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ABSTRACT

The enzlzme, pyruvate carboxylase (pyruvate:CO,

ligase (e¡p), EC 6.4.f.r), v/as extracted and purified. 18-

fold from a citrate accumulating fungus, Asperqillus niqer

A-1-233. Enzyme activity in crude extracts was found to

depend on the age of the culture and, if the sucrose

concentration in the med.ium was high (tO%), on the species

of Aspergillus used. No conclusions as to the possible role

of pyruvate carboxylase in citrate accumulation \^/ere reached.

A g-fold purified enzyme from A. niqer A-1-2Jl was

used for both the physical and kinetic studies. The

activity of pyruvate carboxylase from this source \,vas found

to be stimulated by x+ ions and. inhiloited by ua+ ions. Ït

v/as proportional with time and protein concentration. The

enz)¡me was found Lo be subject to cold inactivation and

subsequent thermal reactivation. Glycerol, in a

concentration of 25%, was used for complete protection

against cold inactivation. The enzlzme was markedly labile

at 600 c and- ,5o c and lost all activity within l-B minutes

at 4Bo c. The pH optimum was determined to be 7.9-8.0.

Pyruvate carboxylase from A. niger was shown to be a biotin-



containing enzyme by its inactivation by avidin and

protection agai-nst such inactivation by excess biotin.

Acetyl CoA was found to have no effect on enzyme activity.

Apparent and true Michaelis constants were

determined for the substrates involved in this reaction;

pyruvate, bicarbonate, ATP and Mg++. The reaction was

inhibited by both mesoxalate and L-aspartate. Product

inhibition studies \^/ere carried out with each product

(oxalacetate, ADP and P.) i" combination with every

substrate (pyruvate, bicarbonate and ATP). From these

kinetic results, a mechanism !üas proposed for the action of

pyruvate carboxylase which involves 3 independently active

sites on the enzyme, one for each substrate. The bicarbonate

on site II was visualized as swinging from the ATP site

( site I) where i t was activated to the pyruvate site ( site

III) v¡here it combined with pyruvate to form oxalacetate.

This proposed mechanism explains satisfactorily all the

kinetic results obtained in this study.



ABBREVTATIONS

The following abbreviations have been used:

Acetyl CoA - acetyl coenzyme A

ADP - adenosine-l' -d-iphosphate

ATP - ad-enosíne-l' -triphosphate

Bicine N,N-bis( e-nyaroxyethyl) glycine

HEPES N-2-hydroxyethylpiperazine-N' -2-ethanesulfonic acid

LDH - lactate dehydrogenase; L-lactate:NAD oxidoreductase,

EC 1 .1 .1, .27

MDH - malate d-ehydrogenase; L-malate:NAD oxidoreductase,

Ec 1.1.L.37

MES 2-(N-morpholino) ethanesulfonic acid

NADH - p-dihydronicotinamide adenine dinucleotide

Tris - Tris( nyaroxlanethyl) aminomethane
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fNTRODUCTTON

The ability of certain strains of Aspergillus to

produce citric acid is a well-known fact (Karow and

Waksman, f947; Shu and. Johnson, t94B). The importance of

the composition of the culture medium has also been reported.

The additions of certain meLal ions in strictly controlled

concentrations at various times (Snu and Johnson, f94T) and

of high concentrations of sucrose (Sfru and Johnson, 1948)

have been found to stimulate citric acid accumulation.

Attempts have been made to determine the mechanism of

citrate formation and accumulation in this organism by

studying the levels of the various Krebs cycle enzlzmes

(Ramakrishnan e_9 al., f955; la Nauze, f966).

The enzyme, pyruvate carboxylase, catalyzes the

formation of oxalacetate by the direct carboxylation of

pyruvate with energy supplied by the breakdown of ATP to

ADP and P.. The possibiliLy that it might play a role in
l_

citrate accumulation resulted in the initiation of thís

study. It was thought that perhaps the accumul-ation of

citrate by certain strains of Asperqillus niqeg might be

due, at least in part, to an increase in the activity of
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this enzyme.

It was thought to be of interest to try to determine

the mechanism of action of pyruvate carboxylase. To this

end, a complete kinetic study was done. An advantage of

working with the enzyme from A. niger was that acetyl CoA

has no effect on its activity. I^Iith some of the other

reported sources, acetyl CoA has been found to be either

absolutely required or stimulatory. By using this source,

however, one variable has been eliminated. The reaction was

found not to be a simple one involving only one active site.

Rather, it was postulated from the results that 3 active

sites, one for each substrate, \,vere probably present on the

enz)rme surface. There have been no reports of kinetic

studies on enz)¡mes which have more than one active centre.

Attempts made in this study to determine rate equations for

such a complex system proved to be unsuccessful. However,

it was possible to apply the analytical principles of

Cl-eland (f963c) in order to elucidate the reaction

mechanism.
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HTSTORTCAI

The direct carboxylation of a J-carbon compound,,

pyruvate, to yield a 4-carbon compound, oxalacetate, r^/as

first postulated by trVood and Vüerkman in 1938. Earlier

experiments (Wood and ÏrTerkman, L%6) had shown for the

first time that CO, was fixed by heterotrophic non-

photosynthetic bacteria in the case of the fermentation of

glycerol by the propionic acid bacteria. The mechanism of

its utilization was not clear at that time however. The

results obtained in 1938 led these workers to suggest that

succinic acid was formed from a J-carbon compound through

the addition of COr. They had found that succinic acid

formed and CO, utilized were approximately equimolar and

that in the absence of COr, little or no succinic acid was

formed. They felt that CO, utilization might in some way

be involved in the synthesis of citrate by its condensation

with a J-carbon compound to form oxalacetate.

fn 1940, in a continuation of their studies into

bacterial- CO^ fixatíon, Irlood and lrlerkman postulated that CO^22
util-ization involved phosphopyruvic acid. The ability of

NaF to inhibit both CO, utilization and phosphoglycerate
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fermentation indicated that CO, fixation ?rad a close

connection with phosphorylation. This assumption was

logical since the high energy content of phosphorylated

compounds could have been the source of energy for CO,

uptake.

Krampítz et al. (fg4¡), working with Micrococcus

lysodeikticus, reported that the reaction catalyzed by the

enz)zme, oxalacetate p-carboxylase, \¡¡as reversible and that

the enzyme could índuce the incorporation of CO, into

oxalacetate according to reaction (f) t

"tto, 
+ cH3.co.cooH \ \cl3oon."r'co.coou (r)

Despite evidence that CO, fixation occurred in animal

tissues, direct demonstration of the reaction in these

preparations was not accomplished. ft was just assumed that

such a mechanism was involved. However, in 1946, Utter and.

I¡üood demonstrated that the decarboxylation of oxalacetate

by a pigeon liver extract was reversible when ATP was added

to the enzyme. The function of ATP was thought eíther to be

stimulation through phosphorylation of a cofactor of the

reaction or stimulation by direct participation of ATP in

the reaction. Their results aqain suggested that a high-
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energy derivative might be involved in the reaction. This

contention was supported by Wood in his review of CO,

fixation (L946)

the hlzpothesis of the direct carboxylation of

pyruvate to oxalacetater âs postulated by Wood and trrTerkman,

assumed less significance at this time since there was no

conclusive enzymatic evidence and also since alternate

pathways for the formation of dicarboxylic acids v¡ere found

by various enz)rme studies. One of these enz)zmes was Lhe

NADP-specific malic enz)rme which catalyzed reaction (Z),

NADP NADPH + H+
cooH .a^2. cHoH. cooH

\^
"r3.co.cooH 

+ coz (z)

This enzl¡me was discovered by Ochoa et q!. (f948).

Bandurski and Greiner (fgf:) first reported the existence of

another such enzyme, phosphoenolpyruvate carboxylase, which

catalyzed reaction (¡),

c}Jr=cçoeor) .cooH + co2 s scooH. arz.co.cooH + P.
l_

(:)

A third enzyme which was found to catalyze the formation of

a dicarboxylic acid was oxalacetate carboxylase (nhosphoenol-

pyruvate carboxykinase) (reaction (4)) t
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cn^=g(oeo-).cooH + co^ + rDp-coon.cgo.co.cooH + rrp (4)2 ' 3'- 2 ¿-

This enzlzme v/as first isolated by Utter and Kurahashi (tgS\).

A direct carboxylation of pyruvate was postulated

for a reaction catalyzed by a crude enzyme system isolated

from Escherichia coli and Proteus morqanii (xattenbach and

Kalnitsky, $JLa). The reaction required high concentrations

of bicarbonate. A requirement for ATP could not be

demonstrated, (xaltenbach and. Kalnitsky, l-95fb) as had. been

found by Utter and Trrood (tg46). However, a marked

stimulation was observed with P. in a concentration of 90 mM.

Then it was reported that extracts prepared from

Asperqitlu€ niqer could form aspartate and malate from

pyruvate , Coz and ATP (woronick and Johnson, 1960) . These

workers felt that this was a nev¡ system and that it probably

yielded oxalacetate as an initial product. At the same

time, utter and Keech (fg6O) published evidence for the

occurrence of a similar enzyme system in avian and beef

liver. It was postulated to catalyze the following

reaction ( f) t

""3.co.cooH 
+ coz + ATP=+cooH.anZ.co.cooH + ADP * ni (¡)



7

The nature of the reaction was first described in

f963 by Utter and Keech. The enzyme v/as tentatively given

the trivial name "pyruvate carboxylase" and has since been

classified systematically as pyruvate:CO, ligase (aop),

EC 6.4.f.f. Although most of the work done on the enzyme

has made use of chicken liver as the source, pyruvate

carboxylase has also been isolated from Pseudomonas

citronel-1o1is (Seubert and Remberger, I96L), aspergillus
. ì _-niqer (etoom and Johnson, L962), raL liver (Henning and.

Seubert, L964), bakerrs yeast (nuiz-Amíl et al., L965),

sheep kidney (r,ing and Keech, L966) and recently from

mammalian brain cortex (reticioli et al., L967).

No assumptions have been made as yet as to the

active species of CO, involved in the reaction since there

is no evidence avail-able at present on this question (Keech

and Utter, 19æ) .

IrL 1960, v¡hen trforonick and Johnson first observed a

reaction catalyzed by cell-free extracts of A. niger v¡hich

resulted. in the formation of oxalacetate from pyruvate and

ATP, they found it was stimulated 1.1-fold by addition of
+

1OO pmoles K'. Bloom and Johnson (t962) reported a 4-fold

stimulation of A. niqer pyruvate carboxylase activity by



B

100 ¡rmoles Kcl. The yeast enzyme was also found to be

stimulated. by K+ ions whereas it was inhibited by Na* ions

(nuiz-amit et aL., L965).

Magnesium has been found to be necessary for the

reaction independent of the sou.rce of the enzyme (Utter and.

Keech, L96O; Seubert and Remberger, I96L; Bloom and

Johnson, L962; Henning and Seubert , Li64; Ruiz-Amil et 41.,

L965; Ling and Keech, L966). It has been found, in the

case of the chicken liver enzyme (Scrutton et af., L966),

that manganese can replace magnesium in the reaction.

Recently, using kinetic method.s, Keech and Barritt (L967)

have investigated the rofe of Mg++ in the pyruvate

carboxylase reaction of sheep kidney. Their results have

led them to suggest that *9** might play at least 2 roles

in the reaction mechanism; (") to form a complex with ATP

yielding M9ATP: which is the true substrate and (b) to form

a complex with tÏre enzyme resulting in activation of the

reaction. The kinetics for the MgATP= complex indicated a

homotropic cooperative effect involving the binding of at

least 2 molecules of ligand. Two possible bind.ing mechanisms

++=_++for Mg" and M9ATP have been postulated. The Mg ion

could bind to a specific effector site. In this case, there
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\,vould be 2 interdependent MgaTP=-binding sites.

Alternatively, *g** could bind at one of the MgATP:-bind.ing

sites which is capable of functioning as an effector site.

As yet, no choice has been made between these 2 postulates.

The cold lability of pyruvate carboxylase \,vas first

reported by Utter et al. (L96+), working with the chicken

liver enzyme. In the absence of any protective agents,

partial reactivation was obtained by simple rewarming to

Z3o C. This reactivation was rapid and its extent varj-ed

somewhat with the experiment. Higher temperatures did not

increase the degree of reactivation. Later research with

pyruvate carboxylase from yeast (nuiz-amil et a1., 1965)

and from sheep kidney (r,ing and Keech, L966) demonstrated

the cold lability of the enzyme from these sources as well.

Research was carried out to find means of stabilizing

the enzyme against cold inactivation. Utter et al. (1964)

found that pyruvate carboxylase was protected by high

concentrations of sucrose (f.f yi) and to a lesser degree by

combinations of some of the reaction components. The yeast

enzyme has been stabilized by addition of 1.0 M sucrose or

45% saturated (*+)zso4 (nuiz-amil et al., L965) and. the

sheep kidney enzyme by 1.5 M sucrose (r,ing and Keech, f966).
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Studies with pyruvate carboxylase from chicken l-iver

(Scrutton and Utter, L965a) showed that the enzlzme had a

molecular weight of approximately 66OrOOO. Activity was

found to be associated. wíth the 14.85 band whích was the

major component. There was also a slower-sedimentLng 6.755

band of a minor component. Cold inactivation was accompanied.

by a transfer of protein from the 15S to the /S peak. Thus,

it appeared that the loss of activity was due to the

dissociation of subunits. In L966, Valentine et al.

presented very convincing electron micrographs of molecules

of pyruvate carboxylase which showed 4 subunits at the

corners of a square. The result of cold inactivation was

the dissociation of these subunits, each of which had an

assumed molecular weight of l-65.OOO. The result of

subsequent thermal reactivation was the reformation of the

intact molecule.

Avidin inhibition has been verified for the pyruvate

carboxylase from all sources thus far studied. This

inhibition is almost complete in at1 cases and can be

prevented by preincubation of the avidin with biotin. These

results d.emonstrated that pyruvate carboxylase is a biotin-

containing enzyme. The fact that this vitamin had a



11

function ín co, fixation had long been postulated since it

had been observed in many systems that co, fixation was

decreased. in biotin deficiencies (octroa and Kaziro, L96r).

Lardy et al . (tg4f), working with Lactobacillus

arabinosus, having suggested again that the synthesis of

oxaracetate might occur by a condensation of pyruvate and

co2, reported that bicarbonate elicited no appreciable

growth response in a biotin-low medium. However, in the

presence of biotin it greatly stimu1ated growth. The

resurts of shive and Rogers (tgLq) inoicated that biotin

functioned in yeast in the carboxylation of pyruvate to form

oxal- acetate .

More recent enzlzme studies have showed that many

carboxylases are biotin-containing enzymes. In this respect,

pyruvate carboxylase is similar to propionyl carboxyrase

(raziro and ochoa, L96L), acetyl coA carboxylase (waite and

Vüakil, 1962) and to the transcarboxylase, methylmalonyl-

oxalacetic transcarboxylase (wood et al . , f9æ). A1so, they

all- appear to be composed of 4 subunits.

The general mechanism for all biotin-containing

carboxylases as proposed by ochoa and Kaziro FgAt) rras been

stated as follows (reactions (6) and (Z)),



L2

++
Enzyme-biotin + ATP + UCO--¡=ë9-Enz'me-biotin^.CO^ +J- ' 2

ADP + P.
a

Enzyme-biotintCO2 * acceptor Enzyme-biotin f

(6)

acceptor-Coo (f)

From microbiological assay studies with Lactobacil-lus

arabinosus, scrutton and utter (tg6S") have determined. that

there are approximately 4 moles of biotin bound per mole of

pyruvate carboxylase. Thus, each subunit of the enzyme

could be assumed to contain one biotin site. This biotin is

not free, but rather is bound to the enzlzme from which it

can be released by hydrolysis. Tt has been postulated. that

the linkage is covalent in nature through the carboxyl

group of its valeric acid side chain to the € -amino group of

lysine (ochoa and Kaziro, L96L). Green Gga=) postulared

that the biotin must be mobile enough to permit its

movement between the 2 active centres; the ane-mg++-HcO,
J

centre and the substrate-carboxylating centre. Mildvan

et al- . FgAe) have made use of this postulate and have

suggested that the biotin ring is on a long, flexible arm.

tn I)66, Scrutton et al. reported the presence of

tightly bound manganese in the pyruvate carboxylase of
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chicken liver. No definite evidence was presented as to the

valence state of manganese when bound to the enz)rme. They

did, however, determine the metal content to be 2.5-4.3

moles of Mn per mole of enzyme or 0.6-t.1 mol-es of Mn per

mol-e of biotin. This is not the same form of the metal that

can repl-". Mg++ and that is necessary for enzlzme activity.

ïn this latter case, it is readily dissociable.

According to the general mechanism proposed for

carboxylases by Ochoa and Kaziro (t96t), the reaction

mechanism for pyruvate carboxylase may be written in 2

steps (reactions (6) (t" d.escribed previously) and (B))t

++
Enzyme-biotin + ATP + HCOr-- Mg- Enzyme-biotinr-co.. f

J.

ADP + P.
I

Enzyme-biotinr-CO^ + pyruvate ¡#Enzyme-biotin *

(6)

oxal-acetate (B)

++
McrSum: Pyruvate + COZ + ATP+=-LOxalacetate + ADP * Pi (g)

The overal-l reaction is given in (g). The results obtained

by Mildvan et al . (L966) support the hlzpothesis that the

bound Mn plays a functional role in the transcarboxylation

part of the reaction; ie. the transfer of a carboxyl group
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from the enzyme-biotinrCO, complex to pyruvate (reaction

( B) ) . rf this is the case, then the locus of action of the

bound metal- ion differs from that of the added divalent

metal ion which participates in the formation of the enzyme-

biotinr.CO^ intermediate from bicarbonate and ATP (reaction'?

( 6) ) . This group has proposed that the pyruvate is het-d at

the enzlane surface through 2 bonds with the bound manganese.

A striking feature of pyruvate carboxylase is the

variability of effect of acetyl CoA. In L96O, research

showed that the pyruvate carboxylase of chicken liver had an

absolute requirement for acetyl CoA that could not be

replaced by any other compound or combination of compounds.

The indirect role of acetyl CoA was confirmed. Its function

\^ias not that of an initial aOz acceptor, ês shown by the

fact that l-abelled acetyl CoA was not incorporated into

oxalacetate (Utter and. Keech, 1960). Later work with a

more purified form of the enzlzme verified these results

(Scrutton et al., 1965) .

Work has since been done on the effect of acetyl- CoA

on pyruvate carboxylase from a variety of different sources.

The reaction in sheep kidney has been shown to share the

absolute requirement for acetyl CoA demonstrated by the



r5

chicken liver enzyme (f,ing and Keech, L966). The reaction

in rat liver (Henning and Seubert, L964) and baker's yeast

(nuiz-amil et al., L965; cooper and Benedict, L966) is

stimulated by acetyl CoA. Pyruvate carboxylase from

Ps. citronel-lolis (Seubert and Remberger, 196I) and from

A. niqer (etoom and Johnson, L962) is not affected by

addition of acetyl CoA.

Ultracentrifugal studies have showed that the presence

of acetyl CoA has no effect on the sedimentatíon rates of

the 2 peaks (f 4.Bs and 6.755) or on the distribution of

protein between the 2 fractions (utter et al., L964). Thus,

the action of acetyl CoA is not to cause aggregation of

subunits into an active molecule. Tts effect has to be more

subtle; perhaps involving changes in the conformation of

the protein mol-ecule.

More recently, Scrutton et al. (lg6S) have showed that

acetyl CoA is required for the carboxylation step (reaction

(6)) but not the Lranscarboxylation step (reaction (B))

(Scrutton and utter, t)64; Gail-iusis et al., 1964). The

activation by acetyl CoA was thus localized in the formation

of the enzyme-biotinr,CO, intermediate from ATP and

bicarbonate.
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Cooper and Benedict (L966), working with the yeast

enzyme, have found that the addition of acetyl coA resul_ts

in a change in the tertiary structure of the protein and

causes a lower K* varue for bicarbonate. Recently, resul_ts

for the sheep kidney enz]¡me have indicated that the kinetics

observed with acetyr coA are more complex than previously

assumed (Barritt et al., 1966). These authors suggested

that acetyl CoA activation of the enzyme from this source

is an allosteric effect invorving homotropic cooperative

interaction between at least 2 activating sites.

Some work has been done on the effect of sulfhydryl

inhibitors on pyruvate carboxylase. Keech and Utter (tg6=)

found that N-ethylmaleimide, iodoacetate and iodoacetamid-e

\,vere all virtually wíthout effect. Mercuric salts, such as

HgCLr, and ¡-chloromercuribenzoate v/ere found to be

powerful inhibitors. Ling and Keech (tg66) reported" 4Jy'o

inhibition by ¡t-chLoromercuribenzoate and 47% inntbition by

iodoacetate. In the latter case, the difference with the

results of Keech and. Utter (1963) \Mere perhaps due to the

fact that they used a more concentrated sol_ution and

incubated it with the enz)zme for a longer period of time.

Keech and Utter (fg6S) have suggested that free sulfhydryl
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groups are essential for activity although they have never

been abl-e to demonstrate increased stability or activity of

the enzyme in the presence of reduced glutathione. On the

other hand, Ling and Keech (L966) have suggested that since

there is a slow rate of inactivation, free sulfhydryl groups

are not necessary for activity but possibly the inhibitor

is reacting at a distance from the active centre or that it

is acting on another tlzpe of group, such as a free amino

or hydroxyl group.

The work with the chicken liver enz)rme was begun in

order to investigate a mechanism for the formation of

phosphoenolpyruvate (Utter and Keech, L9æ). Liver extracts

do not contain enzymes for the direct conversion of

pyruvate to phosphoenolpyruvate. Since the latter can be

synthesized from oxalacetate, the possibility that there

\^/as an enzlzme to carboxylate pyruvate directly to

oxalacetate was studied.

The enz)rme, phosphoenolpyruvate carboxykinase (utter

and Kurahashi, L954), has been found to be closely

associated with pyruvate carboxylase in certain tissues.

this association has led to the suggestion that a

combination of the 2 reactions catalyzed by these enz)rmes
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represented a major pathway for the synthesis of phospho-

enolpyruvate from pyruvate during gluconeogenesis (Xeech

and Utter, 19æ) .

In L)64, it was found that there was a simultaneous

rise in glycogen and pyruvate carboxylase activity within 6

hours in livers of cortisol-treated- rats (Henning et al.,

L96+). In the same year, a similar rise in levels of

pyruvate carboxylase v/as reported in the livers of alloxan

d.iabetic rats (wagle, 1964) . Further studies by Henning

et al-. (t966) showed again that d.iabetes, cortisol and

starvation all increase pyruvate carboxylase activity. The

evidence presented suggests that the physiological

significance of pyruvate carboxylase, in conjunction with

phosphoenolpyruvate carboxykinase, is to act as pacemaker

of gluconeogenesis.
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MATERIAIS AND METHODS

Cultures

A citrate accumulating strain of Aspergillus,

Asperqillus niqer NRC A-1-233, h/as used throughout this

study. A. niger NRC A-1-2L5, another citrate accumulating

strain, two non-accumulating strains of Aspergillus flavus,

NRC A-2-74 and NRC A-2-BB, and Asperqill-us ustis NRC A-7-7

\^/ere used for comparison studíes. All these org;anisms \^/ere

obtained from the National Research Council, Division of

Biosciences, Ottawa, Ontario.

Maintenance of Cultures

All- stock cultures \ivere routinefy maintained on

slants of Brain Heart Infusion Agar (ealtimore Biological

Laboratory). Subculturing was carried out approximately

every month. Luxuriant growth was obtained after 48 hours

íncubation at e8o c in the case of A. niger and after

f2 hours in the cases of A. flavus and A. ustis. The sl-ants

\irere then stored at 4o C.
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Growth Medium

The liquid medium was a modification of the medium

described by Marshall- and Alexander GgAZ). It was

prepared in four parts. Part A contained: sucrose, B.B g;

(*+) 2Po4, L.65 i; FesoU.THzo, O.OOI 9; MnsoU.4wro, O.OOI 9;

and distilled water, J00 ml. Part B contained: MVSOU.THZO,

O.2 g; and distilled water, 100 ml. Part C contained:

CaCl 2.2HZO, 0.I 9¡ and distilled water, 100 ml . Part D

contained: K2HPO4, 0.1 9; NaTHPOU .7HZO, 28.B gì NaHrPO4r

ß.9 g¡ and distilled water, 500 m1. The pH of Part D was

adjusted to 6.6-6.8.

The four solutions v/ere autoclaved separately at

1210 C for 20 minutes, then mixed aseptically after having

been cooled to room temperature.

A "high sucrose " medium v\ias prepared in a similar

manner using Lo/o s:ucrose (toog/t).

For inoculation into the l-iquid medium, the conidia

\^/ere washed f rom the slants with sterile distilled water.

Five millilitres of a heavy suspension were transferred

aseptically into !00 ml of liquid medium in 2-litre

Erlenmeyer flasks.
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The fungi \^/ere growrt on a New Brunswick rotary

shaker at lBO revolutions per minute at ZBo c. The

A. niger cul-tures were incubated for 48 hours and the

A. flavus and A. ustis cultures for f2 hours.

Preparation of Cell-free Extracts

All cultures v/ere harvested on four layers of

cheesecloth. The mycelia were washed with sufficient dilute

KOH to bring the pH to neutrality and then with approximately

one litre of ice-cold glass-distilled water. The mycelial

mat was pressed dry and frozen until- required.

All subsequent procedures \^/ere carried out at O-3o C.

The mycelia were thawed and the nearly dry mass was

extracted in the ratio of I g to 5 ml of cold 0.1- M Tris-HCl

buffer (pH 2.9) to which had been added 25% glycerol-.

Disruption was achieved by grinding at approximately 240

revolutions per minute with a tissue homogenizer (eeff"o),

the pestle of which had been attached to an Eberbach Zero-Max

motor. Satisfactory breakage \^/as obtained after 10 minutes.

Debris was removed by centrifugation in an RC-2 Sorvall

centrifuge at 27,OOO x g for 1l minutes. The creamy opaque

supernatant solution was used for assays and further
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purification.

Chemicals

The following chemical_s were obtained from the Sigma

Chemical Company:

Pyruvic acid, sodium salt, Tlpe III

p-Diphosphopyridine Nucleotide, red.uced form (g-oüryaro-

nicotinamide Adenine Dinucleotide; Ê-DPNH; p-NADH)

from yeast, disodium salt, Grade III

S-acetyl Coenzlzme A, sodium salt, Grade II

Adenosine-!'-Triphosphate (nfe) from equine muscle,

disodium salt

Adenosine-!'-Diphosphate (aOp) from equine muscle,

sodium sa1t, Grade I

Oxalacetic acid

L-aspartic acid

D-aspartic acid, crystalline

The following chemicals were obtained from

Nutritional Biochemicals Corporation:

Avidin, 2273 units/g

D-biotin (Vitamin H), crystalline

meso Oxalic acid
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The following chemicals were obtained from

Calbiochem:

Protamine sulphate ( salmine)

2-(N-morpholino) ethanesulfonic acid (rtles), A grade

N-2-hydroxyethylpiperazine-N, -2-ethanesulfonic acid

(ueeus), A grade

N,N-bis( z-nyaroxyethyl) glycine (ficine), A grade

The following chemical h/as obtained from Boehringer

Mannheim Corpora.tion:

Malate dehydrogenase (¡¿OH) from pig heart, analytical

reagent grade, specific activity approximately TZO

units/mg

Enzr¡me Assays

The conversion of pyruvate, COZ and ATP to

oxalacetate, ADP and P. as catalyzed by pyruvate carboxylase

(pyruvate:co^ ligase (aop) , EC 6.4.I.1) was fotlowed\r ¿ 2

spectrophotometrically by a mod.ifÍcation of the method of

Utter and Keech ( fg6:) . The rate of decrease in optical

density was measured at 340 mp with a Model 2OOO Gilford

recording spectrophotometer. Successive readings on any

single cuvette \,vere made at lJ-second intervals.
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Reaction mixtures routinely contained: Tris-HCl

buffer (pII 7.9), 50 mM; sod.ium pyruvate, 5 mM; NaHCOr,

5 mM; MgCLr.6urO, 3.3 rrl}n; ATP, 1.25 mM; Kcl-, 33.3 nM; NADH,

0.12 nM; MDH, 1 unit; diluted enzyme, 0.1 ml; and distilled

water to a final volume of 3.0 ml. Cuvettes with a 10-mm

light path v/ere used. The reaction was initiated by

addition of the enz)zme and proceeded at room temperature.

Under these condítions, the reaction was linear for

approximately I minutes.

For the determination of NADH oxidase, the usual

reaction mixture from which ATP, pyruvate and bicarbonate

vrere omitted was used. The usual reaction mixture from

which ATP and bicarbonate had been omitted was used for the

determination of LDH activity.

For the product inhibition studies with oxalacetic

acid, a somewhat different procedure \^/as used, the difficulty

being that any oxalacetate added would immediately be

trapped by the NADH-MDH coupling system.

Reaction mixtures which contained all the components

with the exception of NADH, and included varied

concentrations of oxalacetate were prepared. The reaction

\^/as initiated by the addition of enzlane and was allowed to



incubate at room temperature for I minutes. pyruvate

carboxylase activity was then stopped by addition of oxalic

acid in a final concentration of 10 mM (nuiz-amil et al.,

1965). Oxalate had no effect on MDH activity but inhibited

pyruvate carboxylase completely. Then sufficient NADH was

add-ed to reduce all the oxalacetate present. This reaction

ran to completion in !-B minutes.

Residual NADH was cal-culated from optical density

readings made at 340 Í\u on a Unicam SP. 7OO spectrophotometer

using cuvettes of lO-mm light path. From this, knowing the

amount of oxalacetate added., the quantity of oxalacetate

formed in the reaction could be determined-.

It was of interest to calculat.e the endogenous

bicarbonate concentration of the reaction mixture since, at

the pH used., it was not possible to eliminate it by simple

gassing and evacuating procedures. To accomplish this, the

components, with the exception of added bicarbonate, vúere

mixed in a sealed cuvette. A final concentration of 1 mM

NADH was used. Initial absorbance \Mas measured at 375 W

on the Unicam SP. 700 spectrophotometer. The reaction was

initiated- by the addition of enzyme and allowed to proceed

to completion. During the incubation period of approximately
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2 I/2 hours at room temperature the cuvetLe was shaken

intermittentry. From initial and. final opticar density

readings, the NADH consumed, and from this, end.og:enous

bicarbonate present, v/as calculated.

One unit of pyruvate carboxylase activity was defined

as the amount. of enz)rme which caused a decrease in optical

density of 0.001 per minute at 340 nqr. One unit of activity

of NADH oxidase or LDH was also defined as that amount of

enzyme which resulted in a decrease in optical density of

O.001 per minute at 340 mp. Specific activity was expressed

per mg protein. Protein was determined by the spectrophoto-

metric method of lrlarburg and Christian as described by

Layne (ryff ) .

Purification of Pvruvate Carboxvlase

All subsequent steps were carried. out at O-4o c. To

the crude extract which contained approximately 20 mg

protein per ml v/as added a 2/" sol-ution of protamine sulphate

in the proportion of 0.1 mg protamine sulphate per mg

protein. The mixture was stirred for 10 minutes and

centrifuged for 20 minutes at 2T,OOO x g. The precipit.ate

\^/as discarded. Solid ammonium sulphate was added to the



supernatant solution to bring it to 6Jy'o saturation. This

mixture was stirred for l! minutes, centrifuged at 2f rooo x g

for 20 minutes and the supernatant fraction discarded. The

precipitate was suspended in a solution of Jo/o saLurated

(*+)2so4, stirred for 10 minutes and. centrifuged for zo

minutes at 2T,ooo x g. The resurting precipitate was

suspended in a 4o% saturated (*+)zso4 sotution, altowed. to

stir for 10 minutes and centrifuged at 2f,ooo x g for zo

minutes. When this precipitate was suspended in a 30%

saturated (*rl) 
zso+ solution, pyruvate carboxylase remained

soluble. An outrine of the purification procedure is given

in Table IfI.

After the 65% (uH4)eso4 step, the enzyme preparation

\i\zas virtually free of NADH oxidase and LDH. The level of

MDH, however, throughout all purification steps remained

very high, making a study of the reverse reaction impossible.

The 65% ammonium sulphate precipitate was the

enzlzme form used for al-l kinetic and physical studies.



RESULTS



^o¿(_)

RESULTS

Dependence of EnzrÆe Level on Culture Aqe

Asperqil_lus niger A-1-2ll was grown under the

standard conditions for either 2 or 4 days. The mycelia

\^/ere then harvested and crude extracts prepared. The

protein concentration was determined for each extract and

assays were made for pyruvate carboxylase and NADH oxidase.

The results are summarized in Table T. Although the protein

concentration was higher in the 4-day culture, the pyruvate

carboxylase level \^/as less than LT% of that in the Z-d-ay

culture. The level of NADH oxidase dropped. bV 50% in the

4-day culture.

Comparisons of Various Asperqillus StrdnÊ

The five strains of Aspergillus; A.

A-1-233; A. flavus A-2-74 and A-2-BB; and

niqer A-I-2L5 and

A. ustis A-T-T;

vrere g'ro\^,n in each of the normal sucrose and "high sucrose"

media which had been dispensed in 200-ml amounts into 500-m1

Erlenmeyer flasks. The A. niqer cultures

with shaking at ZBo c for 48 hours and the

v/ere incubated

A. flavus and

the medium afterA. ustis cultures for f2 hours. The pH of
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grov/th was measured. crud-e extracts of arl samples \^/ere

prepared. Measurements \^/ere made of protein concentration

and activities of pyruvate carboxylase, NADH oxidase and

LDH. The results of this stud-y are presented in Tabre rr.

ft was noted that the pH of the ,'hígh sucrose"

medium after growth, in the case of the Z citrate

accumulators (trre a. niqer strains) , !úas lower than in any

of the other samples. In his review of citric acid

production, von Loesecke (tg+S) reported that a high sucrose

concentration resulted in greater yields of citric acid.

shu and Johnson (rg+g) found that sucrose concentrations of

L+.5 - 26.4% resulted in high citrate accumulation. Lower

yields v/ere obtained with a concentration of 6.8% sucrose.

This lower pH then, was probably the result of increased

citric acid accumulation. The non-accumulating strains of

A. flavus and- A. ustis showed no marked variation in pH with

sucrose concentration.

Among the 3 citrate non-accumulating strains, there

uias very little difference in the level of pyruvate

carboxylase whether the organism had been grown in low or

high sucrose concentrations. I{ith the 2 citrate accumulating

strains of A. niqer, however, the level of pyruvate
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Table T

Dependence of enzyme level in
A. niqer A-1-233 on culture age.

Culture Age Protein
Concentration

(ns/nr)

Pyruvate
Carboxylase

Activity
( unitsrzmg)

NADH
Oxidase

Activíty
( units/me)

6o

30

1::

4

days

days

22.7

36.9

B4o

140

Table TT

Comparisons of strains of Aspergillus.

Strain Sucrose
I o/-\
\/ul

pH of Protein
Medium (melmr)

Pyruvate NADH
Carboxylase Oxidase LDH

Activity Activity Activity
(activity in units/mg)

A. niqer
A-r-2r5

^-L-233
A. flavus

A-2-T 4

A_ 2- BB

A. ustis

O. BB
10.0
O. BB
10 .0

O. BB

10.o
O. BB
r_0. o

a) a)u. oo
10.0

o.J
5.7
6.2
-al)"ö

ó"5
6.e
6.6
6.4

6.6
ó.t

28.7
01 c
24.7
L7 .7

8.9
T2.I
12.7
23.L

12.7
L4 .6

303
2B

23r
L7

216
2Bq
L2I
L63

24
24

¿a

352
LOT
LO2
4r

110
73

14

¿()
n-
t-)

L97
73

5B
64
13

1Q7
-t I

185
A-7_T
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carboxylase in the presence of ro% sucrose \^/as only Lo% of

the level v¡hen the organism had been grown in o .BB% sucrose.

Pyruvate carboxylase activity was generalry lower in

the A. flavus strains and in A. ustis than in the A. niqer

strains. The activity of NADH oxidase appeared to be lower

in the case of the, two strains of A. niqeg. LDH activity

remained fairly constant in all strains.

Purification of Pyruvate Carboxvlase

An l8-fotA purification of pyruvate carboxylase v/as

obtained with a combination of procedures involving

protamine sulphate and ammonium sulphate. An outline of the

purification scheme is presented i n Table IfI.

As shown in Fig. I, pyruvate carboxylase act.ivity was

linear with time for at least J minutes with the four

protein concentrations used. Activity was also proportional

to the amount of protein added (nig. 2) .

Stabilitv of Pyruvate Carboxylase

l. Cold lability and reactivation

The cold lability of pyruvate carboxylase from
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FTGURE 1. Proportionarity of pyruvate carboxylase
activity with time. Assay mixtures \,vere
prepared_ as described in Materials and
Methods.

x - 0.1 mg protein
o - 0.2 mg protein
a - 0.4 mg protein
tr - 0.6 mg protein

FïGIIRE 2. Proportionality of pyruvate carboxylase
activity with protein concentration. Assay
mixtures v/ere prepared as described in
Materials and Methods.
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A. niger was tested afrer sorubitizing rhe 65% (NH4) 
zso4

precipitate in 0.1 M Tris-HCl buffer (pU 2.9). The enzyme

preparation was held eíther at oo c in an ice bath or at

22o c. Aliquots \^iere removed at various time intervars and

activity assayed. The results are shown in Fig. J. rt was

seen that the enzlrme, when hel-d at Oo C, underwent a fairly

rapid initial loss in activity which later became more

gradual . After 10! minutes, the eiLzyme activity was 39%

that of the original. At this point it was warmed to zzo c

with an immediate rapid increase in activity which reached

a maximum of 6L/o of Llrre original activity and later decreased

gradually again. fn the absence of protective agents, the

enzlrme preparation held at 22o c l-ost L6rt of laLs activity

in the same length of time.

2. Stabil-ization aqainst cold inactivation

The effectiveness

carboxylase from A. niqer

enzyme in Tris-HCl buffer

glycerol. The results of

of glycerol in protecting pyruvate

was tested by solubilizing the

to v¡hich had been ad.ded 25%

this study are shown in Fig. J.

At either Oo C or 22o c, the zJy'o glycerol solution

completely protected pyruvate carboxylase activity for at



FrcuRE 3. cold inactivation and reactivation of
pyruvate carboxylase and stabilization of
enzyme activity by addition of 91ycerol.
Assay mixtures v/ere prepared as described
in Materials and Method.s.

x-2Poe\ LL^ v (\õ'

o - ol 
" 

ooþ glYceror
a- 22" C

; _ -0" 
; 25% s]ycerol
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least 2 hours. Thus, buffered glycerol was used routinely

to sol-ubilize all- enzyme preparations.

J. Effect of freezinq

A comparison study was set up to see what effect

multiple freezings, as compared with one, had on enz]¡me

activity.

A 65% (*+) 
ZSo4 

precipitate was sotubiti zed in ZJy'o

buffered glycerol (O.f M Tris-HCl (ps 2.9)). pyruvare

carboxylase activity was assayed, the preparation divided

into 2 parts and frozen. One part (a) !\ias thawed

approximately daily for B days and assayed for enzyme

activity. On the eighth day, the other part (e) lvas thawed

for the first time and assayed also.

ft was found that the activity of part (a) had

dropped. to JOy'o afLer the second freezing. All actívity was

lost after 10 d.ays. On the eighth day when part (e) had.

been frozen and thawed once, its activity was 38% of Llne

original. After this, the activity dropped off more sharply

and. was negligible after 12 days.

These results are represented graphically in Fig. 4

and demonstrate the inactivation of the enzyme by repeated



FÏGURE 4. Effect of freezing and thawing on pyruvate
carboxylase activity. At the indicated
times the enzyme \^/as thawed and assayed
for activity. Assay mixtures \¡/ere prepared
as described in Materials and Methods.
For further descriptions, see the text.

A - several freezings and thawings
B - one freezing and thawinq
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freezíng and thawing.

4. Storaqe of pvruvate carboxvlase

The 65% (*+)zso4 precipitate, which represented a

9-fold purification, v/as used as the source of enzyme

throughout this work. The enzyme could be stored in the

precipitated pellet form at -2Oo C for at l-east 2 weeks

without any loss in activíty.

5. Thermal inactivation

This study was carried out with an enzyme preparation

stabílízed in Z5% buttered glycerol . The enz)rme \Mas

rapidly heated to the desired temperature and then held in

a water bath at that temperature. At various time intervals

samples \,rere removed and assayed for pyruvate carboxylase

activity.

The results are shown in Fig. !. It was seen that

the enzlzme vras extremely labile at both 55o c and 6Oo c.
,^oAt 4U- C, all activity was lost after 1/ minutes.

pH Optimum

As shown in Fig. 6, the pH optimum for pyruvate



FTGURE 5. Thermal inactivation of pyruvate
carboxylase of A. niqer. Assay mixtures
\ivere prepared as described in Materials
and Methods.
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FIGURE 6. The effect of hydrogen ion concentration
(pII) on pyruvate carboxylase activity.
Assay mixtures \^/ere prepared as described
in Materials and Methods with different
buffers as noted.

x - MES buffer
a - HEPES buffer
tr - Tris-HCl buffer
o - bicine buffer
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All buffers

\,vere brought to the

4r

carboxylase \,vas pH 7.9-8.0. This curve was d.etermined.

using a series of different buffers. As well_ as Tris-HCl_

buffer which was used for alr- subsequent stud.ies, three of

the new zwitterionic buf fers d.escribed by Good et al .

(t966), MES, HEPES and. bicine, \^/ere also used. The bicine

buffer was found to stimulate enzyme activity at high pH

values.

lvere used at a concentration of 0.1 M and

desired pH with HCl or KOH.

+Effect of K and Na Ions on Car lase Activit

The effect of both K* and Na* ions on A. niger

pyruvate carboxylase activity was studied. The results are

shown in Table fv. The usual assay mixtures \^/ere prepared

and KCl or NaCl added as indicated. ft was found. that

100 mM Kct resulted. ín zl/o st.imulation wTrile 1oo mM Nacl

resulted in z4% inntbition. Potassium chloride in a final

concentration of 33.3 mM was routinely added to all assay

mixtures.

Lack of Effect of Acetyl CoA

Acetyl CoA was added to the reaction mixture for the
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assay of A. niqer pyruvate carboxylase in a final

concentration of 0.1-2 mM and 0.24 mM. No effect on activity

was observed with either of these additions. These results

confirmed the findings of Bloom and Johnson (t962) .

Effect of Avidin

Pyruvate carboxylase from all sources thus far

studied has been found to be inhibited by avidin. This

inhibition v/as eliminated if the enzyme was protected by

biotin.

The effects of these compounds on A. niqer pyruvate

carboxylase \^/ere tested. The assays \^/ere carried out

spectrophotometrically with the standard reaction mixture

except for the avidin and biotin additions. Avidin was

incubated for 2 minutes with the enzyme at room temperature

before addition of the latter to the reaction cuvette. V'ihen

bioLin was used, it was added to the avidin 2 minutes before

the latter was mixed with the enzyme.

The results of this study are shown in Tabl-e V. The

almost complete inhibition of activity by avidin and

protection against this effect by preincubation with biotin,

demonstrated that the Aspergillus enzyme, like that of



4:

Tabfe IV

Effect of K* and Na* concentrations
on pyruvate carlooxylase activity.

Experiment K+ Naf ActivitY
(*M) ( ",u) (aooTmin)

00
100

100 0

050
0 100

o.2r4
o.232
o.260

o.L72
o.l-62

Table V

Effect of avid.in and bi-otin on
pyruvate carboxylase activity.

Experi-ment Avidin Biotin Activity
( units) ( ps) (aooTmin)

00
0.10 0
o.2r 0
0.31 0

025
0.31 0
0.31 25

I .3Bo
0.310
0 .190
0.100

1.360
0 .090
r.29O



44

chicken liver (Keech and utter, Lg63), yeast (cairiusis

et al., L964), Pseud.omonas (seubert and Remberger, r96L) and

sheep kidney (r,ing and Keech, 1966) is a biotin enzyme.

Ki""tt"= "f PVr""t

Alt initial velocity data, unless otherwise stated,

\¡/ere plotted in the double reciprocar form (t/" versus L/s)

according to Lineweaver and Burk (rg:4), where v is the

initial velocity and s is the concentration of the variable

substrate. The nomenclature of reaction mechanisms and

definitions of kinetic constants v/ere those proposed by

cleland ( rg6:") .

Determination of Apparent Values for Reaction ComponentsK
m

Apparent K* values for various

calculated from the intercepts at the

double reciprocal plots according to

substrates v/ere

horizontal axis of

the equation (f)t

the apparent K
m

and V' is the

r Km'¿ 1\' T;' \si

value for the variable

apparent maximum velocity.

11
vVt (1)

where K ' is
m

substrate, S,
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1. Apparent K* for pyruvate

The plots for v versus S and I/v versus L/S are shown

in Fig. /. The apparent K* for pyruvate was calculated to

be O.2B mM.

2. Apparent I!,o for bicarbonate

The plots for v versus S and. I/v versus I/S for

bicarbonate are shown in Fig. B. The endogenous bicarbonate

\^/as calculated to be 0.8 ÍM by the method described. in

Materials and Methods. The apparent K* for bicarbonate was

calcul-ated to be 1.33 mM.

3. Apparent K,* for *g**

The plots for v versus S anð, L/v versus L/S for Mg++

are shown in Fig. !. To avoid complications which might

have arisen due to chel-ation of the dival-ent cation by ATP,

the concentration of the latter was decreased to 0.25 rnM for

this study. The apparent K for Mg++ *ar calculated. to be
m

0.69 rM.

4. Apparent I{,o for ATP

The plots for v versus S and L/v versus L/S are



FIGURE 7. Apparent K* for pyruvate. Assay mixtures
were prepared as described in Materials
and Methods except that pyruvate
concentration was varied as indicated.
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FTGURE B. Apparent K* for bicarbonate. Assay
mixtures \^zere prepared as described in
Materials and Methods except that
bicarbonate concentration was varied as
indicated and endogenous bicarbonate was
determined to be 0.8 mM as described in
detail in Materials and Methods.
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++FrcuRE 9 . Apparent Ç for Mg' ' . Assay mixtures lvere
prepared as described in Materials and
Methods except that ATp concentration v/as
reduced to O .25 mM and u.g++ concentration
was varied as indicated.
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FTGURE 10. Apparent Ç for ATP. Assay mixtures \^/ere
prepared as described in Materials and
Methods except that ATP concentration was
varied as indicated.
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shown in Fig. 10. The apparent K for ATp was calcurated
m

to be 0.23 mM.

Determination of True K* varues for Reaction components

True Michaeris constants (r*) r^/ere determined by

measuring initial velocities at varied concentrations of
one substrate and several fixed concentrations of the second

substrate. The third substrate v/as kept at the

concentration used for the standard assays. From the doubl_e

reciprocar plots, the intercepts (t/v' ) and slopes (x^'/v,)
were replot'ted against the reciprocal of the fixed substrate
concentration (Florini and vestling, Lg5T). K* varues were

obtained from the intercepts at the hori zonLal- axis.

1. Pvruvate : ATp

when pyruvate v/as used as the variable substrate at
severar fixed concentrations of ATp, the double reciprocal
p10ts (rig. 11a) v/ere linear. Repl0ts of values for
intercepts against reciprocals of ATp concentration v/ere

also linear (eig. 12a) and yielded a true K* for ATp of
O .2I mM.

With ATP as the variable and pyruvate the changing



FIGURE 11a.

FIGURE 1lb.

Double reciprocal plots of velocity
versus varying pyruvate concentrations
with ATP as fixed variable.

ATP concentrations:
x - 1.25 mM

o - 0.75 rM
ô - 0.50 mM

s - 0.25 mM

Double reciprocal plots of velocity
versus varying ATP concentrations with
pyruvate as fixed varÍable.

Pyruvate concentrations:
x _ 5.0 mM

o - 1.0 mM

a - 0.5 mM

o - 0.25 rM
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FIGURE LZa.

FTGURE Lzb.

Replot of intercepts
of ATP from Fig. lla
\^ias varying and ATP

versus reciprocal
in i¡zhich pyruvate

the fixed variable.

Replot of intercepts versus reciprocal
of pyruvate from Fig. llb in v¡hich ATP
v/as varying and pyruvate the fixed
variable.
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fixed. substrate, the double reciprocal plots (eig. lfb) and

replot of (t/v') against reciprocals of pyruvate

concentrations \^/ere linear (eig. 12b) . The intercept replot

yietded a true K,n for pyruvate of O -26 n:tr r-

The double reciprocal plots in both cases resulted in

families of lines which were parallel to one another.

If pyruvate was the variable substrate at several

fixed concentrations of ATP and bicarbonate was held' at an

unsaturatíng concentration (O.g nM), double reciprocal plots

resul-ted in linear parallel lines (rig. 13). A replot of

values for intercepts against reciprocals of ATP

concentrations was also linear (rig. 14).

2- Pvruvate : bicarbonate

Double reciprocal plots obtained when pyruvate was

varied. at several fixed concentrations of bicarbonate

yielded a set of lines v¡hich \,vere linear and intersecting

(rig. r5a) . Replots of values for (t/v' ) and (ilm',/v')

against reciprocals of bicarbonate concentrations \Mere al-so

linear (rigs. 16a and 16b). A replot of intercepts yielded a

true K for bicarbonate of 1.02 mM.
m

vühen bicarbonate was varied. at several fixed



FTGURE 13. Double reciprocal plots of velocity
uersus varying pyruvate concentrations
with ATp as fixed variable. Assay
mixtures \¡/ere prepared as d.escribed inMaterials and Methods except that
bicarbonate was held at O.Ç mM.

ATP concentrations:
x - 0.75 rM
o - 0.50 mM

ô - 0-25 mM_ . _J -

ct - 0.125 mM

FIGURE 14. RepIot of intercepts versus reciprocal
of ATp from Fig. 13 in which pyruvate was
varying, ATp the fixed variable and
bicarbonate held at 0.9 mM.
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FIGURE L5a.

FrcuRE 15b.

Bicarbonate
x - 5.8
o - t.B
a - 1.3
o - 1.0

concentrations:
mM

mM

mM

mM

Double reciprocal plots of velocity
versus varying pyruvate concentrations
with bicarbonate as fixed variable.
End-ogenous bicarbonate was estimated at
0. B ûM.

Double reciprocal plots of velocity
versus varying bicarbonate concentrations
with pyruvate as f ixed varialole.
Endogenous bicarbonate was estimated at
0 .8 nM.

Pyruvate concentrations :
x

o

A

o

5.0 mM

1.0 mM

0.5 mM

0.25 mM
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FIGURE I6a.

FIGURE L6b.

Replot of intercepts
of bicarbonate from
pyruvate was varying
the fixed variable.

versus reciprocal
Fig. 15a in which
and bicarbonate

Replot of slopes versus reciprocal of
bicarbonate from Fig. 15a in which
pyruvate v¡as varying and bicarbonate
the fixed variable.
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concentrations of pyruvate, the doubre reciprocal pl0ts v/ere
both linear and intersecting (eig. 15b). Repl0ts of (r/v,)
and (rç'/v' ) against reciprocals of pyruvate concentrations
\^/ere rinear as well (ri-gs. l/a and 17b) . The former yielded
a true K, value of O.2B nM for pyruvate.

I^Iith ATp as the variabre substrate and bicarbonate
at severa-r- fixed concentrations, double reciprocal p10ts
resurted in linear intersecting lines (rrg. lBa). Repl0ts
of (t/v' ) and (x*'/v' ) against reciprocars of bicarbonate
concentrations v/ere linear (rigs - Lga and 1!b). The true 1"for bicarbonate was carcurated. from the intercept replot to
be O.5B mu.

when bicarbonate was varied against severar_ fixed
concentrations of ATp, the double reciprocal pl0ts v/ere

l-inear and intersecting (rig. r8b). Replots of varues for
intercepts and slopes against reciprocals of ATp

concentrations \^/ere also linear (rigs. 2oa and 2ob) . The

rep'0t of intercepts yielded a true K* value for ATp of
0.22 mM.



FÏGURE TTa.

F]GURE LTb.

Replot of intercepts versus reciprocalof pyruvate from Fig. L5b in whichbicarbonate was varying and pyruvate
the fixed variable.

Replot of slopes versus reciprocal ofpyruvate from Fig. L5b in which
bicarbonate was varying and pyruvate
the fixed variable.
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FIGURE l8a.

FIGURE 1Bb.

Bicarbonate
x-hn
o- I Ê

a- I ?_.J

tr-OA-.,

concentrations:
MM

MM

MM

mM

Double reciprocal plots of velocity
versus varying ATp concentrations withbicarbonate as fixed. variable.
Endogenous bicarbonate was estimated at
0. B mM.

Double reciprocal plots of velocity
versus varying bicarbonate concentrations
with ATP as fixed variable. Endogenous
bicarbonate was estimated at O.B mM.

ATP concentrations:
x-l26rnlvl+.L)

o - 1.0 mM

a - 0.5 mM
E - 0.25 mM
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FIGURE L9a.

FrcuRE r9b.

Replot of intercepts
of bicarbonate from
ATP was varying and
fixed. variable.

versus reciprocal
Fig. l8a in which
bicarbonate the

Replot of slopes versus reciprocal of
bicarbonate from Fig. l8a in which ATP

tvas varying and. bicarbonate the fixed
variable.
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FIGURE ZOa.

FÏGURE 2Ob.

Replot of intercepts versus reciprocalof ATp from Fig. l8b in which bicarbonate
\^/as varying and ATp the fixed variable.

Replot of slopes versus reciprocal ofATP from Fig. l8b in which bicarbonate
vras varying and ATp the fixed variable.
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Product fnhibition Studies

Product inhibition studies v/ere carried. out with

each product in combination with every substrate. Inhibition

constants (t<.'s) !úere determined by measuring initial'l-

velocities at varied concentrations of a substrate and.

several fixed concentrations of the product. From the

double reciprocal plots, the intercepts and slopes v/ere

replotted versus inhibitor concentration. K. values,

Ki intercept (*tr) and Kt slope (ris), \ivere obtained from

the intercepts at the horizontal axis.

The terms used to describe the various types of

inhibition v/ere those of Cleland (1963b) . Thus, the

inhibition is called competitive if the inhibitor increases

the slope but does nol- affect the vertical intercepts. The

inhibition is noncompetitive if the inhibitor increases both

the slope and the vertical intercepts and uncompetitive if

its effect is only on the vertical intercepts.

1. Pi : ATP

Itlhen ATP was the variable substrate at several_ fixed

concentrations of P., the double reciprocal plots v/ere



OJ

linear (rig. 2L) and. ind.icated noncompetitive inhibition;

ie. both the slopes and vertical intercepts v/ere increased

by addition of inhibitor. Replots for both intercepts and.

slopes (rigs. 22a anð, Zzb respectively) \^/ere also linear.
The values for K1, and K1, were cal_culated to be 92 mM

and 40 m¡,i respectively.

2. Pi : bicarbonate

When bicarbonate was the variable substrate at several_

fixed concentrations of P., doubre reciprocal plots were

l-inear (rig. 23) and indicated noncompetitive inhibition.

Replots of intercepts and slopes (rigs. 24a and e4o) v/ere

linear. The values for K1, and K1, \^/ere cafcurated to be

140 nM and l/ mM respectively.

J. Pi : pyruvate

When pyruvate was varied at several fixed.

concentrations of P- , the doubl-e reciprocar plots v/ereI.

linear (rig. 25) and indicated uncompetitive inhibition; ie.

only the intercepts were affected by add.ition of inhibitor.

The replot for intercepts (rig. 26) was linear and yield.ed

a Kif val-ue of 1p0 mM.



FIGURE 2L. Double reciprocal plots of velocity
versus varying ATP concentrations with
ni as the fixed variable product.

P. concentrations:l- x- omM
o- 10mM
ô- 50mM
tr-100mM
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FfcURE 22a. Replot of intercepts versus pi
concentration from Fig. 2I in wlrich ATp
vras varying and Pi the fixed variable
product.

FTGURE 22b. Replot of slopes versus Pi concentration
from Fig. 2L in which ATP was varying and
P.: the fixed variable product.l-
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FIGURE 23. Doubl_e recíprocal plots of velocity
versus varying bicarbonate concentrations
with p1 as the fixed variable product.
Endogenous bicarbonate was estimated at
0. B nM.

Pi concentrations:
x- 0mM
o- 10mM
Å 50mM
tr 1O0 mM
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FIGURE 24a. Replot of intercepts versus P.
concentration from Fig. 23 inawhich
bicarbonate was varying and P., the fixed
variable product

FIGURE 24b. Replot of slopes versus Pi concentration
from Fig. 23 in which bicärbonate was
varying and Pt the fixed variable
product.
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FIGURE 25. Double reciprocal plots of velocity
versus varying pyruvate concentrations
with p1 as the fixed variable product.

Pi concentrations:
x - 0mM
o 10mM
a 50mM
tr 100 mM

FIGURE 26. Replot of intercepts versus pi
concentration from Fig. 25 in-which
pyruvate \^/as varying and. p., the fixed
variable product. r



Vvz

vl

o-
o

o
c



69

4. ADP : ATP

!ühen ATP was varied at several fixed concentrations

of ADP, the d.ouble reciprocal plots \^/ere linear (¡'ig. 27)

and indicated competitive inhibition; ie. only the slopes

\Mere affected by addition of inhibitor. The replot of

slopes (fig. 28) !ì/as linear and resulted in. xiS value of

0.15 mM.

5. ADP : bicarbonate

Vühen bicarbonate was the variable substrate at

several fixed concentrations of ADP, the double reciprocal

plots v/ere linear (¡'ig . 29) and ind.icated uncompetitive

inhibition. The replot of intercepts (eig. 30) v/as linear

and resulted in a K1, value of 0.7 mM.

6. ADP : pyruvate

Vühen pyruvate was varied at several fixed

concentrations of ADP, the double reciprocal plots v¡ere

linear (I.ig. 31) and indicated uncompetitive inhibition.

The replot of intercepts versus ADP concentration \^/as linear

(rlg. 32) and resulted in a K1, of 1.1 mM.



FIGURE 27. Doubl-e reciprocal plots of velocity
versus varying ATp concentrations with
ADP as the fixed variable product.

ADP concentrations:
x-0mM
o - 0.33 mM

a - 0.67 mM
tr - 1.0 mM

FIGURE 28. Replot of slopes versus ADP
concentration from Fig. 2T in which ATp
\^/as varying and ADP the fixed variable
product.
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FIGURE 29. Double reciprocal plots of velocity
versus varying bicarbonate concentrations
wiì:h ADP as the f ixed variable product.
Endogenous bicarbonate was estimated at
0. B mM.

ADP concentrations:
x-0mM
o - 0.33 mM

a - 0.50 mM

tr - 1.0 mM

FfcURE 30. Replot of intercepts versus ADP
concentration from Fig. 29 in which
bicarbonate was varying and ADP the
fixed variable product.
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FIGURE 31. Double reciprocal plots of velocity
versus varying pyruvate concentrations
with ADp as the fixed variable product.

ADP concentrations:
x-OmM
o - 0.33 nM
a - u.br mtl
tr - 1.0 mM

FIGURE 32. Replot of intercepts versus ADp
concentration from Fig. 3l in which
pyruvate was varying and ADp the fixed
variable product.
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7. Oxalacetate : ATP

vühen ATP was varied at several fixed concentrations

of oxalacetate, the double recÍprocal plots were linear

(rig. 33) and indícated. uncompetitive inhibition. The

replot of intercepts was linear also (eig. 34) and resul_ted

in a K; - of O.4B mU.

B. Oxalacetate : bicarbonate

Vrlhen bicarbonate was varied at severa.l- fixed

concentrations of oxalacetate, the double reciprocar plots

\^/ere linear (eig. 35) and indicated. competitive inhibition.

The replot of slopes versus oxaracetate concentration was

linear (rig. 36) and a 
^is 

of 0.21 mM was calculated from it.

9. Oxalacetate : pvruvate

Vühen pyruvate was varied at several fixed.

concentrations of oxalacetate, the double reciprocal plots

\^rere linear (rig. 3T) and indicated competitive inhibition.

A replot of slopes yielded. KiS value of 0.12 mM (rig. 38)

Inhibitor Studies

Studies were carried out to characterize the type of



FïGURE 33. Double reciprocal plots of velocity
versus varying ATP concentratíons with
oxalacetate as the fixed variable
product.

Oxalacetate concentrations :
x-OmM
o - 0.1 mM

a - 0.2 mM

FIGURE 34. Replot of intercepts versus oxalacetate
concentration from Fig. 33 in which ATP
!üas varying and oxalacetate the fixed
variable product.
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FfcURE 35. Double reciprocal plots of velocity
versus varying bicarbonate concentrat.ions
with oxalacetate as the fixed. varíable
product. Endogenous bicarbonate was
estimated at 0.5 mM.

Oxalacetate concentrations :
x-0mM
o - 0.1 mM

a - 0.2 mM

FÏGURE 36. Replot of slopes versus oxal_acetate
concentration from Fig. 35 in which
bicarbonate was varyj_ng and oxalacetate
the fixed variabl_e product.
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FïGURE 37. Double reciprocal plots of velocity
versus varying pyruvate concentrations
with oxalacetate as the fixed variable
product.

Oxalacetate concentrations :
x-0mM
o - 0.1 mM
a - 0.2 mM

FIGUR-E 38. Replot of slopes versus oxalacetate
concentration from Fig. 3T in which
pyruvate was varying and oxalacetate
the fixed variable product.
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inhibition brought about by oxalic acid. When pyruvate was

the varied substrate at several fixed concentrations of

mesoxalate, the double reciprocal plots v/ere l-inear

(eig. 39) and indicated. noncompetitive inhibition. The Oi,

value was determined to be 0.24 mM.

The inhibit.ion of pyruvate carboxylase by L-aspartic

acid was also studied.. The d.ouble reci-procal plots of

velocity versus pyruvate concentration at several fixed

concentrations of L-aspartate v/ere linear (gig. 4O) and

indicated noncompetitive inhibition. The ni, value was

cal-culated to be 5.0 mM. D-aspartic acid, at a concentration

of 2.5 mM, had no effect on the activity of pyruvate

carboxylase.



FrcuRE 39. Double reciprocal plots of velocity
versus varying pyruvate concentrations
with mesoxalate as the fixed variabl_e
inhilcitor.

Mesoxalate concentrations:
x-0mM
o - 0.1 mM

a - 0.15 mM

cr - 0.2 mM
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FrcuRE 4o' i:::* ;:ïi;;";i,i*:: ::"::l::::I",=
with L-aspartate as the fixed variabl-e
inhibitor.

L-aspartate concentrations:
x-OmM
o - 1.5 mM

Á - 3.0 mM
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Role of P ruvate Carbox

DTSCUSSION

lase in Citrate Accumulation

This study was begun to investigate the possibility

that the enzyme, pyruvate carboxylase, might have some role

in the accumulation of citrate by certain strains of

Asperqiflus niqer. The results of an experiment whích had

been designed to test this possibility were shown in Table

f I. They were, for the most part, inconcl_usive. A more

detailed study would have been necessary to draw any

definite conclusions. when grovdn in a o .BB% sucrose med.ium,

however, the level of pyruvate carboxylase did not seem to

be a function of strain, whether a citrate accumurating or

non-accumulating strain. rn the "high sucrose" medium, the

pyruvate carboxylase level_ in the 3 non-accumulators, the

strains of A. flavus and A. ustis, remained almost constant.

This was not the case in the 2 citrate accumulating strains

of A. niger where the enzlzme level in the presence of IOy',

sucrose was lower by a factor of ten. There was a

possibility that the lower specific activity could have been

due to the destruction of the enzyme during extraction by

the more acidic conditions in this high sucrose medium where,
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presumably, citrate accumulation was occurring. However,

when the pH of each extract was determined, it was found

that it remained constant at approximately 7 .5.

If it was assumed that pyruvate carboxylase played a

role in citrate accumulation, then it v¡ould. be expected that

under growth conditions which included a high concentration

of sucrose which was known to be favourable to citrate

accumulation (Snu and Johnson, 1948), the level of pyruvate

carboxylase would be greatly increased. These results

indicated, however, that the opposite was true; that a high

level of sucrose Ín fact decreased drastically the pyruvate

carboxylase 1evel. To test the possibility that excess

citrate might be repressing pyruvate carboxylase activity,

citrate in a final concentration of 1.0 mM was added to the

usual reacti-on mixture. It was found to have no effect on

pyruvate carboxylase activity.

The effect of DrO on both citrate accumulation and

pyruvate carboxylase activity reported by Henderson and

Lamonds Ggeq may have been coincidental . The lack of

citrate formation in the presence of DrO might have been

to the repression of another enz)¡me which was not tested

in this study.

due

for
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Further experiments are indicated in order to verify

the exact role of pyruvate carboxyÌase.

cold rnactivation and the structure of pvruvate carboxylase

The enzyme isolated from A. niqer displayed some

similar physical characteristics to the enzlzme from chicken

liver (scrutton and utter, r965a). Both were inactivated by

the cold and showed subsequent thermal reactivation. Thus,

the A. niser pyruvate carboxylase might also be expected to

be composed. of 4 subunits although sedimentation studies

were not carried out.

This study showed that pyruvate carboxylase from

A. niger was completely protected against the cold by 1.5 M

sucrose and by high concentrations of glycerol. Thus , 25%

buffered glycerol was used routinely for all extraction and

purification procedures. The effect of glycerol and other

such stabilizing agents is still obscure although Jarabak

et a1 . (t966) have proposed that these compounds share the

property of networks of "structured" water molecules which

are necessary to maintain the correct spatial configuration

of the protein in its nat.ive state.
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Lack of Effect of AcetVl CoA

A striking feature of pyruvate carboxylase as

isolated from different sources is the variability of the

effect of aceiyl- coA. utter and Keech (1960) found that it

\4/as absolutely required by the enz)rme from chicken liver.

This absolute requirement was found to be shared by the sheep

kidney enz]¡me (f,ing and Keech, f966). Acetyl- CoA stímul_ation

of actívity has been observed in rat l_iver (Henníng and

Seubert , L964) and. baker's yeast (nuiz-Amil et al., 1965;

Cooper and Benedict, 1966) . Pyruvate carboxylase from

Pseudomonas citronellolis (seubert and Remberger, L96r) was

not affected by acetyl coA. These studies showed a lack of

effect of acetyl CoA on the enzyme from A. niger as wel_l and

thus confirmed the resul_ts of Bloom and Johnson QgeZ) .

fn the various sources of pyruvate carboxylase where

acetyl CoA exerts some influence, either absolute or

stimulatory, it offers an excellent means of control for the

formation of oxalacetate and thus influences the rates of

the initial steps in the Krebs cycle. An accumulation of

acetyl CoA from pyruvate or fatty acids would activate or

stimulate the formation of oxal-acetate and the further
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oxidation of acetyl CoA. The variability of effect would be

a simple reflection of the evolution of a more complex

system for controlling the activity of pyruvate carboxylase.

Tnhibition bv Avidin and Protection bv Biotin

Pyruvate carboxylase isolated from A. niqer is

inhibited by avidin. This fact indicates that it is one of

the biotin-containing enzlzmes as is the pyruvate carboxylase

from any source thus far tested.

tn L)6J, Keech and Utter noted that the 
"OZ-fixing

enzymes could be divided into 2 groups on the basis of

whether or not they contained biotin and were inhibited by

avidin. They suggested that those reactions which !üere

inhibited by avidin v/ere those in which acyl CoA compounds

were involved. This latter statement is not true, however,

since pyruvate carboxylase from Ps. citronetl-olis (Seubert

and Remberger, L96L) and from A. niqer, âs shown by this

study, does not involve any acyl CoA compounds.

The work done by Bloom and Johnson (L962) indicated

almost complete inhibition by avidin and complete protection

by preincubation with biotin. The results of this study

confirmed these findings. Utter and Keech's work with the
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enzlzme from chicken liver (tg6=) also showed the complete

inhibition or protection by avid"in or biotin respectively.

Avidin inhibition of pyruvate carboxylase from sheep kidney,

however, has been found to d-iffer quantitatively from that

of the enzlrme from these sources (r,ing and l{eech, Lg66).

They found L6% restdual activity even with amounts of avidin

greater than 1 unit per 180 ¡rg of enzyme protein. Also,

even when avidin was preincubated with concentrations of

biotin !0 times greater than the theoretical amount required

for the saturation of all biotin-binding sites on the

avid.in, there was still a 6O% loss in enzyme activity. To

determine this theoretical value, these workers have used the

assumption that 4 moles of biotin are bound per mole of

avidin (creen, 1964) .

These results have not as yet been explained. Ling

and. Keech (t966) suggest that the difference may be in the

pH of the mixture used for preincubation of biotin with

avidin. It is possible that a different pH coul-d affect the

conformatÍon of the avidin molecule and thus the biotin-

binding sites that are exposed. They also suggest that

their enzyme may bind non-specifically with commercial

avidin; ie. inhibition not prevented by excess biotin.
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Kinetics and Mechanism of Pvruvate Carboxvlase

fn the discussion of kinetic results, the

terminology and analytical- methods used v/ere those of

Cleland (t963a, A, c). A summary of these results has been

presented in Table Vf. A comparison of Michaelis and

inhibitor constants for pyruvate carboxylase from A. niger,

as determined in this study, with those from other sources

of the enz]¡me has been presented in Table VII. The results

for the enzyme from baker's yeast \^/ere those of Ruiz-Amil

et aI . (1965) and of Palacián et al . (t966). The work done

on pyruvate carboxylase from chicken l-iver was that of

Scrutton and. Utter (t965a, A) and Mildvan et al-. (t966),

and that on the enz)rme from sheep kidney by Ling and Keech

(t966). It can be seen that the values are generally of the

same order of magnitud.e. The K- for Mg++ from the A. niger
m

enzyme is smaller than that from the other sou.rces. The 
^i

for mesoxalate is much smaller in the case of A. niger when

compared with that from chicken liver.

The kinetic resul-ts obtained could not be explained

by a mechanism in which there is only one active site on

the enzyme that can be operative at one time as is assumed
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table \Il

Summary of kinetic data for
pyruvate carboxylase from A. niqer.

ïntercept Slope Inhibition

Substrates
ATP _

ATP _

pyr -

change
change
change

no change
change
change

change
change

change

change
change

change

change
no change

change

change
change

no change

no change
change
change

no change
no change

changie

HCO^
pyr-
HCO

3

Product fnhibition
ATP - ADP
ATP - P.
ATP - OÀA

C

NC

UC

HCO"_ ADP
HCO: P;
HCO: OAA no

3

pyr - ADP
þvr - P-Ipyr - OAA no

uc
NC

c

UC

UC

c

pyr = pyruvate, OAA
NC = noncompetitive,

= oxalacetate, C - competitive,
UC = uncompetitive
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for all the kinetic discussions by Cleland. The results

can be interpreted satisfactorily, however, by assuming

three separate sites for the three substrates; ATP,

bicarbonate and pyruvate. Each site is specific for its

particular substrate and can be occupied by that substrate

independent of the addition of other substrates to their

respective sites. This interpretation does not conflict

with a mechanism for biotin enzymes proposed by Ochoa and

iKazlro (I96L) and by Green (I9æ). It is suggested that the

enzyme-bound biotin mediates the transfer of bicarbonate

between the ATP and pyruvate sites with the intermed.iate

formation of carboxybiotin. The mechanism is also

consistent with a conclusion that all of the reaction

components of pyruvate carboxylase can form binary complexes

with the enzlzme (Scrutton and Utter, f965b; Mild.van et 41.,

1966) .

If it is assumed that there are three separate sites,

I, II and III, then the reaction catalyzed by pyruvate

carboxylase may be visuai-:-zed. as follows (scheme 1) t
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ATP ADP

I
I

¿1)JE 

- 

J-ADP-P,
l-

HCO^ I

lj i

rt t 
',.co3

IIf Pyruvate ÏIÏ

HCO? = carboxybiotin
J

Scheme I

The reaction at site I is essentially a UniBi

reaction \^iith ATP as substrate and P. and ADP as products .

The noncompetitive inhibition by P. and competitive

inhibition by ADP obtained when ATP was the variable

substrate fit this mechanism.

The reactíon at site II is a UniUni reaction with

bicarbonate as substrate and oxalacetate as product. This

site interacts with site r through enzyme-bound ATP and

enzyme-bound bicarbonate. Since this interaction is

o
0l
H
ßr
o
o
cf
pr

al-
o

Oxafacétate
Pyruvate
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essential for the hydrolysis of ATP to ADP and P, and also

for the formation of carboxybiotin-enz)rme from bicarbonate,

the ATP concentration should affect both the slope and

intercept of 7/v versus L/HCO- plots and vice versa. The
J

results of the present study indicate that these conclusions

are correct. Oxal-acetate should give a competitive type of

inhibition when bicarbonate is used as variable substrate.

Noncompetitive and uncompetitive inhibitions are expected

when P. and ADP respectively are used as inhibitors. fn the
l_

former case, there is a reversible sequence between the

points of combination of bicarbonate and P., but in the

latter, the reversibility is broken by the release of P.

between bicarbonate and ADP. Again, these expected results

have been verified by this study.

The reaction aL site fII is again a UniUni reaction

wiLh pyruvate as substrate and oxalacetate as product.

Oxalacetate inhibits the reaction competitively when pyruvate

is the variable substrate since they both bind the same

site and form of the enzyme. Site Tïf interacts with site

II through enzyme-bound pyruvate and enzyme-bound carboxy-

biotin. The interaction leads to the formation of

oxal-acetate which occupies the two sites. Since this
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interaction is brought about by the movement of carboxy-

biotin from site f to site III; a transfer which is

mediated by a long flexible arm of a lysine group; the

connection between site I and site II is broken before a

connection between site II and site IIf is established.

This leads to the obvious conclusion that there is no

connection between site f and site III at any time during

the pyruvate carboxylase reaction. Thus there is a

reversible connection between the points of combination of

bicarbonate and pyruvate but not between those of ATP and

pyruvate. Pyruvate concentration therefore affects both the

slope and intercept of I/v versus L/HCO- plots but only the
J

intercept of I/v versus I/ATP plots. The uncompetitive

inhibit.ion by P. and ADP which is observed when pyruvate is

the variable substrate may also be explained by the non-

interaction of site I and site Iïf. The same reasoning

applies to the uncompetitive inhibition by oxal-acetate when

ATP is the variable substrate.

The noncompetitive inhibition by mesoxal-ate or

L-aspartate with pyruvate as the variabl-e substrate suggests

that these compounds may possibly bind to the bicarbonate

site ( site II) .
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Thus, the scheme presented satisfactorily explains

all the kinetic results obtained in the stud-y of A. niqer

pyruvate carboxylase. The mechanism of action may be

represented pictorially as in Fig. 4f.

ïïï
+ pyruvate
+ HCO^

5 pyruvate

pyruvate

HCO^:
J'

+ ATP

ADP
P.

I

ATP

3

T

oxalacetate

P.
l-

ADP

FÏGURE 4T Diagram proposed to illustrate the
mechanism of action of pyruvate
carboxylase from A. niqer

Some work has been done on product inhibition studies

with this enzlzme. In L962, Bloom and Johnson, working with

oxalacetate
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the enzyme from A. niger, reported that ADP, when used in

the same concentration as ATP, had no effect on pyruvate

carboxylase activity. The results of this study, however,

indicated that when the concentrations of both ATP and ADp

\^/ere 1.0 mM, the inhibition obtained was greater than 5O%.

There was no satisfactory explanation for this discrepancy.

The work of Keech and Utter (ryeS) with pyruvate

carboxylase from chicken liver indicated that ADP gave a

competitive type of inhibition with respect to ATP, although

only at low concentrations of ADP. They felt that the

kinetics at higher concentrations v/ere involved and not

subject to simple interpretation. In this study, the

inhibition by ADP when ATP was the variable substrate was

also found to be competitive in nature.

Inorganic phosphate in a concentration of'!0 mM has

been found to give approximately 50% írr:nLbition with the

enzlrme from A. niger (etoom and Johnson, L962). The resul-ts

of this study v/ere comparable. An inhibition of

approximately JJfr was found with 50 mM P..

Previous work with the inhibition by oxalacetate

when pyruvate was the variable substrate (eafacián et al.,

L966) showed that it was competitive in nature. O 
^i
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value of 0.22 mM was determined. From this present study,

the inhibition by oxalacetate with pyruvate as the variable

substrate v/as also found to be competitive. O 
^i 

value of

O.L2 mM was determined.

Oxalate inhibition of pyruvate carboxylase from

baker's yeast was first reported. by Losad.a et al . (1964)

with concentrations of oxalate as low as 0.05 mM. A more

detaíled study indicated noncompetitive inhibition by

oxalate when pyruvate was the variable substrate (nui-z-amit

et a1., L965). The 
^i 

was determined to be O.OZ mM.

Mildvan et a1. (t966), working with pyruvate carboxylase

from chicken liver found that the type of inhibition

depended on r¡zhether oxalate or mesoxalate was used. They

classified oxalate as a Tlzpe I inhibitor. As such, it

produced uncompetitive inhibition with respect to pyruvate

and competitive inhibition with respect to oxalacetate. A

Type II inhibitor such as mesoxalate resulted in

noncompetitive inhibition with respect to both pyruvate and

oxalacetate. The report of Ruiz-Amil et al. (tg65) did. not

state if they used mesoxalate. ff oxalate itself was used,

their finding of noncompetitive inhibition with respect to

pyruvate does not agree with the uncompetitive inhiloition
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reported by Mildvan et al. (tg66). The results

present study indicated that mesoxalate yielded

noncompetj-tive inhibition when pyruvate was the

substrate and were thus in agireement with those

of the

variable

of

Mildvan's group.

fn L966, working with the enz)rme from baker's yeast,

Palacián et a!. reported. noncompetitive inhibition by

L-aspartate with respect to pyruvate. The value for K. was

calculated to be I.9 mM. The same type of inhibition was

found in this study although the 
^i 

was 5.0 mM. These

workers also found that D-aspartate in a concentration of

2.5 rrM did not inhibit pyruvate carboxylase. Similar

results \^/ere obtained in this study. Since oxalacetate can

be used to synthesize aspartate, Palacián's group considered

pyruvate carboxylase to be the first enz)rme in the pathway

from pyruvate to aspartate. Thus, inhibition by aspartate

was thought to be allosteric inhibition by an end-product.

Cleland has suggested the possibility of enzymes'

having more than one active site operating at one time for

complex reactions. He has, however, limited his discussion

to reaction mechanisms where there is only one active site.

There has been no report of kinetic studies conducted on an
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enzyme with 2 or more active centres. our effort to d_erive

a rate equation that describes the pyruvate carboxylase

reaction has been unsuccessful. However, the application

of analytical- principles laid down by cleland (t963c) o*

kinetic studies of initial velocity and. product inhibition

proved successful in el-ucidating the reaction mechanism of

a complex system in the present study.
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