrophosphokinase.
The second step is the committed step in the syruhcsi-, and is the

irreversible formation of S·phosphoribosylamine from PRPP. This



Synthesis of the pyridimine ring
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reaction is caialyscd by amidnphosphorihosyl transferaseand is

driven forward by pyrophosphate hydrolysis.

Control of purine rin~ synthesis

The syruhcxis of the purine ring is controlled mainly at four

sues:
I ribose phosphate pyrophcsphokinnsc is inhibited by AMP. inosine

monophosphatc (IMP) and GMP:

2 amidophosphoribosyl transferase i!. inhibited by AMP. IMP and

GMP;

3 the enzyme convening IMP to udenylosuccinute b inhibited by

AMP; and

4 the enzyme converting 'IMP to xanthylatc is inhibited by IMP.

Salvage reactions

A common feature or purine nucleotide synthesis, L, salvage reactions.

The breakdown of nucleotides forms free purine bases, and these can

be salvaged by their direct addition to PRPP. The enzymes caialysing

these reactions are adenine phosphoribosyl transferase (which forms

Fi!t.
-14.2

AMP) and hypoxanthine-guanine phosphoribosyl transferase

(HGPRTasc) (which forms IMP and GM!').

ASSEMBLY OF 'PYRIMIDINES

The synthcsi» or pyrimidines differs from the synthesis of purines

in thai the pyrimidine ring is synthesized first and i~ then auuchcd

to ribose phosphate. The three enzymes that caialysc the conversion

of glutamine to dlhydrcorruarc (synthetase. transcurbarncylaxc and

dihydrooroiasc) arc domains on one protein. The two enzymes that

catalysc the conversion of orotate to uridinc monophosphate (UMP)

(transferase and decarboxylase) nrc domains on another protein.

The committed step in this synthetic pathway is the formation (11'

carbarnoyluspartate from aspartate and carbamoyl phosphate.

Note: the term 'cornmiucd step' means the firsl irreversible step 0('

the pathway. and is often the step at which the pathway is controlled.

The enzyme that catalyses this reaction, aspartate transcarbamoylase,

is inhibited by cytidine triphosphate (CTP). CTP is formed from UTP

and ii>one of the end products of pyrimidine nucleotide synthesis.
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45 Breakdown of nucleotides

Breakdown of nucleotides

FiJ(.

45.1

ATP~AMP

Nucleotidase 1 ~deaminase

Adenosine IMP

I Adenosine
.. deamIOase

Inosine
purine nucl$Otlde phosphorylase

~TPl NucleoUdase

Guanosine
Purine nucleotidepbospncrylase

Nucleolldase
Guanine+ Ribose t-phosphata

I Guanase

.. Xanthine oxidase
Xanthine 4--------- Hypoxanthine + Ribose 1·phQsphate
I Xanthine

.. ondass

Uric acid

The end product for the degradation of purines is uric add which i~

excreted in the urine. The end products or degradation of pyrimidines

arc ammo acids. The enzyme deoxyuridi nct riphosphatase (dlf'I'Pusc)

catalyses the rcacrion that converts dUTP to dUMP. It b important
that dcoxyuridinc diphosphate (dUDP) il. not present in the cell in

high concentrations otherwise it would become incorporated into DNA.

The three cnz.YI11C~ that catalysc the final reactions of pyrimidine

breakdown (dihydropyrimidine dehydrogenase. dihydropyrirnidinase

and ureidopropronasc) can metabolize uracilor thymine and their
proceeding intermediates equally.

92

Pyridimlnel1ucleotidesl Non-specnlc phosphates

l-
UMP (X·TMP

1
CMP

1T~
Uridlne +--- ....

1
Uracil

I Dlhydropyrimldlne
.. dellydrogenase

°r""~dlOIhydropy'''''''''''
~·Ureidoproplonate

1

Deoxythymldlne

T~
°rrolhym,,,,

1~·UreldlsobiJtyrate

1
fi·Aminolsoblityrate~·AJanlne

Ureidoproplonase

PATH 0 PII YSI 0 LOG Y

Deficiency of adenosine deaminase

The deficiency of this enzyme results in immune impairment. It i~
thought that thix is a result or substrate uccurnulutinn which subse-

quently inhibits other enzymesinvolved in nucleotide synthesis.Similar
to thi~ is U deficiency of purine nucleotide phocphorylasc which also
results ill immune irnparrrncrn.

Gout

Gout results from deposition of uric acid crystals in joints (causing severe

pain and inflammation) us u result of increased levels of uric acid in the
blood. II is of len due to 11metabolic abnormality wluch has resulted in



an incrca-cd production 01 purmc nuclcoudcs. The uric acid may

precipitate to form sodium urate crystab,which arc deposited in joints
and kidneys and cause pam and renal impairmem,

TIIC biochemical ha'l\ lor the majority of case ...of primary gout i...
unknown, but the condruon b avsociatcd with increased uric acid

production and/or reduced renal excretion. In rareinstances, primary

gout may re ...ult lrornxpecrfic enzyme defects.

I A PRPP synthave enzyme \\ hich1\ msensruve to feedback inhibition
hyGDPorADP

2 A partial deficiency of IIGPRTase. The decreased nile ofthe salvage

reaction cause, increasedlevel, of PRPP which willresult in an increa ...e
in the activity of PRPP aminotranvlerase.

The ...yrnptom ...(If gout can be relievedby the drug allopurinol. Thi ...

i, metabnlrzcd by xanthine oxidase to alloxantlnne which does' not

div-ocunc from theacuve sue of the cnzy me.

9J
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Catabolism of amino acids

Fig.

46.1
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Acetyl GoA..
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,

Malate Ghl'1caCid cycleJ 1
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Ie I
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i
lsoleucme Enzymes
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eBranched chain It keto acd dehydrogenase
f)Mutase
o4 Monooxygenase
oDehydratase

• - • • - - • _. Intermediate steps not shown

Valine Methlomne
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INTRODUCTION

Anuno acids in the body that arc not used in protein synthesis arc not

stored orcxcrctcd.Insrcad.thcy arcmetabolized to intermediates which

can be fully oxidized to provide energy orare converted toglucose.
fauy acid, or ketone bodies. Thisoccur, mainly In the liver

The pathway for the breakdown III l1\Ol,1 amino acids can be divided

iruo IWo distinct phases: (i) the removal or the amino group and il~
conversion into urea(the Krebs-Ilcnxclcit urea cycle); and (ii) the
convcrxion of the remaining carbon skeleton into pyruvate, one of the
mctabolucs of1l1Ccitric acid cycle. acetyl CoA or acetoacetyl CIlA.

RE"I 0 \' A L 0 F AM J 1\ 0 GR0 l I' AND
FOR\IATION OF UREA

Dearnlnution ofamino acids

The removal 01 the a-amino group from mONtumino acidv II, achieved

by a trunsumlnation reaction.Thi~ rCllCIH111i, catalyscd by specific
urmnotrunstcrases and involves Iransferr1f1g the amino group onto u-

ketogluturute tolorrn glutamute, The 1o" otihe am1110 group convcns

the am1110acid Into an n-keto acid Thetransanunauon catulysed by
nlaninc armnotransferuse i, shown below:

alanine + U ketoglutarate _.p)ru"ate + 1'lulafn;IIC

Ihc armnotrunsrerase-, are dependent lin a pyrrdoxal phovphuic

prostheuc gllfllp which I' derived lrom viturnin Sr, and can accept the
ununu group und transfer It to u.. kctoplutauue The a1111110 acid-, xcrinc

t111t1IIH'C(llll11earc cxecpuons tn the rule in Ihat their umino groups CUll

he converted directly to Nil,' hy cJchydrutnses.

Starvut ion: role of muscle amlnotrunsferuses

I he unpurtuncc 01 the aminotransfcruscs can be -ccn when thebody I'

subjected 10 a period of 'Ian auon Allcr Ihc glycogcn rese" co" hav~
becn dcplcll'tllIl' I lIal to mamlalll an adcqualc COIlCCmr:lllnn 1)1gluco,c

In Ihe hluod Thc hod) I' nOl ahk III CUIIVl'rt 1,Illy aCid, 10 glucl),c. ,I)

Vlul.·ollcogcnc'I' mUM hc fuellcd by a 1111111) ae.:lu1>.Thc ~cquen"c III

lIIClahllll1. C\'CIll' is uUllinc:t! be:lu\\.

I Amlllo acid, nf Ihe musclc II1>SUC,c,pcl.'ially Ihc hrtmched chain :Imillo
adds Iv:dinc. lULIcille (Inti isoll.!ul'inc),lIl\' dell1l1illllled.

2 The: carbon o"kelelnns of thl' dcalllillatetl amino acid, .m: melaholih'd
by Ihe l'n/.Ylllc, 1)1 Ihc citric aC1(1 e.:yl'll', plmsplwclI(llpyrul'atc

I.:illhu,ykillao"c and pYl1l\ale kllla,e 10 lurlll pyruvatc

., In a I"l'al·tUI11cataly ...cd by alanllll' ,tIllIIlOlr;II1\tcra'C. pyruvate can he
cl)lHcncd 10 ,11;l11lOe

-4 Alaninc I' then relc;l~cd llllllthl' hlol)\.1 \\ here II palo,\eo"to the hlcr

TI1l'rl' il I' conveneo back h) pyruvatc \\ hll;h call Ihcn he Illl!wboit/cd
10 glucn,c.

The Krchl.-lIenscleit u..ell cyclc

Thl' glutamale formed by Ihe IralNlllIinallon reaCll()n~ can eilherhI:
c:onvl'flcd 10 glulamine or I<l ex kelllgiularalc The conver,ioll to

gilitanulle i\ Iuelh.:d by lhc hydrnlysl' 01 a lugh-energy bond of Al P

and" calal) scd by glutamll1c s'ynlhcta\l' Glulam1l1e can Ihen hc uscd
as a fuel ,(lurce in Ihe i11lc~linc, or as a regulator of aCld-basc balance

In Ihc kldnc\. TI1Cconvcr\ion 01 glulamale HI u-"etllglularate IScalal)"cd

hy glutamate dehydrogenase,and the NII~' which is formed entersthe

urea cycle. The formation of oxulouceune from fumarate provides the

urea cycle with a link to 1l1Ccurie acid cycle as oxaloacctatccan condense
II IIh acetyl CoA to form citrate.

The rate at which IJ1e urea cycle tuncuons is controlled by acetyl

glutamate which stimulates carbamoyl phosphate syruhetavc. Acetyl

glutamate ISsymhesized from glutamate in a reaction cataly-cd by a
synthetase enzyme. The activuy of IhlS enzyme is increased by amino

acids, particularly arginine.

INTEGRATION OF Till':
KWrO-ACID SKELETONS INTO METABOLISM

All 01 the ammo aculs found In the bod) arc broken down mtonne or
more of seven intermediate, 111metabohvm. The) are acetyl CoA

acetoacetyl CoA. pyruvate. n-kctogfuturute. succinyl CoA IUll1Ur,IIC

lind oxaloacetate.
The amino acids that arc degraded purely toeither acetyl ellA or

acetoacetyl CoA arc termed ketogenlc sincetheir breakdown isdirected

towards the Iorrnation of ketone hodic-; A 11111111 nerds whose breakdown
product» can be directed towards the lormution III glllcn,e are IC111lcd

~luc()l!enic. The only purely kctogemc amino acids UI"I.' leucine and

lysme although rsoleucmc. uvptophnn. phenylalanine and tyro-me arc

ketogenic and glucogenic.

..ATH 0 1'1-1 YSI 0 1.0(; \

J>CticiCIlc:iCl> of the urcn cycle

Any deficiency or the urea "yell' i, dl'IIi111CllWIIII the body, since high

cnucentrutionx of Nil.' arc (Oxic and Ihe urea cycle is the only metabolic
pathway which can convert Nil,' 10a -uhsumcc that can be excreted A

uuul deficiency of nne 01 the cnzyme« of the cycle rcvuhv In lil'alh
shunl), after birth. Paruul dettcrencrcv result 111 menial retardauon ami

frequent vomiting.

Mllplc 'yrup disea~e

111luaplc syrup dl~ca,e, Ihcn:1\ a dcticicllt:y of Ihc branched challl a-
keto-lIdd dchydrogenll~c enzymc t'hi~ lead,to all incrca~e llllhe li.:vcl,
of l\olcuc:illC, kucine, valinc ulllllhcll ex kCIlHICld deriv,IIIVI:\ III bOlh

Ih~ hlood 1I1lt!urine. Thc t1CCU111111Hl1(1llof Ihese compnunds111 Ill\.' Ui1I1C
l'lI1hC' thc urinc to ,mcll ~lnllla .. I() milplc ~yrup. hence the namc II
undcleclcd. maple syrup ch,elhc leat"to pllysic:al ant! mCllIallclanlalioll.

Ihl\ dlsc",c can be delee.:led by addII)).' :!..t-dlnllrophcn): lhyurallnc IU OJ

IInnc ,amplc. Thl' cumpound \\ III comhlllc WIlh a-k':IOI\(k:aproall', a
uemilllVC of Icucine. f()rming :!..l·dlllltrophell) Ihydraline Managell1l'nl

of maple :o.ynlp di'easc in\ol\ e\II 1>llCCilllly fommlalcd dll'l 111111.'11j,

lnw In Icucinc, valine and IMlleu,'illl'.

I'lienylkctonuria

Phenylkclonuria is cllused bya delkicncy of Ihc phenylalanine mono-

oXYJ:enase enzyme. or Ie" commonly (1f it, tetrahydrohiopIl'rin C:IlI:Il"lur
rhc di,~a\e ha~ an Incldencc of arollnd I in 25 ()()() new burn hahle, <llld
,h(1\\, an aUIO\nmal reces,iV'l' ll1hCrllance pallern. In the health} ,laiC.

75'1 of phcnylalanine is conI cncd into t) rosine.: which <.:an then hl'

metahnillcd. and the rel11atndl'r (11 Ihc phcnylaJanine i, incorporatcd

C)~



Krebs-Henseleit urea cycle

Cytosol J

Fil!.

"'6.2

r------i~ (X-Ketoglutarate

NH4 -4----1 NADH + 1-1+

Glutamate dehydrogenase

NAO+ + H20

'---- Glutamate .... -.......;.------ Glutamate
Formed from deammauon at
Ammo acids

Carbamoyl
phosphate

1
~ Omithine transoarbamylase

I---l------'

Malate
dehydrogenase

Ornithine

Krebs-Hensele!t
cycle

ATP

1 Lyase
Arginine <I!..I-----_.:....r..."...---- Arglnosuccinate

Fumarate ----------------------~

2ATP + PP3

Arginase Synthetase

into protcinx. In phcnylkctonurics.thc conversion of phenylalanine into

tyrosine is blocked and levels of the amino acid rise drastically in the

blood and the urine. II' undetected and untreated in the early stages. severe

complications follow which include abnormal myelination of nerves.

hyperreflexia. a low bruin weight and mental retardation. These

complications arc in evidence in untreated l-ycar-old phenylketonurics

who would have seemed normal and healthy at birth. Untreated

phenylketonuria is also life-shortening anti will usually be farnl before

the patient reaches the age of 30 yean • .

l'he phcnylkeronuriu gene hel.l,been cloned and screening programmes

have cn-ured rhut most phcnylkctonurics are now treated. The treatment

tor phenylketonuria I~ a diet which is low in phcnlyalanine, but which

~till comuin-, a xutlicicru amount of the amino acid for normal growth.

Because otthe severe nature of the effects of a raised level of phenyl-

ulanme. Ihi' dictury regime i\ \tUi1Cd soon after birth.

AspartatEi aminotransferase

Oxaloace!ate

Citrulline

-,------------- Asparale
NADH+ H+

NAD+

Fum~rase
Malate

Pernicious anaemia

In pernicious anaemia. there is a deficiency of intrinsic facto!'. Intrinsic

factor is responsible for the uptake of vitamin B II' also called cobalamin.

from the ileum. Cobalamin is a coenzyme associated with two integral

enzymes of amino acid degradation, meihylmatonyl CoA mutase and

cysuuhionc synthase. The mutase enzyme converts mcrhylmalonyl CnA

to succinyl CoA and the synthase enzyme converts homocysteine (0

metabolite of methionine) to cystmhione. The deficiency of the

coenzyme results in increased levels of the enzyme substrates

merhylmanolyl CoA and homocysteine. Increased levels of methyl-

malonyl CoA cause acidosis. and increased levels or homocysteine cause

homocystcinuriu.

There are also a number of defects in the metabolism of

mcthylmalonyl CoA which result in acidosis and increased levels of



ructhylrnalonate in the urine, In approximately 50% of these patients,

there 1\ a defect in the conversion ofa derivative of colbalamin to

colbalarmn Ihelr. These pauents respond tavourubly to treatment wuh

vuamm B,., Other patientv have adetective enzyme involved In

merhylmulonyl CoA metabolism. fur example mcthylrnalony I ('uA

mutase, and will not therefore respond[0 vitamin B
12

,

Vitamin B" is also essential III the synthesis of punnex and
p) nrrudines and a lack of cobalunu nI~ damaging to the haernatoporcuc

system due to the rapid turnover of red blood cells.
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47 Synthesis of amino acids

Synthesis of non-essential amino acids

HJ:.
-".1

Methyl Adenosyl
lransferase homocystelnase

,'" 5-adeoosyl ... Homocysteine
... homocysteine 1

MtnhYI
group

3-phosphohyCroxy· ----+...PhosphoSl1rme ... $epne
pyruvate Amino Phosphatase 1

transaminase Serine hydroxymethyl
transferase

GlyCine

Homocysteine methyl transferase

Adenosyl
trans'"ase

Mathlon,", ---...... 5-adenosyl
melhlone

Cystathlone
aynthase Cystathlonase

... CYStllthlone --) ..........~ HomOSerl119

Cyste.1ltI

Glycolysts Amino transaminase
3·phosphogIycerate - - - - - - - • • • • • • Pyruvate Alanlne

~
Acetfl GoA

Amino transaminase '--
Aspartate 4 Oxaloaciltole -~ ...~-+...Cllrate

GIUlamln~ 1
Synthetase

Glutamate C ft--'
Malate Itne ""'"

1
cycle

Asparagine

Succnyl GoA 4-- (l·keloglularalo

1
~!~~d~:~~nase

Glutamine
synthetase

Glutamate -----+ Glulamine

~

THF Tetrahydrololale ~

Urea Amino
cycle transmlnase

Arginine.,· _ • • - _ • • • • Ornllhlne ~

Reductase _ L
Prohne Pyrrohne-5· 4 Glutamate y-semlaldehyde

carboxylate

Olthc:W ununu ;lcld~ tluu cxist m the body, nine CUIII1UI be synlhL·\l/l.'d
,IIIUhave IIIbe obuuned Irom rhcdiet. Tlww an: culled essentinl amino
ucids, The remaining II ununo acul-, l an be ') nrhevi/ed in Ihl "'-1<1)

t)~

and are called 11011 evvcntiul anuno :1(:1(.1,_ Thi-, chapter will di~clI~~ the
') ruhc-i-, otthe nun cv-cmial ,11111110 "clll"



SUPPLY OF THE AMINO GROUP

In the synthesis of most amino acids, the amino group is supplied by

glutamate. Glutamate L~termed in a reaction catalysed by glutamate
dehydrogenase:

NH,' + a-ketoglutarate + NADPH + W ~ glutamate + NADP' + H,O

A further NH/ group can be incorporated by the arnination of

glutamate to form glutamine. This reaction is catalyscd by glutamine
synthase:

Nl-I,+ + glutamate + ATP ~ glutamine + ADP + Pi + H'

The amino group on glutamate can thenbe transferred to a keto-acid
to form an amino acidby a transamirnuion rcacuon.

Control of glutamine synthase

Glutamine synthase IS a key controller in nitrogen metabolism.
Glutamine b involved in the synthesis ofa number of important
compounds. including theumino acid); tryptophan andhistidine. the

nucleotide CTP and the pyrimidine ringprecursor carhamoyl
phosphate. Thefinal products or glutamine metabolism bind to the

enzyme and inhibit it~ activity. The activity of glutamine synthaseis
also affected by the reversible covalent attachmentof AMP 10 U tyrosine

residue in the enzyme. The addition and removal ofthe AMP is caralysed

by adenylyl transferase whose activityin turn i~ modulated by
interchungcable regulator proteins.When levels ol ATP or (X-

ketoglutarate arc raised, AMP is removed 1'1'0111 gluturninc synthase.

which increasesits activity. When levels or glutamate or glutamine arc
raised, the AMP i~ nddcd to the enzyme, which reduces its activity,

Synthesis of Ihe carbon skeletons

The I I non-csseruiul amino adus that can he synthesized hy the body

are alanine, arginine, asparagine. aspartate. cysteine. glutamine,

glycine, proline. serine. glutamate and tyrosine.The formation of all

ofthese amino acids except for tyrosine i~ shown in Fig. 47.1. Tyrosine

is formed by the hydroxylation of phenylalanine by phenylalanine

hydroxylase:

phenylalanine + 0_ + tetrahydrobioptcrin ~ tyrosine + H?O

+ dihydrobiopierin

Tetrahydrobiopterln acts as nnelectron carrier in thisreaction and

is regenerated by the reduction of dihydrobiopterin. which uses NADPH

as a reductant.

Serine. glycine und cysteine are formed from an intermediateof the
glycolytic pathway. 3-pho,phoglycerate. The phosphataseenzyme which

converts phosphoscriue to serine is inhibited byserine. providing a

feedback regulation tor the pathway.

Glycine is formed from serine by the removal of a one-carbon unit

and its auachment to a ietrahydrofolatc (Til F) carrier. The carbon unit

is carried on either (he N~ or N,o nitrogen atom ofTHF as methylene-
THE THF can exist in11number of oxidation Slates depending on the

carbon group carried, for example 11 methyl-Tl-lF donatesa methyl group

to homocysteine to form methionine.
An example oranother carrier of carbon units is adcnosylmethionine.

This currier has a much higher transfer potential for therelease of the

carbon unit than has methyl- THI·, and is used to methylate "number of
importam molecules, e.g. noradrenaline. Theformation of adenoxyl-

methionine forms part of a methionine salvage pathway in which

methionine is regenerated by thernethyluuon of homocysteine by
methyl-THE The enzyme rhur catalyses the formation oj methionine

lrorn homocysteine is amethyltransfcrusc which uses vitamin B, as II

coenzyme.
Cleavage of cystathionc results in the formation of the amino acids

cysteine and homoserlne, Homoscrincis then converted intokeiobutyrate

which is transported into the rnitochomlria and metabolized to succmyl

ellA.
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48 Integration of metabolism

Effects of insulin on adipose, liver, and muscle tissue

1IICfNIId..-
of nuIrIInII ~ Glfcallll .... AdIo ICId metaboIIIm Upid IIIItIboIIIm

Glucose Induction 01hexokinase Dephosphorylahon and Increased protem Stimulation of llpoprotern lipase
• Muscle and glucollrnase activation 01glycogen synthesIs
• Adipose synthase

Amino acids Stimulation 01 Phosphorylation and Decreased protein Inhibition of hormone·sensltlvl!
• Muscle phosphofructokinase activation of gtycogen breakdown Irlglyoeride lipase

phosphorylation • Liver/muscle +
~

Bfeakdown 01 blood lipids and
uptake 01 products Into adipose cells

Shmulation 01 glycogen
Inhibition of synthesis Excess pyruvate converted ACIlvatlon of pyruvate dehydrogenase
gluconeogenesis to lactate or alanine which and acetyl CoA carboxylase

+ • Liver canbe transported to the ,. Increased fatly acid synthesis
• Muscle hver

Increased rate of
I col is • Musclegy ys

• Adipose
• Muscle
• Uver

Inhibition of carMine acyl transferase
by malonyl GoA
- reduced !any acid breakdown

Compensatory nse In pentose
phosphate palhway

• Adiposelllver

lccding and starvation are avsociatcd with changes in the mcrabcli ..m
of the bod)' Feeding results In a large Influx of metabolic substrates
rruo the body and the metabolism hal,to adapt quickly to store the
nutrient» asproteinv. hprds and glycogen. Sturvauon Il>exactly the
.,ppllsite III [ceding and the mctabolixm of the body must be ableII)

co-orduuuc (I controlled breakdown 01 the hody'x energy storuge
polymers lCl provide adequate ~lIhMr:ltes for energy generation.

insulin on rnetabclism i, the <timulution of brosymhcuc pathways\I)
that thedigestedand absorbed wh,twtc\ such a\ glucose or ammo a"u,
can beconvened into a lorm that can be xtored. Some ot the ctlccr- 01
insulin on metabolism have been descnbed in earlier chapter, and t(\
overall clfecrs are shown111 FIg. --IX.I

STARVATION

FEEDING There are three distinct phascv through whichuie metabolism of the
body passes when in a state of sturvauon:(I) the post absorptive phase,

(ii) the gluconeogenic phase, and(itil the ketotic phase. These three
phases and their associated metabolic ,tate, are shown In Fig. --IX.:!.

Shortly after feeding, insulin i\ released into the circulation from
~ ·ccl" In the isleh of Langcrhanv of the pancreas. The overall effect01

tOO



The three phases of starvation

Post absorptive phase r
(about 2 to 4 hours)

Low blood glucose

*~~l' Glucagon
.!,Insulln

Triglycende breal«fowl) In adipose
tissue and glycogenolysis in the liver

! Phosphorylation of:
gluoagon synthase (inactivation)

'- glucagon phosphorylase (aclivatlon)
acelyl CoA cacboxylase (Inactivation)
pyruvllte dehydrogenase (inactiVation)
horrnone-sensdse lipase (activalion)

Release of glucoStl and falty acids into
the blood

Inoreased level~ of ATP, acetyl CoA
and NADH

Gluconeogenic phase I
(24 hours) _j

Increased fatty acid oxidation In the
liver Phosp~orylalion of phosphofructokinase 2

fructose blphosphatase 2 caused by
glucagon

Resulting In reduced levels of fructose·2,S·
biphosphate, increased activity of fructose

Activation of gluconeogenesis and Inaativation of glycolysis In the liver' ...~... ·1.6·blphosphatase and decreased aotivlty
substratl;Js Include alanine derived from the hydrolysis of muscle protein of phosphofructokinase

1 Ketotic phase J
Acetyl CQA in liver diverted J Tissues whioh are ~apablelncrease
towards ketone body production !O!I------..;..;, ....----- ..~~levels of enzymes which metabolizeI ketone bodies 10 produce energy While

.. glucose is conserved

Ketone bodies cause release of Insulin
which prevents extensive proleln
hydrolysis

The ketotic phase lasts only ,L~ long 1I~ the fatty supplies in the body

can be broken down to form acety I CoA for ketone body formauon.

Oxaloacetate, derived from glucose, i~needed for the metabolism of

ketone bodies. The glucose is, in turn. derived from the gluconeogenesis

of amino (lCIc.J~ from protein breakdown, Death eventually occurs from

the extensive breakdown of functional proteins.
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49 Gas transport

Gas transport
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Red blood celi

CI

Venous blood'
P02 = 5kPa

i
C02 ~ H2C03
-.111 .. HC03-

~

Tissues:P02. 2.5 kPa

Hb02 = Oxyhaemoglobin

TRANSPORT OF 0: \ND CO: Properties of thc curve

In blood. mo\t 0, I' bound to lib. When° i, bound. Hh i, culled
0\) Hb. Hb 1\ il red pnucrn present at about 150 gIl. Each gram 01 Hh

hind, ubout 1.36 ml 01 () .. I.C I 1111 blood can carry about20 ml 0:,

The 0, vaturation curve lor lib i\ 'Igmoid.

102

The vtccp pan III the curve Ilc,within the range ofphyviologrcul

cxtrapulmonary 1>(1 values. Therefore.a small fall 10 iiv-ue Po will

result In a large dixvocrauon 01 0 from Hb. The SigmOIdal curve1\

convi-tcm \\ rth the occurrence 01 co-operauviry:a, ° IS taken up it



mcrcuvcvthe affinity of Hb lor more 0,. At a Po, 013.6 kPa. Ilbj<,50%

saturated wuh 0,(the 1'''1)' A high 1'" means a lowatfinny for 0:. The
Hill coefficient for Hb IS 2.8 This mdicates posiuve co-operativity,
A small vhrtt of the curve lO the nglu mcans a "harp lossof O, holding,

and a <mall ,hilt In the lelt irnplie-, a sharp alfinuy increase. Hb bind-,

o weakly at 10\\ P0:. and lightly at high 1'0

H h ullostcrislll

The bllltling of 0. to Hb causes a hornotrophlc clfcct.when u ligand

c hnngc-, the ulfinuy of another prororucr of a protein lor the same ligand

(0 ),111'1011'0 ,hl1\~' heterotrophic uucracuons. i.e.the alfinny lor 0,
is decreasedby the binding 01 oihcr ligands. Three IIganu,> that decrease

the allirllt) 01 Hb lor 0: are CO . II Illn, and 2..~-tll'pht),phoglyccratc

(2 ~ BPei). which occurs In red blood ccllv, andII' net formauon I' a
UIVer\lUII from glycnlyvi«.

COl and II' iOlls

CO, uml 11 bind to Hb. dccreuving itsaffinity for 0,. Conver-ely, when

0, hinds to lib. it lower' l lh alfinuy for CO and II ionv, and both

ui'''Ot:IUh: rI111n: 1::lsiI) from the protem This mtcracuon between 0 .
CO and II wuh Hb 1\ the Bohr effect, In mctabohcully active IIssues.

CO and II conccntrauonv arc high lhcve bind to Hb. causing the

rclca-c III 0 III the uvsuev. Ilh currymp CO and H I" transported to
the lung, \\ here 0, i, taken up h) tree 0 bmdrng"(I!, on lib. and CO
and II Hill' arc rcleuxed.

Trun ...purt (If COl

CO dllrl1~c~ frol11 the ti~"'lIt:~ Illto lhe blood. and inl() thc rccJ n:lb.

whl'rl' It " (;ollvcnccJ inl!) carhunlc acid hy carhonu.: OInhyur(l,e.

CO:+IIO II,CO, HCO, +11

Th ....r....:rl.:lIlln "cJrl\l:n to th.: right hccau'e CO i, l'unlinu()u,ly enlerlng

the rccJ hlmxl cell II lon, bllld to Ilh (relea'ing () I. :lIld HCO diftu'e,
do\\n iIeOliCeillTa1l0n gnrcJlCnllnlll tlw plll'l11a In cxchange forCI Thll',

11111chCO tr:rve!., In the lung~ a, hlcarhollatc, SOIllC CO, bllld~ reverSibly
lIl11nHlllllcd urnillll adcJ nmietie, Ull Ilh pmll1l1lCr" IMmIng negalively

l'lwrgcd t:tlrhtlllllllO grollr~. The carhall1ilw I:!mLlp~ form "alt hridge,

wilh groups 011 Ilh which arc positlvl.!ly «.:h:lrgl.!d, thl.'rl.!hy promoting
~1:lhilily of dl'o>,ygcnateu Ilh

TI'Unc,porl (If (I' ions

II 1IIn, gencr(lted 111 the hlOtxl nll"t be hul lerecJ,l(I prcvelll aClcJll'I".

and II' hind, In IOnl/ahlc group, lin Ilh globin ch:rlll'. Thu.,. Hblit" a,

a buffer H' Ions bind mainly to the imidazole group of C -tcrminal

lusudmc residueson Hh 13·charn.,. When 0: dissociates from Hh. the

protem polypcpude chamsalter shape. bringing Imidazole groups elf

the hrsudinc residues close to COO group ...of aspartateresiduc-, and
these form a non-covalent clcctrovtauc bond which ...tabihzc-, the

deoxygenated Hb. When the pi Iof blood fall.,. this ...hifts the 0, saturuuon

curve to theright. and more 0, i, rclcuscd.thu-, increasingthe bulfcnng

capacity of Hb.

In the lungs, Hb binds ° and changes shape. H' is released, and
oxyl lh hax u negative charge, Thiv i, hal anced by the positive charge of

K' ion, in the red blood cell In other words. oxyl-lh acts 1I~ a struugcr

acid than lib. H' combines with bicarbonate to form carbonic ucid. TI,U'.

the conccmrauon ofbicarbonate i(ln~ In thered blood cell" reduced.

and bicarbonate Ionsdiffu-e 0..1(1\\ n .1 concentration gradient trom the

plavma into the cell To muinuun clccucal neutrality in the cell. CI 11111'

dlllu'e out of the red blood cells into the plasma. Thi-, movement 111

('I lon~ i, termed the chloride shift

In the tissues. 0, db\l1CUIlC' 110m 1111ami diffuse, into the cell»
Hh tHht:~ lip H' from cnrhonic acid. and bicarbonate inn!> nrc lormccl

The negative charges 01 red cell hicurbonutc ions arc halunccd hy
K'ions Bicarbonate ions dil'ful>c[rom the red cell into the plavmu,

und CI illll' diffuvc from plavmu into the red blood (ells in

cvchange for hicarbunute illll:' CO cnrer-, the red blood cells and
react .. With 1-1 0 ro form c arboruc acid Therefore. the "(,(I w uhrn

the red blood cell I' kept 111\\ and Ih.., createv a conccntruuun

grudrent allnw ing more CO til drlfuvc 111til the red blood cell lrom

the uwuc-,

Imccts of 2.3-8PG

2.3 BPG i., present ill the red hlood cell in conccrurmions cqurvnlcru

to tlHlsc oj IIh. 2.~BPG hll1d, 10 IIh. alld :-.hlfls the ° satlJr:lltOIi

curve to the right. Whcli 2.1 BPCl " nlll houncJ. lib" 'HlUr:rted wllh
(), ill lhe "0, IIf thc t i"uc ... and IIttll' " given up Il1 them 2. ~ IiPC; "
ncgallvcl) chargccJ. :rnd hlllcJ, t(1 pO\lllve charge .. on the13 glohll1

chain, 111the deo\ygellatecJ fllflllOf Ilh. and,101' Into a ca\ It> het\\een

the two Ch<llll". In the lung:-.. '" IIh hlncJ, Illore 0,. thc protelll 'hape
dlanges ,othat the13 glohln chuin, move clo'er together unu c(llllpre"

the "t(;, where 2,J-BPG " hmlnd

FETAL Hb (lIhF)

Thc rCIU~ dcnves 0, from Ihe malClllal clrculallOn. anti IIhF ha\ II

higher amnit) than do\.!, ildult Ilh (IlbA) lor0,. IIhF doc, not 11<1\(.'

I~<.:hall1\. hut y-chain,. \\hldl po,~c" fewer p(hitivc charge, III Ihe
ca\ll) where :!.~,BPG "hUUllcJ. Ihcldore. Hbf bind, .2.3 apc; Ie"

light I)' thun due, HbA.

IO.l
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Haemoglobin
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u. chall'l Of Hb

Binding of 02 breaks som(:lllnk~
between Hb chams to 'relax' Hb
molecule -+ facilitates binding01
more 02 I.e, eo.operatlYlty effect

month 6

the ~- anti o-chainl> continue to be expressed after 6 months or postnntnl

life in humans.
Several different forms of P-likc globin» nrc formed during embryo-
genesis and adult lifein humans andother vertebrates,ln humans. these
include p-. 0-, Ar-. 0y- and e-gtobins. The gene ... coding for the
polypeptide chains occur relatively close together on chromosome I I.
and express chainswhich are very similar 111 sequence identity. Only

Haem groupJ

p.GLOBIN FAMILY
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STRUCTURE OF Hb

Hb consists offour subunits. Each is a globin moleculecontaining a
haem group, and the lour subunitsnre held togetherby non-covalent



bonds, HbA consistsof two a-chains. each 141 amino acids long. and

two p-(;hailll'. each 146 amino acids long. There is a high degree of

uniformity in tertiary structure among the different subunits of Hb, and

each cham is arranged in multiple a-helix regions interrupted by turns

of the polypeptide chain that force the subunit into a spherical shape.

THE HAEM GROUI)

Each subunit ofHb containsII prosthetic haemgroup. Haem consists of

11 polyringcd porphyrin molecule, with an ~1l01l1 of iron (Fe) in the

ferrous (Fe( U)) form at its centre,Hb and myoglobin porphyrin is termed

protoporphyrin IX. The Fe is bound to the four N atoms of the haem.

bUI i~ ~iluuteu outside theplane of the molecule becauseit is larger than

the space between the N atoms, The Fe i:, also bound LO the peptide

chain of the subunit through a linkage with one of the histidine (His)

residues.

Combination of Hb witb 02

0) can cornbme reversibly with each of the four subunits of Hb. The 0)

binds to the Fe atom on the race of the haem group opposite to thai

bound to the protein. The first 01 binds to Fe in an u-subunit. This
overcomes (I repulsion between n His residue lind the porphyrin ring,

am] allows Fe to move into the plane of the ring. At the same time,

several or the ionic bonds linking amino acid residues rupture. This

causes a conformational change over the whole Hb molecule. The tWO

13-subunitl> move closer to each other. although they do not actually

touch. This forces the dissociationor 2.3-BPG. As the p-subuilits move
closer together, the IWO u-chains move further apart, and this makes II

easier for O, molecules to gam access to the haem sites. Thus. as
succeeding 0. molecules bind. so they open or 'relax' the Hb 1110lCCLIlc

lurthcr, and thts increases the apparent alfiruty of the molecule lor 0,:
the fourth 0: molecule finds it easiestto bind, i.e, has the highest apparent

ani nity for lib.

MYOGLOUlN

Myoglobin is [I protein in muscle cells.Like Ilh, it binds 0) but, unlike

Hb. myoglobin consists or a single polypeptide chain. 153 amino acids

long. with one haem group which binds only one molecule or 0.. Its

saturation curve is therefore not sigmoidal.

Functionally, myoglobin provides :1 binding site for O_ that can be

utili/cd by the metabolically very active skeletal and cardiac muscle

fibres, Together, these two Ib~ue.!> (I(;COUllt for about 30% of the 0,
consumption of the human body ill rest. The saturation curve for

myoglobin. over rnost of it~ length. lies to the left of that for I rho In other

words. it has a higher affinity for O~ than hns Hb. Therefore. in the

tissue:" such as muscle. where the POl is about 2.5.....3.5kPa. when Hb is

less than 50% saturated with 02' myoglobin is fully saturated. When

the tissues demand more 02' the Po! drops to less than 0.2 kPa. and at

this order of magnitude. myoglobin releases most of its bound 0,.Unlike

Hb, the binding of 01 by myoglobin is not influenced by 23-BPG

concernrarlons, CO
2

or H;.

PATHOPHYSIOLOGY OF Hb

Hb is associated with several disease states.

Quantitative determinants

Patients may present with a red blood cell (RBC) count in the normal
range, but with a mean cell volume (MCV) outside the normal range

(microcytosis), abnormal mean cell Hb content (MCH) and abnormal

mean cell Hb conceruraticn (MCHC: hypochromia). This i, microcytic

anaemia, although in other forms of anacrniu the patient may present

with a lowered RBC count.

The anaemia may be caused by a dietary shortage or the Fe required

for haem synthesis, Individuals at ris], include women who arc pregnant,

menstruating orlactating, und vegetarians.especially vegans.

Microcytic anaemia may result from a failure to utilize Fe. Individuals

at risk include those exposed to toxic substances such as lead. which

block -SH groups or enzymes that caialysc reactions involved in the

synthcsi» of haem.

Chemicals can causeII quantitative reduction In available lib. For

example, inhalation of carbon monoxide lCO). can he fatal. The CO

forms a stable, brigb:red complex wuh thehaem group and docs not

dissociate. Another example IS the oxidation of the Fe(1J) 10 FcCIII). to
form methaemoglobln. Mcrhacmoglobin may be formed through

hereditary defects in globin synthesis,or through oxidizing compounds.

In the Fe(lll) states. 0, is not bound, and, when present together with

norrnul l lb.A. rncthaemoglobin shifts the 0, saturation curve of the HbA

10 uic left. making ils bound 0, Ies~ accessible to the tissues,

Qualitative determinants

In sickle cell anaemia paticnt-, synthesize HbS. an aberrant form of

llbA, in which U non-polar valine (Val) residue replaces a polar glutamate

residue at position vix on [he ~-subllJlit (Glu
Nl

). Glu"" lies on the outer

surface of HbA. and in the dcoxy state of' Hb. the non-polar Val residue

forms hydrophobic bonds with other IlbS molecules, which causes

polymerizruion and precipitation of Hb inside the RBC'. Consequently.

the RBC assumes a characteristic sickle shape. and loses elasticity, which

results in blockage (If the microcirculation by the cell:'>.
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Molecular chaperones
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Molecular chaperone- regulate the foldinA 01 muny newly vynthcxivcd

proteins. The chaperones hind newly ,) Inhc'l/cd proteins, preventing
them from ag!(regaling 111the cell. and rneduuc protein folding into
their nuuvc ,laic, There are several. vtructurally unrelated funnlie01

molecular chaperones The term 'molcculur chaperone' was Originally

10(1

applied III the protein ..nuclcoplusrnin and the chloroplast ribulose

tuphosphntc carboxylase. which promote the asvernbly 01 nucleosomcv,

Ihe molecular chaperone ..can Ilrgani/l' themselves into structures. called
chaperonlns, \\ hich conium a central C(I\ 11) 111\\hich an unfolded protein

I' ..luelded from the cell



PRINCIPl-ES OF

CHAPERONE ACTION

Molecular chaperones bind and stabilize proteinsin their non-native

form, ami release Ihem insuch a way as to facilitate their folding.
They can recogruzc structural features or proteins in their unfolded

form, in particular certain ammoacid sequences. but cannot bind folded

proteins.

Newly formed protc lOS extend from the polysornes.amino-terminus
leading. as unfolded peptide chains. These cannot start folding untila

critical length has been reached: about 100 amino acids. These forma
protein domain, which facilitates the further folding of the entire protein

in a co-operative manner. When the chain i~ elongated, its hydrophobic

residues arerepelled by the aqueous environment and lend to bury

themselves within the protein. Since so many different proteins are being

synthesized simultaneously, hydrophobic residues from different chains
could interact to form aggregates. andthrs has been shown to happen

ill vitro in the absence of molecular chaperones.

Molecular chaperones protect the nascent protein trom these

Interactions by shielding hydrophobic surfaces during peptide

elongation. and po ...sibly also durmg the folding proccsx and during
translocation of the protein across membranes, anti by binding the

completely synthesized. but as yet unfolded protein. and allowing it

to fllid unhindered by the other cellular processes going on around
it.

liSP

HS(>60 and 1181'70

The principle (\1 molecular chaperones may provide u clue<IS to why
HSP :11'1: produced during cellular injury or disease,It i~ J..IlIlWnthutthe

IISP70 proteins can bind proteins after they have been incompletely

denatured during cellular distress. Therefore. they may provide a means
of proiccung the cell from undergoing massive protein uggrcgation.

HSP70 proteins comprise twofunctional domains: (i) II polypeptide-

binding donuun :It the carboxy terminal; lind(rl) (I nuclcoridc-bmdmg

vite "1 the amino terminal. There is evidence thai ATP II>hound and

hydrolysed to ADP;It the amino terminal of H$P70, and this provides

the energy to Induce aconformarlonal change in HSJ>70 thut results in
the release of the folded polypepude,

Action of HSJ>7U

The mechanism whereby HSP70 protcms act in concertW regulate
protein folding and releasein/:'scherichill coli cytosol hns been partially

elucidated. There are at least five proteins in the cytosol that mediate

protein folding. namely DllnK. Dna], GI-pE, Gl'oELund (;I'OES. They
regulate the folding ofnewly synthesized proteins, and may also protect

already folded proteins during periods of cellular stress. They have

already been shown to inhibit the heat denaturation of a heat-labile

protein, lucifcrusc. produced by fireflies. The steps in protein folding
are the [ollowing.

1 Dnal and Dnak. with hound ATP attached to it.bind the unfolded

polypeptide cham us II is formed by the ribosome, and the bound ATP

IS hydrolysed to ADP.
2 DnaJ and DnaK binc.J((1 each other as thepolypepude startsto told,

and the DnnK-ADP-DnaJ-polypeptide complex is stabilized.

3 The protein OrpE promotes the dissociation ofADP from DnaK,

perhaps by binding to the site whereADP is bound. ATP binds to its site

on Dnak, and the folded polypeptide isreleased.
4 In some cases.the released protein is hound by OroEL. which. through
an ATP-dcpendent interacuon with OmES. permits protein folding to

be completed.

CHAPERONINS

The term 'chuperonins has been given to theHSP60 protein family.

The term describes a quaternary structure of proteins which assemble

to form !I compartment in which newly synthesized proteins can fold.

protected from other folding proteins, thus eliminating the rivk of protein
aggregation. Analysis of chupcronins has revealed structures consisting

of 14 subunits. stacked in two heptamcric rings with a central cavity,

which can hold proteins of up lO about 90 kDa in size. InE. coli, the
chuperonins are made up of two IISP60 proteins, OroEL andGrotS.
The newly synthesized protein, are held in the chuperonin in what has

been called a 'molten globule' state. The term describes partially folded
protein, whose hydrophobic surfaces have not yet becometotally buried

in the protein. OrnEL and OwES interact viii11sequence ol' ATP binding

and hydrolysis, which provide the energy for the binding and release of
the fukled protein.

Eukaryotlc chaperones and chaperonins

In yenst cells, moleculur chnpcroncs have been described whose function
b to assi!.! in the transfer of protein, across the mitochondrialrnembranc.
Proteins formed in the cytosol must lirst beuntoldcd before they can

cross the mitochondrial membrane, and refolded once they have done

so. This is accomplished through the action of mitochondrial molecular
chaperones. There is evidence that protcms in the cytosol arc held In un

unfolded state by HS»70 proteins. and the energy for this is provided

by ATP. The polypeptide chain passes through the lipid bilayer111 the
rnuochondrial mcmbrane. und on the inner surface the polypepudc chain

is folded under the direction of HS»70, acting together with HSP60.
A number of other chaperonins have now been described,rncluding

one found in eukuryotic cytosol, • . called TCJ>-J, or CCT (also called

chaperonin of cukaryotic cytosol), which is particularly abundant in
developing embryos, testis and lymphoid tissue.It has been shownIIHll

disruption or yeast chapcronins arc lethal [or the cell.

107



Abbreviations

A adenine GTP guanosine triphosphate
ACP acyl carrier protein GTPase guanosine triphosphatase
ACTH adrenocorticotrophin Hj hydrogen
ADP adenosine diphosphate H~CO" hydrogen carbonate
AMP adenosine rnonophosphate H

1
0 water

ATP adenosine triphosphate Hp. hydrogen peroxide
ATPase adenosine triphosphatase HlO, phosphoric acid
bp base pairs Hb haemoglobin
2.3-BPG 2,3-bisphosphoglycerute HbA adult Hb
C cytosine J-ibF fetal Hb
Ca calcium HDL high-density lipoprotein
CaCI: calcium chloride hfr high frequency of recombination
cAMP cyclic AMP Hg mercury
CAP catabolic activator protein HGPRTa!>c hypoxanthine-guanine phosphoribcsyl transferasc

CCK cholecystokinin HIV human immunodeficiency virus
cDNA complementary DNA hnRNA heterogeneous nuclear RNA
CDP cytidine triphosphate HRE hormone response dements
cGMP cyclic guanosinemonophospharc HSP heat shock protein

CGRP calcitonin gene-related peptide Hyp hydroxyproli ne

CH,COOH acetic acid I inosinic acid
CH,COONa sodium acetate ICF intracellular 1111id
CI

2
chlorine IDL intermediate density lipoprotein

CO carbon monoxide IF initiauon factor
CO2 carbon dioxide IgA immunoglobulin A
CoA coenzyme A IGF insulin-like growth factor
COOII carboxyl group II-I intcrleukin I

CRS cytokine receptor superfami Iy IMP 1I10:.il1cmonophosphatc
CTP cytidine triphosphate IP, lnositol rrisphosphate

cyt cytochrome IRS-I insulin receptor substrate I
d 2'-deoxyribo- JAK Janus kinase
Da dalton K potassium
DAG diacylglycerol K

III
Michnelis constant

cJCTP deoxycytidiuc triphosphate LDL low-density lipoprotein
dd didcoxynuclcot ide LTR long terminal repeau,
DFP di- isopropy Iphosphofl uoridute MAPK mitogen-activated prmcin kinase
DHT 5cx-<.Iihydrotestosteronc MCH mean cell Ilh Content
DNA deoxyribonucleic acid MeV mean cell volume
DNAase deox yribon uelease Mg magnesium
dTIP dcoxythymidinc triphosphate MGE mobile genetic clement
cJUDP dcoxyuridinc dlphosphatc MCHC mean corpuscular Hb concentration
cJUTP;he dcoxyuridine triphosphatase MMTV mouse mammary tumour virus
ECF extracellular fluid Mn manganese
EF elongation Iuctor mRNA messenger RNA
EGF epidermal growth factor Na sodium
emf electromotive force NADH nicotinamide adenme dinucleotide
ER endoplasmic reticulum NADP' nicotinamide adenine dinucleotide phosphate
FAD Ilavrne adeninedinucleotide -NH~ amino group
Fe iron O~ oxygen
FGF fibroblast growth factor -011 hydroxyl group
fMET formyl methionine IIp phosphorus-32
GDP guanosine diphosphate Pa pascal
OH growth hormone PCR polymerase chain reaction
GMP guanosinemonophosphnie PDOF platelet-derived growth factor

10::1



PFK phosphofructokinase UMP uridine monophosphatc

PI Inorganic phosphate UTP uridine triphosphate

PIP phospbatidylinositol-a.Scbiphosphate UV ultraviolet

PKC protem kinase C VLDL very low-dcnsny hpoprotern

PI.A, phospholipase A, 7n zinc

PLC phospholipase C

PLP pyridoxal phosphate
Amino acid abbreviations

PRPP 5-phosphoribosyl-l-pyroph(1.,phUlC

R gas constant AlII alanine

RBe red blood cell Arg arginine

Kr· release factor Asn asparagine

R;\IA nbonucleic acid A,p aspartate
RNAa,c ribonuclease CY' cysterne

rR'IIA ribosomal ~"A Gin glutamine

RTI resistance transfer factor Glu glutamate

S Svedberg unn Gly glycine

~cRNA small cytoplasmic RNA IIi.. hi ....udme

~nRNA ~11111L1 nuclear RNA lie isoleucme

SRP signal recognition particle Leu leucine

STAT!') signal transducers and trunscnption activators Ly,~ lyvine

r thyrrunc Mel rncthiomne

ro... trunsforrning growth luctor Phe phenylalanine
nil- tetrahydro [01ute Pro proline

TMP thymidine monopho ..phate Scr scnne

IRNA transfer RNA rhr threonine

TPP thymine pyrophosphate Trp tryptophan

II uracil Tyr tyro-me

LID» uridine diphosphate Val vahne

lOt)



Glossary

A site nbusomal rccognition site where nC:\IIl1RNA codon is exposed

10 iuconuug IRNA

activation energy critical energy level f()l chemical reacuon 10 occur
active transport energy-requiring m1Wl'IlH!111Ill' vuhsiancev acrosv

buuuembruncs
amnii) strength of auraction betweenIWo binding ,ile,

agonist lrgundthut trigger-, a re-pon-e hcc li~and)

allele alternauv e form of a gene Ihal can oCt:up>ilchromosomal gene Ill'

lot: I"
allu~tcrie proteins can alia binding sill' propcn ies in response1<1 IIganu

occupancy ill another site

amphlpathic molecule po"c,,,ng huth hydrnplulic and hydrophobic
propcruc-,

111111l'llIicdcftcicnt 111 haeruoglohin

union ncgutivcly charged ion
annealing IWO complemeruary nucleu nerd -trund-, joining

unlibod_) unmunoglobulin produced111re-pon-e 111all antigen. wluch

hindv u

anticodon 'CI olthree consecutive IRf'<\ hase, complementary to a
Il1RN '\ codon

untigen xubsumcc. usually foreign10 body, ih:u provokes anubody
101malton

untimetubulite SUh.\l:IIlCC bhlc:kll1f it mctuhulrc (usually cnvymcj

reaction
nnl lporter membrane protein rrnnxpnrt i Ill:! -ubsumcc acrossmCI1l-

hrunc wuh simuliuneous tranxpor: 01 another xubvtunce the orpo.,ilc

v. a~
uutocriue hormonal action on ccII h) 'Uh'I,1I1l:l' produced 0)'the same

cell
:IUIO'IIIIIUI rt'cc.,!,ht' Mendelian ,.:ce"l\e gcneuc inheritance l:.IITleU

on an aUlo,olll!.:

UUW»CIIIlC chromosome other than \e' chromosome

avillll n:krril1g III hirus

hactcrillllhllJ,:c virus tilat infel:t), h:u:lcri.1
bUI>c prolon ()II) acceplor ill solutioll, c.g. PLtJine~, pyrimidines

belliJ,:II Illl'dl~'ally, a non C<lIlI:erou, IlIllIOllI that uoe~ nOI inV:lde uther

Ii"I'" or de'troy any health) lI"lll'
(' tcrminal Iree COO group ,ll entlol IIpolypeptide chulfl

c:lp-hilldinJ,: Ilrl)tein himb hi l'ap re1'I011 01 mRNA: re4ulrcd Illr

IlltllallOn of eu~ary(lll' Iran't:nplilln
cardnl)~cn ag.:nt Ihat mayCaU\l' l:ancer

cardiotonic heart ,lImulal1l
culion (lo'lllvcl) charged Ion

eDNA Iibr:II'~ collection nl' DNA slrands complementary to ,nUl'n:

IISMIC DNA

chi sC(lll('nce rcpcateu shol'l DNA scqucnrc lin baclcnnl chrnmoMllllc

where RccA mediated recomblnatiun " '11I11Ula1Cd
chondroblast carlllage cell pt'O(.hlclng cartilag.: matrix
doning producing Idelllll:all:clis or ll1olcl.:ule., from slllgie slarllng cell

IIr lllulecule

co-opcralive binding ligand bind, w protem and changes amnII) lor

othcr SIlC' I(lr Ihe same ligand on thc prolcin

codon ,el of three con\el:ull\e b,,\c, on ON" or RNA. ~pcclfYlllg an

110

amino acid or a signal for the end of translation
coenzvme (cofactor) non-protein required by a protein for bioactivity

cofactor see coenzyme

conformation three-dimensional arrangement

cunstitutive gene a gene conunuuuvly expressedwithout the need lor
a uunscription initiation fuctor

control clement a D:'IIAsequence that influences the expressionof
nearby genes

co-mid a cloning vector pl.ISIIlIUcontauung phage A. ,0.1 sequences
cotransport linked transportIlf -uhstanccs across a biomcmbrane
crist» mirochondriul inner mcmhrane mlnlding
Cnlssuvcr exchange of gene» het ween hornolngouv chromosomcv

during meiosis
cytoskeleton irucrnul protein skclcron o]' cukaryoiic cell

cyto!.ol soluble cyioplasnuc compurtmcnt

degenerate one amino acid can he encoded by xeverul ditlerem codons

dimer protein formed of two ,ubunlts

diploid organr-m whose cell hi"IWO ,cts 01t:hWI110\OIllC,
docking protein protein that 'place, another In il~ bmdmg vue

domuin -tructurally defined membrane orchrornmin region. or glohular

regum 01 ilprotein
elect rochemical gradient trunxmcmhrane gradient defined hy ionic

uud clcctncul gradieut-,
endocrine ductless glnndu1;11 tunc: ion

enhancer a DNA control 'Ilc in cukuryoiic genes, whose uctivutiun h)

'pecI tIC prnrcm-, increases uunvcripuon or thegene
eukaryote organism v. hove cdls have bounded nuclei t:of1111lrttng

orgamzcd chrornaun undC} w\kclclon,

e:l.llc) le"i, <ccrcuon 01 chcuucul-, trom eukuryouc cell,
evon O\lA sequence unitcodlllg for part 01:1polypcpude.or lorrRf\..\

or IRl\A
Iacllituted difTusion membrane nun-portdown a conccmranongradlenl

Ultlt/,lIlg a carrier ~y~lcl1l, hUI no ...m:rgy

famililll lrail, found III SOIllC ramilt!!s: 1101 nccc~snrily inhel'llctl
Iihl'iI Ihread like cOlllpOnlllll ol:l Ilhre

fibroblast cOllller.:live li,suc l'cll

Ilip-nop Iransilion 01 a liplu III prolL:UI fmm nnc mcmbranl' ~urlace 10

the olher
(; prolein guaninc nucieollue hinding prolein on cywpla,mlr.: ,url,u.:e

ell cell membrane. lomllllg part elf hormulle \lgnailing III larget ccII
gcnetic recombination melollc e\t:hiltlgc of DNA helwecn homellu

gnus c:hromn\(lme, uuring gamelc formallllllill ,exually reproduc.;tt1g
organlsnlS

gcnome genelte dat~lhasc01 :l ,ingle orglllll\tll or cell

~cnfllnic library r.:oIlCC:liClIl01 DNA chrnlll()~CllI1al fragmenl., from elile

genume
globin prolcin constilUent of hH,'nlClglnbin

Alucocor!icoids "urcnal \lcI'Cml, Intlucnclng I.:arbuhyurale melahollsm,

\omc are ilmi-intlammawry
glyeo,ider. compound, v. hich when bydrol}scu yield a sugar anu a Ilon-

sugar. c.g. digoxin

AI) ('osylation formallon of euk,lryolic glycoprOlclIl' lhmugh addltlOll
of ohgo ..accharidc .,ide r.:h:un III prolcm



growing fork locus in DJ'l:A replicauon
haploid cell or organivm having nne 'ct 01 chromosomes

helical 'plral chain arrangement ofprotem or nucleic acid molecule,

torrnmg rod-like helix

hepatocy te liver cell

heterogeneous having dis-unilar component,

heterotrophic effects allosteric cucct- due LO Interactions between

dillcrcm ligands

homodtmer protein consisting of two rdcnticul subunits

h(l",oh)~IIU~ resemblmg inIII iglll and xuucture

homotrophic effects allusicric etlcci-,due In inrcracuons between
idcnucul hgund-,

hormone response element (H RE I regron 01 DNA that hind,

hormone receptor complex

h)'drol)'i~ uddiuon 01011 and II lon, of II () to U molecule which I'

con-cqucurly 'pill into simpler molecule-

hydrophilic: water uuracung

hydrnphoblc water repelling
ill 1';11'C1 in test lubes ('in gla,,')

inducer chcnucal or physical xtimulu: to gene cxprcvsion or CIl/YIl1C

acuou

interculute to slip between udjaccnt husc'In DNA
intron non cndlllg regron 01 DNA lhat mav he transcribed hUIlure:

spliced llulllllllRfI. <\

i,uclectric: pit I'll at w hich protein " unchurged
isomer compound chenucally rdcnucul to others. hUI \\ uh ditfcrent

-pauul arrungcmcnt. c.g, stcrCtll'OIll~r
Kleno» frugment Iragment of DNA pol} mcruw I. containing all the

~' ) 'i' exonuclease and polymeruvc aCIivity
lap-join! irucnncdiare hybrid in gcnct« recombination
Ii~nnd a molecule that hiuds III unuthcr wuh luncuonul purpose

lipid, lla, .. of hydrophumc l'(HIIPOUIIlJ..uuludrng ral~, phospholipid,

.llId ..t,'mll"
lipuprntein compound compoved01 protem and liprd
lumen 1I11l'rnai 'pa(e of ,uhl'ellular or!'alwlle tlr of ..al. Irkc or tuhular

tlrgan

I11nli~nal1t IUIllOlir Ihal dc ..lm), li"ul.' til' origin tlr in\auc, anu
lk,troy, olher trssuc,

Illulrh I11l'llrUllI or groulld ,uh,tHlKl' 01 1I\,\ul!'
llIeiusis IluLieur dhl,ron protillclllg haploid daughter ccII, lrulll

tliplnid parcilt 1:c11

mclnstm:i .. spread tll Cafll'l'rou' l'l'II, Itl othl!l tl"lIC,
mlnlle 'P11\'rt I: <I I ordered arrolllgt:flIl.'nt 01 nwlecule, ,uch ,i'

pho'phtlhpid, In aqueou, IIIl'dlUlll
milll,i, l1uclear di\ r'lIIn, \\ hcn daughlt:r ccii, h:l\ c idcntil'al

chroll1l"omallompicmcnt a' parent
moltile ACl1l'til.'clement D:'IIA 'el(uen(c ahlehI he 1Il'l'ncd un same or

olhl.'r dlnlll1O',tlllle, anu .Ilter gellc c\prl'"iofl (..1"0called Imn'p(l,ahll!
l'J.:Illt:fll)

monlllller molct:ule compmeu 01 a ,"\gk unit

flluhlAl'nil' ahh: 10 l'ausc a Illlltation
Illututlull chan!!!.! in nal ure Ilr COl11pU,illlln of DNA rcslilling in chllng!.:

IlIl'Il.lntCICri,tit:\ or gCII~ ~:\prc,sioll ill ,ell

N It'rmillul 'IInino terminu, of polypcptidc charn
nllscenl 11l'\~Iy ~ynlhe,i7ed: not yct ,Il'IIVl'

Iwn'l!n'l'l'I)(lun a len11lnallOn codon
Ok,lIald rragments ,hon D'IJA ,cquelll:c, lormed (.n laggulg cJ' -)

'\') strand durlllg dr,conllnuou, Ofl.,\ rcpllcalron

oliJ.:omcr molecule compo,cd of tlkw nlllnOl1ler unit,

oncogene gene carried by cancer cell or virus. that is pan I)' or wholly

responsible fortumour Iormauon
operon prokaryotic genetic unu III which several gene, arc ctusrcrcd

and transcribed Into polycistroruc mRNA

organelle functional structurewithin a eukaryotic cell
osteoblast bone-forming cell

I' site ribosomal site where thela,t mR NA codon was read (sec a(\oA
site)

palindrome sequence readingthe same both ways. e.g. in DNA:

AACAA
paracrine local hormone acung on neighbouring cells
passive transport simple diffusion down <I concentration gradient:

mcludes facilitated diffusion

penrose a mono-acchande \\ uhformula (CH~O)" c.g. ribose

phUAC -ee bacteriophage
phusmid vector consi,llIlg ul a combmauon of a plasmid \\Itil phage A.
phenotype hi oc heIIIicu I anti physicul churucterixtics of an orgamvm

pinocytosis uptake IIIllqurd tnro the cell
plasmid circular buctcnnl til ycusi DNA replicating nulcpcndcntly 01

chromosome»

polycistronic mRNA codc-,Jill' more than one polypeptide
polymer mucromolccule eOIl",ling 01 several sinulnr (II uleuucal

vuhumt ...
putyvucchar ide macromo lccu lur carbohydrate polymcrv c.g,

gl}\.ogen
POI)MIIlW ribovomal .Iggrcgalc 1)11 mR1\lA dunng rrunvlauon

primer ,hurt Iragmeru ofRNA ncccvvary tn iruuute DNA polymeru-,e

action
prtmosume prepnnung protem;I\st:l11hly necessary lor primer 'ynlhc'ls

prnhurmune hormonepIl'LlIrMIl

prokaryote uruccllulur 1)I')!1I1i I" 11.', (: .g bacteria, lacking membrane

bounded nucleus urul uthci IHgalll'lles -uch as mitochondria
promoter DNA sequence ncccv-urv lor muiuuon of transcripuun
proofreading properly orDNA polymcruxc III detect base m"matdlc'
prosthetic group non protcm mOll'ty, c.g haem. fornllng pan01 prolcm

actne ,HC

protomcr Inactivc cn/~ Illt: lorm
pntlclll II (11,0' in somc tC\I,)

Ilul'ine h".,c, cOlllfllunly udclllnc or gll:lIl1nc In nudcl\. acids

p)l'imidine h,\;,c, cl1fllll1only cytosinc, IhYll1incIlr uracil IIInll~ k'l, .Icllis
I'ecel,tor prolein Ihat rccnglli/,t:, ;1 ligallu, and Ihat Ct)lI'litlll~S tllc

pi imury mcmhcr in Ihe chuinllt c:0lll111uniL:ation hetween lij.!and<Inti

cdl
reel'plc)I' antagonisl ligand Ihut hind, re,eptnr. hInd" ugon ...t hrmhng

anu pmduces no rc'p(ln't:
receptor "uperfamil) grollp of intracellular receptor" wilh ,tructural

'Imti"ntlC', \\ hrch act ii' tran,cnptinn aCIt\ulnr" c.g, gluell\:ortlcold
and retlnoil: m.ill rc,cpLUr,

recomhinatiun c\ehangl' 01 DNA hetween homnlogtlu, chl'lll11n-.nme'
dUring I11CIO,r,

repllcll(ion fork y-,hupcli 111)1111 when.: DNA 1\ unwollnd and

simultancou,ly rcplic(l(ed
rCI)licon ullil ()f DNA that n.:pltcalc, ,cql1cntially :Inti contain, an oritlin

of rt:plicalinn
rCI)lbome pmlein a,scmhly onD)\A, necded lor repli\.;lllOn
rl!pre ..,or bactenal prOICln Ihat hrnu, 10 the operon to rcprc"

tran,crlptlon

rc ..i~tance transfer factor (RTF) lactor un plasmid Ihal t:llablc,

lran,fcr of drug rc, ... tant:eto ;mothcr bat:tcnal cdl

lit



second messenger intracellularchemical signul synthesized in response
to <umuluuon ot receptor on cellmembrane

sedimentation coefficient estimate of\l7e of macromolecule Irom lis

rate of sedimcruation in a sucrose gradient

..emi-conservative replication means ofD]'.A replicauon

st!, pilus means ottransmitting F factors from onc bacteriumto another

Shine-Datgarno scquence bacterial I11RNA 5'-AGGAGG-3' sequence
helorc mitiation codon

<;igmllsequence temporary hydrophobic sequenceDr amino acidsatamino

terminal, importantfor transferor secretoryproducts acrossmembranes

SOSresponse -equenceof repair rcxponvcv 111 E. coli in response10

damage sumuli
"plking cuumg nucleic acid In orderIII m-en sequences. thus creating

recombmum nucleic acid

splicosnme ;Is'emol) of ribonuclcoprorcm th,ll splices RNA

stop signal \lgnalthat stops macromolecular elongation

supercoiling twisting of the double hclt x on Itself

symport simultaneous. linked transport 01 twn molecules across a

112

bromcrnbrane, bothin the samedirecuon
template patternfrom which a molecule i,synthesized. e.g. D!'.A <trund

IS a template for ill>rephcauon
transcription synthesiv of complementary RNA from DNA

transition DNA base subsiituuon causing. mutation

translation protein synthesis byribosomes on mRNA template
translocatlon removal of pan of a chromosome to another. IIIm-

homologous chromosome

transposable element see mobile genetic element

transposition replication of 1I DNA sequenceon one chromosome in

another cbromosome

transposon replicated transposed sequence

tranvverslon substitution of a PYrimidine for a punneor \ICC verva

Lniport membrane transport ofa molecule bya membrane protem

van der Waals forces weak form of non-covalentbondmg between
neutral molecules

vector agent that carne, a mcxsage. e.g.plasmid. bacteriophage
zwltterton Ion With negative and posiuvc charges. e.g. ammo acids
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~-galaclo\idase. 43
l3-galaclo'lde permease.4J
p-galilcloside transacetylase ..t3
gallstones. 77
ga\ constant, 61
ga, trnnspon, 102-103
GC box. '27
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eukaryotes.+I. "5 ... 6
prokaryotes.42-3

general recombmauon. 20
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j gene. 42
I genes,21

genetic code. 3J
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glucose transport. 7
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rnulrlsubstrute rcucrlons. 67
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