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SUMMARY

1. By the use of the classical kinetic techniques,

initial velocity, product inhibit'ion and isotopic exchange

studies, the reaction catalysed by pyruvate carboxylase

þyruvate:CO.2 1igase (ADP) EC.6.4.1.1) isolated from sheep

kidney cortical mitochondria was shown to follow a non-

classical ping-pong-bi-bi-uni-uni mechanism. rsotopic

exchange studies showed that the overall reaction

I{g z*

M9ATP2 +HCo3 +PYruvate MgADP + Pi + oxaloacetate
acetyl

CoA

consists of two half reactions.

Mg'*
E+M9ATP2-*HCOg

acetyl
CoA

E tuCO2 + MqADP +Pi

acetyl CoA
E 'r,COz * pyruvate oxaloacetaÈe + E

The mechanism is 'non-classicalt because, aS indicated' by the

product inhibition data, the two half reactions are catalysed'

at separate sites on the enzyme. The results are in accord

with those obtained by other workers using pyruvate carboxylase

from other sources.

The mechanism of the first partial reaction has been

further examined, by the use of analogues of ADP and' analogues
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of a possible intermediate or transition state, in an

ettort to determine whether the reaction proceeds by

concerted or multistep electron transfer. The results

obtained. are consistent with a concerted mechanism for COz

fixation, or with the transitory formation of an enzyme

bound carbonyl phosphate intermediate.

2. The nature of the activation of the enzyme by its

allosteric effecÈor t""ayf CoA has been investigated. The

enzyme has been shown to catalyse the acetyl CoA-independent

carboxylation of pyruvate at a rate which, under optimal

cond.itions, is approximately 25% ot the rate of the acetyl CoA

stimulated reaction. Comparison of the properties of the

acetyl CoA-stimulated and independent reactions showed that

the activator has multiple effects on the enzyme; (i) it

stabilised the enzyme at 1ow enzyme concentrations;

(ii) it a1tered the requirement for inorganic ions;

(iii) it substantially decreased the apparent'K* values for

HCOg and pyruvate with little effect on the apparent K*

value for MgATp2- . (iv) it substantially increased U*.*.

Isotopic exchange studies indicated. that th" t*.* effect

was primarily due to a stimulation of the first partial

reaction. Slight quenching of the fluorescence emission

intensity of bound 8-anilino-l-naphthalenesulphonate provid.ed

some direct evidence for an acetyl CoA-j-nduced conformational

change in the protein.

Sheep kidney pyruvate carboxylase preparations, like

those isolated from chicken liver (M.C. Scrutton and M.F.
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Utter, J. Biol. Chem., 242, L723 (1967).) , catalyse an

acetyl CoA deacylase reaction.

3. Sheep kidney pyruvate carboxylase contains a

catalytically irnportant lysine residue which can be

selectively modified with trinitrobenzenesulphonì-c acid

(D.8. Keech and. R.K. Farrant, Biochim. Biophys. Acta, 151,

493 (1968)). Studies reported here show that although

chemical modi'fication 'of the lysyl residue resulted in

almost complete inactivation of the acetyl CoA-stimulated

reaction, the acetyl CoA-independent reaction was

undiminished.. This observation indicated. that the mod.ified

residue was specifically involved in the acetyl CoA

activation process. Consistent with this conclusion was

the effect of modification on the isotope exchange reactions.

The acetyl CoA deacylase reaction was not inhibited by the

modification.

Measurement of the increase in extinction at 367 nm

due to formation of the chromophoric trinitrophenyl-lysine

derivative during the modification reaction showed that

inactivation was accompanied. by modification of one amino

acid. residues per enzyme monomer.

4. Previous work in this laboratory (J.8. Edwards and

576 (1967) ) indicatedD.B. Keech, Biochim. Biophys. Acta, 146 |

the usefulness of the determination of apparent K* and V*.*

values for substrates at various stages during a chemical

modification reaction. However, a sound theoretical basis

for the assessment of this approach and interpretation of
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experimental data has been lacking. In thj-s thesis a theory

is developed for interpreting kj-netic data obtained from

chemically modified enz)rmes in terms of the function of

the affected residue. Limitations of the method are also

considered..
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I NTRODUCT I ON



1.1. . GENERAL PROPERTIES OF BIOTTN-CONTATNTNG ENZYIVIES

Pyruvate carboxylase (pyruvate:CO2 ligase (ADP)

EC. 6.4.1.1) is a member of the group of enzymes which

contain a covalently bound biotin prosthetic aroup. Several

of these enzymes have been sÈudied in Some detail and Some

strong similarities are apparent , fot example, in relation

to their minimal reaction mechanism, their sensitivity to avidin,

the biotin binding ptot"in from egg white, their high molecular

weights and their complex quaternary structures. In view of

these similarities it seems worthwhile to keep in mind the

known propertj.es of the other biotin-containing enz)rmes when

considering pyruvate carboxylase. The biotin-containing

enzymes have been the subject of a recent comprehensive review

(Moss and Lane, 1971).

1.1.1. Classification

The nine known biotin-containing enzymes can be

classified into three groups: carboxylases, transcarboxylases

and decarboxylases (Moss and Lane, L97I). In each of these

groups biotin acts as a carboxyl group carrier. The enzymic

reactions are summarised in Figure 1.1.

(a) Carboxy lases: This group of enz]¡mes , of which

pyruvate carboxylase is a member, catalyses the condensation

of bicarbonate with either an acyl-CoA, an orketo acid oE t

in the case of ATP:urea amidolyase from Candida utiLis

(Roon and Levenberg, 1970) , urea" The first two cases
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involve formation of a carbon-carbon bond, the third, a

carbon-nitrogen bond. The formation of these bonds is an

endergonic process, and the energy requirement is met by

coupling CO2 fixati-on with ATP hydrolysis. The overall free

energy change is such that the reactions are essentially

irreversible ín uiuo. All of the biotin carboxylase catalysed

reactions have a cornmon first step in which ATP is hydrolysed

and an enzlzme-CO2 complex is formed (Figure 1.1, reaction 1).

The second step involves transfer of the carboxyl group to

the acceptor substrate for that particular enzyme (Fígure 1.1'

reactions 2, 3 and 4) .

(b) Transcarboxylase: There is only one known trans-

carboxylase, the methylmalonyl CoA : pyruvate carboxyltrans-

ferase isolated from Propionibactez'ium shermanil (Swick and

Wood, 1960). The reaction ínvolves no net carbon-carbon bond

formation, and d.iffers from the carboxylase reactions in that

it is not dependent on ATP. The reaction is essentiatly a

hybrid of the second. partial reactions of an acyl CoA

carboxylase and an o-keto acid carboxylase (Figure I.1,

reactíons 2 and 3).

(c ) Decar lases: The reactions catalysed by the

biotin-containing decarboxylases, methylmalonyl CoA

decarboxylase (Stern, L967) and oxaloacetate decarboxylase'

(Galivan. and Allen, I968a, 1968b) are equivalent to reversal

of the second step of the carboxylase reaction followed by

breakdown of the carboxybiotin-enzyme complex (Figure 1.1,

reaction 5) "
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I.L.2 . The Role of Biotin in the Mechanism of Carboxylase

Reactions

That biotin is attached to its apoenzymes through

a lysyI residue was initially suggested by the detection of

e-N-biotinyl-L-lysine ("biocytin"; Figure L-2) in yeast

extract (Wright et aL., L952) . This was confirmed for

propionyl coA carboxylase from rat liver by isolation of
I ag-biocytín from prona.se digests of holoenzyme containing
I ac-biotin (Kosow and Lane , 1962) , and has been subsequently

demonstrated for several other biotin enzymes' Measurements

of molecular models of e-N- (+) -biotinyl-L-lysine indicate

that the length of the flexible side chain joining the biotin

ring structure to the apoenzyme is approximatery 14 Å

(Gregotin et aL., 1968).

Some carboxylases, in particular p-methylcrotonyl

CoA carboxylase (l,ynen et aL., 1959) and acetyl CoA carboxy-

lases from avian liver (Sto1l et aL., 1968) and Esche?ichia

coLi (Alberts et aL. , L969 ) have been shown t,o catalyse the

carboxylation of free D- (+) -biotin. This property was used

by Lynen and coworkers to characterise the carboxybiotin

intermediate assuming that the position of carboxylaÈion

would be the same for the free and enzyme-bound biotin. They

isotated carboxylated biotin, stabilised as the dimethyl

ester by reaction with diazomethane, and. showed that

carboxylation occurred at the N positions (Figure I.2) and

not-the ureido carbonyl group (l,ynen et aL., 1961) with a

94å yield of the 1'-N derivative (Knappe et aL., 1961).

X-ray crystallographic stud.ies (Traub, 1956, 1959) suggested.
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steric hindrance at the 3 I position by C-6 of the aliphatic

side chain as a possible reason for the predominance of the

1'-N product. Covalently bound biotin is also carboxylated.

at the 1'-N position. This was shown by isolation of the

stabilised intermed,iate following proteolytic digestion of

ß-methylcrotonyl CoA carboxylase (Iftappe et aL. , 1962) | and

has since been shown for several other carboxylases.

Bruice and llegarty (1970) have expressed doubts

that the l'-N derivative is the primary product of carboxy-

lation since they found, in studies with model compounds,

that carboxylation occurs preferentially at the ureido oxygen

atom. They postulate that the I ' -N derivative arises as a

result of a '4 centre N + O transfert reaction which occurred

spontaneously in model compouncls. The biological activity of

chemically synthesised 1 | -N-carboxybiotíno1 has recently been

demonstrated by Guchhait et aL. (L972) who showed that this

compound can serve as carboxyl donor for carboxylation of

acetyl CoA catalysed by the carboxyl transferase component of

aqetyl CoA carboxylase from Escheriehia eoLi. In view of

this finding, three possibilities exist: (a) Carboxylation

of biotin in the enzymic reaction occurs at the 1'-N position.

(b) Biotín is carboxylated at the ureido 0 position and the

COz group subsequently migrates to the 1r-N position as part

of the enzl-mic reaction. To explain the reversibility of the

overall reaction this isomerisation would have to be reversible.

(c) The O-carboxyl and N-carboxyl derivatives exist in

equílibrium in solution, but only the N-derivative is

stabilised by reaction wit,h diazomethane. In this case
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the activity of carboxybiotinol would be due to the forma-

tion'of the O-derivative in solutj-on. Schemes (b) and (c)

require that the postulated four centre transfer reaction

should be freely reversible but the model studies gave no

evidence that this was so. Furthermore, it must be recognised

that model studies ignore the influence of the protein on

the reaction mechanism. Enzlmic catalysis is due, in part,

to a reduction in the activation energy for a reaction' and

there Seems no reason to assume that the most favoured path

in a model reaction is necessarily mos.t favoured in the

enzyme catalysed reaction. Thus, the evidence for

O-carboxylation of enzyme bound biotin is, at present,

extremely tenuous.

The substrate for biotin carboxylases is believed

to be HCO3 rather than COz. Cooper et aL, (1968) and Cooper

and Wood (I97l-) utilised the slow rate of hydration of CO2

to show that HCOg was the carboxylating species for pyruvate

carboxylases isolated from chicken liver and yeast. Kaziro

et aL. (1962) showed. that during the propionyl CoA

êarboxylase catalysed reaction, two of the three oxygen

atoms from I t to] Hco3- appeared in carboxybiotin and one in

inorganic phosphate; since all three Il 80] atoms appeared in

the products, it can be concluded that HCO3- is the active species.

The mechanism of biotin carboxylase reactions has

been discussed in several recent revj-ews (Lynen, 1967 ¡ Lane,

1969; I(nappe, L970¡ Moss and Lane, L97L¡ Scrutton and. Young,

L972). It has become apparent, from studies using model

compounds (e.9., Caplow, 1965) that the ureido nitrogen of
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biotin is a weak nucleophile, and. that the bicarbonate

ion ib a weak electrophile. The nature of the activation

of these two reactants by ATP and the enzyme is not yet

clear. Using model systems, Hegarty et aL. (1969) showed

that the reactivity of the ureido nitrogen atom was greatly

enhanced (I01o-fo}d.) rvhen 'Lhe adjacent carbonyl was in the

enol form. These authors conclud.ed that, although the

proportion of biotin in, the enol- form appears to be

extremely Iow based on NMR studi-es (Glasel I L966) , this

tautomer may be stabilised by interaction with the apo-enz)¡me

and may be involved in the carboxylation reaction. It is

noteworthy that the studies of G1asel were carried out in the

non-polar solvent dimethyl sulphoxide and do not necessarily

reflect the situation in aqueous solution.

Activation of biotin by phosphorylation prior to

its reaction with HCO3 was originally suggested by Ha]er¡z

and. Lane (1960) . The finding that I t tO] from HCo3 appears

in inorganic phosphate (xaziro et aL., 1962) is consistent

with this mechanism (cf. Lynen I L967) as well as with the

concerted mechanism postulated by Kaziro et aL., or with HCO3

activation. Lane and coworkers (Polakis et aL., 1972) have

recently shown that carbamyl phosphate, an analogue of the

anhydride of HCO3 and inorganic phosphate ('carbonyl

phosphatê'), can be used by the biotin carboxylase component

of Escheriehia coLi acetyl CoA carboxylase to phosphorylate

ADP. This suggests the existence of carbonyl phosphate as an

intermediate in the carboxylation reaction. fn model

reactions it has been shown that coordination'complexes of
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of phosphoric-carbonic anhydrid.es are potential carboxylating

agent's (Griffith and. Stiles, L965).

The relative stability of carboxybiotin (Caplow,

1965), probably Ímportant in translocation between different

regions of the active site (cf., section 1.I.3), means that

carboxyl transfer requires electrophilic activation of the

carboxyl carbon atom and nucleophilic activation of the

acceptor. Spontaneous decarboxylation of N-carboxybiotin is

enhanced by protonation (Knappe, L970), and activation of the

enzyme-bound intermediate may involve general acid catalysis

with interaction between a proton donating amino acid side

chain and the ureido carbonyl group of biotin (Moss and Lane,

1971). Activation of ligands bound at the acceptor site

has recently been demonstrated by Moss and Lane (L972b)

who showed that malonyl CoA undergoes biotin-independent

decarboxylation to acetyl CoA when bound to acetyl CoA

carboxyla se.

The reported direct involvement of a tightly-bound

Mn2+ ion in the activation of the carboxyl acceptor in pyruvate

carboxylase from chicken liver (Scrutton et aL., 1966), whereas

acetyl CoA carboxylase does not appear to contain a bound. metal

ion (Moss and Lane, L97L) , suggested that the mode of

activation of the carboxyl acceptor is marl<edly different

for a-keto acids and acyl CoA derivatives. However, recent

re-examination of the pulse-NMR data for pyruvate carboxylase

(Scrutton et aL., L973) has revealed that the bound Mn2* is
in fact too far away from bound pyruvate to be directly

coordinated with it" Thus, although all pyruvate carboxylases
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so far examined contain a t,ightly bound 'divalent cation

(cf. section I.2.5) and transcarboxylase contains tightly

bound zn2* and co2t (Northrop and Wood , L969¡ Ahmad et aL',

Lg72), the significance of the metal content of these

enzlzmes, wtrich utilise an o-keto acid. substrate, is not known'

1.1.3. Structural Features of Biotin Enzymes

The biotin containing enzymes so far studied' in

general, have high molecular weights and complex quaternary

structures (cf. Moss and Lane I L97L; Table VII). In several

cases it has been possible to separate the enz)rmes into hetero-

geneous subunits, and particularly in the case of EscheTichia

eoli acetyl CoA carboxylase where the d'issociated subunits

retain the ability to catalyse partial reactions, a great

deal of information on the functional significance of the

quaternary structure has been obtained.

Eseherichia coLi acetyl coA carboxylase has been

d.issociated into three d.istinct subunits (Alberts et aL - , 1969) ¡

biotin carboxylase, biotin carboxyl carrier protein (BCCP) and

carboxyl transferase. BCCP contains covalently bound biot'in

and. has no catalytic acl-íviLy pet'se (A1berts et aL., L969; Fall

et aL., 1971). The biotin carboxylase subunit catalyses the

ATp d.epend.ent carboxylation of free biotin or biotin attached

to BCCP. Carboxyl transferase has been shov¡n to catalyse

carboxyl transfer from malonyl CoA to free biotin (Guchhait

et aL., L97L) | which is equivalent to reversal of the second

partial reaction of acetyl CoA carboxylase. Alberts et aL.

(1971) have demonstrated, in addition, transferase subunit
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catalysed carboxylation of BCCP, and BCCP dependent t hC-

acetyi Cóa : ma'lonyl CoA isotopic exchange. Thus, although

neither the biotin carboxylase nor carboxyl transferase

components contain covalently bound biotin, both have the

ability to bind. this compound.. The BCCP comPonent appears

to function in shuttling carboxyl groups bound to biotin

between the active sites of the other enzl¡me components '

such a function is feasible because of the long flexible sid'e

arm through which the prosthetic group is attached to the

protein (rigure L.2l .

subunits which appear to be analogous to BCCP of

EscheTiehia eoLí acetyl coA carboxylase have been obtained on

dissociation of transcarboxylase. This enzyme undergoes a

complex and. partly reversible dissociation process (Gerwin

et aL., Lg6g; Jacobson et aL-, L97O; Ahmad et aL', L970) to

yield. a mixture of inactive subunits, one of rn'hich contains

covalently bound biotin. The intact enzyme, which has a

molecular weight of 792,000 daltons, consists of 18 peptides

of three types and contains six moles of biotin and' 6 g atoms

of Co2+ anð./or zn2* per mole, (Green et aL., Lg72). El.ectron

microscope and ultracentrifugation studies showed that the

metal-containing peptides are arranged in three pairs peripheral

to the. large central subunit which also consists of three

dimers. The peripheral subunits appear to be attached to the

central complex by an extended peptide chain of 10-15 residues,

probably provided by the biotin-containing peptide.

Acetyl CoA carboxylases from chicken liver and rat

liver also appear to contain non-identical subunits: the
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former has four subunits only one of which contains biotin

(GregOlin et aL.,1968), and the latter is a tetramer composed

of two kinds of subunits, only one of which contains biotin

(Inoue and Lowenstein, Ig72). A major difference is apparent

between the enzlzmes from bacterial and vertebrate origin'

The biotin containing subunits of Eseheriehia eoLi acetyl

coA carboxylase and transcarboxylase are small (molecular

weights 12r000 and 20,000 daltons respectively; Gen^¡in et aL"

Lg6g; FalI et aL., lgTL) whereas those from avian liver

and rat liver acetyl coA carboxylases have molecular v"eights

of approximately 100r000 and 120,000 daltons respectively

(Gregolin et aL., 1968; Inoue and Lowenstein, L972) '

VertebrateacetylCoAcarboxylaseprotomers

(i.e., 50o,0oO molecular weight species) have been shor,'¡n to

spontaneously aggregate to form filamentous structures (cf'

I"Ioss and Lane, 1971). Catalytic activity of the chicken

liver enzyme is associated' only with the aggregated' form

(Moss and Lane, L972a). .The protomer : polymer equilibrium

is strongly influence by ligands, such as the activator

citrate which favours the polymeric form'

ThesubunitcompositionofpyruvatecarboxylaSes'

which is somewhat contentious at present, and the functional

importance of the quaternary structure, are discussed in

section I.2.7 -
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L.2 THE PYRWATE CARBOXYT,ASE REACTÏON IVlETABOLTC

SIGNIFICANCE

t.2.L. Distribution

Since its discovery in chicken liver mitochondria

(utter and Keech, 1960 i Lg63), pyruvate carboxylase has been

isolated from a wide variety of animal and microbial sources'

In vertebrates it. is predominantly located in the gluconeo-

genic tissues of liver (xeech and utter, 1963) and kidney

(LingandKeechrLg66)rbutoccurstoalesserextentin

adipose tissue (wise and Ball , !964), mammary gland (GuI and

Dils , L96g) and brain (salganicoff and Koeppe, 1968). The

enzyme occurs largely, íf not wholly, in the mitochondria'

and has been shown to be confined to the mitochondrial matrix

in sheep liver (raylor et aL., 1971). The properties of the

chicken liver enzyme which has been studied in some detail'

and of pyruvate carboxylases in general, have been recently

reviewed (utter and scrutton, 1969; Scrutton and Young,

L972) .

L.2.2. The Reactíon

Pyruvate carboxylase is one of the group of biotin-

containing carboxylating and transcarboxylating enzymes (cf '

section 1.I). In all pyruvate carboxylaseb so far examined

the overall reaction (equation 1) can be split into two

partial reactions (equations 2 and 3) on the basis of isotopic

exchange studi-es (Scrutton et aL., L965; Seubert and Remberger,

1961¡ Cazzul:o and Stoppani, L967¡ Gailiusus et aL.,1964).
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The chicken liver enz)rme-carboxybiotin intermediate has been

isolated (Scrutton et aL-, 1965) '

Mg'*,
acetyl CoA

ATP f HCOg + pyruvate ADP + Pi + oxaloacetate (1)

ATP+HCO3 *E-biotin ADP + Pi + E-biotin-CO2 Q)

E-bioËin-COz * PYruvate oxaloacetate + E-biotin (3)

Theenzlrmecatalysesisotopicexchangereactions

between ATp and [32pi] in the absence of pyruvate, and' between

Il4CJ-pyrurrate and oxaloacetate in the absence of other

Components of the reaction mixture. Pyruvate carboxylase

preparations from chicken liver also catalyse an exchange

reaction between [32p]-ADP and ATP which is dependent only

on the presence of Mg'* (Scrutton and Utter, 1965b). This

suggests that equation (2) can be further subdividied; however,

this exchange is considered to be not on the main reaction path-

way (Scrutton and Utter, 1965b). The reaction mechanism is

discussed in more detail in ChapÈer 3.

þlgr* performs a d.ual role in that it complexes with

ATp4- to form MgATp2-, the true substrate, and free ¡lg'* also

activatestheenz]rme(xeechandBarritt'L967;McClureetaL.,

L97La) and is essential in the case of the sheep kidney enzyme
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(gais and Keech, 1972).

L.2.3. Acti'ization by AcetYl CoA

It has been reported that acetyl coA is essential

for the enzymic activity of the chicken liver enzyme, and

that its effect is confined to the first partial reaction

(equation 2'! (Utter and Keech, L963¡ Scrutton et aL., 1965).

However, this compound g.1so stimulates reaction (3) catalysed'

by the rat liver enzyme (Seufert et aL., I97L; McCIure et aL',

L97Lc), and a low rate of acetyl CoA-independent carboxylation

was observed (¡lcQlure et aL., 1971a). More recently, Scrutton

and Vùhite (L972) have shown that, like the enzyme from sheep

kid.ney (this thesis, Chapter 5i Ashman et aL.' L972) | rat

liver pyruvate carboxylase catalyses acetyl CoA-independent

carboxylation of p1æuvate at a rate which, under optimal

conditions, is approxjrnately 25s" of that observed at saturating

concentrations of the aetivator.

The response to acetyl coA by pyruvate carboxylases

isolated. from micro-organisms varies from apparent complete

dependence on this activator in the case of L}:.e Arthrobacten

globifoz,mis enzylr,e (eridgeland and Jones , L967) , through varying

degrees of activation (50-fo1d for the enz)rme from BaciLLus

sterothermophíLus - CazzuJ'o et aL., L970i 2 to 4-fold for the

enzlzme from yeast - Cazzulo and Stopanni, L967 ¡ Cooper and

Benedict, L966) , to complete independence of this compound

in the case of the enzymes from AspergilLus nigen (Bloom and

Johnson , L962) and Ps eudomonas cítroneLLoLís (Seubert, and

Remberger, 1961).
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The differences in the requirement for acetyl coA

by pyruvate carboxylases from different sources, despite

their colnmon minimal mechanism, make it unlíkely that this

compound forms any covalent intermediate in catalysis. This

is supported. by the absence of incorporation of 1 aC from

IluC]-acetyl CoA into oxaloacetate in the reaction catalysed

by the chicken liver enzyme (Utter and Keech, 1963) ' and by

the failure to observe .exchange reactions ind,icative of

carboxyl or acyl transfer sequences involving acetyl CoA

(Scrutton and Utter, L967).

The increased sensitivity of the chicken Iiver

enzyme to avidin inhibition in the presence of acetyl CoA (Scrutton

and Utter, l-967) | and the facÈ that the K. for this compound'

using the rat liver enzyme is independent of the direction of the

assay and the concentration of other activators and substrates,

irnplies that it acts by causing a conformational change in

the enzyme (McCIure et aL., I971a). Such a conformational.

change has not yet been directly demonstrated for pyruvate

carboxylase from any source.

The sigmoidal response of the reaction velocity to

increasing concent.rations of acetyl CoA originally described

for the sheep kidney enzyme (Barritt et aL., L966) has now

been observed for the enzyme from a number of sources

(Scrutton and Utter, L967¡ Cazzu1o et aL., L970; Seufert et aL.,

L97L) | and. has been interpreted to mean that the activator

bind.s cooperatively at two or more sites per enzyme molecule.

By contrast, the yeast enzyme which is less d'ependent on

acetyt CoA, displays a hyperbolic activation profile under



15.

most conditions (cf . Scrutton and Youn.g, L972, P'27) '

1.2.4. Activation bY Monovalent Cations

Pyruvate carboxylases from a variety of sources

also reguire certain monovalenÈ cations for maximal

activity, although substantial differences in the extent

of activaÈion and the ion specificity have been observed

(reviewed, Scrutton and Young, 1972). Studies with the rat

tiver enzyme indicate that the monovalent cation activation

is predominantly located in the first partial reaction

(equation 2) (¡tcclure et aL., 197Ic). Furthermore, the I(.

value for K* was found to depend on the concentrations of

other activators and. substrates, and to be different for the

fonvard and reverse reactionsr So its role in the reaction

is probably more direct than that of acetyl coA (McClure

et aL,, 1971a).

1.2.5. The Occurrence and Function of Bound Divalent

Cations

chicken liver pyruvate carboxylase has been shown

to contain tight,ly bound Mn2+, which is equÍrnolar with

respect to bound biotin, distinct from the dissociable

divalent cation required for catalysis (section L.2.2) ,

and released only under strong denaturing conditions

(Scrutton et aL., Lg66). fn cond.itions of Mn'* d.f i.iency,

Mg'* is substituted (Scrutton et aL., Lg72) . The enzymes

from turkey, cal-f (Scrutton et aL. t 1972) and rat liver

(l,tcclure et aL., 1971a) have also been found to contain
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bound l'4n2* and./or Mg'*. Pyruva'Le carboxylase from yeast

contains bound zn2r which may be substituted for by Co2*

(scrutton et aL., 1970). Thus, a requirement for a tightly

bound divalent metal ion may be a general property of

pyruvate carboxylases.

The paramagnetic nature of the Mn2* ion has made

possible invest,igation of its interactions with chicken

liver pyruvate carboxyl-ase, and its role in the reaction

mechanism usÍng pulse-MtR techniques (reviewed., Scrutton

and Mildvan, 1969 ¡ 1970). Two approaches have been used:

(i) the effect. of sul¡strates and inhibitors of the reaction

on the proton relaxation rate (PRR) of HzQ in the bound Mn'+

coordination sphere has been examined (lvlild.van et aL., L966) ,

and (ii) the enzyme-bound Mn'* has been shown to affect the

PRR of pyruvate protons when this substrate is bound to the

enzyme (I4ildvan and Scrutton, L967). The results obtained.

from the PRR studies were interpreted to mean that the

t,ightly bound divalent cation is involved exclusively in the

second partial reaction (reactj-on 3), and from the latter

technique the authors concluded, in addition, that (i) the

distance between Inln2* and the methyl protons of pyruvate is

consistent with direct coordination through the carbonyl or

carboxyl group, and (ii) relative to the maximum turnover number

for CO2 fixation, the turnover of pyruvate bound at this

site is rapid. On the basis of these results and further

studies on the effects of oxaloacetate and the inhibitor

oxalate (Scrutton and. Mildvan, L96B) , these workers proposed
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an enzyme-Iutn2*-py=rr6te bridge structure as an intermed.-

iatê ín the reaction sequence (¡,tildvan and Scrutton , L967 ;

Scrutton and Mi1d.van, 1970).

The failure of electron paramagnetic resonance

(EPR) studies to provide confirmation of the proposed model

prompted re-examination of the PRR data (scrutton et aL.,

1973). It was found that, due to the use of an erroneous

value for the correlation time t"r the earlier conclusions

concerning the accessibility of the enzyme-bound Mn2* to

the solvent, and, the existence of direct coordination

between Mn2* and pyruvate were incorrect. Recalculation

using a more accurate value for ," has indicated, in

accordance with the EPR data, that the bound Mn'* is buried

in the protein, and is separated' from enzl'me-bound pyruvate

by approximatery 11å, a distance inconsistent with direct

coordination between the two. Thus, ât present the

function of the enzyme-bound divalent cation is obscure.

L.2.6. Kinetic Studies on the Reaction Mechanism

The literature concerning kinetic studies on the

reaction mechanism of pyruvate carboxylases from various

sources j-s consid.ered. in detail in Chapter 3. The main

conclusions, on1y, are summarised. here.

Detailed kinetic studies have been carried out

using pyruvate carboxylases isolated from Aspergillus niger

(reir and Suzuki, 1969), rat liver (McClure et aL., 1971b)

and chicken liver (garden et aL,, L972), and in each case

the results indicate a non-classical Ping-Pong-Bi-Bi-Uni-
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Uni mechanism. The Ping-Pong nature of the overall

reaction has been clearly demonstrated by the isolation

of the ,carboxybioti-n-enz]¡me complex (Scrutton et aL., 1965)

and the ability of the enzyme to catalyse two independent

exchange reactions (cf . section L.2.2) . Initial velocity

data for pyruvate carboxylases from AspergilLus níget'

(¡'eir and Suzuki I L969) and rat liver (McCIure et aL. ,

1971b) , and proiluct inhibit,ion d.ata for the enzymes from

all Èhrree Sources, are inconsistent with a classical single-

site Ping-Pong mechanisrn. The data indicate that pyruvate

carboxylases have at least two separate sites: one at

which the carboxylation reaction occurs, and one at which

the carboxyl transfer reaction occurs. Simil.arly, kinetic

studies of the mechanism of the related enzlzme transcarboxy-

lase (Northrop, l-969) have indicated a non-classical

Ping-Pong mechanism. Contact between the separate sites

in the active centre is believed. to be achieved by the

carboxyl carrier biotinyl group which is attached to the

protein through a Iong, flexible side chain (section L.1.2') -

Although overall kinetic studies have elucidated

the sequence of substrate bj-nding and product release in

the overall reaction, they have not led to definite

conclusions concerning the sequence of bond making and.

breaking. I{hi1e the init,ial velocity and isotopic exchange

studies of McClure et aL., (1971brc) are consistent with

a-simple concerted, mechanism for the first partial reaction

(ucclure et aL., L97Lc) , such a mechanism fails to account

for the Pi independent. ATP:ADP isotopic exchange catalysed
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by pyruvate carboxylase preparations from some other

sources (Scrutton and Utter, L965b; this thesis, Chapter 3).

Thus, âs pointed out by Scrutton and Young (1972), the

detailed mechanism of the first partial reaction remains

obscure. 
,_

Pyruvate carboxylases from some sources (Taylor

et aL., 1969; McClure et aL., 1-97J,a,b¡ Utter and Fung, L97L¡

Seufert et aL., L97L) -exhibit apparent 'negative cooperativityr
(Levitzki and Koshland I 1969) with respect to pyruvate,

characterised by an inflection point in primary plots of

reaction velocity versus pyruvate concentration, and two

distinct regions in the double-reciprocal p1ot. Possible

explanations for thj-s phenomenon are discussed in Chapter 3.

L.2.7. The Quaternary Structure of Pyruvate Carboxylase

and its Functional Significance

In common with other biotin conÈaining carboxylases

( laoss and Lane, L97L) , pyruvate carboxylases from a variety

of sources are high molecular weight enzlzmes. Pyruvate

carboxylases isolated from chicken liver (Scrutton and

UtLer, I965b), yeast. (Scrutton et aL., 1970), rat liver
(McCIure et aL., L97Ia), calf liver (Scrutton et aL., 1972),

and sheep kidney (eais et aL., 1972) | have sedimentation

coefficients of approximately 15 and molecular weights of
the order of 5001000 Èo 600r000 daltons. That these

molecular weights correspond to the catalytically active

species for the yeast and chicken enzymes was confirmed by

the agreement of these S values with the sedimentation velocity
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of the enzlnnic activity determined by .following the change

in absorbance as the enzlzme was centrifuged through the

reaction mixture (Taylor et aL., L972).

The enzyme from each of these sources appears to

consist of four protomers" Electron micrographs of the

chicken (Valentine et aL., L966) | turkey and bovine liver
(Young et aL. ¡ 1968) , and sheep kidney (gais et aL., 1972)

enz)rmes reveal four subunits in square-planar arrangement

(cyclic symmetry, KLotz et aL., L970). The yeast enzyme is

also a tetrameri however, the monomers appear in rhomboj-d.

array in electron micrographs (Scrutton and Young I L972)

indicating dihedral symmetry. Further evidence for the

difference in quaternary structure between the enzyme

isolated from yeast, and from other sources is the occurrence

of dimers as ínLermediates in the dissociation of the yeast

enzlrme by maleic anhydride (young et aL., 1968), and the

appearance of dimers in electron micrographs (Scrutton and

Young, L9721 , whereas the chicken liver enzyme appears to

dissociate directly to monomers under a variety of

condit.ions (Scrutton and Utter, I965a; Irias et aL., 1969) .

However, recently Sumper and Riepertinger (L972) have shown

the existence of trimers as well as monomers and dimers on

limited dissociation of yeast pyruvate carboxylase, a

finding indicative of cyclic, rather than dihedral symmetry

(Xlotz et aL., 1970). Consistent with the idea that t.he

four subunits are indeed protomers (that is, the basic

repeating unit) of the enzyme, is the finding that these

enz)rmes contain four moles of biotin and four atoms of
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t.ightly bound metal ion per mole (Scrutton and Utter,

1965a; Scrutton et aL., L966t L970, L972; McCIure et aL.,

197la).

In contrast, the cat,alytically active form of the

enzlrme from Pseudomonas eitroneLLoLis has a molecular

weight only about half of that of the other pyruvate

carboxylases described, and contains only two moles of

biotin per moler implying that it is a dimer (Taylor et a.L.,

L972). The differences in the quaternary structures of

pyruvate carboxylases from various sources may be related

to the differences in their regulatory properties, for

example, in their response to acetyl CoA (section 1.2.3).

The rat liver and sheep kidney enzymes have been

studied by polyacrylamide gel electrophoresis in the

presence of sodium d.odecyl sulphate (McClure eÉ aL., L97La¡

Bais et aL., 1972). In both cases, a single band, molecular

weight 125r000 130r000 daltons, was observed., correspondJ-ng

to the protomer. In the case of the rat liver enzlzme,

some evid.ence has been presented that, like some other

biotin enzymes (section 1.1.3), this protomer may consist

of a number of polypeptide chains. The authors report that

when the enzl-me r.t/as denatured in guanid.ine hydrochloride aad

carboxymethylated prior to electrophoresis in the above-

mentioned system, six bands corresponding to molecular

weights of less than or equal to 1301000 daltons were found,

indicating that the protomer is composed of at least three

polypeptide chains.

The observation of a 2.65 species when the chicken liver
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enzyme was centrifuged in the presence' of 0.4 M sodium

dodecyt sulphate has been taken as evidence for dissocia-

tion to ca. 451000 molecular weight subunits (Scrutton and

utter, 1965a). Ho\nrever, recent evidence from this laboratory

(gais and Wallace, L973) has indj-cated that subunit

molecular weights cannot be determined with any accuracy

from sedimentation behaviour in the presence of sodium

d.odecyl sulphate. trrlork in this laboratory (eais et aL-,

L972) has failed, to produce any evidence of the existence

of subunits of molecular weight less than I25,000 daltons

for sheep kidney or chicken liver pyruvate carboxylase.

The avian liver (chicken and turkey) enzymes are

cold labile (Scrutton and Utter, 1965a; Irias et aL., L969¡

Utter and Scrutton, 1969) , the loss of activity being

accompanied by dissociation to 75 monomers. Studies of this

process, which is reversible and enzyme concentration

dependent, have proved useful in und.erstanding the functional

importance of the quaternary structure. Monomers obtained

on cold inactivation are inactive in both the ATP:Pi and

pyruvate:oxaloacetate isotopic exchange reactions, but retain

the apparent capacj-ty to catalyse the ATP:ADP exchange

which is dependent only on Mg2+ (Scrutton and Utter, 1965a).

Whilst acetyl CoA protects t,he enzyme against cold inactiva-

tion on incubation at 2o, it does not reverse the process'

however, both activity and quaternary structure are restored

on warming to 23o, particularly in the presence of ATP.

Many characteristics of cold inactivation are

consistent with a systern involving an equilibrium between
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inactive monomers and active tetramers; however, detailed

examination has shown that the process is more complex

(trias et aL., L969). It has been found that in the

presence of ATP, co1d. inactivation occurs without dissoc-

iation, and reactivation at 23" follows first-order kinetics

indicating the existence of an inactive tetramer,

Dissociation and inactivation of the chicken liver

enzlzme also occurred on raising the pH to 7 .95 (Irias et aL. ,

1969). This process lrras reversed on readjusting the pH to
'7, and hence resembles cold inactivation although some

formation of higher aggregaLes occurred. As with cold

inactivation, acetyl CoA prevented but did not reverse the

inactivation and dissociation which occurred on pH perturba-

tion or treatment with a low concentration of urea.

Other than the avian liver enz)rmes, only Arthrobacter

globiformis (aridgeland and Jones I L967 ) and Aspez,giLLus niger

(feir and Suzuki, 1969) pyruvate carboxylases are known to

be cold labile. Although sheep kidney pyruvate carboxylase

was originally reported to be cold labile (Ling and Keech,

1966), purified preparations of the enzlzme do noÈ have this
property (gais et aL:, 1972) .

L.2.8. Regulation of Pyruvate Carboxylase in Hiqher

Organisms

The location of the pyruvate carboxylase catalysed.

reaction in metabolic pathways is illustrated in Figure 1.3.

The enzyme is involved in gluconeogenesis from 3-carbon
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precursors inciud.ing the amino acids alanine (which is the

main amino acid substrate for liver gluconeogenesis (Fe1ig

et aL., 1970)), serine, tryptophan and cysteine, and.

together with phosphoenolpyruvate carboxykinase circumvents

the physiologically irreversible pyruvate kinase reaction

of the glycolytic pathway. Pyruvate carboxylase can also

have an anaplerotic function (Kornberg, L966) in replenishing

the cit.ric acid cycle intermediates drained of.f into bio-

syntheÈic pathways. The roles of the enzyme in gluconeo-

genesis and lipogenesis (gal1ard and Hanson, L967) may be

considered as special cases of the general anaplerotic

function.

That pyruvate carboxylase acts as a regulatory

enzlrme in uiuo has been demonstrated in 'crossover' experi-

ments on gluconeogenesis from lactate in perfused rat liver

(Exton and Park, 1966¡ l¡Iilliamson' 1967). Changes in the

concentrations of inLermediates after alteration of the

gluconeogenic flux by the addition of fatty acids, glucagon

or insulin to the perfusate showed a crössover point between

pyruvate and oxaloacetate. 'In add.ition, the observation

of Filsell et aL., (1969) that pyruvate carboxylase activity

increases up to five-fold in sheep liver under conditions

of metabolic stress, such as diabetes and. fasting, provides

strong evidence that this enz]¡me is an important metabolic

control point.

From Figure 1.3 t.he need for regulation of pyruvate

carboxylase activity is apparent. (i) Free cycling of the

( pyruvate'--ë oxaloacetate -=-+ phosphoenolpyruvate -ê
pyruvate )



Figure 1.3. The Location of the
Reac on n e

ate Carb lase
l_c Pays

The figure shows the gluconeogeneic and glycolytic
pathways and their relationship to the tricarboxylic acid
lrca) ðycle and the pathways of lipogenesis, fatty acid
synthesis and breakdown, and. amino acid catabolism. Some
key enzlænes indicated are PC, pyruvate carboxylase;
PEP-CK, phosphoenolpyruvate carboxykinaset PDH, pyruvate
dehydrogenase; and CS, citrate synthase.
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pathway would be energetically wasteful since there is

a nêt. hydrolysis of one high energy phosphate bond. per

cyc1e. (ii) Pyruvate carboxylase and pyruvate dehydrogenase'

wÈi"ft are both located in the same subcellular compartment,

compete for pyruvate: pyruvate dehydrogienase channels it

into energ'y producti-on, pyruvate carboxylase into anabolic

pathways.

Pyruvate dehydrogenase requires ttAD* and is

inhibited by its product NADH and at high concentrations
*

of ATP , whereas pyruvate carboxylase requires ATP and is

strongly inhibited by its product ADP (for example, Keech

and Utter, 1963; McCIure et aL., 1971b). Thus the utilisa-

tion of pyruvate by pyruvate carboxylase and pyruvate

d.ehydrogenase is potentially regulated by the adenylate

charge (atkinson and Walton, 1967) and. the related NAD+/NADH

ratio (Krebs and Veech, 1969), so that under conditions of

high energy charge the biosynthetic pathway would be

favoured, and conversely, 1ow energy charge would favour

channeling of pyruvate through pyruvate dehydrogenase for

energy production.

The other important control is that exerted by

acetyl CoA which is a strong activator of pyruvate carboxy-

lases from vertebrate sources (cf . section L.2.3) , and is

a product inhibitor of pyruvate dehydrogenase. This

*fnactívation of pyruvate dehydrogenase involves phospho-
rylation of the enz]¡rne by an ATP-dependent kinase,
Lim et aL. , L969 .
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control h¡ould. be particularly important when fatty acid.s

$/erä being metabolised generating acetyl CoA, and would

ensure that. pyruvate was channeled into the production of

oxaloacetate rather than into acetyl CoA. Acetyl CoA

concentrations have been shown to undergo considerable

fluctuations in perfused. rat heart. supplied with different

metabolic substrates (Randle et aL., 1968).

For the abovementioned controls to be effectíve

in uiuo, the enz)¡mes must respond to changes in the

concentrations of the metabolites concerned within the

physiological range. Uncertainty as to the concentrations

of substrates and effectors in the particular cell compart-

ment, and the necessity for using enzyme concentrations

far below physiological leve1s (ca. tO-s ¡'t) in in uitto

experiments, makes extrapolation of conclusions from these

experiments to the whole celI unreliable. ülhich of the

potential controls of pyruvate carboxylase activity are

mosË important in uiuo is still contentious (for example,

compare the conclusions of Walter and Stucki (1971) and

McClure and Lardy (1971) for the enzyme in rat liver).

1.3. ÃPPROACTIES TO THE STUDY OF ENZIð{E 'AC'TIVE- CENTRES

1.3.1. The Active Centre

A thorough understanding of enzlzme catalysis

requires a knowled,ge of the amino acid residuesand cofactors

(if any) involved, and how they effect catalysis.

The tactive centrer of the enzyme, that is, the

amino acid sequences that contribute direetly to substrate
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binding and bond breaicing and formation, is qenerally

con'sid.ered. to be a relatively small region of the protein

moIecule, highly localised in the tertiary (alÈhough not

necessarily in the primary) structure (for example,

Koshland, L960) " In some cases it has been possible to

remove large pieces of the protein molecule without

affecting catalytic actívity: for example, papain (Uiff

and Smith, !956) , myosin (Szent-Györgyi, 1953), and

enolase (nylander and l4alenstrom, 1959). The bulk of the

protein molecule presumably serves functions such as

maintaining the correct conformation of the active centre,

regulatJ-on of activity by binding effector molecules and

mediating the conformational changes induced, and in

correct placement in the ceIl (for examPle, membrane attach-

ment and formation of multienzyme complexes) '

A study of the active centre involves both

structural and d.ynamic aspects. The former includes identi-

fication of the amino acid residues (and cofactors if any)

responsible for specific substrate binding and bond' changes,

and determination of their arrangement in both the primary

and tertiary structure of the enzyme' The latter consists

of determining the mode and sequence of interactions between

active centre residues and substrate molecules, and from

this, developing a rat.ionale whj-ch can explain the velociÈy

of the enzlzme catalysed reaction.

L.3.2. X-ray Crystall phv

X-ray diffraction analysis of protein crysLals, l-n
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conjunction wit.h amino acid sequence determination provid.es

the -most complete informatíon on enzyme structure. X-ray

crystallography of proteins has been the subject of a

number of recent reviews (Davies, L967¡ Stryer, I968a;

North and Phitlips, L969¡ Eisenberg, 1970).

The structures of myoglobin (Kendrew et aL., L960¡

Kend.rew, L963), lysozyme (glake et aL., 1965 , 1967; phillips,

1966 , L967) , chymotrypsin (l,tatthews et aL., 1967; Sig1er

et aL., 1968), carboxypeptidase (r,udwig et aL., Lg67; Steitz
et aL., L967), ribonuclease A (Kartha. et aL., L967) and

ribonuclease S (Talyckoff et aL., 7970) have all been determined

to 2.0 Â resolution, enabling precj-se location.of the

individual atoms and yielding a great deal of information

about the active centres and catalytic processes of these

enzymes. The largest of these is carboxypeptidase (molecular

weight 34,600). The structures of haemoglobin (molecular

weight 64r000 (Perutz et aL., t968arb) and. the M4 isoenzyme

of tetrameric lactate dehydrogenase (molecular weight L40ro00)

(edams et aL.,1970) have now been solved to 2.8;, resolution.
In many cases it is'possible to prepare crystals

containing enzyme-substrate analogue complexes, and from these

the active centre can be precisely located anc defined. The

picture gained. is essentially a static one, but varuable

information on the dynamics of catalysis can often be inferred.
In the case of cl-chlzmotrypsin the binding site of the aromatic

side chain of the substrate is the 'tosyl holer, explaining
the observed substrate specificity of the enz]¡me (Birktoft
et aL, 1970). The bonding between amino acid residues in the
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active centre of this enzyme, determined from their

locations in the 3D map, explaì-ns why ser-Ì95 which forms

a covalent intermediate with the substrate, is such a

powerful nr.rcleophile (glow et aL. ' L969) .

The interaction of an enzyme with its substrate

can be studied. by comparing the electron density maps obtained

from diff,raction patterns of the enzyme in the presence

and absence of a subs.Èrate analogue - the rd'ifference

Fourier' Lechnique (cf. Stryer et 4L.o L964; Davies, L967i

Eisenberg, 1970) . By this technique it is possible to

detect a half-angstrom movement of a single atom in a

protein. Results obtained using this technique strongly

support Koshland's concept of a flexible active site

(Koshland, 1960). For examPle, in the binding of 91ycy1-L-

tyrosine to carboxypeptidase A, the phenyl group of a tyrosine

side chain which is kno'¡n to be important in catalysis r moves
o

through 14 A (neeke et aL., 1967).

An important generality which arises from these

studies is that the active centre is not made up of a single

region of the potypeptide chain, but a number of regions

brought i¡rto proximity by the folding of the chain into the

tertiary structure.

The application of the X-ray d.iffraction method is

limited. The most obvious problem is that not all enz)zmes

yield suitable crystals. Furthermore, the isomorphous heavy

metal derivatives necessary for ful1 structure determination

are often difficult to obtain. Even when these problems are

overcome, the amount of work involved is very great. These
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technical problems are discussed by Blqw (1969) - With

currênt techniques, high resolution X-ray diffraction cannot

be applied to very large proteins. The size of the

reciprocal lattice (which corresponds to the diffraction

pattern obtained) is inversely Proportional to the size of

the unit cell of the protein crystal: X-ray crystallography

is now limited. to proteins which have unit cells with edges not

more than 300 to 400 Å (Stryer, I968a; Eisenberg, 1970) '

The comparability of the tertiary structure of a

protein in the crystalline state and free in solution is

often questioned. It must be remembered, however, that

protein crystals contain 40 60% by volume of the mother

liquor, and most of this is in a disordered liquid state

filling regions between the protein molecules, so that the

environment of the protein molecules in the crystal is not

very different from that in solution. Furthermore' some

proteins crystallise in several different arrangements and

the conformation of the individual molecules is very similar

in atl cases, indicating that the molecules are not

appreciably d.istorted in the crystalline state (Eisenberg,

L97O'). The slow rate of diffusion of substrate into and

products out of the crystal has limited direct comparison of

enzymic act.ivity in the crystal and in solution. Rossi and

Bernhard. (1970) have overcome this problem by studying the

.self-catalysed hyd.rolysis of a chromophoric acyl chymotrypsin

derivative. They found that the rate of hydrolysis'

as well as the conformation of Èhe active centre as judged

from the distinctive UV absorption spectnrm, hlas identical in
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the crystal and in free solution.
' An important benefit which has come from complete

structure determination of a number of enzymes is that it

has provid.ed a basis for assessing other methods of studying

enzyme structure and function. A detailed comparison of

the results obtained from chemical modifi-cation studies and

X-ray crystallographic studies on ribonuclease, chymotrypsin

and lysozpe has been.presented by Spande et aL. (1970) who

conclude that the X-ray d.iffraction studies have 'vindicated

most of the tabour that went into chemical modification for

t.he study of active sites and the mechanism of action of

enzymes and hormonesI.

1.3.3 . Chemical Modification

covalent modification has been widely used as a

probe of protein structure and function. In ord'er to obtain

information on the function of particular amino acid

residues, limited and selective modification is necessary'

To this end two basic approaches have been used.

(a) The use of r".g"rrt= which are specific for a given

kind of amino acid sid.e chain has been reviewed by Cohen

(1968 , LgTO) , Hirs (Lg67) , Vallee and Riordan (L969) , Glaser

(1970) and Stark (1970). Most chemical modification

reactions depend on the nucleophilic attack of lone pair

electrons of S, O or N atoms of amino acid' side chains on

electrophilic centres in the modifying reagent. A consequence

of this basically similar mode of action is that few, if

âDyr of the reagents used. are completely specific for a
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given type of amino acid. side chain, al.though the reactj-on

can åften be made more selective by the appropriate choice

of pH. For this reason, and, also because the reactivity of

amino acids in proteins differ from those of the free

compounds, it is essential- that the modified group (s)

should be directly identified in each case-

In limited modification studies, use is made of

the enhanced reactiviLy of certain residues to obtain

selective reaction at one or few positions. The enhanced

reactivity of some residues, which are frequently, although

not necessarily catalytically important, Ís often due to a

perturbed pKa value due to the micro-environment of the

particular residue in the protein. For example, the inter-

action of his 57, ser I95 and asp 102 in the actj-ve centre

of chymoÈrypsin leads to an increased proportion of the

serine side chains in the -CHz-O form in the region of

the pH optimum (glow et aL., f969). Similarly, thiol group

in papain (Barel and Glazer, 1969) and a lysine e-amino

group in bovine RNAase (Murdoch et aL,, 1966) have pKu

values substantially below those normally observed for these

groups. Selective reaction wíth a particular side chain may

also be due to favourable steric factors and a suitable

distribution of polar and non-polar regions on the protein

and the reagent (cf., Cohen' 1968).

Kinetic criteria for ascertaining the number of

catalytically significant groups per active centre which

are affected during a modification reaction have been

defined. by Ray and. Koshland. (1961) and extended. by Levy
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et aL. (1963) and Keech and Farrant (1968). This approach

has the advantage that it can be applied to relatively

impure enzlzme samples; however, it is always desirable to

correlate the results obtained in this way with direct

studies on the stoichiometry of the modification reaction'

(b) Affinity labelling involves the use of modifying

reagents which are active centre directed by virtue of

their structural r"=e*blance to substrates or other

ligand.s. This approach was first used. in 1962 by several

groups (Wofsy et aL., 1962; Lawson and Schramm, L962¡

Schoetlman and Shaw, Lg62) and has been recently reviewed

(Singer , L967; Baker, L967; Shaw, L97 Oa'b).

A characteristic of the reaction of an affinity

Iabel with a protein is that it exhibits saturation kinetics

(KÍtz and. vüilson, L962), that is, a Michaeli-s-Menten type

curve for mod.ification rate versus modifier concentration.

Such kinetics imply a mechanism of the type

k2 E-r
modified

enzyme
comPlex

with the formation of a reversible EI complex prior to

covalent attachment. The K* for this complex and the

limiting velocity of inactivation , kz, can be determined

from the abscissa and ordinate intercepts respectively of

the Lineweaver-Burk plot.

E+T EI
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rn contrast to the type of modification described

in (a) where the selectivity of the reagent is maximised,

with affinity labe1s it is desirable to have a relatively

unspecific aroup which will react with whatever group is

appropriately situated. in the binding site- The most

commonly used reactive groupings for affinity labelling

are diazo compounds and halomethyl-ketones (Shaw, L9-l 0arb).

A new development of the affinity labelIing technique is

photo-affinity 1abe1ling, the generation ì'n situ of a

highly reactive compound by the actj-on of light (shafer

et aL., 1966). Although only ljmited success has been

achieved so far, this approach offers the possibility of

identifying unreactive groups such as alanine (Vaughan and

lVestheimer, L969) in the active centre.

Even when selecti-ve modification of one or few

amino acid residues in a protei-n is possible, interpretation

of the location and function of that residue may be diffícuIt.

lrlhere there is some residual activity it may be possible to

associate the modified. group \,fith a particular substrate

binding site by kinetic studies (for example, Knowles, 1965;

Schramm and Lawson, L965), but in the case of total

inactivation, this can only be inferred from protection by

a substrate or reversible inhibítor. In the case of an

affinity label this problem is largely overcome. A serious

problem in interpretation of the effects of chemical

moAification arises as a result'of ttre introducLion

of relatively bulky groups which *ty/.tute steric hindrance

or conformational changes in the active centre. Photo-
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oxid.ation of specific residues (cf ., Ray, 1967 ) is particularly

useful in that this problem is avoid.ed. The uses and limit-

ations of chemical modification studies are discussed in

detail by Cohen (1970).

1.3"4. The Use of Analogues

Substrate analogues other than those which become

covalently bound to the enzyme have been used to determine

the specificity of the "enz)ryne-substrate interaction and. the

kind of binding involved.. I"lore recently, they have been

used to map active centres and to determine the way in which

substrates are distorted when bound to enzymes, facilitating

bond making and breaking. These methods alone do not give

information on the precise amino acid composition of the

active centre, but give a valuable guide to the shape of the

active centre and the kind of binding involved

Meister and his coworkers (Meister, L968; Gass and

Meister, L970) have attempted to define the active centre of

ovine brain glutamine synthetase by systematic variation of

the structure of substrates and inhibitors which are glutamate

analogues. The glutamate molecule is bound at the active

cenÈre in a fully extended conformation, with the two carboxyl

groups as far apart as possible. Appropriate analogues capable

of extending over this distance are effective inhibitors;

smaller ones are not. Some -H atoms may be replaced by

methyl groups without loss of activity, and in the proposed

substrate conformation these all point in one direction, avray

from the active centre c1eft. The y-carboxyl group, which
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subsequently becomes phosphorylated by AlP to give the acyl

phosphate intermediate' seems to be involved in specific

binding to the enzyme.

Use of a large number of inhibitors, both reversible

and irreversible, and reactivators has enabled the enzlzme-

substrate binding characteristics and the topography of the

active centre of acetyl cholinesterase to be determined using

impure samples of membrane bound enzlzme (Wilson , L962) . The

enzyme active centre has been shown to have an esteratic site

(where hydrolysis of the substrate occurs via an acetyl-serine

intermediate) and an anionic site which specifically binds the

quaternary amino group of the substrate. The two sites are

separated by about 5 å,.

1.3.5. other Physical Methods

While the most successful physical method so far

used in ttre study of enzyme active centres has been X-ray

crystallography, other approaches including nuclear magnetic

resonance (uun¡, fluorescence and electron paramagnetic

resonance spectroscopy have provided useful information in

some cases. These methods have the advantage that. they can be

used on açßreous enzlzme solutions. Furthermore, all are non-

destructive and can be used with minimal perturbation of the

system under investigation.

The potential uses and limitations of the NMR

technique in protein chemistry have been discussed by Roberts

and. Jardetzky (I970) and Jardetzky and Wade-Jardetzki (1971).

I{hile other atoms (or their isotopes) can be observed using
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NllR, the signal for a protein is predomínantly derived from

its H.atoms, and the characteristics of the resonance signal

for a given hydrogen nucleus depends on its particular

microenvironment. Thus, in principle the NMR technique can

give compl-ete structural information about a protein

mo1ecule. In practice, however, the NMR signal of a protein

is too compl-ex to permit resol-ution of individual resonances /

except in sorne cases where signals from histidine residues,

which tend to be separated from the more complex part of the

spectrum, can be identified. Roberts and Jardetzky (1970)

conclude that 'the 3-dimensional structural information

obtainable by NMR in the forseeable fuiure d.oes not approach

that derived from X-ray diffraction'.

Eowever, useful information on the structure of

enzyme-substrate complexes has been obtained using this tech-

níque. Mead.ows et aL. (1969) have examined the nature cÉthe

bind.ing of substrate to RNAase. These authors used. X-ray

diffraction data to interpret their results, illustrating the

complementary nature of the two techniques. Thus, rapid and

direct observation of an interaction between groups using

NMR can be used. to confirm the mechanistic implications of the

known three-dimensional structure.

Another potentially useful technigue in active centre

mapping is fluorescence spectroscopy. Since the quantum yield

of a fluorophore is highly sensitive to the polarity of its

environment, a fluorescent probe bound covalently or non-

covalently can give information on the overall polarity of a

binding site, for example Stryer (1965) using the probe
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l-anilinonaphthalene-8-sulphonate showed that the haem

binding site in haemoglobin is highly hydrophobic. rn

add.ition, non'radiat j-ve energy transf er between two f luoro-

phores (recently reviewed by steinberg, I97L) is possible over

the range r0 to G5 å arr¿, since the efficiency of transfer is

proportional to 1rl (distarr"") 6, this can be used' as a

'spectroscopic ruler' (stryer and Haugland't L967). However,

the interpretation is complicated by the fact that the

transfer efficiency is also dependent on the relative

orientation of the two fluorophores (stryer and Haugland,

Lg67; Stryer , L968b). An example of energy transfer between

intrinsic fluorophores in an enzyme is the transfer (with an

efficiency of 338 from a tryptophan residue to pyridoxal

phosphate in phosphorylase b (Cortijo et aL', L97L)'

The use of spin labelled reporter groups provides

a method of measuring trr*e distances of up to ca 15 Å between

groups in the active centres of enzymes' use may be made of

exogenous spin-label]ed probes (Hamilton and Mcconnell, 1968)

or endogenous probes such as bound. paramagnetic ions (for

example, ScrutLon et aL., 1973l- cf. this thesis, section

L.2.5.). The distance between two paramagnetic species can

be determined from the extent of their d.ipolar interaction as

índicated by changes in their electron paramagnetic resonance

(uen¡ sígna]s. Dipolar int,eraction between a paramagnetic

probe and hydrogen atoms of nearby groups can be observed due

to its effect on the proton relaxation rate (enn¡ of these

atoms.



39.

1,3.6. Conclusions

' An examination of the results for those enzymes

which have been studi-ed in detail by both chemical and X-ray

diffraction techniques makes it quite clear that the two

approaches are complimentary and the most unambiguous results

are obtained by their use in conjunction (cf. , Spande et aL.,

IgTO; Cohen, J-97O). HohTever, even where X-ray diffraction

d.ata is not availabler,,useful and often clearcut information

can be obtained from chemical studies about the role of

functional groups in the reaction mechanism (for example,

aldolase: Horecker, 1970) .

Of the tlvo classes of covalent labelling reagents,

the affinity labels have the advantage that a specific region

of the active centre can be aimed for rather than arrived at

by trial and error. A study of the structural requirements

for effective non-covalent binding of substrate analogues,

Lo determine at what position substitution of the reactive

grouping is most like1y to be successful, may be a useful

preliminary to the preparation of possible affinity Iabels,

and can give, in ad.dition, information on the overall shape

of the active centre.

Chemical modification studies, particularly where

bifunctional reagents are used (for example, Myers and Hardman,

1-97l-) and the primary sequence is known, can also give

information on the tertiary and quaternary structure of

enzymeS.

At the present time, physical methods other tha.n

X-ray d.iffraction do not give d.etailed information on the
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sÈructure of proteins, but are useful adjuncts to chemical

and crystallographj-c studies.

L.4. THE AIMS AND FTNDINGS OF THE PROJECT

The long-term aim of the project, of which the work

described in this thesis is a part, is to understand the

detailed. mechanism of action of pyruvate carboxylase from

sheep kidney cortical mitochondria. This programme involves

identification of the amino acid residues at the active and

modifier bind.ing sites, and determination of the manner in

which these residues participate in the catalytic process.

A thorough study of pyruvate carboxylase is considered

worthrvhile because of its important role in the control of

nietabolic processes. Furthermore, a knowledge of the molecular

basis of the catalytic and regulatory properties of the

enzyme will be of general use in understanding the mechanism

of action of complex multisubstrate enzymes. Some character-

istics of the enzyme which are of particular interest are:

(i) it shows complex regulatory behaviour, displaying bot,h

positive and negative cooperativity;
(ii) like some other biotin-containing enzymes, pyruvate

carboxylase has an active site which apparently consists of

two spatially separate regions

(iii) it couples COz fixation with ATP hyd.rolysis. Eluciation

of the mechanism of this reaction will contribute to our

understand.ing of energy coupling reactions in general.

Although similar studies have been reported for
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pyruvate carboxylases from other sources, it has been

necesbary to investigate the overall sequence of events in

the enzyme catalysed reaction as a prerequisite to more

detailed studies on the function of specific residues in

catalysis. The kinetic studies (initial velocity, prod.uct

inhibition and isotopic exchange) indicate that the reaction

catalysed by sheep kidney pyruvate carboxylase is similar

to that described for the enzyme from other sources

(McClure et aL., 1971b; Bard.en et aL., 1972) in that it

follows a non-classical ping-pong-bi-bi-uni-uni mechanism.

fn addition, the nature of the first partial reaction,

the mechanism of which is poorly understood, has been

examined by the use of analogues of ADP, and of a possible

intermediate or transition state. No evidence has been found

for ATP hydrolysis and phosphoenzl-me formation as the first

step in the reaction. The results obtained are consistent

with transient formation of an enzyme-bound carbonyl phosphate

intermediate, oE with a concerted. reaction in which HCO3

interacts directly with the y-phosphate group of ATP.

The nature of the activation of the enzyme by its

allosteric effector acetyl CoA has been investigated. Although

the enzl.me h/as previously thought to have an absolute require-

ment for this activator, it has now been shown to catalyse the

acetyl CoA-independent carboxylation of pyruvate at a rate

whichrunder optimal conditions, is ca.25? of the rate of the

acetyl CoA-stimulated. reaction. Comparison of the properties

of the acetyl-CoA stimulated. and the acetyl CoA-independent

reactions showed that the activator has multiple effects on
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the enzyme.

' For technical reasons, such as the high molecular

weight of the enz)rme, which preclude the use of high

resolution X-ray crystallography, and because of its relative

ease of application, chemical modification seems to be the

method of choj-ce for sÈudying the active centre. The chemical

modification approach has the advantage that, although pure

protein is desirable Io.r some purposes (for example,

d.etermination of the stoichiometry of the modificatj-on reaction)

useful results can be obtained using relatively impure prepara-

t.ions. Ultimately, this type of study should enable character-

isation of the reaction mechanism at the electron leve1 and,

in conjunction with determination of the complete primary

amino acid sequence and identification of the catalytically

important residues by limit.ed sequencing of the modified

protein, should lead to an understanding of the way in which

the peptide chain is folded in the tertiary structure.

In practice it is frequently not feasible to modify

1003 of enzyme molecules at a single, specific amino acid

residue, and therefore a method has been deveÌoped for deter-

mining the kinetic constants for the reaction catalysed by the

modified. enzyme in the presence of unmod.ified enzyme molecules.

The interpretation of the kinetics of the mod.ified. enzyme in

terms of the function of the affected residue has been

considered in detail.
- Sheep kidney pyruvate carboxylase contains a reactive

lysine residue which can be selectively modified with FDNB or

TNBS (xeech and Farrant, 1968). Although mod.ification resulted
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in almost complete ina-ctivation under the usual assay

condiËions, the activity under optimal cond.itions for acetyl

CoA independent catalysis was undimj-nj-shed, showing that the

modified residue is specifically involved in acetyl CoA

activation. Thj-s conclusion was confirmed by stud.ies on the

effect of mod.ification on the isotopic exchange reacLions

catalysed by the enzyme. Determination of the number of

trinitrophenyl groups attached to the protein indicated

that the change in kinetic properties accompanied the

modification of a single amino acid residue per enzyme monomer.

It remains to be established whether this residue is located

in the acetyl CoA binding site or if it is involved in an

acetyl CoA induced conformation change in the protein.
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2.I Materials

Enzyme s and proteins: It[alic dehydrogenase

(L-rnalate: NAD oxid.oreductase, EC 1.I . L.37 ) f rom pig heart,

glutamic d.ehydrogenase (r,-glutamate :NAD oxidoreducLase

(deaminating) EC I.4.I.2) type II from bovine liver, citrate

synthase (citrate:oxaloacetate lyase (coa acetylating)

EC 4.I.3.7), hexokinase (afp:D-hexose 6-phosphotransferase'

EC 2.7.1.1) type IV from yeast, lactic dehydrogenase

(1,-lactate:NAD oxidoreductase, EC 1.1.1-27 ) type I from

rabbit muscle, glutamic : pyruvic transaminase (L-alan j-ne :

2-oxoglutarate aminotransferase, EC 2.6.L.2) from pig heart,

glutamic :oxaloacetic transaminaSe (1,-aspartate : 2-oxoglutarate

amino-ransferase, EC 2.6.1.1) type It and bovine serum albumin

fraction V were obtained from Sigma Chemical Co., St. Louis,

Mo., U"S.A. Isocitric dehydrogenase (L"-ísocitrate:NADP

oxidoreductase (decaryboxylating) EC 1.1.L.42) e grade from

heart was obtained from Calbiochem (Australia) Pty. Ltd.,

Sydney, Australia, glucose-G-phosphate dehydrogenase (O-glucose-

6-phosphate:NADP oxidored.uctase EC 1.1.I.49) from Boehringer

Corporation (London) Ltd., London, u.K., and avidin from

Worthington Biochemical Corporation, New Jersey, U.S.A.

Radioactive chemicals: [2-L + C]-sodium pyruvate,

[8-r + C] -ADp, [t u C] -NaHCOs and [1 4 C] -BaCOe vùere obtained from

The Radiochemical Centre, Amersham, Eng1and. [32P]-orthophosphate

was 
-obtained from The Australian Atomic Energy Commission, Lucas

Heights, Australia. [1-t'+C]-acetyl CoA was supplied by the

International Chemical and Nuclear Corporation, Irvine,
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California, U.S.A., and. was purified as described in section

2.2 pr-ior to use.

General: ATP (disodium salt, grade I), ADP (disod.ium

salt, grade I), adenosine 5'-phosphcsulphate, CoA (grade I),

carbamyl phosphate, dithioerythritol, DTNB, glutaÈhione, NADH,

NADP, NADPH, oxaloacetic acid, 2-oxogl-utarate, pyridoxal

phosphate, sodj-um pyruvate (type II, dimer free), trinitro-

benzene sulphonic acid (TNBS) and. Trízma base vyere supplied by

Sigrma Chemical Co. Dephospho-CoA was obtained. from P-L

Biochemicals Inc., Vüisconsin, U.S.A., and AOPCP (free acid.)

from Miles Laboratories fnc., Il1inois, U.S.A. TNP-L-alanine,

e-TNP-L-lysine and 2-oxobutyrate were obtained. from Nutrition-
a1 Biochemicals Corporation, Cleveland, Ohio, U.S.A. N-ethyl-

morpholine and 1-anilinonaphthalene-B-sulphonic acid were

supplied by Eastman Organic Chemicals. Special enzyme grade

(nUu¡ zSO+ was obtained from Mann Research Laboratories, New

York, U.S.A., and polyethylene-g1ycol, molecular weight 20,000,

from Union Carbide Corporat.ion. Sodium glutamate and L-lysine
monohydrochloride were obtained from British Drug Houses.

Polymin P was obtained, from Badische Anilin and Soda Fabrik AG,

Germany. POPOP (1 r4-bis-2 (A-methyl-5-phenoxazolyL) -benzene)

and PPO (2r5-diphenyloxazoJ-e) were supplied by Koch-Light

Laboratories Ltd., Bucks., England.

2.2. Preparation and Purification of Acetyl CoA

Acetyl CoA was prepared from CoA by a method similar
to that described by Simon and Shemin (1953). CoA (70 mg)
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v¡as dissol-ved in O.5 mI of HzO and. I dro.p of 0.04% bromthymol

blue indicator added. The solution was neutralized with I M

tris (ind.icator green) and cooled on ice. Sodium borohyd.ride

(3-4 mg) was added, and the solution allowed to stand at 0o

for 5 min. A drop of 6 N HCI rvas added. and, when frothing

subsided, 1 M tris was added until the indicator turned'

gïeen. Redistilled acetic anhyd.rid,e (0.1 mI) was added and

the solution allowed to.. stand at 0o for 2-5 mín, after which

time the pH was adjusted to 6.5 with I M tris. The acetyl

CoA was purified by ascending chromatography for 6 h on

lrlhatman 3 MM paper using isobutyric acid-conc. NH3-H2O

(66:1:33) to develop the chromatograms. The acetyl CoA band

was detected by its absorption of ulLra-violet light. The

band (R, ca. 0.5) was cut out and eluted with 10-s M EDTA,

ioncentrated, and the concentration-adjusted to 5 mM

( t#On* : L6.4¡ Dawson et 4L., 1969). The product, obtained

in 60 703 yield, had a ratio of extinction 232rm/260nm

(thioester/adenine moiety) of 0.575, measured on a Unicam

SP800 spectrophotomeLer, compared with the value 0.53 from

Dav¡son et aL., (1969). Unacetylated CoA was recovered from the

chromatograms and reused.

2.3. Preparation of Irhc]-NaHCo¡ from It4c]-BaCo".

t uco, released from 3 0 mg (ca . mCi) of [r 4 c] -BaCo.

with 5 m1 of 7-Z HC104 was distilled under vacuum and absorbed

in 0.825 mJ. of 0.2 M NaOH, freshly made wíth COr-free water and

standard.ised (108 molar excess). The product was diluted to

50 or 100 Uci/ml (as required) with rcold' 0.2 M NaHCo,
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freshly prepared with boiled glass distilled water, dispensed

and sealed into 2 mL ampoules and stored at room temperature.

The procedure was the same for the preparation of N-ethyl-

morpholine-[ lac] -HCog êxcept that 0.2 M N-ethylmorpholine,

previously redistilled and stored as a I M solution at -15o,

vzas substituÈed for NaOH, and the radioactive product was

diluted with 0.2 M N-ethylmorpholine neutralised by

bubbling with COz.

AIl [1uc]-HCo3 solutions, whether obtained as such

or prepared. from [1uC]-BaCO3, were standardised prior to use.

The 0.2 M It4C]-HCo3- solution was diluted. I/LO3 with O.OI M

NaOH, and.0.05 mI aliguots spotted onto 1 inch squares of

Whatman 3 MM paper which had previously been saturated with

I% BaCl and dried.. The papers were d.ried and their radio-

activity determined as described in section 2.4.

2.4. Counting Procedures

Samples dried on Vühatman 3 MM paper (f inch square)

r^¡ere placed in vials with 2 mI of scint.illation fluid. (0.3u

w/v PPO 0.032 w/v POPOP in sulphur-free AR toluene;

Bosquet and. Christian, 1960) and counted in a Packard

Scintillation Spectrometer (mode1 2002 or 3003) . Vthere

applicable, that is, when the samples contained coloured

material such as dinitrophenylhydrazones, correction was mad.e

for quenching by Èhe channels ratio method. Standard curves

of relative efficiency versus channels ratio $rere obLained

by using a constant amóunt of I I uc] -glucose and various

amounts of dinitrophenylhydrazine on papers and counting as
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usual.. Samples without dinitrophenylhydrazine were assigned

a countíng efficiencY of 100%.

2.5. Measurement of Protein Concentration

protein concentrations were routinely determined

from absorption at 260 and 28Onm using a Hitachi spectrophoto-

meter and applying the data to the formula, for a I cm light
Ipath. 
I

mg/mL = ].55l2g0nm o.76A260nm (tayne , L957) -

2.6. Measurement of vate Carboxylase ActivitY

(a) Cou led s tr rr_c as S stem.

This continuous assay, based on that described by

Utter and Keech (1963), involves red.uction of the oxalo-

acetate produced by the pyruvate carboxylase reaction using

excess malic dehydrogenase with concommitant oxidation of

NADH to NA¡f.

ADP + Pi NADH + H
+

ATP

HCO3 * pyruvate OAA

P.C MDH

The reaction was followed at 340nm in a Unicam SP800 spectro-

photometer with the ceII block thermostatted at 30o. Since

I iole of NADH is oxidised per mole of pyruvate carboxylated,

the rate of reaction foi a I cm light path and I mI reaction

volume is given by

+
NAD

ate
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ao:¿ g*n/min pmol es/min

6.22

where 6.22 is the millimolar extinction coefficient for

NADH at 340 nm (Dawson et aL., 1969).

Assay solutions contained in pmoles, in a final

volume of 1.0 m1: tris (C1 , pH 8.4),100; ATp, 2.5¡ MgC12,

5.0; NaHCO3, 20¡ acetyl- CoA, 0.26; pyruvate, 10; NADH, 0.L25;

malic dehydrogenase, 5 units, and pyruvate carboxylase,

0.025 0.1 unit. One unit of pyruvate carboxylase activity

is defined as the amount of enz)¡me which carboxylates I ¡rmole

of pyruvate per min under these conditions (that is, near-

saturating substrate and acetyl-CoA concentrations) . Using

the literature values for K* and V*_* for malic dehydrogenase,

calculations as described by McClure (1969) predict that 992

of the steady-state rate should be attained within 0.1 sec

under these conditions.

(b) Radio-isotopic assay system.

fn this d.j-rect assay, tuCO, fixed. in an acid-

stable form is measured., while unreacted [14C]-HCOg is

driven off on acidification and subseguent drying on paper

squares (cf., Gailiusis et aL., L964). Assay solutions

contained, in pmoles, in a final volume of 0.5 mI: tris (Cl ,

pH 8.4) , 50; ATP, L.25¡ MgCIz, 2.5: [r"c]-NaHCoe (5 x IOs cpm

per pmole), 5¡ and ca. 0.025 units of enzyme. Under these

conditions the assay is linear for at least 10 min. Unless

otherwise stat.ed, assays r^rere initiated by addition of enzlzme
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and allowed. to proceed. for 5 min at 3Oo in a fume hood before

being quenched with 0.05 ml of. a saturated solution of 2,4-

dínitrophenylhydrazine in 6 N HCI. As well as termínating the

reaction, this reagent d.rives off unreacted [t*C]-NaHCO, and'-

stabilises oxaloacetate as the dinitrophenylhydrazone.

After standing for 30 min in a fume hood, 0.05 ml samples

were spotted in triplicate onto I inch squares of whatman 3 MM

paper, dried for 5 min at 90o, and counted as described in

section 2.4. Quenched assays could be stored overnight at 4o

prior to spotting on, to the papers with negligible loss of

rad.ioactivity. counts \{ere corrected for quenching due to the

coloured dinitrophenylhydrazones using the channels ratio

method, and the triplicate values averaged' Results

obtained in this laboratory (raylor, L97I) have shown that

the apparent discrepancy betvreen rates observed in the isotopic

assay and the coupled. spectrophotometric assay systems (utter

and Keech, 1963) is due to activation of pyruvate carboxylase

by (NH+) zSo,* in the malic dehydrogenase solution.

WhilethespectrophotometricaSsayisrapidand.

gives the results immediately, the isotopic method was found

to be more precise and more convenient for experiments

ínvolving a large number of assays'

(c) Assay of t he enzymic reaction in the reverse direc tion.

The overall reaction in the direction of ATP synthesis

was follolved by coupling with hexokinase and' gIucose,6-phosphate

dehydrogenase (cf., Lamprecht and Trantschold, 1963). The

method involving determination of pyruvate formation by



51.

coupling \,fith lactic dèhydrogenase (gucher et aL.,1963)

Ì^ras found to be unsatisfactory due to too great a rate of

spontaneous decarboxylation of oxaloacetate at pH 8.4 ' 30".

Assays contained, in pmoles in a final volume of

1 ml, tris (CI-, pH g.4), 100; MgCL2, 8; acetyl CoA, 0'25¡

oxaloaceLaLe, 2; phosphate (2X+, pH 8.4 with HCl) ' l0;

ADP, 2.5; NADP, 0.5; gilucose, 10, hexokinase, 10 units, and'

glucoser6-phosphate dehydrogenase, 2 units. The reaction was

initiated by the additíon of 0.1 unit of pyruvate carboxylase

and followed spectrophotometrically aL 340 nm. Calculations

on the doubly coupled system as described by McClure (1969)

and using the literature IÇ values for the coupling enzylnes

predict attainment of 99s" of the steady-state rate within I0

sec. Either oxaloacetate or acetyl CoA was omitted from the

controls. In either case the rate was the same and was noL

more than 10% of rate observed in the complete reaction

mixture.

2.7 . Enz Purification

The purification procedure for pyruvate carboxylase

from sheep kidney cortex mitochond.ria was developed in this

Iaboratory, and is similar to that described by Scrutton and

Fung (L972). (The purification procedure is summarised in

lable 2.L.) For most kinetic studies the Sephadex G-200

step was omitted and the enzyme had a specific activity of

10 Èo 15.



52.

Preparation of sheep kidney cortex mitochondria:

' Fresh sheep kidneys were placed in ice on removal

from the animals, and kept at 40 during aI1 subsequent steps.

The cortex was dissected away from the medulla, and homogenised.

in a Wari-ng blendor with 400 m1 of A.25 M sucrose - 10-4 l,t gotA

per 100 gm of tissue for 20 sec at low speed and 10 sec at

high speed. The homogenate was centrifuged at 600 g for 20

min in a MSE Mistral 6L.,centrifuge. Sedimented. material was

resuspended in approximately half the volume of the original

homogenat.e and recentrifuged. The supernatants \,rere combined

and centrj-fuged at 23,000 g for 15 min in a MSE HS1B centrifuge.

The mitochondria hrere suspended. in I0-4 11 EDTA (half the

volume of the original homogenate) and recentrifuged at 23,000 q

for 15 min. The washed mitochondria were suspend.ed in a small

volume of 1O-4 M EDTA, frozert rapidly in an ethanol:dry ice

mixture and freeze-d.ried. The mitochond.rial powder was stored

dessicat.ed at room temperature. The yield from 50 kidneys

was approxìmately 90 g of dry mitochondrial powder.

Initial extraction:

This and subsequent steps were carried out at room

temperature; 90 g of mitochondrial powder was added with

stirring to 1300 mI 0.025 M tris (acetate, pH 6.7) containing

1.7 mM ATP and 3.4 m[,] MgCIz and the pH maintained at 6.5 to 6.7

wit.h I M tris. After stirring for 15 min, the preparation was

centrifuged at 23,000 g for 20 min. The pH of the supernatant.

was adjusted to 7.0 with KOH.
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TABLE 2.L. PU RIFTCATION OF PYRUVATE CARBOXYLASE FROI4

SHEEP KIDNEY CORTICAL MTTOCHONDRTA.

Details of the purification procedure, starting wj-th

90 g of dry mitochondrial powder, are given in the text.

ExcepÈ where otherwise indicated, enzlzmic activity was

determined using the spectrophotometric assay procedure.

Acetyl CoA was omitted from the control assays.

Step

crude extract*

25e" (NH,*) zSO+*
supernatant

33 A (NHq ) zSO +

precipitate

polyethylene
glycol precipitate

DEÀE Sephadexf
eluate

Sephad.ex c200

eluate

t

protein
mg

16 ,8 00

lo,4 0o

1,910

1,160

47.9

r1.3

1,540

1r305

L,L25

837

50r

260

0.09

0.13

0.59

0.72

10.5

23 .0

yield
z

100

85

73

enzlzme units specific
activity

54

L7

33

*
assayed by the isotopic method.

t highest specific activity fractions on1y.
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Ammonium sulphate frac tionation:
. To the supernatant from the initial extraction,

solid (NHq) zSO,* (L4.4 g per 100 ml) was slowly added to give

a 252 saturated solution while t,he pH was maintained at 7.0 by

the addition of I M KOH. After stirring for 15 min, the

preparation was centrifuged at 23,000 g for 15 min. The

precipitated material was discarded, and to the supernatant

solution, solid (NH+) zSO+ (5 g per 100 mt) was slowly added to

give a 33U saturated solution, while the pH was maintained as

before. After centrifuging aL 23,000 g for 15 min, the precip-

itate was dissolved in buffer A (0.02 M phosphate (K+, pH 7-2)

containing t Z (v/v) sat,urated (NH+ ) z SO+ , 10-4 M EDTA, and 1O-4¡'t

DTE) to give a protein concentration of approximately 7 mg per

ml.'

Polyethylene-gIycol fractionaÈion:

To the enzlzme solution, 15.5 g of solid polyethylene-

glycol per 100 mI was added and the mixture stírred until aII

the polyethylene-glycol had. dissolved. The turbid preparation

was centrifuged at 23,000 g for 15 min. The precipitate was

dissolved in 90 mI of buffer A (1 m1 per I of mitochondrial

powder extracted) using a Potter-Elvehjem homogeniser (by hand)

and. recentrifuged to remove any insoluble material. As well

as effecting a purífication, this step red.uced the (NH,-) zSO+

concentration to a level acceptable for the subsequent ion-

exchange chromatography step.
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DEA-E-Sephadex A-50 chromatograPhY :

The supernatant was applied to a column (20 cm x

4.6 cm d.iameter) of DEAE-Sephadex A-50 previously equilibrated

with buffer A, and eluted with a tinear (NH+) zSOq gradient (lU

to 6Z saturated solutions) made from 450 ml each of the buffer

A and buffer B (0.02 M phosphate (K+, pH7.2) containing 6z

(v/v) saturated (NH,*) zSo,* solution, 10-t I,l E¡TA .rrd 5 x IO-at't

DTE) . Approximately 15 ..ml fractions were collected and assayed

for enzymic activity and protein concentration. Fractions

containing the highest specific activity enzlzme were pooled

and the protein precipitated by the addition of solid (¡UH'*) zSO,*

to 452 saturation while the pH was maintained at 7.2 wíEt: KOH.

The precipitated protein was collected by centrifugation at

23,000 g for 20 min, and. dissolved in a minimal volume of

buffer A for Sephadex G200 chromatography or in storage

buffer (cf. below) and snap-frozen in an ethanol-dry ice

mixture.

Sephadex G-200 chromatography

One to two mI of concentrated enzyme in buffer A or

storage buff er was apptied to a column (52 cm x 2.'1 cm diameter,

void. vol'ume 70 mI) of Sephadex G-200 previously equilibrated

with buffer A, and eluted with the same buffer at a flow rate

of 20 m1 per h. Two to three mI fractions \^/ere collected, and

assayed for enzymic activity and protein concentration. Peak

specific activity fractions u/ere pooled and the enzyme precipitated

and stored as described above.
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Storage:

' The enzyme could be stored at -15o in storage buffer

(0.1 M phosphate (K+, pH 7.0) containing 1.6 M sucrose and. LZ

(v/v) saturated (Nlt,r) zSO+) for several months with negligible

loss of activity" Enzyme diluted in 0.02 M phosphate (K+,

pH 7.2) containing 0.1 M Kcl, 10-'* M EDTA, IO-a M DTE and 2.5

x 1O-4 M acetyt CoA could be kept overnight at 40 without loss

of activity.

2.8. thesis of t - s 2pl -ADP

[ß-32P]-ADP was synthesised from the AMP-morpholj-date

and. [32p]-orthophosphate as described. by Slzmons (1970). After

removal of It'p]-orthophosphate by adsorption and elution

from octan-2-oI treated charcoal, the crude product was

purified by descending chromatography on Whatman 3 M!1 paper in

isobutyric aciC - conc. NHs - HzO (66:1:33). The product had

a specific radioactivity of approximately 100 pCi per pmo1e.

2.9. Separation of Radíoactive Nucleotides and. Inorganic

Phosphate

Polyethyleneimine (PEI) ion exchange papers rtrere

prepared from Vthatman 3 MM paper and poltrmin P as described by

Gilliland. et aL. (1966) and. stored in the dark for up to six

months. Radioactive samples (10 or 20 Ul) were spotted on to

25 x 18 cm PEI papers (5 per sheet) together with 10 UI of

cold carrier (5 mM in each of ATP, ADP and Pi). Chromatograms

\^rere d.eveloped. in freshly prepared. 0.2 M NHqHCO3 in an open

tank for 45 min. Nucleotide spots were located by their



Figure 2.LA Separation of Radioactive Nucleotides

and Inorqanic Phosphate by Chrornatography

on PEï Papers

Rad.ioactive samples v¡ere subjected. to chromatography

on ion-exchange papers as described in sectj-on 2.9. The

shaded areas ind.icate regions of absorption of ultra-vio1et,

light; the lines indícate radioactivity.

Figure 2.LB Separation of the Transamination Products

from ate:Oxaloacetate Exch e Assa S

By Hiqh Voltaqe Electr ophoresis

The procedure is described. in section 2.13.

Shaded areas indicate marker compounds, alanine and aspar-

tàte (ninhydrin positive). The solid line shows the

distribution of radioactive material from a transaminated

exchange assay. The broken line indicates the d.istribution

of radioactivity in the transminated zero enzyme control

sample, and shows the slight contamination by para-pyruvate

which moves in a similar position to aspartate.
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absorption of ultraviolet light, and together with 3/4"

strips from the region where Pi runs, cut out and' counted as

descrj-bed in sectj-on 2.4. Separation of ATP' ADP and Pi from

the exchange assay mixture (cf . sectio¡s 2.I0, 2.LL) is shown

in Fig . 2.IA.

2.L0. ATP:ADP IsotoPíc Exchanqe As say

The basic assay system contained, in umoles, in a

final volume of 0.5 ml: tris (C1-, pH 8.4), 50; ATP' L¡

ADP, 1; MICL2, 4; and enzlrme 1 2 units. Enzyme \^/aS omitted

from the controls. Assays were initiated by the addition of

5 u1 of [ß-32P]-ADP (ca. 0.005 pmoles; 2 x 108 cpm/¡-rmole)

after 10 min equilibration at 30". samples (100 ul) vfere

taken at 5 min intervals and quenched with 0.I ml of ice-co1d

5 N formic acid. samples were kept in ice and, âs soon as

possiJcle, uucleotides were separated for counting as described

in section 2.g. The incorporation of label into ATP was linear

with time over 20 min wiÈh up to 3'6 enzyme units per assay'

2.IJ-. ATP:Pi IsotoPic ssay

Assays contained, in pmoles, in a final volume of

0.5 mI: tris (C1-, pH 8.4),50; ATP' 1; ADP' L¡ MgC12, 4¡

acetyÌ CoA, 0.L25¡ NaHCOg, 1; phosphate (Na*, pH 8.4), 5;

an¿ enzyme 0.5 - 1 unit. Enzyme r47as omitted from the controls.

The exchange reactions were initiated by the addition of 2 - 5

ul of carrier-free Ittp]-H3Po,* (50 - 100 uci/mI) after a 10

min eguilibration period. sampleè (0.1 ml) were taken at

5 min intervals and quenched with 0.1 ml ice-cold 5 N formic
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acid. Samples hrere kept on ice andr âs soon as possible,

ATp and.pi were separated and cor¡nted as described in section

2.9. The incorporation of labe1 into ATP was linear for 40 min

at 0.88 enzyme units per assay.

2.L2. HCOs :Oxaloacetate 'Exchange' Assay

The test system for isotopic exchange between HCOg

and oxaloacetate contained, in pmoles, in a final volume of

0.5 ml: tris (C1-, pH 8.4), 50; oxaloacetate, 1; pyruvate, 1;

NaHCO3, L¡ enzlzme , 0.2 units, and. other substrates and products

as specified in the text, and legends. After a 10 min equil-

ibration period, 0.005 ml of Ir4c]-NaHCog (0.02 ymoles;

2 x L0 I cpm/pmo1e) was added. Samples (0.2 ml) were taken,

quenched with 0.02 ml of a saturated solution of 2, -ð'inítro-

phenylhydrazine in 6 N IIC1, and processed as described in

section 2.6(b) for isotopic assays. Incorporation of laC into

oxaloacetate, where it occurred, was linear with time for at

least 20 min.

2.L3. Pyruvate:Oxaloacetate Isotopic Exchange Assay

. Assays contained, in pmoles, in a final volume of

0.5 ml: tris (Ct-, pH 8.4), 25i pyruvate, 1; oxaloacetate, I;

acetyl CoA (unless otherwise stated), 0.I25; and enzyme, 0.1

units. oxaloacetate solutions hrere prepared and the pH

adjusted to ca. 6 immediatellz bef ore use. After 5 min equil-

ibration at 30o, the exchange reactions hlere initiated by the

addition of 5 UI of sodium ¡2-taCl-pyruvate (0.005 pmoles;

4 x I07 cpm/ymoles, dissolved in 0.02 N HCI). Samples
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(0.1 mI) were withdravm at various time intervals and the

reaction quenched rvith 0.01 mI of avidin (10 mgrzml in 0.02 M

'+
phosphate (Na', pH 7.4)). After 2 min, pyruvate and oxaloacetate

h/ere transaminated Lo alanine and aspartate respectively by

the addition of 0"05 m1 of 0.5 M Na glutamate, 0.02 m1 2 mM

pyridoxal phosphate, and, 0.02 mI of 0.1 M phosphate (Na+,

pH 7.4) containing 1 unit each of glutamate:pyruvate trans-

aminase and glutamate:oxaloacetate transaminase. The trans-

amination reaction was'allowed to proceed. for 15 min at 3Oo

and then quenched with 0.025 mI of 5 N formic acid. Samples

could be stored overnight at 4o at this stage. Alanine and

aspartate \,vere separated by high voltage electrophoresis on a

water-cooled flat-bed in 0.04 M Na acetate adjusted. to pH

5.5 with acetic acid (Horowitz et aL., 1968). Samples (20 UI)

were applied to Whatman 3 MM papers. Each paper included

a lane for aspartate and alanine markers (20 p1 of a solution

containing 2 mM of each). Electrophoretograms were developed

for 45 min at 2,600 V, 60 mA (40 V/cm; 2 nA/cm). After

drying, the aspartate and alanine markers were located by

spraying with 0.5f3 ninhydrin in acetone. Sample lanes

were cut into 0.5" pieces and. radioactivity d.etermined as

described in section 2.4. Recovery of counts from the electro-
phoretograms was 95 98?. Para-pyruvate contamination

accounted for 4 - 62 of the radioactivity in the labelled.

pyruvat.e. Since this contaminant moved very close to
aspartate on the electrophoretograms (cf., Fig. 2.IB) ,

correction was made for it by subtracting blanks from which

the enzyme was omitted. To obtain sufficient counts in
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aspartate (that is, so that the amount of radj-oactivity in

asparlate r.rras large relative to that in para-pyruvate, and

hence to maximise the accuracy) it vüas necessary to go beyond

the near-linear region of the approach-to-equilibrium profile.

Exchanse'"'-;r;:ï;i":i:ï:,i"cordins to the rormura;

ft= (pyr) + (oAÀ) t,
(cf., section 2.I4)

The rate of exchange thus calculat,ed was constant for 15 min,

and was linear wj-th enzyme up to at least 0.25 uniÈs/assay.

2.I4. Calculation of Rates of Isotopic Exchange

consider the reaction A* + x ;-) B + Y, which is

at mass equilibrium and where initially all the radioactivity

is in A, but appears in B as the exchange reaction proceeds.

The approach to isotopic eguilibrium is exponential, and the

appearance of radioactivity in an initially unlabelled.

exêhanging species will be linear with time only over a

limit.ed initial period. The rate of exchange can, however,

be calcutated at any point in the exchange reaction using the

formula (Vüahl and Bonner, 1951);

(A) (B) ln (1-r)
R--

(A) + (B) t

where A and. B are the concentrations of the exchanging species,

t is the exchange time, and F is the fractional equilibrium

at t,ime t. The fractional equilibrium =

specific activity of B at time t

specific activity of B at isotopic equilibrium
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which is B of label in B at time È

I of label in E at equilibrium

Since at isotopic equilibrium the specific activities of the

exchanging species are identical, the per cent of label ín B

at equilibrium = (B)
x 100

(A) + (B)

I of label- in B
Then at any time, t, I1 ='t

(B

(A) + (B)
x'L00



CHAPTER THREE

KI NET I C STUD I ES OF THE REACTI ON MECIjAN I SI'1
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3.1. INTRODUCTTON

' fnitial velocity and. product inhibition studies have

been performed using pyruvate carboxylases isolated from

AsperjiLLus niger (Feir and Suzuki, L969) , rat liver (McClure

et aL.r 1971b) and chicken liver (Barden et aL., 1972). Prior

knowledge of the ping-pongi nature of the reaction with respect

to COz fixation and carboxyl transfer, clearly d.emonstrated by

,an" isolation of the carboxybiotin-enzyme complex (Scrutton

et aL.,1965), and Èhe ability of the enzyme to catalyse two

independent exchange reactions (section L..2.2), has aid.ed in

interpretation of the kinetic data.

The most detailed kinetic study was that using the

chicken liver enzyme. As wetl as the initial velocity experi-

ments on the reaction in both the forward and reverse d.irections,

all' three products of the reaction r¡¡ere tested as inhibitors

with respect to each substrate. The analysis was' however,

simplified by restricting the rangu oi pyruvate concentrations

used. to below the IeveI at which non-classical kinetic

behaviour ("negative cooperativity", cf. section I.2.6) is

observed. Initial velocity expäriments were performed with

Ëhe substrates varied in pairs with the third substrate held at

a constant, near-saturat.ing concentration. A family of paralle1

lines was observed in d.ouble-reciprocal plots of the initial

velocity data obtained when HCO3 was varied at fixed leve1s of

pyruvate, and when pyruvate was varied at fixed levels of

MgATP2-. Fihen MgATP2- and HCO3 were the varied substrates,

the lines were intersecting. That is, parallel patterns $/ere

obtained. when the varied substrates r,i/ere from different partial
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reactions, and an j-ntersecting pattern v¡as obtained when the

varied substrates were from the same partial reaction,

indicating sequential addition of the two substrates of the

first partíal reaction, and a Ping-Pong-Bi-Bi-Uni-Uni mechanism

for the overall reaction.

The initial velocity data from studies using rat
liver pyruvate carboxylase also implied a Ping-Pong-Bi-Bi-Uni-

Uni mechanism, although interpretation of the data was less

straight-forward. fn this case, the double-reciprocal patterns

obtained when MgATP2- and pyruvate, and HCO3 and pyruvate

r,rtere the varied pairs were more complex: the lines were clearly
intersecting at high pyruvate concentration, but approached

parallel at low concentrations of this substrate. McClure

et aL., (l-971b) explained the non-paralle1 nature of the double-

reciprocal lines at high pyruvate concentration in terms of
separate but interacting sites on the enzyme fæ FiCQ-andpyruvate.

They postulated that binding of pyruvate enhances the affinity
of the enzl-me for HCO3 .

All three studies using pyruvate carboxylases have

yielded. data which cannot be interpreted in terms of classical
enzlzme kinetics, but require a reaction mechanism based on a

multisite active centre. The most convincing evidence for the

"non-cIassicaI" nature of the mechanism, that is, the existence

of separate sites for substrates of the two partial reactions,
came from product inhibition studies. Competitive interactions
lvere found only between products and substrates of the same

partial reaction, whereas with products and substrates of
differenÈ partial reactions, non-competitive or uncompetitive
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inhibition was observed (McCIure et aL.,'i-97J'b; Barden et aL.,

Lg72). These observations are inconsistent with a single

site model which predícts competitive interactions between

substrates and prod.ucts of different partial reactions, viz.,

pyruvate and M9ADP and./or orthophosphate; MgATP2- and./or

HCO3- and oxaloacetate (Cletand, L963b¡ cf. Figure 3.6a).

A precedent for a two-site model for pyruvate

carboxylase h/as set by Northrop (1969 ) who established. a

similar reaction mechanism for the related enzyme transcarboxy-

lase. Feir and Suzuki (1969) must also be given credit for

independently postulat,ing a multi-site model for pyruvate

carboxylase, although their experimental data were not

entirely satisfactory.

The results of the initial velocity and product

inhibition studies using the chicken liver and rat liver enz!ffrês

are very simitar, when account is taken of the restriction of

the rangie of pyruvate concentrations used in the former case

to levels below those at which non-classical kinetic behaviour

(cf . section L.2.6) is apparent. In both cases the authors

concluded that M9ATP2- and HCO3- bind randomly in the Bi-Bi

partial reaction. It was necessary to postulate the existence

of dead-end complexes involving HCO3 , and M9ADP and./or

orthophosphate with the enzyme to explain the observed product

inhibition patterns.

The initial velocity and product inhibition studies

have been supported with isoÈopic exchange studies of Lhe

partial reactions of Èhe chicken liver and rat liver enzymes

(Scrutton and Utter, L965b; Scrutton et aL, l-965t McCIure et aL.,
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1971c). Resurts obtained using the rat liver enzyme (Mcclure

et aL., I97Lc) were consistent rvith the sequential mechanism

for the first partial reaction inferred from the initial-

velocity studies. Both the ATP:orthophosphate and the ATP:ADP

isotopic exchange reactj-ons required all the components of the

first partial reaction, and the rates of these two exchanges

s¡ere reported to be identical. In contrast, chicken liver

pyruvate carboxylase prep.arations catalysed an ATP:ADP isotopic

exchange reaction which was dependent only ¡ig'+ (Scrutton and

Utter , l-965b). Such an exchange reaction is evid.ence for a

two-step first partial reaction with formation of a phospho-

enzlane intermediate and release of ADP as the first step.

However, this mechanism l,ras d.iscounted by the authors for reasons

discussed Iater, and the exchange reaction was attributed to

an abortive pathway.

The kinetic studies usinq sheep kidney pyruvate

carboxylase which are d.escribed in this chapter are similar to

those reported for the enzyme isolated i.o* the other vertebrate

sources. They v¡ere undertaken for three main reasons: (i) to

provide add,itional comparative data on the kinetic properties

Of pyruvate carboxylases from d.ifferent Sourcesr and more

important (ii) as a necessary preliminary to the more detailed

studies on the mechanism of the first partial reaction which are

described. in Chapter 4. As pointed out in section I.2.6, the

mechanism by which ATP hyd.rolysis and CO2 fixation are coupled'

has not yet been clearly established for any biotin-containing

carboxylase. Furthermore' (iii) a sound knowledge of the

sequence of events in the overall- reaction, and of the
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requirements for and the significance of the isotopic

exchang.e reactions, is necessary for determining the

function of chemically modifiable amino-acid residues in

the enzyme.

3.2.

3.2.L.

I',iETHODS

Assay }tlethods

Isotopic exchange aSSayS \Â/ere carried out as d'escribed

in sections 2.10 to 2.L3.

The isotopic assay procedure for the overall reaction

(section 2"6(b)) was used in all initial velocity and product

inhibition stud.ies except those involving HCO s âs a varied

substrate. In those cases, the coupled spectrophotometric

assay procedure (section 2.6(a)) was used. To reduce the

concentration of endogenous Hco 3-, all reagents \^/ere

prepared from freshly boiled, d.ouble d.istilled water and

kept stoppered under Nz, The levels of endogenous Hco3

in the assay solutions were determined by incubating assay

mixtures without added HCO3 with sufficient pyruvate carboxy-

lase to take the reaction rapidly to completion (ca. 2 units).

Since the equilibrium for the reaction strongly favours

product formation, almost quantitative fixation of Hco3

to oxaloacetate is expected if the concentration of HCO3-

is low relative to that of the other substrates. The amount

of oxaloacetate formed was determined by conversion to

malate using malate dehydrogenase and excess NADH, and

measuring the decrease in absorbance at 340 nm. The endogenous

HCO3- levels ì^rere found to be in the range 0.08 to 0.2 mM
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in these "-puti*ents compared with a caLculated value of

1.9 ml,l for a buffer at pH 8.4 in equilibrium with atmospheric

Coz -

For the experiment in which oxaloacetate was used.

as a product inhibitor with respect to HCo3 it was not

possible to use the coupled. spectrophotometric assay. The

isotopic assay \{as used in this case, and the specifíc

radioactivity of the tt'l cl -Hco, r as well as the absolute

HCOa concentration, \^7as corrected for endogenous HCO¡ .

3.2.2. Data AnalYsis

unless otherwise stated., initial velocity data were

analysed by computing the hyperbolae of best fit to the

primary data using the FoRTRAN progranme HYPER (CIeIand,

I963a). fn initial velocity experiments where two substrates

were varied together, the goodness of fit of the sequential

and non-sequential mechanj-sms was examined using prograÍìmeS

SEQUEN and PNPONG (Cletand, 1963a) respectively. Lines shown

in the double-reciprocal plots were drawn from the computed

kinetic constants and bars shown in the replots indicate

the computed. st'and.ard errors.

3.3. RESUTTS

3.3.1. Isotopic Exc Reactions Catalysed by Sheep- Kídney

Pyruvate Carboxylase

Preparations of sheep kidney pyruvate carboxylase

catalyse the following isotopic exchange reactions:
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(a) ATP: [ß-32p]-ADP exchange dependent only on Mg2+'

(b) An elevated. rate of ATP:[ß:32P]-ADP exchange in the

presence of all components of the first partial reaction

(that is, ADp, HCO3 , Mg'* and acetyl CoA, but not pyruvate).

(c) ATp: Itrp]-orthophosphate exchange dependent on all

components of the first partial reaction.

(d) l2-r,Cl-pyruvate:oxaloacetate exchange independent of

substrates and products of the COz-fixation reaction.

(e) [ I nC] -HCO3-:oxaloacetate 'exchanger only under conditions

where the entire reaction can run backwards and forwards'

From these results, particularly (b), (c) and (d) ' it is

clear that the reaction catalysed by the sheep kidney enzyme'

like other pyruvate carboxylases, can be considered to consist

of two partial reactions with the formation of an E-coz

intermed.iate connecting the two reactions.

The properties of the exchange reactions are

detailed in Tables 3.1, 3.2,3.3 and.3.4. The rates of the

exchange reactions relative to the forward reaction, and

their sensitivity to avidin and activators are summarised in

Table 3.5. Both partial reactions, monitored by the ATP:ortho-

phosphate and the pyruvate:oxaloacetate exchange reactions,

were avidin sensitive and activated by monovalent cations

and acetyl CoA (Tables 3.2 and 3.3). Under the conditions

used, acetyl CoA activated the pyruvate:oxaloacetate exchange

three-fold and the ATP:orthophosphate exchange approxirnately

I5-fold. In agreement with the results of Bais and Keech

(L972), the activation by frss Mgrr (as distinct from



TABLE 3.1.

REQU TREMENTS FoR THE ATP: [ß32P]-ADP EXCHANGE REACTTON

CATALYSED BY PYRUVATE CARBOXYLASE PREPARATIONS .

The assay procedure \.fas as described in chapter 2.l-0.

The enzyme (s.a. 15) was passed through sephadex G-25 into

0.1 M tris (C1-, pH 7.2), 10-+ M DTE prior to use.

Endogenous Hco¡ was reduced to 0.2 mM as descríbed in

section 3 .2.L. Exchange rates hTere measured in the initial

region of the exchangé profile where the per cent of counts

incorporated into ATP was linear with time, and therefore

the results are expressed in this form and not converted

to absolute exchange rates. The values shown are the means

and. standard deviations of six measurements.
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TABLE 3.1. REQUIREMENTS FOR THE ATP: [ ß-"P] -ADP EXCHANGE

REACTTON CATALYSED BY PYRWATE CARBOXYLASE

PREPAR.A,TÏONS.

Assay system I Counts into ATP
per minute

Basic system

ATP=ADP=-2.S mM; total Mgt* =

+ 0.25 mM acetyl CoA

+l0mMPi

8mM 0.I02 + 0.008

0.084 + 0.005

0.L22 + 0. 008

0.313 + 0.035

0.105 + 0. 015

0.L27 + 0.018

0.133 + 0.0I5

0.007

0.105 + 0.004

0.091 + 0.006

0.100 + 0.007

{+ 0.25 mM acetyl CoA (0.2 mM endo-
{ genous bicarbonate)
{+ ro mM Pi

+ 2 mM HCO3

{ + acetyl CoA
{
{+ Z nM HCOs

+10mMPi+2mMHCOg

{+ r0 mM Pi + 2 mM HCO3-
{
{ + 0.25 mM acetyl CoA

+ I0 mM KCI

- Mgc4'.

MgClz (ÈotaI) 3.2 mM

* 2-oxobutyrate

+ 0.1 mg (1 unit) avidin

0.401 + 0.028

0.084 I
0
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TABLE 3.2. REOUÏREMENTS FOR THE ATP:32Pi EXCHANGE

REACTTON CATALYSED BY PYRWATE CARBOXYI,ASE

The complete assay system was as described j-n

Chapter 2.l-I., and the enzyme used had. a specific activity

of 15. Exchange rates were measured in the initial region

of the exchange profile where the per cent of counts

incorporated into ATP was linear with time. Each value

shown is the mean and s-tandard devíation of four determina-

tions.

Assay syst,em 3 Counts into ATP
per minute

Complete

- ADP

- acetyl CoA

HCOg - (0.1 mM end.ogenous)

- MgCl2

3.2 mM total M9CI2*

16 m},t MgCL2

+ 2-oxobutyrate

+ 0.1 mg avidin

t N-etfrylmorpholine buffer in place
of tris

t N-ethylmorpholine buffer + 10 mM KCl

*

o.o5B + 0.010

0

0.004I + 0.0003

0.016 + 0.006

0.036 + 0.007

0.0s6 1 0. 006

0.059 + 0.007

0.045 + 0.006

0.093 + 0.007

0

0

ATP*ADP=4mM
Since in the presence of acetyl CoA, trj-s activates the enzirme

in the overall reaction to some extent (Chapter 5, Table 5.3) it
was necessary to use N-ethylmorpholine buffer to test for
activation of the ATP:Pi exchange reaction by monovalent cations.
All su bstrates were ad.ded as soâinrm salts since the Na* j-s not
an effective activator.

I
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TABLE 3 . 3 . REQUIREMENTS FOR THE I hC-PYNUVATE : OXALOACETATE

EXCHANGE REACTTON CATALYSED BY PYRWATE

CARBOXYLASE

Enzyme s.a. 14 was assayed as described. in Chapter

2.L3. The exchange rates were calculated as described in

Chapter 2.L!. Means and standard deviations from four

determinations are shown.

Assay system Exchange raÈe
(¡rmolesr/min)

Basic system (2 mM pyruvate, 2 mM OA-A)

+ 0.25 mM acetyl CoA

+ 10 mM KCl

+ 10 mM KCI + 0.25 mM acetyl CoA

+ 2 mM MgC12 + 0.25 ml"Î acetyl CoA

+ 8 mM MgCl2 + 0.25 mM acetyl CoA

+ 1 mM ADP + 0.25 mM acetyl CoA

+ 2 mM MgClz * L mM M9ADP'+ 0.25 mM

acetyl CoA

+ 2 mM MgCl2 + 2.5 mM tUgaMeeCe* + 0.25 m¡4

acetyl CoA 
.

+ IO mM Pi (Na+¡ + 0.25 mM acetyl CoA

+ 2 mM HCO3 + 0.25 mM acetyl CoA

0.L22 + 0.010

0.317 + 0 "029

0.207 + 0.024

0.356

0.230

O.LL2

0.254

0.253

0.277

0.301

0.020

0.017

0.016

0.008

0.024

0.049

0.043

+

+

I
+

0.222 + 0 .030

I
t
+

*
A¡4PPCP was a gifÈ from Dr. R.H. Slzmons.
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TABLE .3.4 . REQUTREMENTS FOR EXCHANGE OF I +c FRoM Hl acos-

TNTO O)LALOACETA,TE

Enzlrne s.a. 15 r.,ras assayed as described in Chapter

2.L2. Exchange times were within the initial linear region.

the values shown a-re the means and. standard deviations of

four determinations.

Assay system ? counts into OAA
per minute

Complete (alI substrates and products

. except ATP)

- ADP

Pi

- acetyl CoA

0.134 + 0.008

0

0.0092 + 0.0003

0.0015 + 0.0003
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that complexed with ATP) was confined to the first partial

reaction. Excess Mg'* t." u. strong inhibitor of the

pyruvate:oxaloacetate exchange reaction, but the Kt was

of the order of 5 mM compared with a K. of 0-19 mM

for activation of the overall reaction (gais and Keech,

1972) implying that the two effects are not due to a single

mode of Mgt+ bi.rdi.rg tc the enzlrne. We have observed an

^+inhibitory effect of free Mgt- above ca. 5 mM on the overall

reaction, probably because the second partial reaction becomes

rate-limiting under these conditions. No synergism (that is,

enhancement of the rate of an exchange reaction by a substrate

not directly involved in that exchange reaction; Bridger

et aL., 1968) between the two half-reactions was demonstrable

in the isotopic exchange experiments. ADP and AI{PPCP '
a product and a substrate analogue respectively for the first

partial reaction, had no significant effect on the rate of

the pyruvate:oxaloacetate exchange reaction, and the pyruvate

analogue 2-oxobutyrate d.id not affect the ATP:orthophosphate

exchange rate. McClure et aL., (1971c) found that 2-oxobutyrate

activated the first partial rêaction of rat liver pyruvate
'carboxylase.

In contrast to the ATP:orthophosphate exchange

reaction, the ATP:ADP isotopíc exchange, dependent only on

Mg'*, which was catalysed by sheep kidney pyruvate carboxy-

lase preparations was insensitive to avidin, and did not

require activating monovalent cations, acetyl CoA, or Mg2+

in excess of that necessary to form complexes with the

nucleotides (Table 3.1) .
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The data shown in Table 3.5 were compiled. under

standárd conditions to enable direct comparison of the

rates of the exchanges and the overall reaction in the

forward and reverse directions. Comparison of the rates

of the ATP:orthophosphate and the pyruvate:oxaloacetate

exchange reactions indicates that the first partíal reaction

is rate-limiting in the overall reaction. Comparable rates

were found. in the ATP:orthoþhosphate and the HCOs:oxaloacetate

exchange reactions. The rates of these exchanges, although

low relative to that of the forward reaction hrere approximately

L/3 of that of the reverse reaction.

Vüith enzyme preparations purified through the DEAE-

Sephadex chromatography step (specific activity I0 to 15), the

rate of ATP:ADP exchange with only Mg'* added was approximately

259ø of the rate of the ATP:orthophosphate exchange which

monitors the entire first partial reaction. The rate of the

ATP:ADP exchange in the presence of all components of the first
partial reaction was greater than the rate of ATP:orthophosphate

exchange under ídentical conditions, and was approximately equal

to the sum of the ATP:orthophosphate and ATP:ADP (Ug'* only

dependent) exchanges (tab1e 3.5). This suggests that the

ATP:ADP exchange reaction which requires only ¡lgt*, and the

ATP:orthophosphate exchange reaction may be functions of
different catalytic centres. Further purification of the

enzyme by Sephadex G-200 chromatography to a specific activity
of 23 resulted in a decrease in the rate of ATp:ADp exchange,

observed. in the presence of Mg2+ only, to approximately I0%

of the rate of the ATP:orthophosphate exchange reaction (Table 3.6)"



TABLE 3.5. SUMMARY OF THE RATES OF THE EXCHANGE REACTTONS AND THE BACK

REACTION AND THETR SENSITIVITY TO ET'FECTORS OF THE OVERALL REACTION

All reacÈions were carried out in 0.1 M tris buffer pH 8.4 (Cl ) and

substrates and.'effecùors, where applicable, were at the following standard

concentrations: ATP, ADP, 2.5 nrM; HCO3 , pyruvate, OAA,,2 mM; acetyl CoA, 0.25

rnM; MgC12, 8 mM; Pi, 10 mMt K+, 20 mM. Assays of the overall reaction in the

direction of oxaloacetate synthesis \¡lere done by the spectrophotometríc method.

Full details of aII assay procedures'are given in Chapter 2. The enzyme used in

these experiments was purified to the DEAE Sephadex chromatography step and had

a specific activity of L4 16. Isotopic exchange rates were calculated as

described in Chapter 2.I4. Mean rates togethewith stand.ard deviations and the

number of replicates (in parenthesis) are shown.



TABLE 3.5. SUM¡4ARY OF THE RATES OF THE EXC HANGE REACTIONS AND lHE BACK REACTÏON

AND THEIR SENSI TIVITY TO EFFECTORS OF THE OVER.A'LL REACTION

activated by
Reaction Forward rate

z
Avidin

sensitive z* monovalent
caÈionsacetyl CoA free Mg

ATP:ADP exchange
¡I

Mg'' only added

ATP:ADP exchange
all compts. of
first partial
reaction

ATP:Pi exchange
alI compts. of
first part,ial
reaction

HCO3 :OAA 'exchange
complete,cf.Table 3.4

Pyruvate:OAA exchange
Back reaction

0.4r + 0.05 (6)

1.9s + 0.16 (6)

L.32 + 0.r2 (6) + + + +

L.22 + 0. 07

,0
.24

(4)

(6)
(6)

+

+
+

+
+

{(¡
46.9 t4

+,03 .55
inhibited +
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TABLE 3.6. RELATTVE RATES OF EXCHANGE BETI{EEN ATP AND

t ß-t'pl-ADP, AND ATP AND I t tp] -oRTHoPHosPIIATE

Þ<change assays \{ere carried out as described in

sections 2.IO and 2.LL. Enzyme samples were freed from Pi

by Sephadex G-25 gel f iltration, into O-1 14 tris (C1-,

pH 7.2) containing 1O-q¡,t DTE. The enzyme used was purified

to the DEAE-sephadex chromatography step (1.1 unit per

assay, s.a. 15) or furËfrer purified by Sephadex G-200

chromatography (L.4 units per assay¡ s.â. 23). The exchange

rates vüere calculated as described in section 2.L4. The

values sho¡,*n are the means and. standard deviations of six

measurements.

Reaction Exchange rate (pmoles Per min)

enzyme s.â; 15 enzyme s.a. 23

ATP:ADP exchange Md +

only added + 0.0005 + 0.0004

ATP:ADP exchange
All components of
first partial reaction

ATP:Pi exchange
All components of
first partial reaction

0.0209 + 0.0017 + 0.0007

0.0L42 + 0.0011 0.0169 + 0.0023

0.00180.0044

0.021r



FIGURE 3.1. INCORPORÀ,TION OF RÀDIOACT]V]TY FROM

I t uc] -ADp rNTo AMp AND ATp uNDER THE Mg'*-

DEPENDENT ATP:ADP EXCHANGE ASSAY CONDTTIONS

The assay cond.itions and methods \^/ere as described

in æctíon 2 .70 except that [8 - I 4c] -ADP (1 uCi; O . 02 pmole)

was used in ptace of [ß-32p]-ADP. The enz)¡me used was

purified. to the DEAE-Sepnaaex chromatography step (0.93

unit, s.a. 15) - solid symbolsr or further purified by

Sephadex G-200 chromatography (0.85 unitr s.â. 23) - open

symbols.

Assays were performed in duplicate, and control

values (from which enzl¡me was omitted) were subtracted.

. RadioactiviLy in .AMP ( O-O and O-O ) and

ATP ( V-v and

percent of the total radioactivit.y.
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When enz)ane (at a concentration. similar to that used

in thê ATP:ADP exchange assays) was incubated wit.h ptg"*

and [8-t*C]-ADP, and samples of the reaction mixture

analysed as described. in section 2.9, a low rate of incorp-

oration of rad.ioactivity into both ATP and AMP in a 1:I
ratio was observed. Sjrnilarly, substitution of [8-t4CJ-ADp

for [ß-32p]-ADP in the ATp:ADp exchange assay (basic system,

with only Mg'* add.ed) enabled. measurement of the incorporation

of counts into AIvIP as well as ATP during the reaction. once

again incorporation of radioactivity into AI,tp was observed

(Figure 3.1). These results indicate that the Mgt+-d"p"rrdent

ATP:ADP exchange reaction catalysed by sheep kidney pyruvate.

carboxylase preparations is attributable, at least in part,
to Èrace contamination with adenylate kinase.

3.3.2. Initial Velocity Studies

The double reciprocal patterns obtained when the

substrates M9ATP2-, HCOg and pyruvate were varied in pairs

with the third substrate held. at near-saturating concentration

are shown in Figures 3.2,3.3 and 3.4. When MgATp2- and HCO3

hrere the variable and fi:<ed variable substrates respect.ively,

a family of intersecting lines was obtained. indicating
sequential addition of these two substrates. The value of K,

was less than the value of Kr. computed according to the

SEQUEN programme irrespective of whether MgATp'- ot HCO¡

was taken to be substrate A. This indicates that the binding

of each of these substrates facilitates the binding of the

other, and 5mplies a random rapid-equiribrium mechanism for



FTGURE 3.2. DOUBLE R.ECIPROCAL PLOTS OF,TNTTIAL VELOCITY

DATA FOR MqATP2- VARTED AT FIXED LEVELS OF

HCO 3

Spectrophotometric assays were initiated by the

add,ition of 0.05 unit of enzyme (s.a. 11.5) . The pyruvate

concentration was 1O mM and HCOs conCêntrations were, x-xr0.OB;

o-o, 0.18i o-O, 0.33; tr , 0.58; l-r ,

1.08; a 

-Â 

| 2.58; 'ãnd. a 

-^ 
, 5. 08 mM. units of v

are A340rr* per 5 min. The lines were computed according

to the SEQUEN prograrrune which gave the following values for

the kinetic constants: K*(ATP) , 0.054 + 0.015 mM; K. (ATP),

0.201 + 0.031; Km(HCO3 ), 2.21 + 0.19; K. (HCO3 ), 8.3 + 1.9.
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FTGURE 3.3. DOUBLE RECIPROCAL PLOTS OF THE DATA FOR

MgATp2- VentuD AT F]XED LEVELS OF PYRWATE:

Enzyme (0.0I uniÈ, s.a. 11) was assayed in the

isotopic system. The concentration of HCo3- (Hlaco3-,

1.1 x lOG cpm per pmole) I^/as 10 mM, and. the pyruvat'e

concentrations were: o-o, 0.2i o-o, 0.5; L-L,

0.75i a-a,1.5; ¡-r, 2.5¡ and , 5.0 mM.

Lines are drawn according to the kinetic constants computed

using HYPER: for clarity data for alt.ernate pyruvate

concentrations only are shown.

The insets are replots of slopes and intercepts

as a function of pyruvate concentration. Extrapolation of

the intercept replot. gave apparent K* values of 0.20 and 0.72

mM for the Iow and high pyruvate regions respectively.

Extrapolation of the two linear regions of the slope and

intercept replots gave K* values (slope/intercept) for

I49ATP2- of.0.075 and O.Og mM for the low and high pyruvate

regions respectively.
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FTGURE 3.4. DOUBLE RECTPROCAL PLOTS OF THE TNTT]AL

VELOCITY DATA FOR HCO3 VARTED AT FTXED

LEVELS OF PYRUVATE.

Enz¡rme (0.05 unit, s.a. 11.5) \,üas assayed by the

spectrophotometric method; the units of V are AAg¿Onm per

5 min. The MgATP2- concentration was 2..5 mM and. pyruvate

concentrations were: o-o, 0.1; O-O, 0.2¡

v-v , 0.5; aJÄ , 1.0; , 2.0; tr- u r

3.5; and x-x , l0 mM.

Lines \dere computed according to Lhe HypER prograrnme;

alternate lines only are shown for clarity.

The inset is a replot of slope and. intercept as a

function of pyruvat.e concentration. Extrapolation of the

intercept replot gave . K,n value of 0.48 mM for pyruvate.

The ratio of slope/intercept at infinite pyruvate, obtained

by extrapolation of the replots gave K* values of 3.0 and 1.1

mM for the low and high pyruvate concentration regions

respectively.
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the first partial reaction. The positive interaction between

the tffo substrates ís illustrated in Figure 3.2 where it can

be seen that the apparent K* for M9ATP'- decreased as the

HCO3 concentration was increased.

Ifhen either M9ATP2- and pyruvate t or HCO3- and

pyruvate were varied, the double-reciprocal data could not

be simply fitted by either the sequential (SEQUEN) or non-

sequential (PNPONG) programmes because of the biphasic

response of initial velocity to pyruvate concentration.

Indivídual double-reciprocal lines $7ere obtained by fitting

hyperbolae (Programme HYPER) to the primary data for fixed.

pyruvate concentrations. In both cases the family of

d.ouble-reciprocal f.ines (Figures 3.3 anC a.4) intersect at

high but tend to become parallel at low pyruvate concentrations.

The biphasic increase of the initial velocity with increasing

pyruvate concentratíon is evident from the non-li:æarity of the

slope and intercept replots, rvith the exception of the inter-

cept replot in the case where HCOg \^¡as the other varied

substrate.

3. 3. 3. Product Inhibition Stud.ies

Each of the three products M9ADP-, orthophosphate

and. oxaloacetate hras tested with respect to each substrate.

The results are summarised in Table 3.7. The data are

presented. in ful1 in the Append.ix (rigures I 3). Except

in the case of orthophosphate as an inhibitor with respect

to HCO3 , all replots were linear indicating a single mode

of action of the product in the concentration range tested.
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TABLE 
-3.7 . PRODUCT TNHIBTTION STUDIES

The results summarised below are shown in detail

in the Appendix (Figures 1-3). The levels of the fixed

substrates vlere: ATP, 2.5 nù/ri HCOg , 10 mM and pyruvate,

10 mM. The types of inhibition are C, competitive; NC,

non-competitive; and UC, uncompetj-t,ive.

Varied sul¡strate Product inhibítor Type of
Inhibition

c

c

NC

NC

NC

NC

*

uc ruc

uc,Nc

C,C

K
a

0.I7 mM

8.2 mM

0.12 mM

M9ATP 2 -

M9ATP 2 -

MgATP2-

HCO 3-

HCO 3

HCO ¡-

Pyruvate

Pyruvate

Pyruvate

MgADP

Pi

Oxaloacetate

MgADP

Pi

Oxaloacetate

MgADP

Pi

Oxaloacetate

f

* non-Iinear inhibition

t high and. Iow pyruvate concenLration regions respectively
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Competitive interactions were found only for M9ATP2-

and ulaDP , M9ATP2- and orthophospha e, and pyruvate and

oxaloacetate.

3.3.4. Equitibrium Exchange Studies of the First Partial

Reaction

As d.escribed by Boyer (1959) and illustrated. by

Silverstein and Boyer (L964\, isotopic exchange at equilibrium

can be used. to determine the order of binding and release

of substrates and products in a sequential reaction.

Although only the first partial reaction rather than the

overall reaction is considered here, in the absence of

pyruvate the following equilibrium can be established for

the carboxylation site :

K = (ADP). (Pi). (E-co2)
eq

(ArP).(ucoe-).(n)

The isotopic exchange between one substrate:product pair

is d.etermined while the other. substrate:prod.uct pair are

j-ncreased in constant ratio so that the eguilibrium concentra-

tions of all other species are unchanged. If one or both of

the varied pair is the second substrate to bind or the first

product released in an ordered reaction, the exchange rate

will increase to a maximum then decrease with increasing

concentrations of the substrate and product. Inhibition

of the exchange at, high concentrations of an tinnerr substrate

or prod.uct occurs because as the concentration approaches a

saturating revel, binding of this ligand becomes essentially
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an irreversible step. ff the varied pair are the routerr

pair i'n an ordered reaction, or if the mechanism is rand.om

and provided that there are no dead-end complexes formed,

the exchange rate is expected to level but not decrease.

When HCOg and M9ADP 'h¡ere varied the rate of
exchange between [3'p]-orthophosphate and ATp increased to

a maximum and then decreased (Fig. 3.5.A,), as did the exchange

between I t'pJ -ADP and ATP when HCO3- and orthophosphate lvere

varied (Fig. 3.58). Since ADP and ort.hophosphate cannot both

be the first product released in an ord-ered reaction, the

implicat.ion is that HCO3 is the second substrate bound in
an ordered reaction, or Èhat dead-end complexes involving

HCOg are formed.

3.4. DISCUSSTON

The ability of sheep kidney pyruvate carboxylase

to catalyse isotopic exchange reactions between ATP and

[t'p]-orthophosphate or ATP and [ß-t'p]-ADp in the absence

of pyruvate, and between pyruvate and oxaloacetate in the

absence of any other reaction components clearly demonstrates

that the overall reaction follows a ping-pong mechanisrn with
res¡iect to COz-fixation and carboxyl transfer.

Although preparations of pyruvate carboxylase from

sheep kidney, like those from chicken river (scrutton and

utter, 1965b) catalyse an isotopic exchange reaction between

ATP and ADP which is dependent only on Mg2 
+, several lines of

evidence indicate that this reaction is not a function of
pyruvate carboxylase.



FTGURE 3.5. EQUTLTBR]UM TSOTOPTC EXCHANGE.

Exchange assays in the pr,esence of all components

of the first partial reaction were done as descríbed in

section 2.LL.

A. The effect of variation of HCO3 and ADP in constant

rat,io (2 0 : I ) on exchangTe between [ ' 'p] -orthopho sphate and ATP .

The concentrations of ATP and orthophosphate were respectively

2 and 10 mM.

B. The effect of variation of HCO3 and orthophosphate

in constant ratio (20:1) on exchange between [ß-32p]-aop and

ATP. the concentration of both ATP and ADP was 2 mM.
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(a) The relative rate of the ttg'+-d"pendent ATP: Ig-azP]-ADP

exchanþe reaction decreased with increasing purity of the

enzyme. In the purest preparations the rate of this

exchange was only 5 to 10? of the rate of the ATP:ortho-

phosphate exchange and ca. 0.1å of the rate of the pyruvate

carboxylation reaction.

(b) The exchange ís insensitive to acetyl CoA, free Mg'*,
IK', and avidin which eiùher activate or inhibit the ATP:ortho-

phosphate exchange reaction.

(c) Formation of a phosphoenzlzme intermediat.er âs implied

by the tutg2+-dependent ATP:ADP i-sotopic exchange is not

supported by the sequential nature of the first partial

reaction. (ttowever, it is noteworthy that not all enzymes

which form a covalent enzyme-substrate intermediate exhibit

Ping-Pong kinetiis; cf. Moffet and Bridgerr 1970.) Nor do

we f ind an ADP-independent isotopic exchange between I I '*C] -HCO3 -

and oxaloacetate as expected on the basis of phosphoenzyme

formation as the first step in the reaction.

(d) The fact that the ATP:ADP exchange reaction in the

presence of a1I components of the first partial reaction was

greater than the ATP:orthophosphate exchange rate, and.

approximately equal to the sum of the Mg2+-d.ependent-ATP:

ADP exchange and the ATP:orthophosphate exchange rates is

consistent with some contaminat,ion with adenylate kinase.

The other possible explanation for the discrepancy between

the rates of exchange in the first parLial reaction when the

label was added in ADP or orthophosphate is that ADP is
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released from the enzlzme before orthophosphate. However,

the pioduct inhibition patterns, which show linear competitive

inhibition by both ADP and orthophosphate with respect to

ATP, indj-cate random release of these two products.

Tn addition, the presence of adenylate kinase in

trace quantities could account for the low rate of incorporatj-on

of I +C into oxaloacetate in the absence of orthophosphate

in the I t uC] -HCO 3 toxa.l oacetate t exchange' reaction, since Some

ATP could be synthesised by adenylate kinase as well as by

reversal of the pyruvate carboxylase reaction.

(e) The presence of trace quantities of adenylate kinase

was confirmed. by the demonstration of synthesis of [8-t+c]-AMP

and [8-14c]-ATP in equal amounts from [B-i4c]-ADP in the

presence of Mg2* and enzyme. Measurement of the apPearance

of I hC from ADP in AlvlP and ATP under ATP:ADP exchange assay

conditions indicated. that, ãE least in the purest enzyme

preparations, the ATP:ADP exchange which is dependent onl-y on

Mg'* could be quantitatively accounted for by the presence of

adenylate kinase

The re.sults listed in (a) to (c) above are similar

to those previously reported for preparations of pyruvate

carboxylase 'from chicken liver (Scrutton and Utter , L965b¡

Barden et aL., L972) and Scrutton and Utter (f965b) have

classified. the l,ig2+-dependent ATP:ADP exchange reaction as

an abortive side reaction of pyruvate carboxylase.

The amount of adenylate kinase in purified preparations

of sheep kidney pyruvate carboxylase is very smal1 and not
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detectable at enzyme concentrations of the order of those

used in initial velocity assays. It becomes important in

the isotopic exchange assays because of the lov¡ exchange

rates and the consequent need to use high enzyme concentrations,

and because of the high sensitivity of the exchangle reaction

assay procedures.

The rate of an isotopic exchange reaction at equilibrium

is limited. by t,he rate.of the forward or reverse reaction,

whichever is slower. Therefore, it is more informative to

compare the rates of the isotopic exchange reactions catalysed

by pyruvate carboxylase with the rate of the overall reaction

in the direction of ATP synthesis. This clearly shows that

the first partial reaction is rate determining since the

pyruvate:oxaloacetate exchange reaction was much faster than

the overall reverse reaction. The rate of the ATP:Pi exchange

reaction was similar to that of the HCO3 :oxaloacetate exchange

reaction (which actually measures the whole reaction going

backwards and forwards) and was approxímately 302 of the rate

ofthe overall reverse reaction. !Íhen account is taken of

the possibility of dead-end complex formation due to the

simultaneous presence of substrates and products, there seems

no .need to postulate synergism between substrates of the two

partial reactions to account for low exchange rates in the

partial reactions. In accord with this, substrate analogues

2-oxobutyrate and AMPPCP did not affect the rates of exchange

between ATP and orthophosphate, and pyruvate and oxaloacetate,

respectively.

In the product inhibition studies, competitive
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interactions were found only between sub.strates and products

of thé same partial reaction, that is, orthophosphate and

MgADP with respect to MgATP2-, and. oxaloacetate with respect

to pyruvate. As explained by Barden et aL, (1972), this

requires that the two partial reactions occur at separate

sites on the enz)¡me. As il-lustrated in Figure 3.64, if a

single site was involved, competitive interactíons between

substrates and products., of different partial reactions

(that is, pyruvate and. ADP and,/or Pi; ATP and/or HCO3 and

oxaloacetate) would be expected since these would bind to

the same enzyme forms (E-CO2 and free enzyme respect.ively) .

The patterns of product inhibition by ADP and

ort.hophosphate and the equilibrium isotopic exchange studies

(section 3.3.4) suggesL that MqATP2- binding precedes HCO3

binding with random release of Mg/\ÐP and orthophosphate

following a slow interconversion step in the central complex.

However, according to this mechanism oxaloacetate would be

expected to be an uncompetitive inhibitor with respect to

M9ATP2- (since binding of HCO3 , present at near-saturating

concentration, would constituÈe an essentially irreversible

step) whereas it is clearly non-competitive (Append.íx,

Figure)f,C). In addition, the 'fact that HCO3 enhances the

affinity of the enzyme for MgATP2- and uiee uersa. is indicative
of random rather than ordered addition of the two substrates

(Figure 3.2) " In accordance with the conclusions of McClure

et a7. (1971b) and Barden et aL. (1972), these results can be

reconciled if one postulates the existence of dead-end

complexes HCO3 -E-Pi and HCO3 -E-MgADp .
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. It is evident from the product inhibition

results that, while orthophosphate and t4gADP compete for

the MgATP2- site (that is, MgATP2- cannot bind if ortho-

phosphateorM9ADPisontheenzlzme)rtheydonotobstruct

HCO3 binding' implying that there is little or no overlap

of the ATP and HCO3- binding sites. In addition, McClure

et. aL, (1971b) found that M9ADP and orthophosphate together

gave an uncompetj-tive rather than the pred.icted non-competitive

pattern with respect to pyruvate, and interpreted this as

indicating the inability of these products to displace HCOg r

and. the existence of a complex containing enz)¡me, HCOa ¡ M9ADP

and. orthophosphate which was incapable of reaction with

carboxybiotin. This, then, is essentially the three-site

model of Feir and Suzuki (1969), and Ìmplicates three distinct

sites on the enzyme at which the three substrates can bind

randomly. The results do not indicate the degree of physical

separation of the MgATP2- and HCOg- sites, only that they

are kinetically distinct. They may be adjacent as in the

classical random model, but are not necessarily so on the

basis of the kinetic data alone. The two and three site

mod.eLs are illustrated. in Figure 3.6B and C.

It is interesting that, although the overall pyruvate

carboxylase reaction clear:ly follows a Ping-Pong mechanism,

the expected. para1leI double-reciprocal pattern v¡as not

obtained for any pair of substrates in the initial velocity

experiments. The results are similar to those reported for

rat liver pyruvate carboxylase (tlcClure et aL., 1971b). Thus,

although the enzyme sites at which the two partial reactions
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are caÈalysed. are separate, these sites gppear to be inter-

acting.

McClure et aL. (197Ib) have concluded that the

deviation of the kinetic patterns from those expected is a

consesuence of a marked increase in the affinity for HCO3

when pyruvate is bound to the enzlzme. The evidence for this

was that the intercept replot of the ini-tial velocity data

obtained when HCO3- was.varied at a number of fixed pyruvate

concentrations was a straight Iine, in contrast to the biphasic

slope replot, and. the slope and intercept replots when MgATP2-

and pyruvate were the vari-ed substrates. This means that at

infinite HCO3 concentration the initial velocity would.

theoretically depend. on the pyruvate concentration in a

simple Michaelís-Ivlenten manner.

The data shown in Figures 3.3 and 3.4 indicate that

this situation also exists with the sheep kidney enzyme.

Extrapolation of the intercept replot and the linear regions

of the slope replot shown in Figure 3.4 Eo L/ (pyruvate) = 0

gave values of K* (slope/intercept) for HCO3- of 3.0 mM and

1.1 mM for the low and. high pyiuvate concentration regions

respectively. In contrast, extrapolation of the replots in

Figure 3.3 Eo L/ (pyruvate) : 0 gave K* values for MgATP2-

of 0.075 and 0.08 mM for the low and high pyruvate concentra-

tion regions respectively. Thus the true K* value for

M9ATP2-, unlike that for HCO3 , was not appreciably influenced

by the degree of saturation at the pyruvate site, and the

deviation from lineariÈy of the replots in this case may be

due to the varying degree of saturation at the HCO3 site,
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as proposed by McClure et aL, (1971b) .

The effect of pyruvate on the affinity of

the enz)¡me for HCO3 might be expected to result in enhance-

ment of the ATP:orthophosphate exchange rate by pyruvate

analog'ues. IlcClure et aL., (I97l"c) found. that 2-oxobutyrate

did stimulate this exchange, however, this compound had no

effect on the rate of the ATP:orthophosphate exchange

reaction catalysed. by the sheep kidney enzyme. The negative

result in this case may have occurred because HCO3 rarâs used

at the optimal concentration in the exchange assay (2 rrM,

cf. Figure 3.5) which is lower than the optimum concentration

for the overall reaction.

The results of the initial velocity experirnents

suggest that the biphasic kinetic pattern obtained. when

pyruvate was varied at fixed concentrations of ATP and HCO3

(taylor et aL., L969 ) may arise because the bicarbonate leve1

used, although near-saturating at high pyruvate concentrations,

is non-saturating at low pyruvate concentrations. However,

any explanation must take into account the fact that non-

linear ptots of I/v versus I/ (pyruvate) \Á/ere also obtained

in the chicken liver catalysed pyruvate:oxaloacetate isotopic

exchange assay which is independent of HCO3 . The response

of exchange velocity to increasing oxaloacetate fo1lowed.

normal hyperbolic kinetics (Scrutton et a.L,, 1965).

. Another possible explanation for the unusual initial

velocity patterns obtained when the pyruvate coneentration is

varied is that at 1ow pyruvate concentration a significant

amount of the carboxybiotin intermediate may hydrolyse.
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Such an abortive reaction would appear in kilretic experiments

as a iower degree of saturation with the earlier binding

substrate. Although this could account for the observation

of unusual kinetic patterns in the pyruvate:oxaloacetate

exchange reaction as well as in the overall reaction, it is

hard to see r+hy one should get two distinct phases and. not a

gradual change. Such a model- does not predict that the

biphasic kinetics should di-sappear at (theoretically)

infinite HCO3 concentration, and the fact that the E-CO,

complex can be isolated and has a half-life of the order
*

of 2 min make it inherently unlikeIy.

The kinetic analyses described. in the literature

have assumed that substrates bind equally well to their

respective sites on the enz)rme whether or not biotin is

carboxylated. ff this assumption is not valid, and if

conversely, the fractional occupãIcy of the two sites by

biotin and carboxybiotin is dependent on the presence and

absence of substrates, non-idea1 initial velocity patterns

might be expected.

Clearly, the reason for the unusual kinetic patterns

remains to be resolved. The most promísing line of research

appears to be direct binding studies. Pyruvate binding studies

should establish whether or not a separate regulatory site

for this compound existsr or if cooperativity exists between

The half-life of the
transcarboxylase was

carboxybiotin intermediate formed by
2.2 min at 30o (IrÏood et dL.,1963).

*
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between pyruvat.e sites on the dif f erent 'subunits (cf .

Levitzki and Kosh1and, 1969). HCO3- binding stud.ies

(although difficult due to the endogenous HCOg in solutions

at the appropriate pH) in the presence and absence of

pyruvate should establish whether the effect of the latter

on the K- for this substrate is indeed a binding effect
m

or a mechanistic effect.



CHAPTER FCUR

0N THE MECHANISI'4 0F COUPLING 0F COr, FiXATI0N
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4.L. TNTRODUCT]ON

Although overall kinetic studies (that is, j-nitial

vetocity and product inhibition studies) define the order

of substrate binding and product release, they alone do not

describe the details of the bond making and breaking sequence.

lVhile the kinetic studies described in Chapter 3 have given

considerable informaiion on the sequence of events in the

reaction, other approaches are necejssary to define the nature

of the interactions which give rise to product formation.

fn particular, the kinetic results have not elucidated the

nature of the chemical coupling of CO, fixation and ATP

hyd.rolysis in the first partial reaction catalysed by pyruvaLe

carboxylase. In this chapter experiments aimed aù defining

t,he nature of this coupling are described.

One can envisage three possible coupling mechanisms:

(i) A concerted reaction with no kinetically significant

or detectable intermediate format,ion.

(ii) Activation of the enzyme or a prosthetic aroup by

ATP to form an E-Pi or an E-ADP activated complex whj-ch then

reacts with HCO3-. A mechanism of t.his type involving a

phosphorylated biotin intermediate has been suggested by Lynen

(re67).

(iii) Activation of a substrate by formation of a phosphoryl-

ated intermediate (or an ADP complex). This type of activation

has been demonstrated for glutamine synthetase (Meister, 1968)

where a y-glutamyI phosphate intermediate is formed, and for



93.

succinyl CoA synthetase lvhich forms a succinyl phosphate

intermediate (Nishirnura and I'lej-ster , Lg65; Hildebrand and

Spector, L969) .

The concerted. reaction has been postulated for the

related enzyme propionyl CoA carboxylase (from pig heart) by

Kazj-ro et aL. s (1962) who shov¡ed Èhat t 80 from [t uo] -HCo3

appeared in orthophosphate during the course of the reaction.

However, this result is-also consistent rvith mechanisms (ii¡

and (iii) provided the activated intermediate contains the

orthophosphate rather than the ADP moiety. In addit,ionr ân

ADP-activated intermediate is less likely because of the

failure of any pyruvaLe carboxylase so far examined to catalyse

an ADP-independent j-sotopic exchange reactj-on between [ 3'p] -
orthophosphate and ATP. As shown ín Chapier 3, in the case

of the sheep kidney enzyme this reaction requires all

components of the first partial reaction. On the assumption

that any covalent intermediate would contain orthophosphate

rather than ADP, the possible coupling mechanisms for pyruvate

carboxylase are shown in Figure 4.L.

It has become apparent that the failure to observe

Ping-Pong kinetics is not an infal-1ib1e ind.ication of a

concerted mechanism. For example, neither succinyl CoA

synthetase (Moffet and Bridgêr, I970) nor ATP:citrate lyase

(Plowman and Cleland., 1967) yieId. Ping-Pong kinetics, but

both have been shown to form phosphoenzyme intermediates

(eriilger et aL., t96B; Inoue et aL 1968; Cottam and Srere,

1969). The situation has been recently reviewed by Spector

(1973) who concluded that, "I{ith the demise of the kinetic
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argument, rprooft for a single displacemént mechanism relies

on the failure to find. positive evidence for a double

displacement mechanism" . Such "proof " is necessarj-Iy tenuous.

For example, a concerted mechanism postulated for acetate

kinase on the basis of negative evidence (Rose et aL.r 1954)

was subsequently found to be erroneous and the reaction is

now known to involve formation of a phosphoenyzme intermediate

(for example, Anthony and Spector, 1970) -

Pyruvate carboxylase preparations from chicken

tíver (scrutton and utter, 1965b) and sheep kid.ney (this

thesis, Chapter 3), unlike that from rat liver (McClure

et aL., L97Lc) , catalyse an isotopic exchange between ATP

and ADP which is dependent only on l'1g2+. Such an exchange

reaction appears to be evidence for formation of a phospho-

enzyme intermediate and release of ADP as the first step in

the reaction. However, as d.iscussed in Chapter 3, Scrutton

and Utter (1965b) have discounted this mechanism' and in the

case of the sheep kidney enzyme the exchange reaction apPears

to be d.ue to slight contamination with adenylate kinase.

The two princípal objections to the participation of a

phosphoenzlrme intermediate in the main pathway of the chicken

liver pyruvate carboxytase reaction were the slow rate of the

Mg2+-dependent ATp:ADp exchange reaction, and the failure of

the enzyme to catalyse an ADP-independent isotopic exchange

between I t uc] -Hcoa and oxaloacetate.

Two possible explanations exist for the ATP:ADP

exchange reaction, dependent only on Mg2+, which is catalysed.

by chicken liver pyruvaÈe carboxyl-ase preparations:
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(i) it. is unrelated to the Coz fixation reaction and may be

due to the presence of a contaminating activi-ty t or (ii) it

reflects ATP hydrolysis with formation of a tight (perhaps

covalent) E-Pi complex, and a looser E-ADP complex capable

of exchanging with free ADP' as the first step in the

reaction. The latter case, illustrated. in Figure 4.L (2),

is the mecha.nj-sm favoured by Scrutton and Utter (1965b). It

could account for the re.l-atively Iow rate of the trtg2+-dependent

ATP:ADP exchange reaction, and if one assumes a common mechanism

for pyruvate carboxylases from the various sources, the

differences in the occurrence of this exchange could arise

because of the different degree of lability of the E-ADP

complex. The requirement of subsequent steps for bound ADP

(as ind.icated by the requirement of the HCO3 :oXaloacetate

rexchange' for this compound) could arise because the enzlzme

has a complete binding síte for another substrate only in its

presence. (For example, it could be necessary for binding

biotin at the carboxylation site. ) Such a situation exists

for glutamine synthetase where a catalytic amount of ADP or

ATP is necessary for binding glutamine durin g the model

y-glutamyl transfer reaction v¡hich does not utilise a nucleotide

as a substrate (t4eister, 1968). Furthermore, ADP remains bound

to glutamine synthetase after the formation of y-g1utamyl

phosphate during the normal reaction (I¡Ie1lner and l¿Ieister,

1966). Similarly, pyridine nucleotide dehydTogenases do not

have a complete bind.ing site for the second substrate unless

the nucleotide is bound (for example, Adams et aL., 1970) .

It tras recently been reported by Polakis et aL.
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(L972) that. the biotin enzyme acetyl Co^Ër carboxylase frorn

Eschez,ichia eoLí can catalyse the synthesis of ATP from ADP

and carbamyl phosphate. As carbamyl phosphate (Figure 4.2)

is an analogue of carbonyl phosphate (that is, 'activated
bicarl¡onate'), this resu1t,. suggests that the coupling

reaction is of type 3 (Figure 4.1). A mechanism involving

a carbonyl phosphate intermediate predicts the requirement

for aOp in the HCO3 : oxaloacetate exchange reaction. On the

basis of this mechanisrn, and ATP:ADP isotopic exchange

reaction dependent on lr{g2+ and HCO3 but independent of

orthophosphate, and perhaps unaffected by avidin or acetyl

CoA, is a possibility. The Mg'+-dependent ATP:ADP exchang:e

reaction demonstrated for pyruvate carboxylase preparations

from chicken liver (Scrutton and Utter, 1965b) has never been

rigorously shown to be independent of HCO3 since solutions

at the mildly alkaline pH optirnum of this enz)rme always

contain a consiclerable amount of HCO3 in equilibrium with

atmospheric COz. Furthermore, as shown for the sheep kidney

enzyme (Chapter 3) the opt,imum concentration for a substrate

may be considerably lower for an exchange.reaction than for the

overall reaction due to the forrnation of dead.-end. complexes.

ln addition to the mechanisms shor.rn in Figure 4.L, a

mechanism involving enzyme activation prior to substrate

activation is possible. Kreil and Boyer (1964) have shown

that succinyl phosphat,e formation by succinyl CoA synthetase

proceeds via a phosphoenzyme intermediate.

In an effort to distinguish between the possible

mechanisms two main approaches have been adopted. To deterr¡.ine
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whether a carbonyl phosphate intermediate is likely
(mechänism 3) the interaction of the enzyme with analogues

of this compound., carbamyl phosphate and phosphonacetic

acid (figure 4.2) , has been examined. The obvious test for
ATP hydrolysis as the first step in the reaction (mechanism

2) is to try to isolate an E-Pj- intermediate. However, it
is not expected that such an intermediate courd be isolated
because it is impossibl.g to completely excrude Hco, from the

reaction solution and, since the reaction is not absorutely

dependent on acetyl CoA (Chapter 5), conversion to the

carboxybiotin interinediate with release of orthophosphat,e

would occur during the incubation and isoration procedure.

The alternative approach adopted here has been to use

analogues of ADP in order to test whether ADp must be

phosphorylated to support the isotopic exchange between Hco3

and. oxaloacetate. rf mechanism 2 is correct, this isotopic
exchange should not be dependent on phosphorylation of the

nucleot.ide.

4.2. METHODS

4.2.L. Preparation of iarbamyl Phosphate Solutions

Carbamyl phosphate was obtained as the dilit.hium
salt, and 0.25 11 solutions in Hr0 were prepared immediately

before use and kept at 0". Although rapid hydrolysis occurs

at pH values below I or above g I the compound is reasonably

stable in the pH range 2 to B (Allen and Jones, 1964).

carbamyl phosphate samples contain appreciable quantities
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of the breakd.own product, lithium phosphate. Solutions

containing a minimal amount of lithium phosphate can be

prepared by centrifuging cold aqueous solutions of 0.25 M

dilithium carbamyl phosphate (aIlen and Jones, 1964). orÈho-

phosphate in the solution was determined by the method of

Lowry and Lopez (1946) for solutions containing labile

phosphate esters. Total phosphate was determined by the

method of Allen (1940) after complete hydrolysis (cf '. Cardini

and Leloir, 1957). The Lowry and Lopez method was found

unsatisfactory for determination of orthophosphate in the

total hydrolysates of carbamyl phosphate and. of ATP which was

used as a reference compound. The carbamyl phosphate solution

prepared as above contained 0.2L M carbamyl phosphate and

O.02 M lithium phosphate.

4.2.2. Assa of vate Car lase Catal sed ATP Formation

from Carbamyl Phosphat,e and ADP

The reaction was followed by the coupled spectrophoto-

metric assay as described. by Polakis et aL. (L972), or by

following conversion of t ß- 3 2el -ADP to I t'p] -ATP.

The former assay involves continuous measurement of

ATP production by coupling with hexokinase and glucose-6-

phosphate dehydrogenase, and following the increase in

absorbance at 340 nm due to NADP+ reduction. Conditions \{ere

as described. for the assay of the reverse pyruvat.e carboxylase

reaction (section 2.6 (c) ) except that carbamyl phosphate

(10 mM, or as indicated) was included and oxaloacetate and

orthophosphate were omÍtted. Carbamyl phosphate was omitted.
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from the controls. The reaction was initiated by the ad.dition

of ca. 2.5 units of pyruvate carboxylase.

In the isotopic assay procedure, phosphorylation of

labelled ADP vúas measured. directly. Assay solutions contained

(in pmoles) in a final volume of 0.5 ml; tris (CI , pH 8.4),

50; Kcl, 10; [ß-32p]-ADP (ca. 2.5 x 106 cpm per pmole), I.25¡

MgC12, 2.5¡ carbamyl phosphate, 5; acetyl CoA, 0.25. The

reaction was started by, the addition of 1.5 enzyme units.

Either carbamyr phosphate or enzyme was omitted from the

blanks. Samples (0.1 ml) were withdrawn after 0, 2,5,10 and'

15 min and quenched with 0.I ml of 5 N formic acid. at 0o.

Aliquots $/ere spotted on to PEI papers and the d.í- and tri-

nucleotides separated and counted as described in section

2.9.

4.3. RESULTS

4.3.1. Carbamyl Phosphate as a Substrate for ATP Synthesis

by Pyruvate Carboxylase

The progress of the coupled assay system for ATP

formation (section 4.2.2) is shown in Figure 4.3. The rate

of reaction increased linearly with enzyme concentration up

to at least three unj-ts per m1 (n'igure 4.4A). Figure 4.48

shows the dependence of the reaction rate on carbamyl phosphate

concentration. Computer analysis of the data using programme

HYPER (Cleland., Lg63I gave an apparent K* value of 4.22 + 0.08 mM

for carbamyl phosphate, and a V*,* which is 0.29eø of the rate

of the plzruvate carboxylation reaction.

Because of the initial background increase in absorbance

due Lo the coupling system (cf. Figure 4.3), and because of



FIGURE 4.3. Spectrophotometric Assay of'ATP Formation

from ADP and Carbamyl Phosphate

The figure shows the progress of the reaction. using

the spectrophotometric assay procedure (section 4.2.2). The

reactíon was followed at 340 nm on a Unicam SP-800 spectro-

photometer. Arrows indicate the addition of hexokinase

(HK), glucose 6-phosphate dehydrogenase (G6PDH), pyruvate

carboxylase (PC), and cárbamyl phosphate. The dotted line

indicates the control rate in the absence of carbamyl

phosphate.
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FIGURE 4.4. A. Linearity of the Rate of ATP Formation

with Enzlzme Conc entration

The enzyrne $¡as assayed by the spectrophotometric

method. V is expressed as the change in absorbance at

340 nm per 5 min.

B. fsr Car I Pho tê in the

ATP Synthe sis Reaction

Enzlzme (2 unitr s.â. L4) was assayed by the spectro-

photometric method. V is expressed as the change in

absorbance at 340 nm per 5 min. The line is the hyperbola

of best fit computed according to Programme HYPER (C1elandt

196Þ) which gave the value 4.22 + 0.08 mM for the K* for

carbamyl phosphate, .td V,n"* which was 0.29? of the rate

of the pyruvate carboxylation reaction.
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background carbamyl phosphate independent ATP synthesis

arising from the pyruvate carboxylase sample but varying

from batch to batch, it seemed desirable to demonstrate

ATp synthesis from carbamyl phosphate and ADP by a more

direct method. Figure 4.54 shows the carbamyl phosphate

dependent appearance of radioactivity from [ß-32p]-ADP in

ATp, together with bla-nks from which carbamyl phosphate or

enzlzme \.fas omitted.. Th,e carbamyl phosphate ind'ependent ATP

synthesis which appears in this direct assay also varied 
-

between preparations and was essentially absent from some.

It can be accounted for by the trace contamination with

adenylate kinase demonstrated in chapter 3. controls contain-

ing lithium phosphate at a concentration equivalent to that

added in the carbamyl phosphate solution ldere similar to the

blanks from which carbamyl phosphate $/as omitted, and Li+

was separatety shown (in the spectrophotometric assay) not

to affect pyruvate carboxylase activity at this concentration'

using two enzyme units per assayr approximately 10? of the

radioactivity appeared in ATP (correspond ing to 0.1 ¡rmo1e

of ATp synthesised) over 15 min in this assay system, which

is of the same order as the rate of 0.3U of the forward raLe

observed in the coupted system. Figure 4.58 shows that the

reactíon was strongly activated by acetyl coA, and partly

inhibited by avidin indicating that the reacLion is catalysed

by pyruvate carboxylase and. is not due to a contaminating

enzyme. Furthermore, the ratio of the rate of ATP synthesis

from carbamyl phosphate (d.etermined by the radioisotopic

method) to the overall pyruvate carboxylation reaction was



Figure 4 .5.

and Carbam 1 Pho te

A. Incorporation of 32P into ATP in the complete

reaction mixture ( ¡-l ) and in controls from which

carbamyl phosphate ( o-a ¡ or enz)rme ( o-o )

I^¡ere omitted..

B. Net incorporation of 32P into ATP in the complete

system ( o-c ) , ih the absence of acetyt CoA ( v-v ) '
and in the presence of one unit of avidin ( o-o ).

Control rates, determinéd for each reaction in the absence

of carbamyl phosphate, were subtracted.

Formation of [32p]-etp from [ß-3zp]-aop.
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similar for enzyme purified to the DEAE-sephadex and

Sephad.ex G-2OO chromatography st.eps (respectively 0.22 and

0.23>o of the forward reaction rate) .

4.3.2. Phosphonac etic Acid as an Inhibitor of the Overall

Reaction

As shown in Figure 4.2, phosphonacetic acid is an

analogrue of the postula,ted intermediate of mechanism 3,

carbonyl phosphate, in which the labile C-O-P bond is

replaced by a stable c-cH2-P linkage. unlike carbamyl

phosphate, phosphonacetic acid has a similar charge distribu-

tion to the postulated j-ntermed.iate. If the pyruvate carboxy-

lase catalysed reaction involves an intermediate of this

type, then phosphonacetic acid is expected. to be an effective

inhibitor of the enzymic react'ion. As shown in Figure 4.6,

phosphonacetic acid ldas a non-competitive inhibitor of the

forward reaction when MgATP'- lvas the varied substrate. The

slope replot gives a K, value of 0.5 mM for the binding of this

compound to the free enzyme.

4.3.3. Exchange Reac tions Indicat,ive of Carbonyl Phosphate

Formation

On the basis of mechanism 3 (Figure 4.1) an isotopic

exchange reaction between ATP and ADP dependent on Mg'+

and HCO3- but i-ndependent of orthophosphate could occur

provided that formation of carbonyl phosphate and release

of ADP can still occur at the nucleotide site on the enz)rme

when biotin.is in the carboxylated



Figure 4.6- Phosphonacetic Acid as an Inhibitor of

the PyruvaÈe Carboxylation Reaction

Enzyme (0.0I unit, s.a. 15) was assayed by the

isotopic method (section 2.6(b)). Phosphonacetic acid was

obtained as the free acid (a gift from Drs. P. Greenwell

and G. Stark) and neutralised with NaOH prior to use. Both

phosphonacetate and ATP were added with equimolar amounts

of MgCl2. The millimolãr phosphonacetate concentrations

were O ( o-o ), I ( o-c ), 2 ( ¿-6 ), 3 ( v:v ),

and 4 ( tr--tr ). The lines in the figure were drawn

according to the computed kinetic constants obtained by

fitting hyperbolae to the primary data using Programme HYPER

(Cleland, L963a). The inset is a replot of the slopes of the

double reciprocal lines as a function of inhibitor

concentration. Bars indicate the computed standard errors

.of the slopes.
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form (as it rvould predominantly be und.er these incubation

conditions). Sj-nce the ATP synthesis from carbamyl phosphate

and ADp was largely d.ependent on acetyl coÄ, any exchange

would be expected to be similarly dependent on this activator.

The raLe of isotopic exchange between ATP and [ß-32p]-ADP

catalysed by preparations of pyruvate carboxylase in the Presence

of Mqz+, HCO3- and acetyl CoA was identical with the rate

observed in the presencg of Mg'+ o.rly. ft has been already

shown (ChapÈer 3) that this basal exchange rate is probably

not due to pYruvate carboxYlase.

4.3.4. Interacti on of the Enzyme with Analogues of ADP

To test whether phosphorylation of ADP is necessary

for the occurrence of an isotopic exchange between ItuC]-HCO3-

and oxaloacetate, AOPCP and APS \^rere tested for their ability

to bind to the enzyme, to be phosphorylated, and' to sustain

the exchange reaction between ItuC]-HCO¡ ând oxaloacetate.

These two compounds d.iffer from ADP by modifications in the

pyrophosphate moiety (rigure 4.7),

As can be seen from Figure 4.8 | AOPCP inhibited. the

forward reaction was competitive with respect to M9ATP2-,

and had - Ki value of 0.58 mM which is approximately three

*The results for the biotin carboxylase subunit from E. coLí
acetyl CoA carboxylase suggest that this requirement might be
fulfilled. The subunit has a structural requirement for d-
biotin bound to it for effective catalysis of phosphoryl
transfer frorn carbamyl phosphate to ADP. Substitution at the
1'-N position did nol a¡otiËfr tne phosphoryl transfer reaction,
although it. did reduce the rate (polakis et aL., L972).
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Figure 4.8. AOPCP as an Inhibitor of the vate

Carboxylation Reaction with Respect to

Mgar{.

Enzyme (0.01 unit, s.a. 15) was assayed. by the

isotopic method (section 2.6(b)). AOPCP was obtained as

the free acid. and was neutralised with NaOH prior to use.

AOPCP, together with an eguimolar amount of MgCl2' was

added to give the following final millimolar concentrations:

O, 1 ¡-o )r 0.25 ( e-e ), 0.5 ( ¡-^ ) and 1.0

( v-v ). The data r^/ere analysed as described for

Figure 4.6.
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tímes greater than the K, value for ADP. As an analogue

of ADP., APS is less closely related than AOPCP. Although it

was also a competitive inhibitor with respect to MgATP2-

(Figure 4.g), the K, value of 3 mM was much,higher, indicating

that the enzyme has a low affinity for it.

The test for phosphorylation of the dinucleotide

analogues by pyruvate carboxylase \,vas carried out in two ways.

They were tested., ât concentrations approximately equal to

their K, values an¿ retative to ADP at its K, concentration,

for their ability to replace ADP in the ATP: ["p]-orthophosphate

exchange reaction (section 2.Il-) and. in the reverse direction

oflhe overall reaction. The reverse reaction was monitored

by following incorporatíon of I t'p] -orthophosphate into a

form which chromatographed in the triphosphate region on PEI

papers (section 2.9j. (fhe R, values for AOPCP and APS were

similar to, although slightly greater than, that of ADP.)

The assay conditj-ons \,vere similar to those described in

section 2"6(c) except that the coupling enzymes and their

substrates \t¡ere omitted. To facilitate the reaction, pyruvate

was removed as it was formed using lactic dehydrogenase
¡

and NADH. The initial rate of [ 3 2p] -S)_P_ formation from ADP

and I r rp] -orthophosphate in this system \¡/as comparable with

that found in the spectrophotometric system (section 2.6(c)).

No reaction v¡as found with eit,her analogue in either system

indicating that they cannot be phosphorylated by pyruvate

carboxylase.

The effects of the ADP analogues on the HCO3 :oxalo-

acetate exchange reaction are shown in Table 4.L. Neither

X



Figure 4.9. APS a-s an Inhibitor of the Pyruvate Carboxy-

lation Reaction with Respect to M9ATFÊ -.

Enzyme (0.01 unitr s.â. 15) v¡as assayed by the

isotopic method. (sec+,ion 2.6 (b) ). Since APS solutions are

labile and. decornpose to AMP, this reagent was made up and

neutralised immediately prior to use. Other experJ:nents

have shown that- AMP is not an effective inhibitor of the

pyruvate carbcxylation reacÈion. APS, together rvith an

equimolar amount of MgCl2, was added. to give the following

f inal milljmolar concentrations: 0 ( 9-9 ) , 0.8

( C-O ), 1.6 ( o-o ), and 2.4 ( r-q ). The

d.ata Ì¡rere analysed as described. for Figure 4.6.
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TABLE 4.L. REQUTREMENTS FOR [' UC] -HCOS -:OXALOACETATE

TSOTOPTC EXCIIANGE

The exchange assays were carried out as described

in section 2.I2 using enzyme rvith a specific activity of

15. The rcomplete' assay contained in pmoles in a final

volume of 0.5 ml: tris (CI , pH 8"4), 50: M1Cl-2, 2.5¡

acetyl CoA, 0.L25¡ ADP, 0.1; pyruvaùe,1.0; oxaloacetate,

1.0; and HCO3 , 1.0. Wþere applicable, AOPCP and APS were

added, equimolar rvith MgCJ-2, to final concentrations of 0.6

and 2.4 rûyI respectively. Means and standard deviaÈions of

four measurements are shown.

Conditions ? Counts into oxaloacetate
per l0 mj-n exchange time

Complete

-ADP

-ADP + AOPCP

-ADP + APS

+ 10 mM glucose
+ 2.5U hexokinase

+ 10 mM glucose

+ 2.5U hexokinase

1.34 r 0. 08

0

0.70 + 0.02

1.43 + 0.05

1.54 + 0.09

0

0
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anal-ogue r^/as able to support the exchang.e reaction, implying

that this exchange can proceed only when the entire reaction

can go backv¡ards and forwards. Although inconclusive in

itself, the red.uction in the exchange rate when ATP was

removed as formed using hexokinase and glucose, supports

this conclusíon.

4.4. DISCUSSTON

The result obtained with carbamyl phosphate is in

agreement rvith the f-ì-ndings of Polakis et aL. (L972) and

is consistent with activation of HCOg- to carbonyl phosphate

prior to biotin carboxylation (rigure 4.L, Mechanism 3) ,

The inhibitory effect of the other carbonyl phosphate analogue

phosphonacetic acid on the overall pyruvate carboxylase

reaction is important in that it dispels any doubts, however

slight, that the carbamyl phosphate-dependent ATP synthesis

could be due to a contaminant. The KU value for this

compound. of 0.5 mM is sufficiently low to be consistent with

a highly specific interaction with the enzyme (cf. K* for

HCOg-, 1.1 nrM; K, for orthophosphate, 8.2 mM) r partJ-cular1y

when the substitution of -CHz- for -0- is taken into account.

The results with AOPCP which has a K- approximately three

times as high as that for ADP indicate that the enzyme can

discrimínate between the two linkages, and substitution in

the o-ß position of ADP might be expected to be less critical

than at the bond which is made and broken.

The results strongly implicate direct interaction between
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the y-phosphate of ATP and HCO3 on the enzyme surface in the

pyruva'te carboxylase catalysed reaction, and are thus in

accord with findings with other biotin carboxylases, propionyl

CoA carboxylase (Xaziro et aL., L962) and acetyl CoA carboxy-

lase (polakis et aL., 1972). However, whether carbonyl

phosphate is a distinct intermediate in the reaction or

whether the analogues used are more appropriately described

aS transition-state analogues and the reaction is concerted

is more difficult to decide

The failure to find an ATP:ADP exchange dependent

on HCO. but ind.ependent of orthophosphate is not evidence

against the existence of a carbonyl phosphate intermediate.

ft may simply mean that the assumption that the reaction could

occur at the nucleotide site on the enzyme irrespective of

whether or not biotin is in the carboxylated form is inva1id..

Evidence against the existence of carbonyl phosphate as a

distinct intermediate does, however, come from the producÈ

inhibition results described in Chapter 3. Whereas mechanism

3 (Fig. 4.1) predicts that ADP should be released first,

the product inhibition patterns indicate random release of

ADP and orthophosphate. Thus it appears that ADP is not

released from the enzyme until after biotin is carboxylated.

This is in accord with the rconcerted.' mechanism (rigure 4.104);

however, it is possible that an enzl'me-bound. carbonyl phosphate

entity may trave a transient existence (figure 4.108). fn

the limiting case the distinction is somewhat arbitrary.

The failure of either of the two ADP analogues, which

have been shown to bind to the enzyme, to support an isotopic



Figr.rre 4 .10. Possible Mechanisms for the Formation of

Carboxybiotin bi' Sheep Kidney Pyruvate

CarLroxyJ-ase.
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exchange between HCO3 and oxaloacetate.indicates that

phosphorylation of ADP is essential for this exchange

reactíon to take place. This result irnplies that ATP

hydrolysis independent of Hco3- binding is not the first

step in the reaction, and, that mechanism 2 of Figure 4.I is

not applicable to pyruvate carboxyiase.



CHAPTER FIVE

INTERACTIONS OF THE ENZYI4E WITH ACETYL COA .t
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5.T. TNTRODUCTTON

As discussed more fu1ly in section L.2.3, pyruvate

carboxylases isolated from several sources are stimulated

by acetyl CoA. Sheep kid.ney pyruvate carboxylase \.r/as

originally thought to have an absolute requirement for

acetyl CoA; however, J. Nielsen (1970) in this laboratory

observed a significant rate of oxaloacetate production in
the absence of this allosteric effector" fn this chapter

the characteristics of the acetyl CoA-independent reaction

are described. Comparison of the kinetic properties of the

enzlzme in the presence and absence of acetyl CoA has enabled

us to gain insight into the nature of the kinetic effects of

the activator. The results are compared with those obtai-ned

in similar studies using pyruvate carboxylases isolated from

yeast (Cooper and Benedict, 1966) and rat liver (Scrutton and

White, L972).

Although acetyl CoA has been widely considered to

exert its effect on the reaction by inducing a conformational

change in the enzlzme, Iitt,le direct evidence has been presented

in support of this hypothesis. fn this investigation evid.ence

has been sought f.or an acetyl CoA-induced conformational

change in sheep kidney pyruvate carboxylase by examining the

ultraviolet absorption spectrum, the intrinsic fluorescence

and the fluorescence of a bound extrinsic probe in the presence

and absence of the activator.

' Scrutton and Utter (L967) have reported that chicken

liver pyruvate carboxylase has an acetyl CoA-deacylase activity.

This activity has also been found in purified preparations
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of sheep kidney enzyme and attempts have.been made t,o deter-

mine if this activity is a function of tire acetyl CoA binding

site. If so, it will provide a useful monitor of acetyl CoA

binding to the enzyme in chemical modification stud.ies aimed

at labelling the activator bind.ing site.

5.2. METHODS

5.2.L. Assay of the Acetyl CoA-Ind.ependent Pyruvate

Carboxylase Activity

The assay condiÈions described here are optimal

for measuring the acetyl CoA-independent activity. The

procedure r,tras based on the radio-isotopic assay method

described in Section 2.6(b). Assays contained ín pmoles in

a final volume of 0.5 ml: tris (CI-, pH 8.4), 50; (NH,*)zSO+,

25¡ ATP, L.25¡ MgCI2, 4¡ pyruvate, 20; [14C]-HCO3 (5 x 10s cpm

per ¡.rmole), 20, and 2 units of pyruvate carboxylase. Reactions

$rere initiated by adding ATP and 0.2 mI samples were removed

and stopped with 0.02 ml of a saturated solution of 2r4-

dinitrophenylhyd.razine in 6 N HCl after 30 sec and one min.

The samples v/ere then processed as previously described

(section 2.6(b)). Because short incubation periods were

necessary to avoid saturating the assay system, the reaction

rate was reduced by substitutíng NH,*Cl (50 pmoles) for (Nttu¡ zSO,*

(cf . section 5.3.2) in some experiments. Under these conditions

the reacti-on t.t. was a linear function of time for at ]east

two to five min. Conditions used in particular experiments

are d.escribed in the legends. .
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5.2.2. The DTNB Assay for Deacylase Activity

. The procedure is essentially as described by

Scrutton and Utter (1967) and is based on titration with

DTNB of CoA-SH formed on deacylation of acetyl CoA. Acetyl

CoA (0.25 mM, or as indicated) was incubated at 30" in 0.1 M

tris (c1-), pH 9.4, and other additions as described in the

legends, with pyruvate carboxylase (2 5 units) in a final

volume of 0.5 mI. The .,reaction was stopped after the desired

incubation time (ca. 30 min) by the addition 0.5 m1 of 104

(w/v) meta-phosphoric acid. After removing the plecipitated

protein by centrifuging, 0.8 m1 of the supernatant was removed.

to a clean tube and 0.4 ml of 1N KOH added. The pH lras

finalty adjusted. to 8.0 1 0.05 using 0.5 and 0.1 N KOH.

After ad.justing the samples to a constant volume (1.5 to

2.0 m1), 0.05 m1 of a 4 mg per ml solutj-on of DTNB was

added, and the absorbance of the solution at 4L2 nm measured

jmmediately. Negligible hydrolysis of acetyl CoA was observed

during the incubation period in controls from which enzyme

was omitted. Therefore, zero-tjme assays (to which meta-

phosphoric acid. was added before the enz)rme) were routinely

used as controls.

5.2.3. Radio-isotopic Assay of Acetyl CoA Deacylation

The incubation conditions were as described in

section 5.2.2 except that [l-14c]-acetyl CoA (4.I x 10s cPm

per Umole) was used. in place of unlabelled acetyl CoA.

Reactions were initiated by the addj-tion of enzlme and,

after the desired incubation period, stopped by the addition



r11.

of 1.0 mI of 5 N formic acid at oo. charcoal (Norit sx2,

100 mg) was added to adsorb CoASH and unreacted acetyl CoA'

and the slurry allowed to stand for 5 to 10 min at 0o prior

to filtering through !{hatman no.44 paper. Samples of the

filtrate (0.4 ml) containing the released ItuC]-acetate were

mixed with 5.0 mt of scintillation fluid (4 g PPo, I00 mg

POPOP in 1 !, of a 1:1 mixture of toluene and cellosolve), and

the radioactivity determined.

5.2.4. Preparation and Purification o fAc 1 CoA Derivatives

Acetyl dephospho-CoA was prepared from acetic

anhydrid.e and dephospho-CoA as described for acetyl CoA

(section 2.21. Propionyl CoA was prepared from CoA and

propionic anhydride. Both derivatives \^Iere purified by

ascending chromatography (section 2.2). The identity of the

thioester compounds was confirmed by the spectral character-

istics of the eluted samPtres.

5.3. RESULTS

5.3.1. Er,'idence f or the Acetyl CoA-independent &egq!ie"

The fixation of I t oc] -,Coz into oxaloacetate by high

specific activity preparations of sheep kidney pyruvate

carboxylase in the absence of acetyl CoA was completely

depend.ent on ATP, I'{g2+ and pyruvate (Table 5.I). Atthough

it seemed unlikely that this activity was due to acetyl CoA

bound to and co-purified with the enzlzme, this possibility

was checked by incubating the enzyme with citrate synthase
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TABLE.5.1. S FOR ACETYL COA-INDEPENDENT CO

FIXATTON

Enzyme (0.5 units, specific activity t3) $/as

incubated at 30" in a sotution (finat volume 0.5 ml) contain-

ining (in micromoles); tris (c1-, pH 8.4), 50; ATP, L-25i

MgcL2., 4¡ NaHlnco, (5 x 10s cpm per umole)r 5; pyruvate, 5

and (Uttu¡ zSO,*, 50. The. reaction was allowed to proceed

for 5 min.

Assay conditions umoles t oco, fixed. per assay

Complete 0.L32

Enzyme preincubated with
citrate synthase and
oxaloacetate

- Enzyme

- ATP

- MgCL2

- P1æuvate

0.130

0.0000

0.0000

0.0004

0.0004
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and oxaloacetate at pH 8.0 and 20" for 2.0 min, prior to

assaying. This treatment failed to cause any reduction in

the rate of carboxylation of pyruvate indicating that the

observed. activity was not due to the presence of acetyl CoA

bound to the ènzyme.

From several lines of evidence it is concl-uded that

both the acetyl CoA-independent and the acetyl CoA-d.ependent

fixation of COz by the -sheep kidney preparation are the

properties of the same enzyme; (a) the ratio of the tr+o

activities remained constant throughout the purification

procedure (rable 5.2). For comparative purposes it was

essential to equJ-librate each sample with the same buffer

and that the same nunber of enzyme units were used in all

acetyl CoA-independent assays.

(b) Incubation of the purif ied enz)zme (2. 3 mg per ml in 0. 02 M

phosphate (K+, pH 7.2) containing 0.15 I,t Kcl and. 1O-4 M EDTA)

at 45" for 30 min resulted in the loss of 60% of both

activities.
(c ) There was coincidence of both activities when the enz)rme

was eluted from a DEAE-Sephadex column (Fig. 5.1).

(d) The pH optimum rvas 8.4 for both reactions.

(e) It has been previously shown (wielsen, :-.970) that the

acetyl CoA-independent fixation of CO, by sheep kidney pyruvate

carboxylase preparat,ions is inhibited by avidin indicating that

it, J-ike the acetyl CoA-stimulated pyruvate carboxylation, is

biotin-dependent.
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TABLE 5.2. RATTO OF R.A.TES OF CARBOXYLATTON TN THE PRESENCE

AND ABSENCE OF ACETYL CoA THROUGH THE

PURÏFTCATTON

Enzyme samples were equilibrated with 100 mM tris
(Cl , pH 7.2) containJ,ng 0.1 mM dithioerythritol by passing

through a column (1 cm2 x 12 cm) of Sephadex G-25. Samples

\Á/er,e assayed as described in Table 5.1. Reactions v/ere started

by adding ATPa-. When acetyl CoA rvas included, a final
concentration of 0.25 r* rr" used . Assays with and v¡ithouÈ

acetyl CoA contained. 0.02 and. 0.1 units of enzyme respectively.

SÈep specific activity -acetyl CoA
100

Crude extract of
mitochondrial powder

(NH+ ) zSo+

fractionation

DEAE-Sephadex A-50
chromatography

Sephadex G-200
chromatography

+ acetyl CoA acetyl CoA *acetyl CoA

0. 03 67 0.00097s 2 .68

0.44l- 0.0112 2.55

7 .8s 0.2r3 2.7 0

20.3 0.544 2.68



FTGURE 5.1. ELUTTON OF ACETYI-, COA DEPENDENT AND ACETYL

CoA TNDEPENDENT ACTTVTTTES FROM A DEAE.

SEPHADEX (A5O) COLUMN.

Pyruvate carboxylase was add,ed. to the column j.n

25 mM potassium phosphate buffer, pH 7.2, containing 13

saturated (NH+) zso+ (v/vl, I ml,I EDTA and 0.1 mM dithio-

erythritol anA etuted with a linear gradient of Iå to 6Z

saturated (NH+) zSO+ in the same buffer. The specific

activity of the enzyme added to t,he column was 0.43 and the

peak activity in the eluate was 7.5.

( 4-6 ) acetyl CoA stimulated activity;

( .O-O ) acetyl CoA independent activity;
( O-O ) protein concentration.
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5.3.2. Activation of the Enzyme by Monovalent Cations

and Sulphate ïons

Table 5.3 shows the response of the enzlanic activity

to monovalent cations in the presence and absence of acetyl

CoA. In the acetyl CoA-free system the enzyme showed a

strong requirement for activating monovalent cations.

Compari-son of the results obtained when the cations were

added as chlorides and sulphates (Tab1e 5.3; Fig. 5.2) showed

that sulphate also activates the enzyme and. acts in a

synergistic manner with activating monovalent cations.

In the presence of acetyl- CoA, the enzyme exhibited

greater activity in the absence of activating cations and

showed an increase affinity for these cations. Acetyl CoA

changed the relative affinity of the enzlme for different

cations, and altered. the requirement for effective activation

in favour of ions of larger unhydrated rad.ii: in the absence

of acetyl CoA the enzyme was weakJ-y activated by Na+ but not

activated by tris+; in the presence of acetyl CoA the enzyme

b/as activated by tris* but not by Na*.

Utter (1970) and Scrutton and Fung (1972) have

reported. that. sulphate is a competitive inhibitor of the

avian liver enzyme with respect to acetyl CoA. Howeverr.with

the sheep kid.ney enzymer Do difference was observed when

activating monovalent, cations up to 0.1 M !üere added as
_k

chlori-des or sulphates in the presence of 2.5 x 10 M

acetyl CoA. Furthermore, substitution of ammonium sulphate

(0.05 M) for ammonium chloride did. not affect the iniÈial

velocity vs. acetyl CoA concentration profile except at very



(a) The maximum velocities are relative to the velocity
in 100 m¡t iv-ethylmorpholine buffer and 0.25 mM

acetyl CoA arbitrarily assigned the value 100.

Corrected for the unprotonated tris present at
this pH.

The nesults in this column, with the exception of
those for tris, are reproduced from Nielsen (1970)
for the purpose of comParison.

*

t
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TABLE 5.3. KTNETIC CONSTANTS FOR VARTOUS CATTONS TN BOTH

THE ACETYL COA TNDEPENDENT AND ACETYL COA

DEPENDENT REACTTONS

Assays contained (in micromoles) in a final volume of

0.5 ml, N-ethylmorpholine (cI , pH 8.4), 50; MgCI2, 4¡ and ATP,

L.25; NaHraco3, 5 and pyruvate, 5, all as N-ethylmorpholine

salts. All solutions of monovalent cations as the chlorid.es

or sulphates were adjusted to pH 8.4 with N-ethylmorpholine.

Acetyt CoA independent ässays were started by add.ing ATP 5 min

after the enzlzme (0.S units, specific activity, L2, in 0.1 M

N-ethylmorpholine (Cl , pH 7.5) - 1O-4 t't dithioerythritol).

Assays containing 0.25 mM acetyl CoA were started by adding

0.025 units of enzyrne.

With Acet 1 CoA Without Acet 1 CoA

tCl form c1 form So+2- form
Cation

(a) (a) (a)KVa max Ka

(mM) (mM)

Vmax K Vmaxa

+ 0.04

2.r

4.2

4.8

4.4

3.3

0.04

0.04

(mM)

40

37

35

35

0.4

2,5

18

18

lJl_

1.8

6.3

2.3

3.0

100

100

260

330

260

290

2L0

100

250

31

24

L7

L9

J-
Na'

K+
I

NH,* '

J-

Rb'
I

Cs'

tris
none

4 .3*



FTGURE 5.2. THE EFFECT OF CATIONS AND ANTONS ON THE

ACETYL COA INDEPENDENT REACTTON.

Assays were carried out as described in Table 5.3.

The cations Ì^lere ( ¡--¡ ) , ,"u*; ( 
^-A ),

l,i+; ( tr-tr ), K* and ( r-I ) , Na*. The anions

were ( L sulphates and ( ), chlorides.
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Iow acetyl CoA levels where some activation by Soa2- was

evident. Similarly, SOa2- does not inhibit rat liver

pyruvate carboxylase (McCIure and Lardy, 797I).

5.3.3. The EÍfect of Enzyme Concentration on Specific

Activit

The specific activity of the enzyme in the acetyl

CoA-free assay system is markedly dependent on enzyme

concentration below four units per ml. Fig. 5.3 shows the

deviation from the behavíour expected for an ideal syst,em

(dotted lines) for initial velocity and specific activity

(inset) versus enz)¡me concentration in the presence of

0.05 I"1 (NH+) zSO+. The specific activity varied from 0.252

to 9..52 of the value obtained in the presence of acetyl CoA

under the sarte conditions, as the enzl¡me concentration in

the assays was varied from 0.06 to 4.8 units per mI. The

dependence of specific activity on enzl¡me concentration over

a similar range was also.observed in assays containing 0.1 M

NH+CI instead of 0.05 M (UH+) zSO,* and in the absence of

activating monovalent cations, although in these cases the

maximum specifj-c activities obtained were 1ower. The protein

concentration effect appears to be specific for pyruvate

carboxylase protein since neither bovine serum albumin

nor glutamate dehydrogenase up to 0.5 mg per ml caused. any

stj-mulation of pyruvate carboxylase activity at one unit per

ml under the same conditions. rn contrast, in the presence

of saturating levels of acetyl CoA the specific activity is

independent of enzyme concentration in the range 2.8 x I0-3



EIGURE 5.3. DEPENDENCE OF THE REACTTON ON ENZYME CONCEN-

TRATION.

The inset shows the variation of specific activity

(z of that observed iT the presence of acetyl coA) as a

function of enzlale concentration in the assays. Assay

conditÍons were as d.escribed in Table 5.3, except that

aII assays contained O.05 M (NH+)zSO+ and were incubated.

for L, 2 or 5 min af t.er initiating the reaction with ATP.

Since the protein concentration effect appears to be

specific for pyruvate carboxylase protein, enzyme concentra-

tions are expressed in units per ml rather than mg per m].
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to 2.8 x 10-I units per ml

Subsequent stud.íes revealed that the concentrations

of HCO3 and pyruvate used in the experiment described

in Fig. 5"3 were suboptimal for the acetyl CoA-independent

reaction. However, using saturating concentratj-ons did not

al-ter the dependence of specific activity on enzyme concentra-

tion in this range. The maximal rate of acetyl CoA-

independent carboxylation, measured at five units per ml

with saturating substrate concentrations and 0.05 M (NH,*) zSO,*

was 24.8? of the acetyl CoA-st.imulated.rate (measured. at
;

optimal cond.itj-ons). When 0.1- M NH4CI was substj-tuted for

(NH+) zSo+, a value of 8.22 of the acetyl CoÀ-stj-mulated rate

was obtained.

Where the acetyl CoA-independent reactions were

initiated with ATP 10 min after the add.ition of enz)rme (as

in the experiment shown in Fig. 5.3), the rate of product

formation was linear with time. However, it was found that

when the reactions \r'ere started with a small volume of

concentrated enz)rme solution, the observed rate decreased

over a period of 3 min and thereafter the rate of the reaction

was constant. fn assays containing a saturating concentrat.ion

of acetyl CoA, the initial decl-ine of the reaction velocity

was not observed. The time-dependent loss of enzymic

activity on dilution was also observed when the enzyme was

diluted. at pH 8.4 and aliquots removed at various time intervals

for assay in the presence of acetyl CoA. Although acetyl CoA

prevented the loss of enzymic activì-ty on dilution, incubation

of the diluted enzyme with this compound for up to I hour
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failed to reverse Èhe inactivation process. The final level

of activity after dilution was proportional to the enzlzme

concentration, ranging from less than 12% of the initial

activity when diluted to 0.1 unit per ml to I00å when

diluLed to four units per m1 (I.ig. 5.4)¡

5.3.4. Kinetic Studies on the Acet.yl CoA Activation

The experiments.,described in the previous section

indicate that the activation of sheep kidney pyruvate

carboxylase by acetyl CoA under standard assay conditions,

particularly at low enzyme concentrations, is in part due to

stabilisation of the enzyme. Nevertheless, this is not the

sole function of acetyl CoA since the specific activity

of the enzl¡me j-n the absence of the activator. even at high

enzyme concentrations, is always less than that observed in

its presence

In view of'these findings it seemed. possible that

apparent cooperative bind.ing of acetyl CoA (Barritt et aL.,

L966) could be due to the fact thatr âS well as increasing

the catalytic efficiency, this compound is necessary for

maintaining the stability of the catalytically active form

of the enzyme under t.he usual assay conditions. (ln this

context, Hemphill et aL. (I97L) have recently shown that, the

sigmoidal profile of initial velocity vs. AMP concentration

obtained for K*-st.imulated AMP amì-nohydrolase under some

assay conditions was due to the fact that this substrate

also protected against dilution inactivat.ion. ) To test this
possibility, the response of caÈalytic activity to varying



FIGURE 5.4. TNACTIVATTON OF THE ENZY¡{E ON DTLUTTON

AT pH 8.4.

Samples of enzyme, specific activiËy 15, were diluted

in 0.05 M Kcl - 0.05 M tris (c1-, pH84¡ to the following

units per mI ( Å-A ), 4.0¡ ( 9-9 ), 1.0;

( ¡-¡ ),0.5; ( 
^-A ),0.2¡ ( x-x ),0.1.

The curve shown as ( O-O ) contained 0.I units per mI

and. 0.25 mM acetyl CoA. " The enzyme dilutions were incubated

at 25o and assayed at the tj-mes indicated. The assay

system contained in micromoles, tris (C1-, pH 8.4), 50;

NH4c1, 50; ATP, L.25¡ Mgc12, 4¡ [tuc]-NaHCo3 (5.6 x 10u .p*

per pmole), 10; pyruvate, 5; and. acetyl CoA, 0.125 in a final

volume of 0.5 ml.
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acetyl CoA concentrations was examined. at higher enzyme

concentrations. Fig. 5.5 shows that even under conditions

where the enzyme is stable in the absence of acetyl CoA, the

plot of initial velocity vs. activator concentration remains

sigrnoid.al, with no significant change in the Hill coefficient.

To determine the nature of the catalytic activation

by acetyl CoA, the apparent kinetic constants for the three

substrates \â7ere determined in the presence and absence of

this compound. In the acetyl CoA independent assays, the

enzyme concentration was kept at about four units per mI

where the specific activj-ty is maximal and independent of

enzlzme concentration (cf . Fig. 5.3). The experiments were

performed at pH 8.0. NHo* (Cf- form) was used as the

activating monovalent cation both in the presence and.

absence of acetyl CoA. Sulphate was avoided because of it s

different effect j-n the presence and absence of acetyl CoA

and the uncertainty as to its mode of action. The effect of

acetyl CoA on the response of the enzyme to varying

concentrations of ATP, HCO3 and pyruvate are shown in

Figs. 5.6, 5.7 and 5.84 respectively. In each experiment,

the non-variable substrates v/ere he]-d at constant near

saturating levels.

The response to free ltg'* which is essential for

the reaction (Bais and Keech, 1972) has not been examined

because variation of the free ItIg'* concentration over the

appropriate range at a fixed saturating tevel of MgATP2-

is accompanied by variat,ions in the concentration of ATPa-

(cf. O'Sullivan and Perrin, L964). However, increasing the



FTGURE 5.5. ACTIVATION BY ACETYL COA AT HIGH ENZYIVIE

CONCENTRÄ,TTON.

Assays contained in ¡lmoles, tris (Cl , pH 8.4), 50;

NH'CI,50; ATPr l; MgCl2¡ 4¡ [tuc]-NaHCos (5.6 x 10s cpm

per pmole), 20¡ and pyruvate, 10 in, a final volume of

0.5 ml. Enzyme (2.0 units, s.a. 16) and acetyl CoA (to

the ind.icated concentrations) were added respectively

10 min and I min prior Lo initiating the reactions with

ATP. Assays were allowed. to proceed t:t 15 sec and 30 sec.

The acetyl CoA deacylase activity in the preparation

(cf. section 5.3.8) is insufficient to have caused signif-

icant hydrolysis of acetyl CoA during this experiment.
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FIGURE 5.6. THE EFFECT OF ACETYL CoA ON THE APPARENT

K- VALUE FOR lvIgATP2- .{n-

Assuming the value 1.8 x lOa M-l for the associa-

tion constant of M9ATPZ- at this pH (O'Sutlivan and

Perrin, L964) , at least 99e" of the ATp was in the comprexed

form in all cases. Bicarbonate and pyruvate concentrations

were 40 mM and 20 mM respectively. The 1ines in the

figure are the best fit- hyperboLae computed using the

HYPER programme of clerand (1963a) 
?"suming equar variance

of a1l points. The inset shows the d.ata plotted in the

doubre-reciprocal form; the 1j-nes are shown accordj-ng to
the computed slope and intercept values. ( )

acetyl CoA stimulated rates; ( 
^-^ ) acetyl CoA

ind.ependent rate.
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FTGURE 5.7. THE EFFECT OF ACETYL COA ON. THE APPARENT

VALUE FOR BTCARBONATE

AJ-l solutions rr¡ere freshly prepared in boiled

glass-distilled waLer and the endogenous bicarbonate in

the assay solut.ion was determined and taken into account.

The data were analysed as for Fig. 5.6. M9ATP2- and.

pyruvate concentrations were 2.5 mM and 20 mM respectively.

( r-^ ), acetyl"CoA stimulated rates;

( 
^â ) acetyl CoA independent rates.
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FIGURE 5.8. THE EFFECT OF ACETYL COA ON THE APPARENT

VALUE FOR PYRUVATE

M9ATP2 and. HCO3 concêntrati ns were 2.5 mM and

40 mM respectively.

A. The primary plot of the data. The arrows indicate

the substrate concentrations which give half maximal

velocity

B. Double reciprocal plots of the data. V*.* tt= obtained

graphically by extrapolation of the Iinear region at the

high substrate concentrations. ( O--€ ) acetyl CoA

stimulated rates; ( O---C ) acetyl CoA-independent

rates.



-ï
-l

\t
¡J

rr
to

le
s.

 m
in

o
($

-*
_t

D
a

t
m

g I Þ
o

Þ
J

Þ

&
1ã q( \ t- ru F

+
(Þ rt -t 3æ

è
H

ex
t



lÅl tLr
[ "l€An;Ád] t-I

Ê

o
oõol

€"o

9'O

6'0

v"l

oL <

Ðu

oc

d

I
d

J
o
o
t¿1

a

¿¿
q

-t
@

g



121.

concentration of free llg'+ from five to 10 nM did not cause

any inôrease ín the rate of the acetyl CoA independent

carboxylation and so the free Mgt* concentrations used

(5 to 8 mt{) are presumably saturating in all these experiments.

The apparent V and. apparent K values for the different

substrates in the presence and. absence of acetyl CoA are

summarised in Table 5.4 from v¡hich it can be seen that acetyl

CoA caused a marked. decrease in the apparent K* value for

HCO3- and pyruvate but litt1e change in the affinity for

MgATP2 . However, the V*.* values obtained at saturating

Ievels of all substrates were much higher in the presence

of acetyl CoA. In the absence of acetyl CoA, double reciprocal

plots of reaction velocity versus pyruvate concentration

consistently showed more than two linear regions (Fig. 5-88)

compared with the two linear regions exhibited in the presence

of acetyl CoA (cf. Taylor et aL., 1969).

5.3.5. Acetyl CoA-independent Carboxylation by Pyruvate

Carboxylases from other Sources

Pyruvate carboxylases isolated from other sources

were examined. for acetyl CoA independent activíty. The

results are presented in Table 5.5. No attempt was made to

find optimum conditions for the acetyl CoA-independent

reactions and so the rates are not necessarily maximal. The

value obtained for the rat liver carboxylase .is sjmilar to

that reported by,McClure et aL. (1971a). Subsequently, Scrutton

and Whíte (L972) showed that under optimal conditions, the

rate of acetyl CoA-independent oxaloacetate synthesis by rat



(a)ÎABLE 5,4. KTNETTC CONSTANTS FOR PYRUVATE. CARBOXYLATION TN THE PRESENCE AND
.ABSENCE OF ACETYL CoA

acetyl CoA + acetyl CoA

Substrate
apP Km (rnM) .PP v*.* jT1iff;/ aPP Km (mu¡ tPP v*r* _!ry9_1":/mr-n/mg)

MgatPz-

HCO3-
(b) eyr,rrr.t"

0.13 + 0.02

5

6.0

0.434 + 0.026

0.511 + 0 .044

0.s0

0.134 + 0.01

1.158 + 0. 06

0.8

10. B + 0.26

11.0 + 0.I6

8.4

2i16.8

(a)xinetic constants and standard. errors for ATP and HCOs were obtained by fitting

(b)
the primary data of Figs. 5.6 and 5.7 to the HYPER progranìme of Cleland (1963a).

When pyruvate was the variable substrat,e the data could not be analysed rigorously
since rectangular hyperbolae were not obtained. Vrn". was obtained by extrapolating
the velocity at highest values in double reciprocal-þIots (Fig. 5.BB). The app IÇ
values shown for pyruvate are the substrate concentrations which gave half maximal
velocity.

H
t\)
N
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TASLE 5.5. ACETYL CoA-TNDEPENDE}]T ACTTVTT]ES OF PYRUVATE

CARBOXYLASES FROM VARTOUS SOURCES

Enzyme was prepared from sheep, chícken and rat

liver by the procedure used for purifying sheep kidney

enzyme to the DEAE-Sephadex step. The sheep, chicken and

rat liver enzymes were assayed at pH 8"4, 7.8 and 7.5

respectively in Èhe assay system described i-n Tab1e 5.1

Assays containing 0.25 nrM acetyl CoA were started by adding

0.025 units of enzyme while the acetyl CoA-independent assays

contained 0.5 units, except for Èhe chicken enz)rme where it,

was necessary to use 2.5 units, and hrere start,ed by adding

ATP. Pyruvate was omitted from the controls. In each case

t.he reaction rate was l-inear with respect to time for at

least 10 min.

Source Specific activity -acetyl CoA
100

+ acetyl CoA acetyl CoA *acetyl CoA

13Sheep kidney

Sheep liver

Chicken liver

Rat liver 7.0

0.62

0.96

0. 0r2

0.13

20

20

4.8

4.8

0.06

1.8
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liver pyruvate carboxylase is 2IZ af that observed at

saturating acetyl CoA concentrations.

5.3.6. Time Course of Acet I CoA ActivaLion of Shee

Kidney Pyruvate Carboxylase

rt has been shown in this laboratory (eais and

Keech I L972) that interaction of t,he enz)zme with the

essential activator Mg"* is relatively sl-ow, and a 1ag phase

of the order of O.S min before the steady state is obtained.,

is observed unless t,he enzlzme is previously incubated with
^+Mg''. To check whether a similar effect occurs in the case

of acetyl CoA activation, samples of enz)zme (5.5 uniÈs per

ml) were incubated. with 2.5 mM ATP and B nlvi MgCI2 in the

presence and absence of 0.25 mltf acetyl CoA for one min prior

to addition to isotopic assay solutions. Samples (0.2 ml)

were taken at t5 sec intervals and added to 0.02 mI of a

saturated solution of 2, -dinitrophenylhydrazine in 6 N HCl,

then processed in the usual way. The rate of I I oC] -Coz

fíxation was indistinguishable in the two cases showing

t.hat, if there is a lag phase for acetyl CoA activation,

it is a much shorter time interval than that observed for

Mg'* activation.

5.3.7. Attempts to Demonstrate a Conformational Change

fnduced by Àcety1 CoA

- The ultraviolet absorption spectra of the enzlzme in

the presence and absence of acetyl CoA are shown in

Figure 5.9A,. Although there was an apparent decrease in



FTGURE 5. 9. THE EFFECT OF ACETYL COA ON THE ULTRÄ'VIOLET

ABSORPTION SPECTRUIq AND INTRINSTC FLUORESCENCE

OF PYRWATE CARBOXYLASE

A. Ultraviolet Absorption Spectrum

The spectra were recorded. on a Unicam SP800 spectro-

photometer using a 1 cm light path. The enzyme (s.a. 16)

was dissolved in 0.1 M tris (Cf , pH 8.4). ( )

enz)zme Versus buff er; ( ) enzl'me + 0.1 mM

acetyl CoA versus buffer + 0.1 mM acetyl CoA.

B. Intrinsic Fluorescence Spectrum.

Fluorescence was measured on a Hitachi-Perkin Elmer

fluorjmeter (mod.el 203) using a sensitivity setting of 5

(x1). The sample cell contained enzlzme (s.a. I7) at a

concentration of 0. 5 mg per mI in 0.1 IvI tris (c1-, pH I .4 ) .

The reference cel1 contained the same buffer. The excitation

spectrum was determined using an analyser wavelength setting

of 325 nm; the emission spectrum was determined using an

excitation wavelength of 285 nm. The spectra are not

corrected for absorption of incident light by the sample'

or for secondary fluorescence (cf . Tea1e and lVeber, 1957).
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absorbance in the 260 nm region, the general shape of the curve

hras not changed on the addition of acetyl CoA. The apparent

change in the 260 nm region may arise because of the absorbance

(approximately 1.5) which must be subtracted. similarly,

Scrutton and Utter (L967 ) have reported that acetyJ- CoA did

not change the ul-traviolet absorption spectrum of chicken liver

pyruvate carboxylase.

Studies on the.effect of acetyl CoA on the intrinsic

fluorescence of the enzlzme (rigure 5.98) were complicated by the

absorption of the incident, tight by this compound. This was

minimised by exciting ahray from the maximum, at 300 nm; however'

as absorption of more than 54 of the incident light (corresponding

to an absorbancy of approximately 0.025) is significant (Uden-

friend., 1969), some non-specific quenching by acetyl CoA was still

apparent. Since the degree of fluorescence quenching observed

up to approximately 2OZ for acetyl CoA in the range 0 to 0.28 mM

was not appreciably different for pyruvate carboxylase and for

a reference, bovine serum albumin, and since the degree of quench-

ing increased Iinearly with acetyl CoA concentration rather than

showing a saturation effect, ít must be conclud.ed that this

compound does not significantly affect the intrinsic fluorescence

of sheep kidney pyruvate carboxylase.

Since the data obtained using absorption spectra

and intrinsic fluorescence failed to yield definitive informationo

use was made of the extrinsic fluoresent probe, ANS. ANS is a

naphthalene derivative which does not fluoresce in polar environ-

ments but does so in non-polar environments such as the hydrophobic

regions of proteins. The variation of the intensity of
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fluorescence emission when the dierectric constant of the

medj-um- changes makes ANS a suitable probe for investigating
conformational changes in proteins (Edelman and Mccl-ure,

1968). Furthermore, problems due to absorption of the

incid.ent light by the acetyl coA were avoided since a longer

excitation wavelength (380 nm) was employed. rn this case

(Fig. 5.10) quenching of the fluorescence of the bound.

probe by acetyl coA was observed. Although the effect was

not great (about fOU maximum quenching), the saturation
effect (i-nset) observed over a concentration range comparable

with that for activation by acetyl coA implies that the

effect is specific and that acetyl CoA changes the environment

of the ANS binding site (s) on the protein.

5.3.8. The Ac 1 CoA Deacylas e Activity

High specific activity preparations of sheep kidney

giyruvate carboxyrase cataryse the slow deacylation of acetyl
coA to coA-sH and. acetate. The deacylation reaction can.be

folrowed by the change in the ultravioret spectrum due to
hyd.rolysis of the thioester bond. of acetyl coA, by titration
of CoA-SH with DTNB (cf. Scrutton and Utter, 1967), or by

release of ItoC]-acetate from II-thc]-acetyl CoA.

Fig. 5.11.A, shows the time-course of the deacylation
reaction in the presence and absence of the substrates of the

pyruvate carboxyrase react,ion. That the deacyration is a

catalytic function of the enz)zme and not due to stoichiometric
acylation of reactive groups on the protein is indicated by

the fact' that near complete conversion of acetyl coA to coA-sH



FTGURE 5.10. THE EFFECT OF ACETYL CoA ON THE FLUORESCENCE

OF ANS BOUND TO PYRWATE CARBOXYLASE

Fluorescence was measured using a Hitachi-Perkin

Elmer fluorimeter (model 203) using a sensitivity setting

of 10 (xI). The sample cell contained enzyme (s.a. 22) at

a concentration of 0.6 mg per m1 and ANS (50 UM) in 0.1 M

tris (CI , pH 8.4). Reference cells contained buffer,

buffer + ANS, and buffer + enzyme. The excitation spectrum

was determined using an analyser h/avelength of 470 nm; the

emissj-on spectrum was determined using'an excitation

wavelength of 380 nm.

Acetyl CoA (5 mM) was added in 5 UI aliquots to a

cell- containing enzyme + ANS. An equivalent amount of

water was added to a reference ce1I containing enzyme + ANS,

which was set on a relative emission intensity of 100.

The emission curves shown were obtained with samples contain-

ing (in order of decreasing intensity) 0, 50, 100 and 200 UIU

acetyl CoA. The inset shows the effect of acetyl CoA on

the emission at the maximum, 475 nm
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r^/as observed although the molar ratio of acetyr coA to
enzlzme was of the order of 103:1. Furthermorer rro d.etect-

able deacylation of acetyl coA was observed when bovine

serum albumin or glutamic dehydrogenase weïe used in place

of pyruvate carboxylase.

As reported for chicken liver pyruvate carboxylase

(Scrut.ton and Utter, 1967) , acet,yl CoA deacylation by the

sheep kidney enzlzme was enhanced in the presence of
substrates of the carboxylation reaction (cf. Fig. 5.lIA).
The results, summarised in Tabre s.G, imply that no particurar
substrate alone was responsible for the observed activation
and the data shown in Fig. 5.114 indicate that the erevated

rate of deacylaËion persisted after eguilibrium was attained
in the carboxylation reaction. The v*r* of the deacylase

reaction (from the data of Fig. 5.118) was approximatery

0.r? of the rate of pyruvate carboxylation at near-saturating
Ievels of substrates and acetyl CoA. The rate in the

absence of substrates was approximately o.o2% of the rate
of pyruvate carboxylation, which is similar t.o that reported

by Scrutton and Utter (1967).

Figure 5.118 shows the saturation profiles for
acetyl coA as an activator of the pyruvate carboxylation
reaction and as a substrate in Èhe deacylat.ion reaction.
whil-e the activation profire is clearly sigmoidal, the data

for acetyl coA as a substrate for d.eacylation courd be fitted.
reasonabry well by either an hyperbola or a sigmoidal curve
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TABLE 5 " 6. THE EFFECT OF SUBSTRÄTES OF THE PYRWATE

CARBOXYLASE REACTION ON DEACYLATTON OF

ACETYL CoA BY PREPARÀTIONS OF SHEEP KTDNEY

PYRUVATE CARBOXYLASE

Deacylase activity was measured by following the

release of [14c]-acetate from [1-t+c]-acetyl coA as described

in section 5.2.3. The basic assay system contained (in pmoles)

in a final volume of 0.5 ml: tris (CI-, pH 8.4), 50;

and [1-r'*C]-acetyl CoA (4.1 x 1Os cpm per pmole), 0.125.

The f completer system contained, in add.ition, ATp, r.25¡ Mgcr2,

2.5; HCO3 r 5; and pyruvate, 5 pmoles. The reactions were

initiated by the additj-on of enzyme (3 unitsr s.â. 16) and

allowed to proceed for 20 min at 30o. Enzyme was omitted.

from the control assays.

Assay system Counts per 2 min (duplicates)
-controls

No additions

Complete

Complete - ATP

Complete pyruvate

Complete Hco3-*

MgCI, only added.

M9ATP2- only added

Pyruvate only added

1398,

8430,

3027 ,

5098,

7960,

2039,

5870,

3090,

L643

8077

2962

5300

8082

1 9r8

5645

3028

*
No attempt was made to remove endogenous HCo3- from the
solutions.
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VS2
v=

A+2BS+52

These analyses gave K* values of 270 + 60 pM and. 170 + 50 UM

respectively for acetyl CoA, compared with the K. value of

36 + 3 yi"l for activation of pyruvate carboxylation.

Propionyl CoA and acetyl dephospho-CoA were

examined as effectors of the pyruvate carboxylation reaction

and as substrates for the deacylation reaction. The results

are sho\,\m in Table 5.7 . Propionyl CoA was an activator of

the pyruvate carboxylation reaction, however, acetyl dephospho-

CoA was not an activator, nor was it an effective inhibitor

ofthe acetyl CoA activated. reaction. Ka values for acetyl

CoA, determined in the presence of O, 0.25 and 0.5 mM acetyl

dephospho-CoA were not significantly different, indicating

a very low affinity of the activator site for the dephospho-

analogue. Despite the differences in their interaction

with the activator site of pyruvate carboxylase' both

propionyl CoA and acetyl dephospho-CoA hlere substrates for

the deacylation reaction, and.. in both cases the rate of

deacylation was increased in the presence of M9ATP2-

and pyruvate.

Comparison of the rates of the deacylase reaction

and the pyruvate carboxylase reaction using the radio-isotopic

deacylase assay procedure showed that further purification

of the enzyme by sephadex G-200 chromatography to a specific

activity of 21 caused a relative decrease in the deacylation

reaction of approximately 509. However, the extent of
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TABLE 5.7. OTHBR ACYL CoA DERIVATTVES AS EFFECTORS

OF PYRUVATE CARBOXYLATION AND AS SUBSTRÀTES

FOR DEACYLATION

The assays of pyruvate carboxylation were carried

out as described in section 2.6(b). Ka .td V*.* values

were computed using the SGTIOID programme (see Lext).

The DTNB titration method (section 5.2.2) was used

for the deacylase assay-s. The assay conditions in the

basic (-substrates) and 'complete' (+ substrates) systems as were

described in the legend to Table 5.6 except that 0.125 ¡mo1es

of the acyl CoA derivative (as indicated) replaced the

labelled acetyl CoA. The reactions hrere initj-ated by the

addition of enzyme (2.5 units, s.ê" 15) and. allorved to proceed

for 30 min at 30o. Values shown are the average of duplicate

assays (which differed by not more than 10å) less the

zero-time control assay value.

Acyl CoA
derivative

Acetyl CoA

Propionyl CoA

Acetyl dephospho-
CoA

Acetyl CoA in
the presence
of 0. 5 mt'{
acetyl dephos-
pho CoA

Effect on pyruvate
carboxylation

relative V

A+ r zrrfr in deacYlase
assay

basic system'complete'
system

Ka
vrl

max

36

180

r00

49

0.09

0.18

0.50

0.30

0

37 99

0"05 0.22
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activation of the deacylase reaction by.MgATP2- and pyruvate

was the same for both enzlzme samples.

5.4. DISCUSSTON

5.4.1. Activation of the Pyruvate Carboxylase Reaction by

Acety1 CoA

The demonstration of acetyl CoA independent catalysis
by sheep kidney pyruvate carboxylase, previously thought to

have an absolute requirement for acetyl CoA, provides further
evidence that this compound does not participate directly in
the reaction seguence.

Acetyl CoA affects the enzyme in a number of

different ways;

(a) Acetyl CoA protects against inactivation of the enzyme

on d.ilution under the usual assay conditions.

Although other explanations are possible (Dixon &

Webb, L964) , the simplest explanation for the dependence of
specific activity on enzyme concentrationr ês occurs in the

acetyl CoA-independent pyruvate carboxylase assay system

(cf. Fig. 5.3), is that the enzyme exists as an equilibrium

mixture of two or more different origomeric forms differing
in their intrinsic catalytic activity. This interpretation
has been adopted by Bernfeld et aL. (1965) and has been

experimentally verified using phosphorylase a (Huang and

Graves, L970).

In this case the data suggest that at pH 8.4 in the

absence of acetyl coA ardat concentrations below four units



r32.

per mI, a substantial proportion of the enzyme exists in
either â less active or inacti-ve dissociated form. This
equilibri-um dissociation hypothesis is supported by the enzyme

concentration dependent nature of the inactivation described
in Fig - 5.4. Finar proof of this hypothesis depends on the
demonstrat:'-on of reversibility of the dilution inâctivation
process. The constancy of specific activi_ty over a wide
range of €nZprrê concentr.ations in the presence of acetyl coA

and the protection against d.irution inactivation by this
compound imply that it acts in part by stabilisation of the
quaternary structure of the enzyme.

Acetyl coA has been shown to protect avian river
pyruvate carboxylase against the reversibile dissociation and
inactivation which occurs on incubation aL 2o, or pH

perturbation (scrutton,and utter, L965a; rrias et aL., 1969) .

Many characteristics of the inactivation of sheep kidney
pyruvate carboxylase at pH g.4 (nameIy, concentration
dependence, time dependence, and protection but not reversal
by 'acetyl coA) are similar to t,hose of cold inactivation of
the avian liver enzyme (Scrutton and Utter , I965a) /
(b) Acetyr coA increases the affinity of the enz)¡me for the
activat.ing monovalent cations and changes the sequence of
specificity for the alkali met,ar cations as indicated by
their K. values from rank order no.2 (n¡+ ,C=* >K+ ,N¿* >Li+
to rank ord.er no.4 (x+ >Rb+ >cs* ,¡la+,r,iJimplying that
it increases the anionic field strength at the cationic binding
site (cf. Eisenman, 1961). pyruvate carboxylases from a

)
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nunber of sources are activated by monov'alent cations

although substantial differences in the degree of activation

and the ion specificity have been observed (cf. Scrutton

and Young, L972). The rank order of monovalent cation

specificity (i.e., relative K. values) for sheep kidney

pyruvate carboxylase in the absence of acetyl CoA is the

same as that reported for the acetyl CoA stjmulated rat liver

enz)rme (McCIure et aL.,-L97Ia) as is the order of activation

at saturat,ing cation Ievels (i.e., the relative V*.* values).

(c) Acetyl CoA reduces the apparent K* values for HCO3

and pyruvate significan-tly, but does not appreciably change

the apparent K* value for M9ATP?-. The activation of yeast

pyruvate carboxylase by CoA and acetyl CoA can be in part

ascribed to a substantial reduction in the K* value for HCO3-

by these compounds (Cooper and Benedict, 1966). More

recently it has been reported that in the case of the rat

liver enzyme, acetyl CoA reduces the K* values for all three

substrates (Scrutton and White I L972).

The appearance of an additional linear region in

double reciprocal plots of the data obtained when pyruvate

was the varied substrate in the absence of acetyl CoA cannot

be interpreted with any certainty. It could arise because

of an altered. interaction between pyruvaÈe and. HCO3- binding

in the absence of the activator; however, the precise nature

of this interaction remains to be established. (cf. Chapter 3).

(d) After taking into account the differences in stability of

the enzyme and the K* values for substrates and activating
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monovalent cations in the presence and absence of acetyl

CoA, -it is apparent that the activator also has a strong

effect on the catalytic velocity per se. The isotopic

exchang.e data presented in Chapter 3 indicate that the

increase in V mav be due to activation of the rate-max

limiting first partial reaction. Although both partial

reactions were activated by acet,yl CoA, the CO2-fixation

reaction \¡/as more strongly activated that the carboxyl

transfer reaction.

Activation of the pyruvate:oxaloacetate isotopic

exchange reaction by acetyl CoA may be in part due to

stabil-isation of the enzyme under the exchange assay conditions

(pH 8.4; 0.5 units per mI - cf. Figure 5.4)¡ however, the degree

of activation (three-fo1d) is greater than expected on that

basis alone, and is consistent with activation due to the

increased affinity for pyruvate. Similarly, Seufert et aL.,

(197f) and McClure et aL. (197Ic) have shown that the pyruvate:

oxaloacetate isotopic exchange reaction catalysed by the rat

liver enzl¡me is stimulated by acetyl CoA. In the case of

chicken liver pyruvate carboxylase, acetyl CoA activation

is generally regarded as being confined to the first partial

reaction (Scrutton et aL., 1965). I have found that acetyl

CoA does in fact stimulate the pyruvate:oxaloacetate exchange

reaction catalysed by this enzyme 7-fo1d., although this

is much smaller than the extent of activation of the overall

reaçtion (approximately 2,000-fo1d; cf. Table 5.5). The

observation of a finite rate of carboxylation in the absence

of acetyl CoA by pyruvate carboxylases from a number of
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sources implies that this is a general feature of these

enz]¡mes, although in some cases, notably the chicken liver

enzlzme, the rate is very low.

McClure et aL. (I971a) have found with rat liver

pyruvate carboxylase that the Ku. for acetyl CoA, unlike

that for activating monovalent cations, is the same for the

forward and reverse reactions and concluded that. this

compound. acts by favouTitg a more active conformational

state, rather than by participating directly in catalysis.

Similarly, the effects of acetyl CoA on the stability of

chicken liver pyruvate carboxylase under mi1dly denaturing

conditions, and on the rate of reaction of avidin with the

enzlrme-bound biotin (Scrutton and Utter, 1967 ) are indicative

of an acetyl CoA induced. conformational change. The

'guenching of the fluorescence of the enzyme+bound ANS

reported here provides some direct evidence of a conf-ormational

changre accompanying acetyl CoA bind.ing.

Several reports (cf. section L.2.3) have shown that

the velocity response to increasing concentrations of acetyl

CoA is sigmoidal for pyruvate carboxylases from a number of

sources. This has been interpreted to mean that acetyl

CoA binds to pyruvate carboxylase in a cooperative manner.

However, considering the influence acetyl CoA has on t,he

kinetic constants for pyruvate and HCOs the interpretation

put forward by Sweeny and Fisher (1968) that in some

instances the sigmoidal velocity profiles obtained with

increasing concentrations of allosteric effectors are due

to a switch to an alternate reaction pathway, must also be
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considered. The situation seems to have been resolved

by recent direct binding studies on the interaction of

acetyl CoA with chicken liver pyruvate carboxylase (M.F.

Utter, private conìmunication) which indicate cooperative

binding of fou-r ¡nolecu'les of the activaÈor per tetrameric

enz)¡me molecule.

5.4 .2. The Acet 1 CoA Deac lase Reactíon

Preparations of pyruvate carboxylase from sheep

kidney, like those from chicken liver (Scrutton and Utter,

L967), catalyse the slow deacylation of acetyl CoA; however,

the status of this reaction is uncertain. Although the

enhancement of the deacylation reaction by substrates of the

carboxylation reaction suggests that the reaction is a

function of the activator site, some evidence suggests

otherwise.

(a) The decrease in the rate of the deacylation reaction

relative to that of the pyruvate carboxylation reaction on

Sephadex c-200 chromatography implies that the reaction is

d.ue to a contaminant" Scrutton and Utter (L967 ) found two

peaks of acetyl CoA deacylase activity when chicken Ij-ver

pyruvate carboxylase was chromatographed on Sephadex G-200.

Their conclusion that the second peak, associated with

material of lower molecular weight than native pyruvate

carboxylase¡ v,7âs d.ue to subunits which are inact.ive in the

overall reaction, mây also be valid here. However, it is

hard to see why deacylation at the activator site of inactive

subunits should be enhanced by the presence of substrates
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of the carboxylation reaction.

(b) The K_ for acetyl CoA in the deacylation reaction wasm

substantially higher than the K. for activation of the

pyruvate carboxylation reaction. If one assumes a mechanism

for thicester hydrolysis involving formatlon of an acyl-

enzyme intermed.iate (i.e., similar to the ch1'rnotrypsin

catalysed reaction).

K
E + acetyl CoA s> E.acetyl

kz
CoA ---+ acyl-enzyme

+ COASH

k3
--+ E+

acetate

where K_ is the dissociation constant for E.acetyl CoA, kzs

and k3 ârê rate constants. Then the apparent K* = (kt/ (kz + kg).K

(Zerner and Bender, 1964). Then, if ke >>

Km = Ks, but if k2 >)ks, apparent K* = K".kz/kz, i.e.,

K_ <K_. That is, if the deacylation reaction was catalysedMS

by the activator site of pyruvate carboxylase, the apparent

K* would be expected to be less than or equal. to the Ku. for

activation, assuming that the latter is a true dissociation

constant.

(c) Although it is desirable that a greater range of thio-

ester compounds should be tested, the apparently different

requirements for interaction at the activator site of
pyruvate carboxylase and for deacylation suggest that the

deacylation reaction is not catalysed by the activator site.
Howeverr âD alternative explanation of the d.iscrepancy is
that the rate of deacylation is limited by the hydrolysis

of an acyl-enzyme int,ermed.iate v¡hich is similar for the

S
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different substrates (Zerner and Benderr. 1-964).

' Scrutton and Utter (L967 ) found that, although activa-

ting and inhibitory analogues of acetyl CoA were deacylated'

the rate enhancement by substrates of the carboxylation

reaction was only apparent for activating acyl-CoA molecules.

This is good evidence that the deacylation reaction catalysed

by chicken 1j-ver pyruvate carboxylase preparations is a

function of the activator site.

Clearly, further work is required to establish the

relationship of the d.eacylase reaction to the activator site

of sheep kidney pyruvate carboxylase. aesolution of this

problem is important because of the potential use of the

deacylase reaction as a monitor of the activator site in

chemical modificatj-on studies. In addition, account must

be taken of the d.eacylase t"..aron in any study of the

binding of acetyl CoA to the enz¡rme. fn view of the

recent find.ing that the sigmoidal profile for the activation

of chicken liver pyruvate carboxylase is due to cooperative

binding of the activator (section 5.4.1), determination of

the order of the deacylase reaction with respect to acetyl

CoA concentration should clarify the relationship. The

data shown in Figure 5.118 do not establish whether the

rate of deacylation varies with acetyl CoA concentration in

a hyperbolic or a sigmoidal manner. It is desirable that,

the experiment should be repeated using the more recently

developed radioisotopic deacylase assay (section 5.2.3)

which by virtue of its greater sensitivity, should enable

greater precision in the cruciaL assays at low acetyl CoA

concenËrations.



CHAPTER SIX

CHEI'IICAL IqODIFICATION OF SHEEP KIDNEY PYRUVATE

CARBOXYLASE !.JITH TNBS
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6.1. TNTRODUCTION

6.1.1. The Reactive Lysine Residue of Sheep Kidney Pyruvate

Carboxylase

Previous work in this laboratory (xeech and Farrant,

1968) has shown that sheep kidney pyruvate carboxylase is

inactivat.ed by incubation with the reagents FDNB and TNBS.

Kinetíc analysis of the rate of inactivation at different

concentrations of modifying reagent (cf. section 6.I.2)

showed that the loss of catalytic activity was due to the

reaction of one group per active centre. Although FDNB has

broad specificity (cf. section 6.I.3), when the protein

treated. with Il4C]-FDNB was hydrolysed and. chromatographed,

radioactivity was found only in e-DNP-L-1ysine.

Although none of the substrates of the pyruvate

carboxylase reaction protected the enzyme against FDNB

modification, the activator acetyl CoA afforded considerable

protection. This implies that the modifiable residue is either

located. in the activator .binding site, oy masked by an acetyl

CoA-induced conformation change. Anal-ysis of the data for

the rate of inactivation by FDNB in the presence of various

concentrations of acetyl CoA showed. that FDNB could not

combine with the enzyme-acetyf CoA complex. However, the

Kd for the activator obtained by this method was 5.4 x 10-aM,

which is an ord.er of rnagnitude higher than the K. value

obtained for activation of Lhe forward reaction.

The work reported in this chapter was undertaken

in order to clarify the function of the modifiable residue.

It includes studies on the propertíes of the modified protein,
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the stoichiometry of the modification rgaction, and the

effect of modification on the catalytic activities of the

enzlzme.

6.L.2. The Kinetic Approach to Determining the Number

of Residues Modified

The method used by Keech and Farrant (1968) to show

that inactivation of sheep kidney pyruvate carboxylase

was due to reaction of FDNB with a single amino acid resid.ue

per active site was based on that of Levy et aL. (1963) and

Scrutton and Utter (1965b).

For the bimolecular reaction between the enzlzme and

an irreversible inhibitor.
k

E+nI EIn

(where E, It EIr. and kz are respectively free enzyme, inhibitor,

enzyme-inhibitor complex, and the second-order rate constant

for the reaction) , the rate of disappearance of native enzlzme

-åË = k2(E)(r)n

Now, if I is present in excess so thaÈ the concentration of I

remains essentialÌy unchanged, the reaction is pseudo firsÈ-

order and

dE- æ = k'(E)

where kr = kz (r)n.

Then the proportion of unmodified enzlzme (E/Eo) remaining at

any time, t, is given by
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-k'tE/E :ô
o

Thus, a plot of 1og

slope k' /2.303.

fn practice

(E/Eo) vs. t gives a straight line of

is measured rather than

t k'ti. e. , In (E/E) = -k ' t or log (E/r,o) 2.303

EA
Ao o

(where A is the catalytic activity at time t, and Ao j-s

the catalytic activity .at time O) . If the modified enzyme has

no residual activity under the assay conditions used, then

-k 'te

However, where the modified enzyme has residual activity F

(relative to the activity of the native enz)zme, assigned the

value 1), then

E
E_o

A
ilo

E

[,t - Ð/(L -F ,]

A
Ao

1- I !

(1-F). e-o t- +F

(Ray and Kosh1and, 1961); thus a plot of In

vs. t will be a straight line with a slope -kr

Now k' = kz (r)n, so 1og k' = log kz + n.log(r)

Thus, if k' j-s determined at a number of different concentrations

of I, n can be obtained from the slope of a plot of log k' vs.

log(f ). A1ternatively,I/LA (where L, ís the half-time for the

pseudo-first órder reaction) may be used in place of kr. This

changes the intercept of the plot, but has no effect on the

s1ope.

¡
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6.1.3" The Reaction of FDNB and TNBS rvith Amino Acids

and Proteins

The reaction of FDNB and. TNBS with amíno acid.s is a

typical nucleophil-ic aromatic substitution, illustrated in

Figure 6.1 for an amíno group. These reagents are highIy

activated for nucl-eophilic attack by the electron withdrawing

ortho and para nitro substituents which increase the 6+

on the reactive carbon .atom. -F and -SOg are good leaving

groups since they depart with the bond.ing electron pair

as stable anions. In the case of an amino group, the

unprotonated form is expected to be the reactive species,

and this has been verified for amino groups in proteins

(Freed.man and Radda, 1968). Hence most rapid reaction wilt

occur at pHs above the pK. of the amino acid side-chain.

The reaction of TNBS with primary amino groups

in amino acids and peptides was originally described by

Okuyama and Satake (1960). These workers found that at pH 8,

TNBS reacted preferentially with free amino groups and did

not react with histidine, arginine, proline, tyrosine or

threonine. TNBS reacts with sulphydryl groups but the

product is very labile under the alkaline reaction conditions

(xotaXi et aL., L964). These workers reported that in alkaline

conditions S-TNP cysteine underwent rearrangement to the N-TNP

derivative. Although Kotaki et aL. (L964) found that TNBS

reacts preferentially with amino groups in the presence of

sulphydryl groups at pH 6.8, Freedman and Radda (1968)

conclucled that the intrinsic reactivity of the sulphydryl

group of N-acetyl cysteine, assuming that only the anionic
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form reacts, Í/as grreater than that of most amÍno groups.

' FDNB can react with a greater variety of amino acid

side chains, incluciing histidine and tyrosine, âs well as

Iysi-ne and cysteine (e.g. , Cohen, 1968). The greater

specificity of TNBS may be due to steric hindrance by the

additional ortho substituent. DNP groups can be displaced

selectively from all reactive sites other than amino groups

in amino acids and pepÇides by 2-mercaptoethanol (Shaltiel'

19671. This thiolysis reaction has also been demonstrated

for DNP groups in proteins although the reactj-on was

slower. DNP was displaced from an active centre sulphyd.ryl

group of glyceraldehyde 3-phosphate dehydrogenase by 2-

mercaptoethanol under mild conditions and with recovery of

enzymic activity (Shaltiel and Soria, 1969).

TNP derivatives of amino acids and proteins show

strong light absorption in the visible region enabling ready

quantitation of the reaction (Satake et aL., 1960; Habeeb,

L966; Go1d.farb, 1966). TNBS, in excess, has been successfully

used. in the titration of prjlary amino groups in proteins

(ttabeeb, L966¡ Ozols and. Strittmater, L966¡ Haynes et aL.,

L967; Burton and Josse, 1970). In limited.amount, TNBS is

useful for demonstrating the differential reactivity of

the e-amino groups in proteins, and in studying the effect

of modification of specific residues on the catalytic and

physical properties of enzymes" The enhanced reactivity of

some amino acid side chains in proteins has been discussed

in section 1.3. Limited and selective modification of

e-amino groqps of lysine by TNBS has now been demonstrated
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for a number of proteins including glutamate dehydrogenase

(Freedman and Radda , 1-969 ¡ Clark and Yielding , L97L; Coffee

et aL., L97I; Goldin and Frieden, I97l-) and pyruvate kinase

(Hollenberg et aL., 1971).

6"2. METHODS

6.2.I. TNBS Modification Conditions

Enzlzme samples \,vere equilibrated with 0.05 M tris
(Cl , pH 8.4) containj-ng 0.1 ÞI KcI by geI filtration on

Sephadex G-25 prior to incubation at 0.5 to 4 mg per m1 with

TNBS (1.3 x 10-a M, unless otherwise stated) at 25" for up

to 15 min. A1I solutions containing TNBS were kept dark

because of the photosensitivity of TNP compounds (Kotaki and

Satake I 1964). Incubation under these conditions resulted

in the loss of not more than 5Z of the enzymic activity in

the controls (Figure 6.2) . Although tris contains a

primary amino group, negligible reaction with the buffer
(based on the absorbance in the region 300 to 500 nm) occurred

during the incubation period.

AL various time intervals, samples were removed

d.irectly into assay mixturesr or the modification reaction

quenched by the add.ition of L-lysine to 50 mM and/or acetyl

CoA to 0.25 mM. The effect of lysine on the modification

reaction is shown in Figure 6.2. Protection by acetyl CoA

against modification by TNBS and FDNB has been described by

Keech and Farrant (1968)" Vühere indicated, the modified.

enzyme \,vas separated from the quenching agents and byproducts



FTGURE 6 .2. TNACTTVATION OF PYRWATE CARBOXYLASE

ON INCUBATTON WTTH TNBS AND QUENCHING

OF THE MC,DTFICATION REACTTON WTTH LYSTNE

The enz]¡rne (s.a. 8) \^¡as incubated at 0.6 mg/ml

with TNBS as described in section 6.2.L. At the indicated

times aliquots (0.01 m1) hrere withdrawn and assayed by

the isotopic method (section 2.6.(b)) in the presence

of 0.25 mM acetyl CoA. ( v-v ), control incubation

(no TNBS), ( tr-tr ), + TNBS, ( I-l ), + TNBS,

+ 0.025 mI of I M L-lysine to give a final concentration

of 0.05 M) after incubation for 2 min.

!t't
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of the reaction by filtration on Sephadex G-25.

6 2 Chromatography Systemsfor the Separation of

TNP Derivatives

The systems used were as described by Hollenberg

et aL. (1971). System a: Vühatman No.1 paper and the

chromatogram devetoped using 1.5 M phosphate buffer (Na+,

pH 6.0); system b: Whatman No.4 paper, predipped in 0.05 M

-Lphthalate (K', pH 6.0) and dried. The chromatogram was

developed using t-amyI alcohol saturated with the same

buffer. Samples \Àtere applied to 8 x 2I inch papers (4 or 5

per sheet) and the chromatograms developed by the descending

method in the dark at room temperature for L6 h. TNP

derivatives \^/ere detected by their bright yeIlow colour.

6.2.3. Synthesis of TNP Derivatives

S-TNP-L-cysteine was synthesised from glutathione

and TNBS as described by Hollenberg et aL. (1971). Chromato-

graphy of the product (cf., section 6.2.2) gave R, values of

0.I2 and 0.49 (comparecl with 0.15 and. 0.65 reported by

Hollenberg et aL., L97I) for systems (a) and (b) respect,ively

(Table 6.1).

TNP-mercapÈoethanol was synthesised as described

by Shaltiel (1967) for DNP-mercaptoethanol. TNBS (0"5 g) was

dissolved in 5 mI of ethanol and mixed with 0.14 g (0.125 mI)

of 2-mercaptoethanol in 1 ml of ethanol. The solution was

stoppered and kept dark for 2 h at room temperature. The

solution r^/as concentrated to a yellow oil by rotary

2
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TABLE 6.1. CHROMATOGRAPHTC I\íOBTLITIES OF TNP DERIVATTVES

Chromatography was carríed out as described. in
section 6.2.2.

et qL., L97I.

R,' values in brackets are from Hollenberg

Derivative

e-TNP lysine

TNP-alanine

S-TNP cysteine.

TNP-mercaptoethanol

Picric acid

System (a) System (b)

0.26 (0.3s)

0.39

0.4e (0.65)

0. 51

Rt

0.42

0.41

o.L2

0.2t

0.24

(0.6e)

(o.rs)
*

0. 9r

*
Streaked indicating some breakdown to picric acid during
chromatography.
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evaporation at 40 45". trVater (5 ml) was added., and the

mixture allowed to stand for 30 min prior to isolation of

the precipitated material by centrifuging. After washing

with 20% ethanol, the precipitate was dissolved in ethyl

acetate - l-butanol - acetic acid (100:100:1). The R,

values of the proCuct in chromatography systems (a) and (b)

are shov¡n in Table 6.1.

6.2.4. Assay Procedures

The radioisotopic assay method (section 2.6(b))

was used for the measurement of acetyl CoA-stimulated pyruvate

carboxylase activity. Acetyl CoA-independent pyruvate

carboxylation assays were carried out'as d.escribed in

section 5.2.L, using IlHr+Cl rather than (NU+ ) zSO+. Isotopic

exchange assays were carried out as described in sections

2.lL and 2.L3. Acetyl CoA deacylase activity \^Ias measured

by the DTNB titration method (section 5.2.2).

6.3 .

6.3.1.

RESULTS

The Effect of Trinitrophenylation on the Catalytic

AcËivity of Sheep Kidney Pyruvate Carboxylase

Consident with the findings of Keech and Farrant

(1968), the decline of catalytic activity in the standard

assay of pyruvate carboxylation (section 2.6(b) ) obeyed

pseudo first.-order kinetics on reaction at pH 8.4 with a

500-fold molar excess of TNBS (Figure 6.2). Semi-logarithmic

plots of velocity plotted as a function of time were linear
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at least down to 10% of the initial activity, indicating

that t.he modified enzyme had little or no residual activity

under these assay conditions. Figure 6.2 also shows that
the modification reaction was effectively quenched by the

addition of L-lysine to a final concentratÍon of 50 mM.

It was essential to avoid excessive dilution of the enzyme

during quenching (unless acetyl CoA, was also ad.d.ed) , ês

this resulted in non-sp.ecific dilution inactivation (cf .,
section 5.3.3).

The effect of trinitrophenylation on the acetyl CoA

independent pyruvate carboxylation reaction is shown in

Figure 6.3. fn contrast to its effect on the acetyl CoA

.stimulated. reaction, modif ication did not inhibit, but in

f.acL activated this reaction. Hence the inhibitory effect

of trinitrophenylation on the catalyt.ical activity of the

enz)rme under the usual assay conditions can be attributed to

desensitisation against the allosteric effector acetyl CoA.

This is in accord with the results of the protection studies

of Keech and Farrant (1968).

The effect of trinitrophenylation on the isotopic
exchange reactions catalysed by pyruvate carboxylase was

examined. As shown in Figure 6.4, the ATP:orthophosphate

exchange reaction, which has a strong requirement for acetyl

CoA (section 3.3) was inhibited. almost to the same extent as

the overall reaction. By contrast, the pyruvate:oxaloacetate

exchange reaction, measured in the absence of acetyl CoA,

rnras inhibited only slightly. The effect of TNBS modification

on the pyruvate:oxaloacetate exchange reaction is shown in
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more detail in Figure 6.5. Exchange assays on the time

0 sample from the incubation solution showed the 2 ' 3-

fold stimulation of this exchange by acetyl CoA as observed.

previously (section 3.3). As the modification reaction

progressed, this stjmulation was eliminated., and the exchange

rate in the assays contaÍning acetyl CoA approached. the rate

observed in the absence of the activator.

As reported in 
-Chapter 

5, pyruvate carboxylase

preparations catalyse the slow deacylation of acetyl CoA.

This reacLion was not apprecíably inhibited by trinitrophenyl-

ation of the enzlzme.

6.3.2. Identification of the Trinitr n lated Amino

Acid Resid.ue

' Earlier work in this laboratory ind.icated that the

reactive residue involved in the interaction of the enzyme

with acetyl CoA is lysine (Keech and Farrant, 1968; section

6.1.1). However, because the enzyme used in the present

study was lO-times more pure (and homogeneous on the basis

of sedimentation properties and sodium dodecyl sulphate-

polyacrylamide ge1 electrophoresis), it seemed desirable to

re-investigate the identity of the reactive group (s) .

On the basis of the specificity of TNBS, observed

in many studies on the reaction of this compound. with amino

acids, peptides and proteins (section 6.1.3), the modifiable

residue could be a lysyl e-amino group, a sulphydryl grouP

or the N-terminal amino group. The N-terminal residue in

sheep kidney pyruvate carboxylase is alanine (gais et aL.,
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L972). Tn order to distinguish between'these possibilities,

three approaches were used.

(a) The spectrum of the trinitrophenylated. enzyme was

examined. The spectrum, shown in Figure 6.6, was character-

istic of an amino-TNP derivative with absorption maxima at

345 nm and 420 nm (cf., Kotaki et aL., L964; Hollenberg et aL.,

t97r) .

(b) The possibility of removing Lhe TNP group from the

enzyme with 2-mercaptoethanol was investigated. Thiolysis

of DNP derivatives except DNP-amino compounds has been

reported and is discussed in section 6.1.3. In view of the

chemical similarity of TNP and DNP derivatives, susceptÍbility

to thiolysis by mercaptoethanol seemed likeIy to be a good.

means of discriminating between S-TNP and N-TNP derivatives.

S-TNP cysteine, e-TNP lysine and o-dlp alanine \,rere
,'/

incubated at 2 mM in O.O5 M tris (c1-, pH 8.0) with 0.25 M

2-mercaptoethanol in the dark at room temperature. Control

incubations h/ere carried out with no mercaptoethanol added.

At various tjmes samples were withdrawn and chromatographed,

together with TNP-mercaptoethanol, in syst,ems (a) and (b) .

S-TNP cysteine lras complet,ely thiolysed. in 2 h¡ howeverr ro

breakdown of TNP-lysine or TNP-alanine was detected after
24 h. The coloured thiolysis product fqom the S-TNP cysteine

incubation behaved identically with TNP-mercaptoethanol in

both chromatography systems (cf., Tab1e 6.1). Thus the

susceptibility of TNP derivatives to thiolysis appears to be

similar to that of DNP compounds ( cf., Shaltiel, L967).

\



FIGURE 6.6. SPECTRUM OF TRTNTTROPHENYLATED PYRWATE CARBOXYLASE

Enzyme (s.a. L7) r^¡as incubated at 4 mg/ml with 2 x 10-4 M

5'tNeS for 10 minutes, After passing the sample through Sephadex

c-25 into O.O5 M tris (c1-, pH 8.4), the spectrum of the modified

enzlzme was recorded on a Unicam SP800 speetrophotomeÈer.
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e-amino-TNP derivatives can be isolatecl- in reasonable

yield.'by acid hydrolysis, but q-amino TNP derivatives are

completely hydrolysed to picric acj-d and the free amino group

under these conditions (xotaki and Satake, L964; Kotake

et aL. , L964) .

Trinitrophenylated enz)rme (2 .5 mg ' s. a. f 6 ) was

dialysed overnight against distill-ed water, then evaporated

to dryness and dissolvqd in 1 ml of 6 N HCI in a Contyrs

tube. After incubation under vacuum .for 17 h at 110o, the

solution was diluted with water and extracted with ether

as described by Hollenberg et aL., (1971). After repeated

evaporation of the aqueous phase to dryness, the residue

was dissolved in a small volume of ethyl acetate-butan-l-o1-

acetic acid (100.:100:I) and chromatographed with markers

in systems (a) and (b). No TNP-derivatives were on the

chromatograms of the enz]¡me hydrolysate. Failure of the

experiment was probably due to the lack of a sufficient

amount of the modj-fied protein. The procedure has not been

repeated due to seasonal d.ifficulties i-n obtaining a

sufficient amount of enzyme of high purity. The alternative

method of prolonged pronase digestion has the potential

advantage of not destroying cramino derivativesi however,

the instability of both N-TNP and S-TNP derivativ"jurrder V
!

the mild1y alkaline conditions generally used for pronase

digestion may cause difficulties.
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6.3.3. Determination of the stoichiomet of the Trinitro-

phenylation React l_on

Using a kinetic approach, Keech and Farrant (1968)

concluded that modification of a single amino acid residue

per active site was involved in the inactivation process.

However, this method gave no indication of the total number

of groups modified. The strong 1i9ht absorption of

trinitrophenyl derivatives in the visible region enables

determination of the molar ratio of TNP groups to enzyme

during the mod.ification reaction. Goldfarb (1966) found that

the spectra of TNP-amino derivatives at neutral and alkaline

pH are strongly affected by complex formation between the

derivative and SOs2- which is a product of the reaction.

However, the TNP derivative and its SOg2- complex have an

isosbestic point at 367 nm and an extinction coefficient of

1.05 x 104 ¡,t-l at this wavelength (Goldfarb, 1966; Coffee et aL.,

LeTL) .

As shown in Figure 6.7, there was a reasonably good

correspondence between incorporatÍon of TNP groups into

the protein and inhibition of pyruvate carboxylase activity.

The molar ratio of TNP groups t,o enzyme monomer was calculated

from the absorbance 367 nm using a molecular weight ofl25'000

d.altons for the enzyme monomer (eais et aL - , L972 ) and a

protein concentration d.etermined by the spectrophotometric

method. (section 2.5). As shown in Figure 6.7, when the

catalytic activity was inhibited by 80å, the enzl¡me contained.

almost two TNP groups per monomer. However, this value is

likeIy to be erroneously high since the spectrophotometric
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method. for protein determination has been shown to under-

estimête the true concentration by a factor of I.43 to 2.0

(McClure et øL., L97Ia; Scrutton et aL., Ig72; Taylor et qL.,

1972). Recent, results in this laboratory (R. Bais, unpubrished

results) indicate thaÈ, based on Biuret and Lowry protein

determinations, a correction factor of 1.8 must be applied.

for sheep kidney pyruvate carboxylase. Taking this into
account, the enz)rme, when 80? inhibited, contained an

average of I TNP group'p"r monomer.

6.3.4. Quaternary Structure of the Trinitrophenylated

Enzyme

Analytical ultracentrifugation of the modified

enzyme (Figure 6.8) showed that modification did not cause

gross changes in the quaternary structure, although some

aggregation did occur. In a sample of enzyme which was 80%

inactivated in catalytic activity, 202 of the protein (based

on peak areas) existed as a 20s species, while the remainder

sed.imented as a 15s species indistinguishable from the nat,ive

enzyme. The amount of 7s monomer, just discernible in the

sample of native enzyme, did not increase on trinitrophenyl-
ation.

6.4. DTSCUSSION

The selective modification of one amino acid residue

per monomer of sheep kidney pyruvate carboxylase resultedin
specific desensitisation of the enzyme against its allosteric
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Figure 6. B " Ultracentrif'.rgation of Native and

Trinitrophenylated Pyruvate Carboxylase

Pyruvate carboxylase, specific activity 23, was
incubated aL ¿.: mg per ml wibh 1.3 x 10-s ttl tt¡gs for 10
minuLes prior to the acldi-tion of lysine to a final
concentration of 50 mM, The enzyme was B0? inactivated.
with respect to j-ts acetyl CoÀ-stimulated plzruvate
carboxylase a-ctivity. After ge1 filtration on a cclumn
(13 cm x 1.2 cm diam.) of Sephadex c-25 equilibrated
with 0.05 M tris (C1-, pH 8.4) 0.1 14 KCl, a sample of
the modified enzlzme, together with a native sample from
the sarne batch of enzyme (in the above mentioned buffer)
was centrifuged at 20.5" ín a 12 mrir double-sector cell
at 561100 rpm in a Beckman Model E analytical ultracen-
trifuge using Schlieren optics.

The upper profile is that of the modified
enzlzme (1.8 mg per m1);'the lower is that of the native
enzyme (2.5 mg per m1). The direction of sed.imentation
was from left to right.
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effector acetyl CoA. This was indicated by the l-ack of

inhib'ition of the acetyl CoA-independent pyruvate carboxy-

lation reaction, and the elimination of acetyl CoA

stimula'L.ion of the pyruvate : oxaloacetate exchange reaction

on trinitrophenylation, as well as the earlier findÍng
(Keech and. Farrant, 1968) that acetyl CoA protected the

enzlzme against modification. In addition, the marked

inhiÌ¡ition of the ATP:orthophosphate exchange reaction by

trinitrophenylation parallels the strong activation of the

exchange by acetyl CoA.

The reason for activation of the acetyl-CoA-independent

pyruvate carboxylation reaction is not known. One possible

explanation is a conformational effect accompanying

trinitrophenylation and increasirg V*.*. Increased. affinity
for a substrate does not seem a likely cause since the acetyl

CoA independent assays rlrere carried out under opt.imat

conditions with near saturating substrate concentrations

(cf. Chapter 5). The activation appears to be confined to

the first partial reaction, which i-s the rate-lìmiting step

uncler the usual assay conditions (cf. Chapter 3) since the

rate of the pyruvate:oxaloacetate exchange in the absence

of acetyl CoA was slightly decreased on modification.

The lack of appreciable inhibit.ion of the acetyl

CoA deacylase reaction suggests that the modifiable residue

is not located in the effector binding site. Then, introduction
of the bulky trinitrophenyl group must prevent the correct

conformational change occurring when the allosteric effector
bind.s. Since acetyl CoA protects the enzyme against TNBS



156.

modifj-cation, it follows that the reacti-ve residue is exposed

in the absence of acetyl coA but j-naccessible in the acetyl
CoA induced conform.ation. Hovrever, it has not been

conclusively shown that the deacylase activity is a property
of the pyruvate carboxylase protein and not a contaminant

(cf . cha.pter 5). A direct study of the effect of trinitro-
phenylation on the binding of ligands at the acetyl coA

site seems desirable +;o finally resolve this problem.

Althou-gh trre catalyt,icatly important trinitrophenyl-
ated residue has not been isorated in this study, there is
strong circumstantial evidence that it. is a 1ysy1 residue (as

indicated by the earlier work; Keech and Farrant, 1968) and

not a sulphydryl residue. The possibility still exists,
however, that-reaction with sulphydryr groups does occur

folrowed by rapid hydrolysj-s, or transfer to an adjacent

amino group (cf. Kotaki et aL., l-9G4) under the mildly
arkaline incubation conditions. Nor has the possibiliÈy of
trinitrophenylation of the N-terminal amino acid been

elirninated.

The Limited ex.tent of trinitrophenylation and the

lack of gross changes in the quaternary structure of
the protein are in accord with the specific effect of the

modification on the catalytic properties of the enzyme.

Few chemical modification studies on pyruvate

carboxylases from other sources are avaitable for comparison.

Recently, hov/ever, inhibition by TNBS of the acetyl CoA

stimr¡Iated reaction, but not the acetyl coA ind.ependent

reaction, catalysed by the rat liver enz)rme has been found
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(M.C. Scrutton, personal communication) . Chemical modifica-

tion õf pyruvate carboxylases from other sources have

frequently been accompanied by marked effects'on the

quaternary structure of the enzyme. Treatment of the

enzyme from chicken liver and yeast with maleic anhydride

resulted. in dissociation of the native tetrameric form

(Young et aL., 1968),as did modification of the chicken

liver enzyme with some -sulphydrl'l reagents (ealaci-an and

Neet, 1970). However, limi-ted modification of up to eight

sulphydryl g.roups per monomer of this enzyme wj-th N-ethyl

maleimj-de was possible with retention of some catalytic

activity and of the original sedimentation pattern (palacian

and Neet, L972). Thus the chicken liver enzyme does not seem

to contain any highly reactive, catalytically essential

sulphydryl giroups.



CHAPTER SEVEN

A KINETIC APPROACH TO DEFINING THE ROLE OF CHEIqICALLY

MODIFIABLE RESIDUES AT THE ACTIVE SITES OF

ENZYMES
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7.L. TNTRODUCTTON

' The use of chemical modification as a probe of the

structure and function of enzyme active centres has been

considered in sectj-on 1.3. It was pointed out that highly

selective mod.i-fication of a small number of amino acid

side chains may be achieved by techniques v¡hich take

advantage of the unique reactivity which frequently occurs

in the case of catalyti.cally important resj-dues, or by the

use of affinity labels. However, particularly in the

former case, the precise function of the modified amino

acid. is not immediately apparent.

fn cases where total inactivation results from

chemical modification, ho information on the role of the

residue in the mechanism can be gained. from overall kinetic

studies (cf. Zerner and Bender, 1964; Knowles, 1965) and the

location of the residue can only be inferred from the results

of protection studies. However, where an enzyme can be

modified so that its catalytic activity is decreased but

not destroyed, it may be possible to assign a role to ihe

modified residue from kinetic stud.ies of Lhe residual activity.

This approach, originally suggested. by Ray and. Koshland

(1961), has been used by Knowles (1965) who showed that a

modifiable methionine residue at the active centre of

orchymotrypsin is involved in binding the aromatic sid.e chain

of the substrate.

In practice, problems arise because it is frequently

not possible to modify a unique residue in all of the enzyme

molecules without significantly affecting other less reactive
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residues, since complete reaction of a given residue is

approached. exponentially. Furthermore, modified. and

unmodified. enzyme molecules may be difficult to physically

separate. Previous wcrk in this laboratory (e.g., Edward.s

and Keech, L967) has indicated the usefulness of initial

velocity studies, carried out at several stages during the

modification, in d-efining the function of a modifiable residue.

However, a theoretical-basis for the interpretation of the

results of such studies, and an assessment of the potential

of the methocl, have been lacking. In this chapter a

method for determining the kinetic properties of the modified

enzyme in the presence of unmodified enz)¡me molecules is

presented. The interpretation of changes in apparent kinetic

constants arising from chemical modification in terms of

'the function of the affected residue in substrate binding

or catalysis is discussed.

7.2. THEORY

7.2.L. Kinetic Propertie s of a System Containing Mod.ified

and Unmodified Enzvme Molecu1es

The following treatment assumes that the decrease

in catalytic actívity is due to reaction by the modifying

reagent with a single specific amino acid per actíve site.

The kinetic criteria for this assumption have been discussed

in section 6 .L.2 .

A system which contains a mixture of native and

chemicalllz modified enzyme molecules having different kinetic

properties is analogous to one in which there are two
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different enzymes (or isoenzymes) present, both catalysing the

same reaction. Then, provided. Michaelis-Menten kinetics
are obeyed by both species, the initial velocity, vobs,

as a function of substrate concentration, S, is given in
equation L;

vobs +
E VrS

K1 +S (1)

where E, V1 and K1 and 'b', V2 and K2 are the enz)rme concentra-
tions, maximum velocities and appa-rent K* values for the

native and m-odified enzymes respectively.

Curves of the form of equation (l) are not true
hyperbolae and do not give a rinear plot in the doub]e

reciprocal form (cf . cl-eland, rgTo) except in the rimiting
cases where Er : 0 (i.e., no modification), E = 0 (complete

modification), Vz = 0 or Kl = Kz. In other cases, double

.reciprocar plots approximate linearity only over rinited
ranges of substrate concentrations. Failure to recognise

this courd lead to erroneous conc'tusions about the effect of
modification on the kinetic constants of the enzyme.

A theoretical example is depicted in Figure 7.1.
corresponding values of L/v and. l7s ,o"r. computed for differenÈ
proportions of the enzyme in the unmodified (x) and. the

modif ied (1-x) forms accordj-ng to equation (1) assuming' a

constant total amount of enzyme and taking Vl = Vz = 10,

Kr = 2 and Kz = 10. Th_is represents time samples from a

modification reaction, where th. V*.* of the enz)¡me is
unchanged. on modification, but the K* value is increased 5-fo1d.



FIGURE 7.T. THEORETTCAL DOUBLE RECTPR.OCAL PLOTS FOR

A MIXTURE OF TWO FORTîS OF ENZYME CATALYSTNG

THE SA.IqE REACTION

The curves were computed according to the equation
x. VrS (1-x) VzS

Rz+Sv= -l-Kr+S' for the case where

Vr - Yz : 10; Kr = 2 and K2 = 10, and with x assigned the

values ind.icated. The range of values of S used. in the

calculations was I 2;. The solid lines indicate the

computed curves which consist of two apparently linear

regions for O <x <I. The deviation from linearity is

indicated by the dotted Iines.
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7.2.2. Determination of Kinetic Constants for the

Modified Enzyme

lfhere it. is applied to samples taken at various

time intervals from a modificat.ion reaction, equation (1) can

be rewritten

vobs +
(1 x) . VzS (2)

Kz+ s

since E * Er is constar¡t. (and assiEned th.e value 1), x is
the proportion of enzyme unrnodified at time t after iniÈiation
of Lhe modification process and (1-x) is the proportion

modified.

For any given amino acid residue in the protein,
assuming the concentration of the modifying reagent remaj-ns

constant (i.e., it is present in excess ), x is given by

â-kt (3)

x. VrS
Rr +s

x

where k is the pseudo first order rate constant for the

reaction. Thus k (and hence the value of x at any time, L,

after the initiation of modification) can be evaluated

graphically from the slope of a plot of 1og ( A/Ao - F ) vs.
* I-F

t (cf . section 6.I.2) where Aor A and F are the catalytic

*The value of x (at any time t) is in fact equal to
A/A -F,o

I-F
estimate
x in this
based on
determina

at that time. However, since it is necessary to
determine the residual activity aL many points
during the modification reaction in order to

the value of F, it is clearly preferable to determine
round-about way, since the value of x is then

many experi-mental measurements instead of a single
tion.
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activities of the enzyme determined at fixed substrate

concentrations at times 0, t and 'æ' respectively.

Kr and Vr can be readily determined from the data for v at

various substrate concentrations (S) for the time 0 sample

(i.e., when x = 1). Then for any specified value of S, the

contribution of the unmodified enzyme to the observed.

reaction velocity, vobs, i.e 'fYtÌ S can be evaluated,

and for each data point, the velocity, v' , which is due

to the modified enz)rme can be calculated

(1-x). Vzs (4)v vobs Kz+S

subst.ituting vrr for vl
I-

then vr I (s)

x.Vr S

Ri- +E

VzS
K2+S

i.e. vr | = f (s) is an hyperbola and yields a linear double

reciprocal plot enabling calculation of V2 and Kz.

In principle, Kr, Vr, Kz and. V2 can be determined

from only a*o rob= versus S curves, that for the native

enzyme, and at one point during the modification, provided

k (hence x) is determined separately. However, the accuracy

of the method depends heavily on the accuracy of the value

assigned to k. Vlhile this can be determined from the slope

of the line obtained v¡hen log ,A/A.F(o)as plotted
I-F

against t (or from the tangent as t + 0 to the curve obtained

when log ( A/Ao) is plotted against t, (cf., Ray and.

Koshland, 1961); the error involved is likely to be
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considerable since F may be difficult to d.etermine for
the rêasons described above (i.e., it requires essentially
100U inactivation of one residue and no mod.ification of

other catalyt,ically important resj-dues) .

Therefore, a more satisfactory method. of d.etermining

k, Vz and Kz is a multilinear regression analysis of rob=

vs. S data for a number of different modification times

accord.ing to eguation (6);

-kr -ke .Vr S (1 -evobs + .VzS (6)
Kr+s Kz+S

The values of Kr and vr used ín the calculations are obtained

from the best-f it hyperbola to the data f or tj_me O. The

initial value of k is obtained from the initiar slope of the
plot of 1og (A/Ao) vs. t (or from the slope of the plot
of log ( A/Ao - F

) , whichever is more convenient). Then,
l--F

using equations 3, 4 and 5, initiat values for Kz and Vz ârê

obtained from *h. tob=, s data for any one modification tirne.

Using these initial. values, the values of k , Kz and V2 of
best fit to the experimental d.ata can be computed using

an iterative multilinear regression sub-programme.

7 .2.3. fnte ation of es l-n a V anda

The following considerations are not subject to the

restrictions outlined for sections 7 .2.r and, 7 .2.2, but are

quite generar and apply irrespective of whether or not the

changes in the kinet,ic constants result from modification
of one or more residuesr so long as they refer to a defined.

enzyme species.
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(a) Single substrate systems

' Case l: A single substrate-single product enzyme

which obeys Michaelis-Menten kinetics can be described by

the following sequ-ence:

E + A KT '. EA E+P

kg [Er] (7)

2

and

kg

Vmax

where E, A, EA and P are the concentrations of free enzyme,

free substrate, enzyme--substrate complex and product

respectively and k1, kz and. kg are rate constants. In

this case

K
m

kz * ka
k1

If, on modification, a substrate-binding residue

or a residue close to the binding site is modified, then

kr and/or kz will be altered. This will result in changes

in K_ but not V___-. If a catalytic resid.ue is modifiedm max

resulting in changes in k3, two possibilities exist. If it,
is assumed that product formation i-s the rate-Iìmiting
step, i.e., k1 , kz >>

will occur, but, the changes in K^ will be negligible.

ff kr = kz = ks then significant changes in K*

will be observed.; however, this situation is unusual. If
the modification is non-specific corresponding to general

denaturation with a decrease in the effecLive enzlzme

concentration, [Et], tle result obtained (i.e., a decreased

V_^-- with no change in K_) would be qualitatively similarmax

to that resulting from a specific decrease in ks, and
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may b.e necessary

t6s.

analysis as described in section 7 .2.2

to distinguish between the trvo possibilities.

Case 2z A reaction

enzyme substrate transition

trypsin catalysed reaction)

following sequence

E+A kr ..
riÌ--rt2

EAkg-
"--Eh

K
m

ksks * kzks

involving two products and two

complexes (e.9., the o-chymo-

can be described by the

Expressions for K and V in terms of rate constants for
the individual steps can be derived using the method of King

and A1tman (1956). Under iniÈia1 velocity conditions
(P, Q =O) t.he following expressions are obtained:

EQ
+P

and Vmax

ks -
=]k

E+Q

k: ku [na_l

krkg * klks

This is analogous to case 1.

Ho\,'üever, where k5 is
so that V*u.* = ks [Et] and K*

k3l-- s

rate limiting, k3

k skz

(8)

If one step in the reaction is much slower than the other,

some simprification is possibre (cf. Zerner and Bender, L964).

Where ke j-s rate limiting, since kg * ks =ks, and assuming

that binding is not rate limiting, i.e. , kr, kr>>ka

V*.* = kr tEtl and K* = 
O, (9)

kr

4 ks= k¡

(10 )

krks
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Thus, while alteration of kl and./or kz will again affect

K_ but not V__-_, a d.ecrease in k3 will also affect K_ but,m max' - -m ---
not V____ (unless k3 becomes rate limit.ing), and a decreasemax

in k5 ivill decrease both K* and V*r* in such a way that

K /V remains constant.m' max

Thus determinat,ion of the step affected requires

a detailed knowledge of the reaction mechanism, and the

possibility that modifi.cation may cause a different step to

become rate limiting must also be considered.

In view of the fact that binding and catatysi

not mutually ..excessive functions, the situation where rate t' , r 
.

constants for both binding and catalyLic steps are changed

on mod.ification might be expected to arise. For some

mechanisms aneffect on both catalysis and binding due to

modification may be difficult to distinguish from a specific

effect on a catalytic step.

(b) Multisubstrate enzl¡me systems

For a muitisubstrate system the situation ís more

complex since the expressions-for apparent K* for a particular

substrate and apparent V*.* contain terms relating to the

fractional saturation of the enzyme with the'other substrates.

For example, for a two-substrate systern with a non-sequential

('ping-pong' ) mechanism.

app K
4

t$ + rl

Ka

Vmaxand app Vmax
t"5Þ +r )

(11)
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If substrate B is at saturating concentrations (B>>Kb), then

the dänominator in each case approaches I and app Ka= Ka,

.pp Vrnr*= V*.*. ff modificat,i on alters KO so that the

fixed level of substrate B is no longer saturating, then

the denominator for both equations becomes greater than I,

and both app.K. and rpp V*.* will be decreased although the

ratio of app Kr,/app V*.* will be unaltered.

For a two-substrate system with a sequential

mechanism,
K K.l)

E_
( +1)

ar¡p K
CL

and app Vmax

l-aKa Ka

K.þ
B

B

+1)

V (r2 )

Once again, app Ka = K. and app V*.* = V*.* if BttKb, and if

modification increases the value of Kb such that B is no

longer saturating, .pp V*.* will decrease and app K. may

increaser'decrease or remain constant depending on Lhe

values of K^ and K.^. In this case,a l-a

K.(n

K_(
d.

+1)

K
app K

cL (13 )
app Vmax Vmax

will not be constant since it contains the term Kb/B.

In the case of a multisubstrate enzyme K* and. V*r*

are more complex functions of rate constants than in the

simple one-substrate system. , For any given mechanism, these

-

ia
a

Ku

E_ +1)
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kinetic constants can be expressed in terms of the rate

constänts for the individual steps. From consideration

of which kinetic constants are changed or unchanged by

modification, and which rate constants they have in common,

it should be possible to determine which particular rate

cónstants have been affected. However, as for the single

substrate system it, is necessary to assess the relative

contributions of the v4rious rate constants the values of

K_ and V_-___, and. this depends on rvhich step is rate limiting.m max'

Consider for example the case of pig heart propionyl

CoA carboxylase (edwards and Keech, L967 ) where modification

of a single thiol group specifically changes the K* for

propionyl CoA without affecting V*.*. Although propionyl

CoA carboxylase is a three-substrate enzlrne, the overall

reaction has a ping-pong mechanism ivith propionyl CoA

corresponding to B in the following scheme.

B oP

kr kz k3

ga? r'p

k ¡kz

k3+ k7

kz (kz + ks)

kr* ks ks k7 ke

->
E EI E' l<- EQ E

?lhere,

Vmax

Ka

lE

kr (ks + kz)

t l
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k¡

As shown for the

reaction is much

ks (ks + kz)

ks(ks + kz)

single

slov¡er

substrate sysLem, if
than the other, some

one step ín the

simplification
of these expressions occuis.

the formation and release of p is rate-limiting,
<<kz ,

(a) where

i.e., ks

then k3 tErl

k3 * kz

k¡

k3 k6 k3
+

kzkz k7
+

krks k1

k6+ k?

k5

if k¡ )) k7

change in

Vmax

ka

and K.þ

.(b) where the

i.e., ks >>kz,

then Vmax

and K.
I)

Thus, if kt= k7 or

with no appreciable

k5 and/or ks, i.e. ,

(case b) Lhen an increase in KO

K^ or V_^__ ind.icates a change ina max

ks kz k5

formation and release of e is rate-limiting,

k7 [Er]

k
d.

propionyl CoA bindirg, AS previously
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concluded (Edwards and Keech, L967) . However, if ks<<k7

(case.a) then the experimental results can be explained

by a decrease in kz, provided that k7 remains >>k3.

Thus, a knorvledge of the relative magnitudes of the

different rate constants, as well as the mechanism, is

necessary for the interpretation of the results.

7.3. CONCLUSTONS

The particular value of kj-neLic stud.ies on selectively

chemically modifiecl enzymes is t.hat, rvith the reservations

already outlined in sectj-on 1.3.3, the method offers a

means of determining the function of specific residues in

the dynamics of catalysis. The usef ulness of the met.hod

has been clearly demonstrated by work on hydrolytic enz)rmes

such as o-chymotrypsin (e.9., Zerner and Bender, 1964¡

Knowles, 1965). The study described here indicated that

the method can also be extended and used with multisubstrate

enzymes, provid.ed. the reaction mechanism is known, and may

be used even when it is not possible to obtain a homogeneous

preparation of modified enzyme.

Two important conclusions emerg,e from this study.

(i) Changes in apparent K* and V*r, values resulting from

chemical modification must be interpreted with caution.

The foregoing analysis makes it clear that, even for a

Isingle-substrateI enzyme a knowledge of the mechanism,

enabling expression of the kinetic constants in terms of
rate constants for the individual steps in the reaction, and

of which step is rate limiting, is essential for t.he
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interpretation of results.
' For a multi-substrate enz)rme there is the add.itional

complication that the level of a fixed substrate may be

non-saturating forthe modified enzyme. This situation should

be readily apparent and remedied if the effect of modification

on the apparent K* for each suJ¡strate is examined. If an

increase in the apparent K* value for any substrate (say B)

is found, iL is necess+ry to consider whether the leve1 of

that substrate was ind.eed near-saturating when the other

substrate(s) were varied, and to make .the appropriate

correction to the K* values by substituting the value of

app Kb as an approximation of K, into the equations

B;
(11) or (I2'). Alternatively, it may be preferable to

repeat the experiment at a higher leve1 of the fixed.

substrate.

(ii) A rnixture of native and chemically modified partially

active enzyme molecules, as occurs during the progiress

of a limited mod.ification reaction, cannot be considered

in the same \¡¡ay as a system containing a reversible inhibitor.

fn particular, curves obtained for rob= versus S are not

true hyperbolae, and failure to recognise this could lead

to erroneous conclusions about the effect of modificat,ion

on the kinetic constants of the enz)¡me. The hypothetical

example depicted in Figure 7.L illustrates the need to

use a wide range of substrate concentrations in experiments

to determine K* and V*.* for t,he modified enzyrne.



CHAPTER EIGHT

GENERAL DISCUSSION
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8.1. TIIE REACTION }IECHANTSM

The kinetic studies described in this thesis have

shown that the mechanism of the reaction catalysed by sheep

kidney pyruvate carboxylase is similar to those previously

reported for pyruvate carboxylases isol-ated from rat liver

(l4cClure et aL., 1971b,c) and chicken liver (Barden et aL.,

L972). The reaction folloivs a'Ping-Pong-Bi-Bi-Uni-Uni'

mechanism in v¡hich the two half-reactions are apparently

catalysed at separate sites on the enzyme.

The product inhibit,ion data presented in Chapter 3

indicated random binding of the substrates (MgATP2- and HCOs-)

of Lhe bi-bi- partial reaction at sites on the enzyme with

Iittle or no overlap. However, direct interaction between

HCO3 and the y-phosphate moiety of ATPisindicated by the

results obtained using phosphonacetic acid and carbamyl

phosphate. This, in view of the lack of any evidence for

prior hyd.rolysis of ATP, implies that, the binding sites for

MgATP2 and HCO3 are i:nmediately adjacentr âs in the

classical random mechanism. Therefore, it is probably more

appropriate to consider the enzyme as having tvro separate

sites, a COz fixation site, and a carboxyl transfer siie,

rather than three separaÈe sites (cf. section 3.4; Feir and

Suzuki, L969). It shoultl, however, be noted thatat present,

Lhere is no definitive information on the distance between

the two sites for any pyruvate carboxylase. A considerable

degree of separation is inferred from the ability of the

biotin ring to 'commute' betv¿een sites as far apart as 28 Å,

and by analogy with the related enzymes transcarboxylase, and
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acetyl CoA carboxylase (from Escheri,chia.coL,L) which have

the analogous two binding sites on separate subunits.

However, it j-s becoming apparent that the quaternary structure
of the these bacteríaI enz)zmes is qui te dj-f ferent from that
of many of the biotin containing enzymes (including pyruvate

carboxylase) from vertebrates.

Some rvork currently in progress in this laboratory
seems likely to shed fur:ther light on the mechanism of
biotin carboxylation and. the nature of the HCOg- binding site
on the enzyme. It has been found. (D.8.. Rylatt, unpublished

results) that I 4CO2 can be fixed on to the enzyme by

diazomethane in the absence of ATp. This resuLt, together

with the isotopic exchange data presented ín section 3.3.4

which discounted the possibility that HCO3 is the first
bound substrate in an ordered reaction, provides another

line of evidence that Hco3 and MgATp2- are bound randomty

to the enzyme"

The amount of I hcoz which could be fixed on to the

enzyme on treatment wit,h diazomethane was increased approximately

three-fold if Ir{gATP2- v¡as also present at the time of fixation.
Arthough pronase or cyanogen bromj-de hydrolysis of the enzyme

Iabelled. and methylated in the presence and absence of ATp

gave rad.ioactive products with identicar chromatographic

properties, the E-coz complexes formed prior to treatment with
diazomethane are clearry different in the two cases. vühen

Ituc]-Hcoe wâs incubated with the enz]rme in the presence of
MgATP2-, but the diazomethane treatment omitted, t uCO,

co-chromatographed. with the enz)rme on Sephadex G-25 at 40.
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However, when ATP was omitted. no E-tucor.complex could be

isolated in thj-s wây, ind.icating that the complex formed.

in the absence of ATP is non-covalent, oy contains a

covalent linkage more labile than 1'N-carboxybiotin. Further-

morer Do transferofltto pyruvate to form Il4C]-oxaloacetate

was possible in the absence of ATP.

If the methylated product from incubation of the

enzyme with I l4C] -HCor-.,in the absence of ATP is indeed

I rN-methoxycarbonyl-biotin (a conclusion which requires

further confirmation), the HCO3 binding site must be

inrmediately adjacent to the place where biotin is bound at

the carboxylation site, with the biotinyl ring perhaps making

up part of the HCO3- binding siLe. Then, reaction wj-t.h diazo-

methane or ATP could. lead to covalent bond formation between

the 1'N atom of biotin and COz. This mechanism, if verified,

v¡ouid indicate a concerted CO2 fixation reaction as depicted

in Figure 4.10.i\ rather than a two step mechanism involving

formation of carbonyl phosphate as a distinct intermediate.

As pointed out in Chapter 3, an aspect of the

mechanism v¿hich requires further clarification is the role

of pyruvate. Direct binding studies were suggested as a

means of ascertaining v¡hether a separate regulatory site for

pyruvate exists, and whether pyruvate enhances the actual

binding of HCO 3 rather than a catalytic step (n.b., the

analysJ-s in Chapter 7 showed that a specific change in a

K* value can, under ce::tain circumstances arise from alteration

of a catalytic step). It is possible that pyruvate affects

the affinity for HCO 3- by forcing biotin into the carboxylation
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site, particularly if biotin makes up part of the binding

site for HCO. as the results of.Ry1att suggest. If So,

addition of pyruvate should increase the yield of t a C-label1ed.

enzyme obtained on diazomethane Lreatment of the enzyme in
the presence of [tuc]-HCog in the absence of ATp.

8.2. ACTTVATION OF THE .ENZYME BY ACETYL CoA

At the tíme v¡hen the this project was begun, the

nature of the activation of vertebrate !:yruvate carboxylases

by acetyl CoA was poorly underst,ood. Although acetyl CoA

was generally considered to be an allosteric effector which

bind.s at a site on the enz)rme separate from the catalytic
site and acts by inducing a conformational change at the

Iatter site, the evidence in support of this hypothesis

vras very meagre, particularly in view of the apparently

absolute requirement of vertebrate pyruvate carboxylases

for this compound. The evidence consisted of,

(1) No exchanges indicative of acetyl CoA participation in
the reaction mechanism could be detected (cf. Scrutton and

Utt,er, L967). The lack of direct participation was also

inferred by analogy with pyruvate carboxylase from some

microbial sources which had been shown to be active in the

absence of acetyl CoA.

(2') The effect of acetyl CoA on the rate of reaction of

avidin with the biotin prosthetic aroup (Scrutton and Utter,
1967) and on the resjstance of the chicken liver enzyme to

cold ¿issociation (Scrutton and Utter, 1965a) provided some
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evidence for an induced conformational change.
(3) The 'sigmoidal nature of the response of init.iar_
vel0city to increasing acetyl co.A, concentration (e.g.,
Barritt et aL- ' 1966) was suggestive of cooperative binding
of the activator, and hence of a conformational change
Howeverr âs pointed out in cirapter 5, other explanations
of this phenomenon are possible.

The evidence that, acetyl coA is indeed an al-losteric
effector of the vertebrate enz)zmes is now guite convincirg.
The demonstration of the substantiar acetyr coÀ.-independent
catalytic activity of pyruvate carboxylases from sheep kidney
(Ashman et aL. , rg72) and rat liver (scrutton and rrrrite,
1972) eliminates the possibility that this compound participates
d,irectly in the reaction seguence. fn addition, the present
study has shown that the apparently rabsor-ute, requi_rement
of the sheep kidney enzyme for acetyl coA (Ling and Keech,
1966; Barritt et aL. ' .-966) arose because of the differences
in the optimal condiùions for acti.vity (in particular the
concentrations of enzlzme, substrates and inorganic ions)
in the presence and absence of the activator.

The murtiple effects of acetyl co^ on the kinetic
properties of the enzyme from sheep kidney and rat river
supports the hypothesis that aceÈyl coA binds to the enz)rme
at a site separate from the catalytic site and. exerts its
effect by inducing a conformationat change in the protein.
The most convincing evidence comes from the specific
desensitization of the enz]¡me against acetyl CoA, with no
inhibítion of the acetyl coA-independent activity.

l
L-

F'
t
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Nevert.heless, direct demonstration of a conformat-

ional change of any magnitude induced by acetyl CoA binditg,

or of intersubunit interactions, has been lacking. The

change in the fluorescence emission intensity of the bound.

probe ANS on the addition of acetyl CoA, as shown here, could

be accounted for by quite smal1 and localised conformational

changes, or by act-ual displacement of ANS. However, the

recent work in Utter's l4boratory (M.F. Utter, private

communication), in which cooperaÈive binding of four molecules

of acetyl CoÄ per tetramer of chicken liver pyruvate carboxy-

lase has been demonstrated, provides clear evid.ence for

strong intersubunit cooperativity and therefore a substantial

acetyl CoA-i-nduced. conformational change. This work illustrates

the value of direct binding experiments j-n the study of

regulatory enzymes. We have considered that acetyl CoA

binding studies on the sheep kidney enzyme are not feasible

at present because of the acetyl CoA deacylase activity

in even the purest preparations

The specific desensitjzation of the enzyme against

acetyl CoA by modification of a single lysine residue indicates

that determination of the location of this residue in the

primary sequence of the enzyme may enable identification

of some of the residues i,"hich make up the acetyl CoA binding

site. However, it will first be necessary to ascertain whether

or not the resj-due is acÈually in the activator binding site.

The insensitivity of the acetyl CoA. deacylase reaction to

modification of Èhe resid.ue suggests that it is not; however,

the relationship between t,he d.eacylase activity and the
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acetyl CoA binding site of pyruvate carboxylase remains

to be'established.

If the deacylase activity is due to a contaminant,

then further purification of the enz!¡me and removal of
this activity woul d. enable acetyl- CoA binding studies to be

carried out on the native and modified fonns of the enzyme.

Such studies should. indicate whet,her or not the modified.

residue is located in tþ. activator binding siLe. An

alternative approach would. be to test CoA d.erivatives, which

are competitive inhibitors of the enzyme with respect to

acetyl CoA (and not themselves activators) for the ability
to protect the enzyme against. TNBS modification. If the

modifiable residue is in the acetyl CoA bindi-ng site, but

probably not otherwise, these compounds should protect

against trinitrophenylatj-on. This method has the advantage

that it requires smaller amounts of less pure enzyme than are

necessary for binding studies, and. in ad.d.ition, the deacylase

activiLy would probably not be a serious problem.

8.3. SOME GENERAL COMMENTS ON CHEIUTCAL MODTFTCATION OF

SHEEP KÏDNEY PYRUVATE CARBOXYLASE

That the trinitrophenylated. lysy1 residue of

enzyme idas involved in the allosteric activation of the

enzyme, rather than the catalytic process p¿13 sêt could

shown without resorting to a detailed kinetic analysis

the kind described in Chapter 7. Nevertheless, our

knowledge of the mechanism now appears to be sufficient

the

be

of
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to enable this kind of analysis, should it prove necessary.

' Other work in this laboratory (P.K. Dudzínski

and D.B. Keech, unpublished results) has indicated that

sheep liver pyruvate carboxylase reacts with the sulphydryl

reagent N-ethylmaleimide in two. stages, the first of which

leads to the formation of a partly active enzyme. Since

some residual activity is one of the requirements for an

assignment of function gf a modifiable residue by the kinetic

method, further work on the N-ethylmaleimide modified enzyme

along these lines should prove fruitful.

The alternative approach to chemical modification

of the enzyme is affinity labelling. The applications of

this method, and its advantages over the 'limited reagentr

method used in the studies described previously, have been

discussed in Chapter 1. The most important advantagesof

using affinity labels are the high specificity of the

labelling with minimal complicating side reactions, and

the fact that a particular site on the enz]¡me can be aimed

for, rather than arríved. at, by rtrial and' error'.

Work has recently begun in this laboratory in

an attempt +-o label the acetyl CoA binding site of the enzyme

using bromoacetyl CoA. The haloacetyl derivative is

expected to have a reactivity similar to (although slightly

lower than) halomethyl ketones (section 1.3.3). A compound

with obvious potential as an affinity label of pyruvate

carboxylase is 3-bromopyruvate, which has the additional

advantage of being commercially available. Bromopyruvate has

been reported to be effective as an affinity labeI of some
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ot,her enzymes (e.g., Roche et aL., J-97I) - A possÍble

affinity 1abel for the ATP binding site of the enzyme is

a 5'-carboxylic-phosphoric mixed anhydride which is isoleric

with ATP. The synthesis and properties of the "qrri-rtf;.rt
analogue of AMP have been described (ttampton and Harper,

1971).

If the maximum amount of information is to be

obtained f rom the chemj"cal modif ication studies, it will- be

necessary to determj-ne the complete primary Sequence of the

enzyme. Studies in this laboratory on the quaternary

structure of the enzyme are sufficiently advanced to make

sequencing a feasibl-e next step: the native enzyrne is

composecl of four apparentJ-y identical polypeptide chains

with a molecular weight of L25,000 d.altons (R. Bais,

unpublished results) . Nevertheless, determination of the

seguence of a polypeptide chain of this size is a formidable

task.

Information on t,he proximity of different parLs

of the polypeptide chain in the tertiary structure can be

obtained by crosslinking with bifunctional reag'ents such as

glutaraldehyde (cf. Wold, L967) , and identification of the

crosslinked residues in the primary structure by limited

sequencing around them. With this information, and. limited

seguences around modifiable residues of known function, it

should be possible, in the long term, to construct a

reasonably accurate model of the terÈiary structure of the

enzyme. Tn the not-so-distant future, identification of

some of the residues involved in binding and catal-ysis
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should lead to a clearer understanding o.f the nature of

the enzyme catalYsed reaction.
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APPENDIX A: PRODUCTTON TNH]BTTION DATA



FTGURE x.l. pRoDUcr rNurBrrroN wrrrl M9ATP2- AS vARTED

SUBSTRATE.

The enzyme (0.01 unit, s.a. 10) was assayed by the

isotopic method. A. M9ADP as product inhibitor at the

following millÍmolar concentrations3 [-¿\ , 0;

I-I ,0.25; O-Or 0.5; ^-^,0.75¡
o-tr r 1.0. B. Pi as product inhibitor; NazHPo,+

(pH 8.4, HCl) and NaCl u/ere added so that the concentration

of Na* was constant. Final Pi concentrations were (in

millimolar): l-l , 0¡ A-A , 5; ^-^ ' 10;

, 15î o-o t 20. C. Oxaloacetate as product

inhibitor: the final millimolar concentrations were:

o-or 0; v-?r 0.5; E¡-tr,1.0; l-1,

1.5; A-a ,2.0.
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FIGURE x.2. PRODUCT INHIBITION WITH HCOg AS VARIED

SUBSTRATE.

The enzyme (0.05 unitr s.â. L2) was assayed by

the spectrophotometric method for MgADP and Pi as product

inhibitors, and by the isotopic method for oxaloacetate

as product inhibitor. A. M9ADP as product inhibitor:

lfgADP $/as used at the following millimolar concentrations:

tr-tr ' 0; o-d' 0.5; O-O ¡ 1.0; ,

1.5; v 

-v 

, 2.0. B. pi as prod.uct inhibitor: pi
-l-(Na') was added at the followi-ng milli-molar concentrations

l-(with the Na' concentration held constant by the addition

of NaCl) r 

-t 

, Q; a-a , L2.5¡ ¡-I , 25¡

B- tr , 37 .5 ¡ o 

-O 

t 50 . C. Oxaloacetate as

product inhibitor: the final millimolar concentrations

Were O-O, 0; E-8, 0.5; I-t, I.0; A

1. 15; v-v , 2.0 .



I 1

I
+¿
ct
o
g
g
q

5
4

o
o.
o
.n

20 1

Mg-ADP , m[11

4

-1
v

2

0 2

NaHCO( )

¡I
Ð--j

Í

+

3

1

rnM
!1



B
1.2

.8 4

1
v

4

I

o
CL
o
th

2

0 1

HCO

3

rnM

0 25

P I) ,

A
A

T

4

2

I
+,
o.
(¡)

o
L
o
+.

^

tr

I
À

o

o

A
A

o

o

tr
¡

tr

5-

I
I

50

mM-11

3(



C

4

+.
CL
o
o
L
o
+.

I
A

.2

oo
o
U'

4

0 1

OAA rnM

2

-1

6

4

2

ã

A

I
Y

v

Y

.A

^

v
I

o¡

oa
o./

2I0

1

tr

I
F

Þ

(ruun co3 )
I

nrM



FTGURE X.3. PRODUCT TNHIBITTON I{TTH PYRWATE AS VARIED

SUBSTRÃTE.

Enzlzme (0.025 unit, s.a. L2) was assayed by the

isotopic method. A. M9ADP as product inhibitor. The

following millimolar concentrations \,üere used' tr-o r

0; v-v, I.0; a-a , 2.0. B. Pi as product

inhibitor. Na2HPO,* (pH 8.4, HCl) and NaCl lrzere combined

so that. the Na* concentration was co;stant. Final Pi

concentrat,ions (in millimolar) were E-r, 0;

tr--tr, 10; a-':r , 20; V-V , 30. C. Oxalo-

acetate as product inhibitor: final inhibitor concentrations

(in millimolar) were r-l , 0i tr-B , 0.25i o-o ,

0.5; O-O , 0.75; a 

-^ 

, I.0.
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