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ABSTRACT

A purification procedure for yeast aspartate trans-
carbamylase (ATCase) resulted in co-purification’of the
carbamyl phosphate synthetase (CPSase) of the pyrimidine
pathway; both activities were highly sensitive to feed-
back iﬁhibition (FI) by UTP. CPSase was generally puri-
fied somewhat more tﬁan ATCase; this observation was
shown to be due to progressive discard with each step of
purification of ATCase subunits, present in the crude
extract and insensitive to FI by UTP, Co-sedimentation
in sucrose density gradient centrifugation and co-elution
from Sepharose 6B in the presence of UTP, Mgt ang gluta-
mine further established that both activities together
with the feedback site exist in a single complex of
molecular weight of approx. 800,000 daltons.

Omission of UTP but in the presence of glutamine
and Mg™ in sucrose gradient caused dissociation into a
complex of molecular weight 370,000 with both activities
but the ATCase was of reduced sensitivity to FI. Further,
omission of Mg*t and glutamine in the sucrose gradient
resulted in trailing of the CPSase peak behind the ATCase
peak. Tﬁe CPSase remained fully sensitive to FI by UTP,

Chromatography on DEAE-Sephadex and heat caused loss
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of CPSase activity and disappearance of FI of the ATCase;
the ATCase recovered had a molecular weight of 140,000, A
structural model based on these studies and on genetic data
was postulated. The Km value for CP in the ATCase reaction
was 2x10-3M and for aspartate it was 3.3x102M. The CPSase
reactiqn showed an absolute requirement for K+, Mg*t, HCO3™,
ATP and glutamine. The pH optimum was 7.4 in the presence
of Mg™* and the stoichiometry of the reaction involved 2
moles of ATP and 1 mole of glutamine per mole of CP syn-
thesized. Mg™ seems to serve 2 roles: 1) it binds with
free ATP (which by itself inhibits the reaction) to give
the true substrate Mg-ATP, and 2) it serves to activate
the reaction. The Km values for Mg-ATP, glutamine and bi-
carbonate were 3.5x10‘3M, 5x10~4M and 3x10-3M respectively,
UTP inhibited all the substrates (i.e. of both enzyme
reactions) non-competitively and the CPSase reaction was
stimulated by XMP, XMP stimulated the CPSase by binding at
a8 separate and distinct site from the UTP site. It is
suggested that the physiological role of the CPSase-ATCase
complex lies in the preferential channelling of the CP
produced into the synthesis of pyrimidines. Preliminary

experiments were found to justify this conclusion.
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RESUME

La purification de 1'ATCase de la levure entraine 1la
purification simultanée de la CPSase. Les deux activités
sont tr@s sensibles 3 1'inhibition par 1'UTP, un produit de
la chaine de synthése qui intervient dans la régulation par
rétro-contrdle de 1'activits. L'activité CPSasique est puri-
fi€e nettement plus que 1'activité ATCasique; ceci est dd 3 1la
perte progressive des sous-unités ATCase durant les différentes
étapes de la purification.

La co-s@dimentation des deux activités et du site de retro-
contrdle aprés centrifugation en gradient de sucrose (en présence
a'UTP, de Mg** et de glutamine) ainsi que leur co-&lution aprés
passage sur sepharose 6B (dans les mémes conditions) sont des
arguments en faveur de l'existence d'un seul complexe de poids
moléculaire environ 800,000.

La centrifugation en gradient de sucrose en présence de
glutamine et de Mg™™, mais sans UTP, entraine la dissociation
du complexe en un complexe plus petit, de poids moléculaire
environ 370,000, portant les deux activitas mais dont 1'ATCase
est moins sensible 3 1'inhibition par UTP. La CPSase reste
entirement sensible & 1'UTP. En 1'absence de glutamine, de Mg
et 4'uTp, lé pic de la CPase vient légérement derridre celui

correspondant 3§ 1'ATCase.
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La chromatographie sur DEAE Sephadex et le traitement par
la chaleur du complexe, provoquent la disparition de l'activité
CPSase et la perte de la sensibilité 3 1'UTP de 1'ATCase.
L'ATCase récupérée aprds ce traitement a un poids moléculaire
de 140,000.

Ces données, jointes 3 des données géndtiques, permettent
de proposer un modéle de la structure de ce complexe enzymatique,
Pour 1'ATCase, le Kp pour le CP est de 2.10"3y et pour

1'aspartate de 3,3 102w,

Pour la CPSase, la réaction nécessite absolument X, Mgt*
ch3', ATP et glutamine. Le pH optimum de la réaction est 7.4.
La stochiométrie de la réaction fait intervenir 2 moles d'ATP et
1 mole de glutamine par mole de CP formé. Le Mg semble jouer
2 rOles: d'une part il se lie § 1'ATP libre (qui est inhibiteur
de la réaction) pour donner le substrat réel Mg-ATP, d'autre part
1l sert 3 activer la réaction.

Les Km pour le Mg-ATP, la glutamine et le bicarbonate sont
respectivement 3.5 10-3M, 5.107%M et 3.1073M,

L'UTP inhibe les deux activités en agissant comme inhibiteur
non compétitif des différents substrats. L'XMP stimule la CPSase
en se fixant 3 un site spécial différent du site de 1'UTP.

Le rGle physiologique de ce complexe serait d'orienter pré-
férentiellement le CP formé vers la chaine de biosynthése des
pyrimidines. Des expériences préliminaires confirment cette

hypothése.
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A, INTRODUCTION

I. Literature Review

1. Elucidation of the Pyrimidine Biosynthetic Pathway

After the isolation of nutritional mutants by Beadle
and Tatum (1941), it became obvious that the availability
and utilization of the end product (or'structural analogue )
of a biosynthetic pathway would facilitate greatly the
elucidation of the complete chain as it did in purine bio-
synthesis (Reichard, 1955). However, when the studies i
of pyrimidine biosynthesis were initiated, such structural
analogues and possible intermediates were unknown;'thus
other techniques had to be employed. These inc}uded
chase experiments where labelled small precursor molecules
were traced into pyrimidine nucleotides, enzymatic
studies of the conversion of these small precursor
molecules into pyrimidine nucleotides, and studies on
the ability of certain substances (presumably inter-
mediates) to satisfy the pyrimidine requirements of

microbial auxotrophs (Beadle and Tatum, 1941).




() Tracer and Nutritional Studies
Orotic acid was isolated from cow's milk in 1905
by Bicaro and Belloni. However, it was not until the

early 1940's that some metabolic significance was attribu-

ted to this pyrimidine carboxylic acid. Loring and Pierce

(1944),‘Chattaway (1944), and Rogers (1944) showed that
uracil can be replaced by orotic acid as a growth factor
in certain microorganisms, suggesting a connection to
Pyrimidine biogenesis. However, this idea was altered
by the discovery that the Pyrimidine nucleosides and
nucleotides were 10-60 times more effective than orotate
(Chattaway, 1944). Also, the fact that uracil repléced
orotic acid to the same degree suggested a by-pfoduct
relationship for orotic acid, since uracil was known not
to be on the pathway.

This latter hypothesis was supported by the work of
Mitchell and co-workers.(1948). They were able to
isolate three types of pyrimidine mutants from Neuro-~
spora: strain 263, which could utilize orotic acid;
strain 38502, which excreted orotic acid; and strains
37815, 67602 and 37301, which could neither excrete nor
utilize orotic acid. An analysis of the nutritional
requirements of the double mutants obtained by mating

38502 with the other strains established



the following sequence:

37815

67602

37301 38502

Bee —» uridine—cytidine

263 —> A -
orotic acided

Thus, the fact that strains 37815, 67602, 37301 were
unable to utilize orotic acid led these workers to con-
clude that orotic acid was a by product produced by an
irreversible reaction, thermore, Mitchell and
Houlahan (1947) postulated that pyrimidines were formed
via oxaloacetic acid and an aliphatic glycoside inter-
mediate, suggesting that ribotidation preceded ring
closure. This hypothesis was pleasing at that time
due to the analogous situation which was known to exist
in purine biosynthesis (Reichard, 1955). Since only
three classes of mutants were found, a three step mechanism
for the synthesis of pyrimidines was suggested on account
of the one gene-one enzyme relationship enunciated by
Beadle and Tatum (1941).

In 1945 new interest was aroused in the metabolism
of orotic acid after Avidson et al. (1949) demonstrated
that 3-N!5 orotic acid was incorporated into the pyri-

midine nucleotides of rat liver. Because of the high



specific labelling obtained in these experiments, it was
suggested that the whole orotic acig molecule was in-
corporated. The incorporation of orotic acid into pyrim-
" idines was also confirmed by Weed et al. (1950), and by

Reichard and Bergstrgm (1951), where an in vitro rat liver

system was used.

These results led to the inescapable question of
whether or not orotic acid was a normal intermediate in
pyrimidine biosynthesis. This question was tackled by
Reichard and co-workers who used rat liver slices and two
methods of approach (Reichard and Lagerkvist, 1953; Reichard
1965). The first method consisted of incubating liver
slices in the presence of orotate and a suspected labelled
precursor. After incubation, orotic acid was re-isolated
and the isotopic distribution within the molecule was
determined after degradation. The second approach
involved the use of labelled N1 H Cl incubated with cold
precursor, orotic acid and liver slices. It was previously
shown by Barnes and Schoenheimer (1943) that 15N label
from ammonium citrate was incorporated into the poly-
nucleotide of pigeon and rat liver. Thus, after the in-
cubation in the presence of a true non-labelled pre-

cursor, the diluting effect of that precursor on the



15
incorporation of N  into orotic acid could be studied

(Reichard, 1952).
15
By using N labelled ammonium chloride, bicarbonate
1 1 ,

013, L-aspartate-N , L-aspartate-1,4-C , L-asﬁartate-
2,3-CllP and ureidosuccinate-N15 with the above methods,
Reichard and co-workers were able to show that N3 of
orotic acid (Fig.1 ) was obtained from ammonium, C from
bicarbonate, and the rest of the molecule from aspartic
acid. That the orotic acid molecule is subsequently
converted into pyrimidine nucleotides was shown by Weed
et al. (1950). The precursor relationship of orotic
acid to pyrimidine was thus established, confirming
results indicated by nutritional experiments with

E. coli B (Weed and Cohen, 1951), and yeast (Edmonds

et al., 1952). Hence the hypothesis mentioned above, of
Mitchell et al. (1948), was rejected on the basis that

ring closure occurred before ribotidation. Further

clarification came with enzymatic studies (Reichard, 1959).

(b) Enzymatic Studies

(i) Formation of ureidosuccinate

In 1952 Grisolia and Cohen established that in rat
.H.

liver preparations ATP, Mg  and acetylglutamate were
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involved in the formation of an activated derivative

of COy and ammonia, i.e. "compound X", which condensed
with ornithine to form citrulline, Reichard, (1954) and
Reichard and Hénshoff, (1955) showed that "compound X
was also involved in the synthesis of ureidosuccinate in
rat liver slices. In 1955 Jones et al. succeeded in
isolating and identifying carbamyl phosphate from bac-
terial extracts. They indicated that the reaction

catalyzed by the enzyme which they called carbamyl phos-

phokinase was
Mg-H- S ) .
HZNCOOH + ATP NHZCOOPO3 + ADP (1)

They also prepared the dilithium salt of carbamyl phos-
phate by reacting KCNO with inorganic dilithium phosphate
and established the authenticity by showing that this
synthesized carbamyl phosphate was also capable of
yielding citrulline when incubated in the presence of

ornithine and ornithine transcarbamylase from Strepto-

coccus faecalis. The involvement of carbamyl phosphate
in the formation of ureidosuccinate was also confirmed
by these workers in S. faecalis extracts (Jones et al.,

1955), in mammalian systems (Reichard and Hanshoff, 1956),



in E. coli by Yates and Pardee (1956a).
Tates and Pardee (1956b) also showed that the acti-
vity of aspartate transcarbamylase, the enzyme which

catalyzed the formation of ureidosuccinate from aspartate

aspartate

transcarbamylase
carbamyl + aspartic acid > ureido- (2)
phosphate ATCase succinate

and carbamyl phosphate, was inhibited by CTP, an end
product of the pathway, and suggested feedback inhibition
as a possible control mechanism. Regulatory control
mechanisms will be considered later on.
(ii) Formation of orotic acid

The conversion of ureidosuccinate to orotic acid
was demonstrated by Lieberman and Kornberg (1954). 1In

extracts made from Zymobacterium oroticum and Coryne-

bacteria grown on enrichment media containing orotic acid

they were able to show two enzymatic activities., These

were dihydroorotase, which by a dehydration reaction

effected ring closure forming dihydroorotic acid from

ureidosuccinate and dihydroorotic dehydrogenese, an NAD
dihydroorotase

ureidosuccinate > dihydrgorotic (3)
(DHOase) acid




dihydroorotic
dehydrogenase
dihydroorotic - orotic acid (4)
acid (DHOdehase )

linked reaction catalyzing the formation of orotic acid
from dihydrborotic acid. It was also shown that although
tﬁe reverse dehydrogenase reaction was favored, a high
degree of specificity was implicated. Among the compounds
tested as substrates and which were found to be inactive
were uracil, cytosine, thymine aﬁd >-methyl cytosine. The
fact that these activities were discovered in bacteria
grown on orotic acid as a carbon source opened the pos-
sibility that these could be inducible degradative enzymes
and not involved in the biosynthetic sequence. Yates and
Pardee (1956a) confirmed the presence of these enzymes

in actively growing E. coli. They demonstrated that
mutants lacking dihydroorotate dehydrogenase required
orotic acid, uracil or cytosine for growth; and found that
another pyrimidine-requiring mutanf, which could not
utilize orotic acid for growth, instead excreted this
carboxylic acid together with dihydroorotic acid and
ureidosuccinate into its growth medium. Such mutants
would therefore be blocked at a step subsequent to

orotic acid formation. The presence of these enzymes
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in rat liver homogenate was also demonstrated by Cooper
et al. (1955).
(iii) Formation of uridine monophosphate from orotic acid

Clarification of the mechanism of conversion of
orotic acid to a nucleotide linkage was due to the
brilliggt work of Kornberg and co-workers. The problem
of whether or not orotic acid was a true intermediate
led Kornberg gg;gl. (1955) to the isolation and iden-
tification of phosphoribosylpyrophosphate (PRPP), the
formation of which was demonstrated with a purified
pigeon liver enzyme according to the reaction:

+

Ng
ribose-5-phosphate + ATP

> PRPP + AMP  (Lb)

With fespect to pyrimidine biosynthesis, they succeeded
purifying orotidylic pyrophosphorylase and orotidylic
decarboxylase from yeast autolysates, a most active
source,
The former enzyme catalyzed the reaction:
o
4 Mg .
orotic acid + PRPP —— orotidine-5-phosphate + PPi {5)

++

This reaction was found to be reversible, to require Mg |
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to be inhibited by OMP and to have an equilibrium con-
stant of 0.1. Since, as we shall see below, OMP is con-
verted directly into the authentic precursor UMP, and
since the above reaction (5) exhibited a very high degree
of specificity for orotic acid, it was thus established
beyond any doubt that orotic acid was a true inter-
mediate. Other substances tested as substrates but with-
out effect were ureidosuccinate, dihydroorotic acid,
uracil, cytosine, orotidine and adenine. The latter

enzyme, orotidylic decarboxylase, catalyzed the reaction:

OMP—— UMP + CO # (6)
2
This reaction was irreversible and specific, .

It must be noted that from the equilibrium constants
of the two steps prior to this irreversible decarboxylation
reaction the equilibrium did not favor the forward
reaction leading to pyrimidine biosynthesis. However,
when coupled with this irreversible reaction, the two
steps led smoothly to uridine monophosphate synthesis.
These tﬁo enz&matic reactions have also been observed
in other microorganisms and in avian and mammalian

systems (Magasanik, 1962). The conversion of UMP to UDP
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and UTP was shown to involve reactions with ATP catalyzed
by specific kinases (Berg and Joklik, 1954; Lieberman
et al., 1955).
(iv) Formation of cytidine triphosphate

It has been noted in chase experiments involving
labelled orotic acid and in vivo animal systems that
uridine nucleotides were labelled earlier than cytidine
nucleotides (Rutman et al., 1954), and that the specific
labelling of RNA-uracil was much greater than RNA-cytosine
(Weed et al., 195C; Weed and Wilson, 1951; Hurlbert and
Potter, 1952). These data of course indicated a sequence
whereby uridine nucleotides are formed first from orotic
acid and subsequently cytidine nucleotides from uridine
nucleotides. Direct demonstration of the conversion of
uridine nucleotides to cytidine nucleotides was found by
Lieberman (1955, 1956), to occur primarily at the
triphosphate level in extracts of E. coli by a reaction
depending upon ammonia and ATP. The reaction catalyzed

by cytidine triphosphate synthetase was:

UTP + NH + ATP—>CTP + ADP + Pi  (8)
3

UDP was capable of replacing UTP; however, the reaction
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rate was ‘only 50% of that obtained with UTP, UMP, uridine
or uracil failed to react. Glutamine, asparagine,
glutamic acid and aspartic acid could not replace ammonia
in E. coli extracts. In mammalian systems, however, it was
found that glutamine replaced ammonia as the amino donor .
and that GTP stimulated the reaction (Kammen and Hurlbert,
1958). In 1961, contrary to the findings of Lieberman,
Chakraborty ahd Hurlbert showed that in E. coli glutamine
was indeed the amino donor in cytidine nucleotide syn-
thesis and not ammonia. However, ammonia was able to
substitute for glutamine at higher pH and concentration.
Cytidine triphosphate synthetase was later purified and
characterized in E. coli B (Long and Pardee, 1967). The
discrepancy in the results of these two groups of workers
.was explained by Long and Pardee as a modification in

the structure of the enzyme, caused by the extraction and

purification procedure by Lieberman.
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2. Carbamyl Phosphate Synthetase

(a) Carbamyl Phosphate Synthesis in E. coli
In the previous section it was pointéd out that a
carbamyl derivative ("compound X") formed from NH , ATP

++
Mg and CO, was involved in the synthesis of citrulline,

)

( a precursor of arginine) and ureidosuccinate, (a pre-
cursor of pyrimidines). Grisolia and Cohen (1953) showed
that glutamate derivatives served a catalytic role.
Furthermore, "compound X" was identified as carbamyl
phosphate which was synthesized by carbamyl phospho-
kinase via the reversible reaction:
++

- Mg -

NH COO" + ATP —™> NH COOPO  + ADP (1)

2 2 3 o
(Jones and Lipmann, 1960; Jones et al., 1955).

For a long time this multifunctional capacity of
carbamyl phosphate to serve as a common precursor in the
biosynthesis of arginine and pyrimidines and in the
production of ATP, led to some confusion as to the
‘identit& of the enzyme responsible for the synthesis
of carbamyl phosphate for each of these functions.

Moreover, in vitro studies indicated that glutamine
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could serve as the amino donor (Levenberg, 1962; Pierard
and Wiame, 1964), and that carbamyl phosphate synthetase,
an enzyme discovered in frog liver by Marshall et al.
(1958), and carbamyl phosphokinase from bacteria pos-
sessed a reversible acetyl-(formyl-)phosphokinase acti-
vity (Raijman and Grisolia, 196k; Grisolia and Harmon,
1962). This plurality of functions led Thorne and Jones
(1963) to a comparative study on carbamyl phesphokinase

and acetyl phosphokinase in S. faecalis and E. coli. They

were not able to separate these activities in E. coli, but
in S. faecalis they separated the acetyl phosphokinase
activity into two fractions, one of which had no carbamyl
phosphokinase activity. Because of the low affinity for
acetate of the fraction with carbamyl phosphokipase
activity, they concluded that the formation of acetyl
phosphate via this enzyme was of little biological im-
portance in vivo. In addition, they found that the
carbamyl phosphokinase activity of S. faecalis was in-
ducible by arginine and that the equilibrium of the
reaction favored ATP formation. In recent years this con-
fusion has been eleared up in studies with E. coli. It
was pointed out that carbamyl phosphate was utilized both

in ﬁhe synthesis of arginine and pyrimidines; indeed, the
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.isolation of one-step mutants simultaneously requiring
arginine and uracil indicated that both biosynthetic
chains share a common enzymatic activity (Kanazir

et al., 1959; Beckwith et al., 1962). It was suggested
that carbamyl phosphate was formed by the phosphorylation
of carbamate which was produced non-enzymatically from
ammoniuﬁ carbonate (Jones et al., 1955; Thorne and Jones,
1963; Beckwith et al., 1962). This inconsistency was
shown to be due to the presence Qf two carbamate
phosphorylating systems separable by protamine fractiona-
tion. Fraction II, which contained acetyl phosphokinase
or acetokinase, (as it was called by these workers) was
found to be relatively stable at pH 5.6, to have an
affinity for acetate and carbamate and to be active in
extracts of all the strains studied (Yasphe and Gorini,
1965). Carbamyl phosphokinase (Fraction I) was found be
relatively labile at pH 5.6, to have an affinity for car-
bamate but not for acetate and to be absent in the double
auxotrophs, thus corresponding to the results obtained
genetically. Similar genetic results were obtained by
Pierard and Wiame (1964) except that, instead of ammonia-
utilizing carbamyl phosphokinase, these workers identified

the enzyme as a glutamine-dependent carbamyl phosphate
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synthetase, This glutamine utilizing enzyme was first
identified by Levenberg (1962) in the mushroom system,
Furthermore, by utilizing antibodies to acetokinase,
Brzozowski and Kalman (1966) were able to show that all
the ammonia-dependent carbamyl phosphate synthetase acti-
vity (or carbamyl phosphokinase activity) observed in
the doﬁ$le auxotrophs was due to acetokinase.

The final solution came with the findings of Kalman
et al. (1965) who demonstrated that carbamyl phospho-
kinase and glutamine carbamyl phosphate synthetase are
the same enzyme. These workers demonstrated both activi-
ties in extracts of E. coli and showed co-purification, co-
sedimentation, identical behaviour in electrophoresis and
similar response to guanidine,formamide, thiol reagents
and inhibitors, thus indicating beyond any doubt that
both activities are functions of the same protein.
Furthermore, analysis with the purified enzyme showed
that glutamine as well as ammonia may serve as a nitrogen
donor in carbamyl phosphate synthesis, but ammonia
utilization is best under conditions of higher pH and
concentration (Anderson and Meister, 1965; Kalman et al.,
1966). The failure of Yasphe and Gorini (1965) to

identify the glutamine-dependent carbamyl phosphate
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synthetase was explained by these workers aé'being due to
a preferentiai inactivation of the glutamine site during
purification. |

Similar effects have been observed in other glutamine
utilizing systems (Moyed and Magasanik, 1957; Long and
Pardée, 1967). The presence of a glutamine-dependent
carbamyl phosphate synthetase as the true system in vivo
was confirmed by Levenberg (1962) in the mushroom and by
Lacroute et al. (1965) in yeast, where there is vir.
tually no acetokinase activity. Similar results were
obtained in B. subtilis (Réissig et al., 1967).

What might seem contrary to the idea of the presence
of oﬁe'carbamyl phosphate synthetase present in E, coli
was the isolation of certain mutants which were'indepen-
dent of arginine when grown in the absence of uracil, but
which were dependent. on arginine (a strict requirement)
when uracil was present in the medium (Novick and Maas,
1961; Gorini and Kalman, 1963). These data suggest
either of two hypotheses:

1) There are two enzymes, one specific for the arginine
pathway; and another for the pyrimidine pathway. The
mutants lack the former and thus become dependent on

arginine in the presence of excess uracil due to FI and
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repression of the latter. Indeed, such is the case in
yeast (Lacroute et al., 1965). This hypothesis is in
fact excluded by the finding mentioned above, thgt a
single mutation results in double auxotrophy.

2) There is but one enzyme which in the mutant becomes
extremely sensitive either to FI or repression or both.
Thus in~the presence of excess uracil a requirement for
arginine develops.

All the authors agree that the first hypothesis is
excluded; there is but one CPSase. On the other hand
Gorini and Kalman (1963), Yasphe and Gorini (1965) att-
ributed the requirement for arginine as being due to
repression by uracil, whefeas Pierard et al. (1965)
attributed the phenomenon to the enhancement of FI by
uracil or CTP; their conclusion was based on the fact
that in this mutant repression was found to be cumulative,
dependent on both arginine and uracil. The conclusion is
further supported by the fact that the mutation causing
hypersensitivity is located within the locus responsible
for double auxotrophy.

It now becomes obvious that much of the problem
stemmed from the identification of an ammonia dependent

carbamyl phosphokinase activity in which the glutamine
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dependent activity had been eliminated by the method of
purification (Yasphe and Gorini, 1965; Kalman et al., 1965).
Similar instability of glutamine dependent carbamyl
phosphate synthetase has been observed in the soluble
fraction of ascites or fetal rat liver cells (Jones and
Hager, 1966), and in Neurospora where it was shown to be
cold sensitive (Williaﬁs and Davis, 1968). Also, the fact
that acetokinase*(the preferred nomenclature for acetyl
phosphokinase) was able to synthesize carbamyl phosphate
in vitro contributed to the confusion. Thus it would
appear that the normal physiologiéal mechanism for
carbamyl phosphate synthesis in E. coli is via a glutamine

utilizing carbamyl phosphate synthetase,**

* Acetate kinase (ATP: acetate phosphotransferase
EC 2.7.2.1)

*% Carbamoylphosphate synthetase (ATP; carbamate
phosphotransferase (dephosphorylating) EC 2.7.2.5)
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(b) Comparative Distribution of CPSase

In E. coli there is only one glutamine-dependent
carbamyl phosphate synthetase (Pierard and Wiame, 1964)
which synthesizes CP for both the arginine and pyri-
midine pathways and which is controlled by one genetic
locus (Pierard et al., 1965). This is indicated by the
genetic'finding that a one-step mutation leads to the
simultaneous auxotrophic requirement for both arginine
and uracil and that reversion yields a wild-type proto-

type (Roepke et al., 1944). However, in Neurospora crassa

there are two independent and specific carbamyl phosphate
synthetases (Davis, 1963; Lou and Hermann, 1967), one
specific for the pyrimidine and one for the arginine
pathway. In this organism a one-step mutation leads to

a single requirement for either uracil or arginine, bug
not for both. Thus, CP synthesized by the arginine-
spegific synthetase is not available for the synthesis

of pyrimidines and vice versa. In other words, there is
a strict channelling of the CP into the pathway for.which
it has been produced (Davis, 1967).

In yeast, Saccharomyces cerevisiae, a different

situation exists. As in Neurospora, there are two carbamyl

phosphate synthetases, one specific for arginine and the
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other for pyrimidine. However, the activities are not
completely independent since the CP synthesized by either
enzyme is available for utilization in both pathways
(Lacroute, 1964; Lacroute et al., 1965). This interesting
observation was made by Lacroute in the following way:

1. Each CPSase is repressible by its own end product

(arginine or uracil).

2. He discovered a class of mutatiéns which were proto-
trophs in minimal medium, but which were auxotrophic for
arginine in the presence of excess uracil in the growth
medium., He discovered the reciprocal class which became
auxotrophic for uracil in the presence of excess arginine,
3. His conclusion was that there were 2 CPSases, 1
specific for arginine and 1 for pyrimidines, but that
sufficient overflow occurs to prevent the loss of either
from causing an auxotrophic phenotype. When excess
end-product is added and the activity of the corresponding
CPSase is reduced to a minimum level, insufficient CP

1s produced for the heterologous chain and consequently
auxotrophy is observed (Lacroute, 1966).

In‘the mitochondrial fraction of mammalian and

amphibian liver (Marshall et al., 1958; Guthohrlein

and Knappe, 1968), the reaction catalyzed by carbamyl
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phosphate synthetase is:

+ - AGA -2
NH + HCO + 2ATP —FF>NH -CO PO+ 2ADP + Pi,
b 3 Mg 2 2 3

an irreversible reaction where N-acetyl-l-glutamate
(AGA) acts as an allosteric effector (Jones, 1963).
Recently a glutamine-dependent carbamyl phosphate
synthetase has also been identified in the soluble
supernatant of liver extracts. It is interesting to note
that ATCase (aspartate transcarbamylase) was also found
in this supernatant fraction whereas OTCase (ornithine
transcarbamylase) was found largely in the mitochondrial
fraction (Jones and Hager, 1966). 1In E. coli, the CPSase
also preferentially utilizes glutamine but N-acetyl-
l-glutamate has no effect (Kalman et al., 1966; Anderson
and Meister, 1965).
In degradative pathways where arginine is used as
a source of energy, the following reaction is catalyzed
by the enzyme carbamate kinase: (ATP: carbamate phos-
photransferase EC 2.7.2.2). )

NH COO- + ATP—>NH CO PO + ADP
2 2 2 2

This reaction is reversible and requires magnesium ions
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(Marshall and Cohen, 1966); the equilibrium favors the
synthesis of ATP.

This enzyme was inducible by arginine in S. faecalis
‘and in lactic acid bacteria (Slade and Slamp, 1952;
Thorne and Jones, 1963), and catabolically repressible

in some Pseudomonas strains (Ramos et al., 1967).

(c) Properties of the CPSase Reaction

Teble 1 summarizes some of the properties of CPSase
in a variety of organisms. Generally, glutamine serves
as the amino donor except in the mitochondrial enzymes
from rat and frog liver where NH i replaces glutamine
and N-acetylglutamate is required for maximum activity,
CPSase has also been identified in the soluble fraction
of extracts from the gut tissue of the earthworm (Bishop
and Campbell, 1963), and in the mouse spleen (Tatibana
and Ito, 1967). The former resembles the liver enzyme
in requirements except that Mn++ was found to be three
times as effective as Mg'™. The latter was similar to
the glutamine enzyme identified by Jones and Hager

(1966) in liver extracts.
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(d) * Mechanism of the CPSase Reaction

An essential in the study of the mechanism of an
enzyme reaction is the availability of pure enzyme.
The CPSase from E. coli and from liver mitochondria
fulfil this requirement. The following pﬁssible mechanisms
have been proposed from isotopic exchange studies (Metzen-

berg et al., 1958; Jones, 1965):

1. E+HCO + ATP== E-carboxyphosphate + ADP
+
E-carboxyphosphate + NI == E-carbamate + Pi

b
E-carbamate + ATP ——E + carbamylphosphate + ADP

2. E+HCO + ATP = E-"active CO
3 + 2
E-"active CO " + NH ———> E-carbamate + ADP + Pi
2 L :
E-carbamate + ATP &—E + carbamylphqsphate + ADP

- 4 :
3. E+HCO + ATP + N§ T—— E-carbamate + ADP + Pi

3 L :
E-carbamate + ATP == E + carbamylphosphate + ADP

It is well known that biotin is involved in the
fixation of Cb in several enzymatic systems (Mahler and
2 .
Cordes, 1966). Recently Wellner et al. (1968) claimed

that biotin was present in bacterial CPSase, suggesting
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the possible formation of N-carboxy-biotin in the "CQ
activities" step above, However, attempts by other
workers to repeat this finding in the bacterial as well
as the liver system established that CPSase contains

no biotin (Peng and Jones, 1969; Huston and Cohen, 1969).
Kinetic studies by Guthohrlein and Knappe (1969) of the

variations in initial velocities as function of HCO
and NH i concentrations permitted them to exclude
mechanism 1. Mechanism 2 was préferred over mechanism 3
because the former is bimolecular compared to the latter
which is termolecular. An addition product of the ter-
minal phosphate group with bicarbonate was suggested
as a possible intermediate.

To date, the data are limited; thus an accepted
mechanism for the synthesis of carbamyl phosphate by
carbamyl phosphate synthetase awaits further experimenta-

tion.
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3. Aspartate Transcarbamylase (ATCase)

(a) Introduction

Aspartate transcarbamylase (carbamoyl phosphate-L-
aspartate carbamoyl transferase, EC2.1.3.2) catalyzes
the forpation of carbamyl aspartate from carbamyl phos-
phate and aspartic acid. This enzyme was demonstrated in
E. coli (Reichard and Hanshoff, 1956; Yates and Pardee,
1956) and in higher organisms (Lowenstein and Cohen, 1954)
and in a variety of other sources (Neuman and Jones, 196k; ;
Bethel and Jones, 1969). In E. coli, ATCase may be con- L
sidered as the first enzyme leading to the synthesis of :
pyrimidines since, as has been shown above, this organism
possesses only one carbamyl phosphate synthetase for the
biosynthesis of arginine and pyrimidines. In contrast,
the existence of a pyrimidine-specific carbamyl phosphate
synthetase in yeast and Neurospora indicates that this is
the first enzyme of pyrimidine biogenesis. E. coli ATCase
has been purified and crystallized (Sheperdson and Pardee,
1960) and is now available in gram quantities (Gerhart
and Holoubek, 1967). Because of the availability and the
importance of this enzyme in regulation, extensive studies

have been carried out in various laboratories on its
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properties, structure, catalytic and regulatory mecha-
nisms. An extensive review of the earlier work has

been published {Stadtman, 1966).

(b) Aspartate Transcarbamylase of E. coli

The enzyme was shown to catalyze the condensation of
L-aspartate (apparent K 65mM) and carbamyl phosphate

(apparent K 0.45mM) to form ureidosuccinate by a mecha-

nism typical of transferase reactions involving sulf- I;
hydryl groups (Reichard and Hanshoff, 1956). The utili-
%i'””wl zation of carbamoyl phosphate is inhibited competitively | | E
T by certain anions, especially pyrophosphate (Kleppé,
1965 ; Kleppe, 1966), whereas aspartate utilization is
inhibited competitively by certain divalent cationms, e.g.
Mg++ and Mn*t. These apparently function by binding the
aspartate, thus giving an apparent competitive inhibition
(Kleppe and Spaeren, 1966). Moreover, the activity
is inhibited pseudo-competitively by CTP, an end-product
" of the biosynthetic sequence, and stimulated by ATP Z
(Yates and Pardee, 1956; Gerhart and Pardee, 1962),
ATCase exhibits very complex kinetics. The saturation
curve for aspartate is sigmoidal, indicating cooperative

effects similar to those observed in the binding of
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oxygen to haemoglobin, where the binding of one molecule
of oxygen facilitates the binding of the next (Morgan
and Chichester, 1935; Wyman, 1948). Such interaction
between like ligands is termed homotropic (Monod et al.,
1965). At higher pH values (contrary to the Bohr effect
in haemoglobin), or in the presence of the inhibitor CTP,
the saturation curve for aspartate becomes even more
sigmoidal; however, the presence of thé activator ATP
during assay normalizes the kinetics to the Michaelis-
Menten type. The activation by ATP (or inhibition by
CTP) was shown to be associated with an apparent increase
(or decrease) in the affinity for aspartate (Gerhart and
Pardee, 1962). Such 'interaction! between unlike iigands

is termed heterotropic (Wyman, 1963). Recently it has

been shown that the saturation curve of this enzyme for
carbamyl phosphate is also sigmoidal, indicating that the
carbamyl phosphate sites also show homotropic 'inter-
actions! (Bethel et al., 1968).

That CTP, the competitive inhibitor, binds at a
site completely different from the catalytic site has
been esfablished. This is indicated by studies where the
inhibition by CTP was abolished without affecting the

catalytic activity (in fact the activity was found to
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increase two-fold in some cases). Such studies include
proteolytic digestion (McClintock and Markus, 1968),
heating at 60°C for 4 minutes, and treating the native
enzyme with 0.8M urea, mercurials (Gerhart and Pardee,
1962) or with x-rays (Kleppe et al., 1966; Kleppe and
Spaeren, 1967). Some discrepancy with respect to whether
or not some of these treatments completely abolish in-
hibition by CTP has been indicated (Weitzman and Wilson,
1966). Most convincing however, is the actual separation
of the catalytically-active fraction (catalytic subunits)
from a fraction with the binding site for CTP (regu-
latory subunits), by treatment with p-chloromercuro-
benzoate (PCMB). When the two fractions were recombined
in the presence of B-mercaptoethanol after removal of
PCMB, reaggregation to the native enzyme resulted, as
indicated by molecular weight determination and res-
toration of the feedback inhibition site of CTP (Gerhart,
1964 ; Gerhart and Schachman, 1965). Since ATP antagonizes
the inhibition by CTP in a typical competitive fashion,
and desensitization of the nétive enzyme to CTP leads to
desensitization to stimulation by ATP, the indication is
that ATP binds at the same or overlapping site as CTP.

Recently a method for the preparation of large




amounts of isolated catalytic subunits has been described
(Gerhart and Holoubek, l9§7). In this regard, it must
also be pointed out that the kinetics of the catalytic
subunit are completely different from those of tﬁe

native enzyme. The catalytic subunit shows Michaelis-
Menten kinetics with aspartate and the pH optimum is 8.5,
compareé to 7.0 for the native enzyme (Gerhart and
Pardee, 1963, 1964). .Weitzman and Wilson (1966) also

identified another peak at pH 10.2 for the native enzyme.

(c) Catalytic Mechanism of Ureidosuccinate Formation

Porter et al. (1969) carried out a detailed study of
the mechanism of synthesis of ureidosuccinate using
isolated catalytic subunits. They found by steady state
kinetics that the reaction is ordered: carbamyl phosphate
binds before aspartate and ureidosuccinate dissociates be-
fore the inorganic phosphate. By using the techniques of
nuclear magnetic resonance (Schmidt et al., 1969) and UV
difference spectroscopy (Collins and Stark, 1969) to study
the dissociation of carbamyl phosphate, L-aspartate and
their analogues, a detailed mechanism based on general

acid-base catalysis was worked out. The working hypo-
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thesis suggested is that the isolated subunit-in its
natural form assumes a configuration with some steric
hindrance to the binding of aspartate. However, carbamyl
phosphate on binding removes this hindrance by a shift
in conformation which results from the binding of the
phospthe dianion and the carbonyl group to specific
sites (general acid site). L-aspartate on.binding

causes a large change in conformation which forces the
amino group of L-aspartate and the carbonyl group of
carbamyl phosphate together. The energy for this con-
formational change is obtained from electrostatic binding
energy. During this transition a positive charge is
developed as a result of proton abstraction by a general
base. Cleavage of the bond between the carbonyl carbon
and inorganic phosphate of carbamyl phosphate results

in the formation of ureidosuccinate and inorganic
phosphate. These substances are released sequentially
as the subunit regains its original configuration.
Support for certain aspects of Stark's mechanism has

been indicated in the studies of Gerhart and Schachman

(1968), and Changeux et al. (1968).
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(d) ‘Allostery in Terms of Quaternary Structure

It may now be asked: how can an inhibitory sub-
stance (CTP), chemically unlike the substrates (carbamyl
phosphate and aspartate) of the enzyme (ATCase) and
binding at a site completely separate from the catalytic
site, cause apparent competitive inhibition? An ex-
Planation was offered by Monod et al. (1963) that binding
of the inhibitor at an allosteric site causes a confor-
mational change to a state of decreased affinity for the
substrates. The enzyme is said to have undergone an
allosteric transition; thus, the homotropic and hetero-
tropic effects are viewed as allosteric effects. Indeed,
many of the characteristics of ATCase have also been
observed in other regulatory enzymes (Stadtman{ 1966).
These characteristics include homotropic effects in the
binding of a substrate or substrates, hetérotropic
effects in the binding of the inhibitor at a specific
site and the physical and/or genetic demonstration that
the enzyme contains subunits.

Two general models relating to the subunit structure
of protéin wifh its allosteric and cooperative proper-
ties have been proposed. THe model of Monod et al.

)
” (1965) was designed primarily to explain the cooperative
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effects in the binding of like ligands (homotropic
effects) and based on the example of haemoglobin where
it was shown that saturation with oxygen is accompanied
by rearrangement of its 4 subunits (Muirhead and Perutz,
1963). This model in essence assumes that: (1) allo-
steric proteins are oligomers consisting of two or mére
identical subunits (i.e. protomers) which are arranged
with an internal plane of symmetry; (2) each protomer
may exist in at least two conformational states (R and T)
which are in dynamic equilibrium with each other;

(3) each protomer has a binding site for the substrate
and another for the allosteric effector, but in a given
conformational state, all the protomers have equal
affinity for a specific ligand; (4) transition of one
protomer by ligand binding results in equal conformational
change of the other protomers which occur in such a
manner that symmetry is conserved. Homotropic and
heterotropic effects were explained in that the R state.:
preferentially binds substrate whereas the enzyme exists
primarily in the T state which binds the inhibitor
prefereﬁtiall&. Thus, the substrate saturation curve
will be sigmoidal since addition of small amounts of

substrate will first shift the equilibrium toward the
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R state, which has é.greater affinity for the substrate.
The second model is the "™induced fit" model of enzyme
catalysis, which is extended to include enzymes con-
taining interacting subunits. This model was proposed
by Koshland (1958) and is based upon "he flexible inter-
action between ligand and protein which may induce a new
conformation of the subunit. This deformation may, in
turn, affect the shape and stability of neighboring
subunits, the extent of the change being a consequence of
the nature of the interaction between the subunits and the
amount of distortion induced by the ligand. If the con-
formation change in one subunit is very loosely coupled
to the conformation of the neighboring subunits, the change
may not affect its neighbours and Michaelis-Meqten
kinetics will be observed. If there are closely coupled
subunit interactions, a change induced in one subunit
will cause partial or equal changes in the neighboring
subunits and, in general, the changes will occur sequen-
tially with ligand addition, i.e., hybrid conformational‘
states will be observed" (Koshland and Neet, 1968).
Inaeed, éther models capable of explaining homo-
tropic effects have been proposed (Atkinson, 1966;
Sweeny and Fisher, 1968). However, ATCase will be dis-

B A



-38-

cussed only in relation to the two models outlined above.

From the explanations above it can be seen that the

two hypotheses are not entirely mutually exclusive; €.8.,
both predict that enzymes showing homotropic and hetero-
tropic effects must contain subunits and that these
effects are explained as a result of subunit interaction.
The model of Monod et al. (1965) postulates an axis of
symmetry, hence this model would not apply to an enzyme
with an odd number of subunits. To date, no such regu-
latory enzyme has been discovered. This model also
predicts a tconcerted! mechanism for the subunit inter-
action, thus a small amount of substrate would suffice
for a complete shift in conformation. On the other

hand, the 'induced fit! model of Koshland predicts a
'sequential' mechanism; thus a larger amount of sub-
strate would be required for complete conformational
change (Te=>R). Experiments in an attempt to select

between the two models will be treated later on.

(e) Structural Model and Regulatory Mechanism

Gerhart and Pardee (1964), as a result of the ob-
served kinetic properties of the native enzyme and the

fact that heat caused disaggregation into 4 one-quarter
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molecules, viewed the native enzyme as a tetramer con-
sisting of four monomers. They also suggested that as a
result of the interaction between the monomers, the enzyme
in its native form has a low affinity for aspartate; how-
ever, binding of one molecule of aspartate facilitates the
binding of the next, etc. (thus, homotropic effects as in
haemoglobin). CTP by its binding at an allosteric site,
serves to strengthen the interaction of the subunits and
thus lessen the affinity for aspartate (i.e. hetero-
tropic effects). ATP, by its binding at the same or
overlapping site as CTP, tends to weaken this inter-
action, resulting in activation of the catalytic activity.
Proof of interaction came with the observation that maleate
acts as an activator at low concentrations or as a com-
petitive inhibitor at higher concentrations in the pre-
sence of a small amount of aspartate.

Indeed, homotropic or cooperative effects in the
actual binding of succinate, an aspartate analogue,
and heterotropic effects in the antagonism by succinate
of CTP binding have been demonstrated by equilibrium
dialysis techniques (Changeux et al., 1968). These
workers also identified four binding sites for succinate

and four binding sites for the inhibitor CTP or analog,

ce
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BrCTP, per molecule of native enzyme.

Physical measurements of molecular weights indicate
310,000 for the native enzyme (11.75), 96,000 for the
catalytic subunit (583) and 30,000 for the regulatory
subunit (2.85) (Gerhart and Schachman, 1965). These data,
by calculation, culminated in a structural model for the
native enzyme which consists of two catalytic subunits and
four regulatory subunits instead of the model consisting
of four monomers (Gerhart and Pardee, 196L).

However, binding studies showed the presence of two
binding sites for succinate per catalytic subunit and one
for CTP per regulatory subunit. Furthermore, Herve and
Stark (1967) by amino-terminal analyses, found the cata-
lytic subunits to consist of 1.92 moles of alanine, and
the regulatory subunits 0.93 moles of threonine. Thus,
the native enzyme would, by deduction, consist of four
catalytic and four regulatory chains. A binding site
was assigned to each chain (Herve and Stark, 1967).

Changeux et al. (1968), because of the tetrameric
binding characteristics of the native enzyme, adapted
the priﬁciples of Monod et al. (1965), and postulated a
more refined structural model for ATCase. The enzyme is

viewed as an isologous tetramer, with each of the pro-
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tomers being composed of one-half catalytic subunit and
one regulatory subunit. In other words, each protomer
consisted of one binding site for succinate and one for
CTP. They also pointed out that the observed hetero-
tropic and homotropic effects are indirect since the
binding_sites are located on different subunits and
therefore must depend 6n the conformational change of the
protein itself,

Recently, however, Weber (1968) studied the primary
structures of the regulatory (R) and catalytic (C)
polypeptides. He found that the molecular weight of the
polypeptide chains, as estimated by polyacrylamide gel
electrophoresis in sodium dodecyl sulphate solution, was
33,000 for the C chain and 17,000 for the R chain. He
was able to sequence the amino acid of the R chain; a
molecular weight of 17,000 for the R chain was also
confirmed by summation of its known amino acid constituents.
He further concluded that the tetrameric model of
Changeux et al. (1968) must be rejected for a model
consisting of CgRg for ATCase.

Further support for Weber'!s model came from studies
of the water content, and density of two crystalline

forms of ATCase. Wiley and Lipscomt (1968) found that the
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trigonal crystal form (obtained in the presence of CTP
and pH 5.9) exhibits a three-fold axis of symmetry
indicating that the number of identical subunits must be
multiples of three. The tetragonal crystal form (ob-
tained by ammonium sulphate crystallization technique)
showed a two-fold axis of symmetry. Thus, it was con-
cluded that the ATCase molecule must contain at least six
copies of each polypeptide chain, which again is in-
compatible with the tetrameric model as proposed by
Changeux et al. (1968), but consistent with that of
Weber (1968).

craf

(f) Proof of Conformational Change

It is known that sulfhydryl bonds are invo}ved in
the formation'of tertiary and quaternary structure of
proteins (Berhard, 1968). Gerhart and Schachman (1968)
by spectrophotometric titration with p-hydroxymercuri-
benzoate (PMB) identified a total of 2741 sulfhydryl
groups for the intact ATCase enzyme. These workers
utilized the reaction rate of these sulfhydryl groups
with PME as an esfimate of the conformational change
occurring in the presence of various ligands. They found

that the reaction rate which is of the pseudo-first order
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type increased six-fold in the presence of succinate and
carbamyl phosphate. Either of the two substrates by
itself or CTP alone had very little effect, but the
increased reaction rate in the presence of the two sub-
strates was partially antagonized by CTP, Similar
conclusions were obtained with studies with the ultra-
centrifuge where a decrease in the sedimentation co-
efficient of 3.6-5% was observed in the presence of both
carbamyl phosphate and the substrate analogues, maleate
or succinate (Gerhart and Pardee, 1963; Gerhart and
Schachman, 1968).

More evidence for conformational change came with
immunological techniques, proteolytic studies and optical
rotation measurements. Bethel et al. (1968) studied the
dissociation caused by PMB by using antibodies to the
native enzyme. The subunit did not react with tie anti-
bodies. They also showed that the effect of carbamyl
phosphate or succinate was to increase dissociation in
the presence of PMB and that the maximal effect of each
ligand was additive. The allosteric effectors and pyro-
phospha£e were féund to stabilize the enzyme. By using
antibodies to the isolated regulatory and catalytic

subunits, it was also shown that the greatest confor-
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mational change of the isolated subunits occurred in the
presence of their specific ligand. McClintock and Markus
(1968) studied the rate of digestion of the native enzyme
with several proteolytic enzymes; They found that the
rate increased in the presence of aspartate in a sig-
moidal fashion similar to the substrate saturation curve;
however, the substrate analogue, succinate, had very
little effect; the allosteric effectors, ATP and CTP,
resulted in a decrease relative to control. Confor-

mational changes were also indicated by changes in optical

- onaf

rotation in the binding of succinate in the presence of

carbamyl phosphate (Dratz and Calvin, 1966). No optical
change was observed in the presence of succinate or CP:

alone, indicating that CP is required for the b}nding of
succinate.

Therefore it can be concluded from these studies that
the effect of substrate is to tloosen' the enzyme struc-
ture, thus exposing more sulfhydryl groups and making it
more susceptible to dissociation by PMB or tryptic di-
gestion, and decreasing the sedimentation coefficient
of the énzyme. On the other hand, the ATP and CTP
effectors have the opposite effect. These studies

do not explain the fact that ATP caused stimulation of the
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catalytic activity.

(g) ATCase  in Terms of the Two Models ?

ks
Y

By use of the data in the first two papers of thé
series, Changeux and Rubin (1968) argued in favor of the
"two-state" model as postulated by Monod et al. (1965).
As suggested by the model Changeux and Rubin showed by
binding studies that the native enzyme.exists largely
in one (T) of the two states (in a ratio of 4LT:1R), which
preferentially binds the inhibitor and not the substrate.
A comparative study of the state function (as revealed
through PMB reaction rates with sulfhydryl groups and
changes in sedimentation coefficient) with the satﬁration
function showed that conversion of the enzyme into the
substrate binding (R) state requires only a fraction of
the binding sites to be filled. This, therefore, in-
dicated that a concerted mechanism is involved in the
transition, contrary to the induced fit model where a
sequential mechanism is predicted. Moreover, the R
state was found to bind substrate exclusively with an
affinit& a thousand-fold greater than its affinity in the
T state (Changeux and Rubin, 1968).

However, McClintock and Markus (1968, 1969) pointed
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out that the effect of aspartate on the digestibility
of native ATCase is contrary to the model of Monod et al.
(1965). This model suggests that binding of small amounts
of aspartate should stabilize the enzyme in one con-
formation (R state), i.e. via a concerted mechanism,
But the fact that there was direct relationship between
aspartate concentration (saturation function) and di-
gestibility of native ATCase (state fuﬁction) suggests
a sequential mechanism thus confirming a prediction of
the 'induced fit'! model.

The question is: can we choose between the two models?
The dissociation constant studies of Collins and Stark
(1969) indicated that aspartate and succinate bind'poorly
in the absence of carbamyl phosphate; however, in its
presence succinate readily binds but aspartate still binds
relatively poorly as shown by %E:ﬂgfgh dissociation con-
stant. Changeux and co-workershstudied the effects of
succinate binding in the presence of carbamyl phosphate
on conformational changes and the results confirmed a
concerted mechanism of interaction upon the binding
of succinate. However, succinate is not the true sub-
strate; thus, whether or not the same mechanism occurred

in the presence of aspartate remains to be shown. Now,




how does one accoﬁnt for the experiments of McClintock
and Markus (1968, 1969) which support a sequential
mechanism of interaction? These data can be explained
on the assumption that the R state is more susceptible
to tryptic digestion and that the increased aspartate con-
centration results in increasing the amount of enzyme in
the R state: therefore, a homology between the state
and saturation functions is to be expeéted if such
assumptions are true,

.Thus, the answer to the question asked above is that
a definite choice between the two models is at this time

premature,
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L. Regulatorv Control Mechanisms

(a) Historical Background and Definitions

A most remarkable feature of living organisms is
their ability to regulate and control cellular metabolism
so that a constant condition (homeostasis) is maintained
between the various catabolic and anabolic processes. One
possible basis of such mechanisms was recognized when it
was observed that labelled amino acids, when added to the
growth medium of E, coli, were preferentially utilized
to amino acids, synthesized de novo from glucose. Indeed,
the incorporation was found to be almost immediate
(Roberts et al., 1955). However, the mechanisms in-
volved in this self-regulation became clear only after
the demonstration that the end product of a biosynthetic
pathway inhibits the activity (feedback inhibition) of
one of the early enzymes, usually the first, (Umbarger,
1956; Yates and Pardee, 1956b)and leads to a reduction
of the biosynthesis of the enzymes (repression) involved
in the synthesis of the end-product (Monod and Cohen-
Bazire, 1953; Cohn et al., 1953; Gorini and Maas, 1957;
Vogel, 1957). These mechanisms are usually separate and

distinct with respect to their physiology and control
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and are usually involved in the regulation of a single
biosynthetic sequence in microorganisms (Maas and McFall,
1964).

What may have been a case of feedback inhibition, in
fact was demonstrated as early as 1940 by Dische, who
showed‘that the phosphorylation of glucose in erythrocyte
hemolysates could be pfevented by the addition of phospho-
glycerate (Dische, 1940, as cited by Umbarger, 1964). Un-
fortunately, the regulatory significance of Dische's
findings was not appreciated at that time. Umbarger is
usually regarded as the discoverer of feedback inhibition;
he showed that the end product, isoleucine, inhibits
specifically the first enzyme unique to its synthesis
(threonine deaminase) and pointed out the advantages of
such a regulatory mechanism at the molecular level.
Simultaneously the same type of regulation was shown to
exist in pyrimidine biosynthesis in the case of CTP
inhibition of ATCase (Yates and Pardee, 1956b).

This work served to ignite the fuse for the ex-
plosion of research in the field of regulatory control
mechanisms. As a result a greater understanding of how
the cell maintains homeostasis has been achieved. It is
impossible at this time to discuss the research which led

to the classification of various regulatory mechanisms
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into types and subtypes; however, excellent review articles
have appeared: Maas and McFall (1964), Umbarger (1964),
Atkinson (1965), Stadtman (1966), Atkinson (1966),
Cohen (1968), Datta (1969).

Thus, only those mechanisms which are known to be

involved in pyrimidine biosynthesis will be discussed

here,

Definitions

Feedback inhibition: a decrease in the activity of a
regulatory enzyme (usually the first enzyme of a bio-
synthetic sequence) effected when the end product binds
at a regulatory site which, at least in all cases so far
reported, is distinct and separate from the catalytic
site.

Repression: "a decrease, resulting from the presence in
cells of a given substance (repressor), in the rate of
synthesis of a particular enzyme or group of metaboli-
cally related enzymes." The opposite effect is termed
derepression (Maas and McFall, 1964).

Induction: "a relative increase, resulting from the
eprsure of cells to a given substance,.in the rate of

synthesis of a particular apoenzyme" (Maas and McFall,

1964),
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Operon: ™consists of a cluster of genes. These genes
have related functions and are regulated together" (Ames

and Martin, 196.).

(b) Protein Synthesis

It is known that genes control the structure of
proteins by a sequence of steps which is often referred
to as the dogma of molecular biology. Encoded in the
nucleotide sequence of the gene is the information
dictating the primary structure of protein. This in-

formation is deciphered in the following manner:

DNA

l transcription
m~RNA

l translation

polypeptide chain

Here the nucleotide sequence in the DNA is transcribed
to give a messenger-RNA which is subsequently translated
yieldiné the coméleted polypeptide chain. After com-
pletion and release, the polypeptide chain assumes a

three dimensional structure determined by the amino acid

WAty roma—
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content and sequence of that protein (Epstein et al.,
1963). The intracacies involved in the mechanisms of
protein synthesis have been reviewed (Arnstein, 1965;

Moldave, 1965;.Schweet and Heintz, 1966).

(c) Regulation of Protein Synthesis with Respect

to Repression and Induction

Various review articles have been published: Ames
and Martin (1964), Horowitz and Metzenberg (1965),
Brenner (1965), Vogel and Vogel (1967), Epstein and
Beckwith (1968), Geiduschek and Haselhorn (1969). Thus

the following describes some highlights which resulted

g rer 3 R ettt .

Lo

in the early theory of the mechanism of regulation.
Genetic studies of the enzymes involved in various i

biosynthetic pathways e.g. arginine, tryptophane, histi-

dine and inducible system e.g. lactose breakdown in E. coli

revealed that the genes (structural genes) are closely

linked and coordinately expressed as an toperon! (Jacob

et al., 1960). In the lactose system regulatory mutants

were isolated where a single mutation led to a lack of, or

alteration in repressibility. This condition was found

to be recessive to wild type and the mutants were shown

to map'at a position distinct from the structural genes,
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called a regulatory gene (i). These findings culminated
in the concept that the i gene produces a "repressor™
substance which controls the expression of the structural
genes (Jacsh and Monod, 1961).

How does the repressor substance act? In addition to
the characteristics mentioned above, further studies
with the lactose inducible systems led to the isolation
of constitutive mutants. These mutants are identified
by the fact that the inducible enzymes are produced
in concentrations comparable to fully induced levels in
the absence of the inducer. Genetic studies indicate.
cis dominance and trans recessiveness for such muténts
and map them adjacent to the structural genes, in a region
called the operator. This region is identified as the
site of action of the "repressor™ substance.

End-product repression as opposed to catabolic
repression or glucose effect is viewed to occur in the
following manner: The repressor (produced by the regu-
latory gene) per se, has no affinity for the operator
of the structural gene, and thus the operon is in its acti-
vated state; however, on binding with the end product
(co-repressor), the combined repressor acquires this

affinity and thus on binding to the operator prevents

as

v/ L 4z,

Aea
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further synthesis of the m-RNA and thus synthesis of the
corresponding polypeptide.

In inducible systems, the repressor has the op-
posite capacity, i.e. in its uncombined state it has
affinity for the operator, but combined with the inducer
(apo-enzyme) it has no affinity. This model was proposed
by Jacéﬁ and Monod in 1961, who also speculatively viewed
the repressor as a ribonucleic acid. However, good in-
direct evidence (Sadler and Noviék, 1965) suggested that
the repressor must be protein, and in recent years the

lac repressor (Gilbert and Muller-Hill, 1966) and phage

-

repressor (Ptashne, 1967a) have been isolated and shown

to be protein and to bind specifically to DNA (Ptashne,

AenbR5T L2

1967b). These results are in good agreement with the
prediction of Jacob and Monod (1961) who suggested that i
the control regulation occurred at the level of trans-

cription. To date, there is strong evidence for trans-

criptional control in certain systems; in others a

translational control mechanism seemed to be prevalent

(Cline and Bock, 1966). There is also the hypothesis

that both transcription and translation might be simul-

taneously involved (Stent, 1964). Thus, the mechanism

of regulation has been resolved in
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a few cases but studies seem to indicate that the
mechanism of regulation will differ depending on the

system under study. ,

(d) Regulation of Pyrimidine Biosynthesis

Regulation of pyrimidine biosynthesis must be con-
sidered with respect,ﬁo cell economy, precursor availa-
bility (since carbamyl phosphate is also utilized in
arginine biosynthesis) and coupled utilization with
purines in the synthesis of RNA and DNA.

Genetic studies of the enzymes involved in pyrimi- z
dine biosynthesis in E. coli (Fig.3 ) identified the four 5;
loci controlling the latter steps (three to six) as an g
operon since these were found to be closely linked and 1
coordinately expressed under conditions of repression
and derepression. The loci controlling CPSase (1) and
ATCase (2) were found to be separate and non-coordinately
controlled. It was also suggested that a common repressor
was involved in regulating the synthesis of enzymes 2-6
(Beckwith et al., 1962). Taylor et al. (1964) showed
that the gene controlling OMPppase (5) is not located
within the postulated operon; in addition, similar results

were obtained in S. marinoruba (Belser, 1961) and
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Regulation of Pyrimidine Biosynthesis in E. coli
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Figure 3 . Solid lines indicate repression where the
enzymes in squared bracket are coordinately expressed;
dashed lines show feedback inhibition; and the compounds
listed in round bracket under the enzyme represent the
activators of the enzyme. Abbreviations on page xii
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These include enzyme multiplicity where more than one
enzyme synthesizes the common precursor, but each is
independently regulated (Datta,1969); and preferential
channelling or confinement of a common metabolite into
the pathway in which it has been produced (Davis, 1967).
Such is‘the case in Neurospora where there are two in-
dependent and specific CPSases. However, in yeast where
the carbamyl phosphate synthesized by either of the two
CPSase enzymes is not completely compartmented, there is

as yet no evidence for channelling.
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II. Introduction to the Problem

1, Regulation of Pyrimidine Biosynthesis in Yeast

Early studies of the pyrimidine biosynthetic path-

way in baker's yeast, Saccharomyces cerevisiae, by mutant

methodology, led Mortimer and Hawthorne (1966) to the
identification of 4 loci (url, urp, urs, urh) responsible
for pyrimidine biosynthesis. Lacroute.(l968) by genetic
as well as biochemical studies was able to identify

the enzyme corresponding to each locus. He found that the
ury locus controls dihydroorotic dehydrogenase (DHO
Dehase), the urp carbamyl phosphate synthetase (CPSase)
and aspartate transcarbamylase (ATCase), the urs dihydro-
orotase (DHOase) and ur, orotidine-5-phosphate decar-
boxylase (OMP Decase). The genetic loci controlling
orotidylic pyrophosphgggg;.(OMP ppase) and cytidine tri-
phosphate synthetase (CTPase) still remain unidentified.
Furthermore, Lacroute showed that the ur, locus is con-
trolled by end product repression and that the enzymes,
ATCase and CPSase, are inhibited by one of the end
producté, UTP (Lacroute, 1964A; Lacroute gg;gl., 1965).
He also éhowed that the other enzymes of the biosynthetic

pathway were not controlled by repression or feedback
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Inhibition, but rather by a sequential induction mechanism
in which certain of the intermediary products were the
inducers (Lacroute, 1964b; Lacroute, 1968). The regulation
of the pyrimidine biosynthetic pathway in baker?!s yeast
is summarized in Fig. 4 .

The evidence which led Lacroute to conclude that the
ur, gene controls botﬁ ATCase and CPSase is as follows:
It was observed that single-step mutations which cause
the loss of either ATCase activity or CPSase activity or
which cause the simultaneous loss of both activities
all map within the ur, locus. It was further observed
that mutations which disinhibited ATCase to UTP also
resulted in disinhibition of the CPSase (Lacroute and
Slonimski, 196k); these mutants also map at the ur, locus.
These results led Lacroute to speculate that these two
enzyme activities might be associated in a single complex.
He also suggested that there are three possibilities com-
patible with the above genetic data: ™"(i) There is one
operon corresponding to three polypeptide chains, one for
ATCase, one for CPSase, and one for the UTP site.
(ii) There is one operon corresponding to two polypeptide
chains, one for both ATCase and CPSase activity and one

for the UTP site. (iii) There is only one polypeptide

Al
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Regulation of Pyrimidine Biosynthesis in Yeast

Mg™, glutamine, ATP, HCO3
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Fig., L4 . Solid lines indicate repression; dotted lines,

induction; and dashed lines, feedback inhibition.




-62-

chain, bearing ATCase and CPSase activities and the UTP
site." (Lacroute, 1968).

Kaplan and Messmer (1969) presented a fourth hypo-
thesis, that the ur, gene codes for but one peptide chain
which as a single subunit possesses only ATCase activity
not subject to feedback inhibition; upon aggregation
of the subunits, the CPSase and regulatory sites would be
formed or become active,

Interallelic (intragenic) complementation studies
(Lacroute, 1966) and the combined effects of temperature
and dilution on ATCase (Kaplan and Messmer, 1969) have
suggested that this enzyme has a subunit structure.

Furthermore, it has been shown that feedback inhibition

TN LLER A A
RS i

of ATCase is rapidly lost during heating of semi-purified
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preparations at SOOC (Kaplan et al., 1967) and that the
feedback site of this enzyme is stabilized during extract-
ion from the cell, and possibly within the cell, by UTP
(Kaplan et al., 1969).

Burns (1966), by using a yeast mutant deficient for
uracil, adenine and histidine, was able to show by
physiologicai studies that the regulation of pyrimidine
biosynthesis is strongly coupled to the purine system.

Furthermore, Wong and Burns (1969) found that ATP at
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-2
2 x 10 M caused 30% inhibition of the ATCase activity of

this mutant; however; this inhibition could be reversed
by the addition of equimolar concentrations of glutamine
and bicarbonate. They concluded that these results are in
agreement with the speculation that both ATCase and CPSase
are functions of the same enzymatic complex. Kaplan

et al.(1967) on the other hand, found that ATP and GTP at

10 M were largely without effect on the ATCase activity.

However, ATP was able to prevent the inhibition by UTP,

2. Purpose of the present studies

My research had the following aims:

1. to test the hypothesis that the CPSase and ATCase
activities fogether with the regulatory site are present
in or associated with a single molecular complex;

2. to purify the ATCase and CPSase activities;

3. to obtain direct biochemical evidence of the
existence of a subunit structure of such a complex;

L. to study the physical and enzymatic properties
of the complex and its subunits;

5.'to study the possible physiological significance
of the enzyme aggregate;

. 6. to study the regulation of these enzymes; and

7. to propose a plausible model of its structure.
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B. MATERIALS

Medium and Vitamins

Yeast extracts, Bacto-peptone and agar were products
of Difco Laboratories. Thiamine HCl, l-inositol, pyrid-
oxine, nicotinic acid (niacin) and d-biotin were obtained
from Nutritional Biochemicals Corp., and calcium pantho-

thenate from J.T. Baker Co.

Chemicals

Reagent grade chemicals were used throughout these
studies except where otherwise specified.

Ammonium hydroxide (NH OH), ammonium phosphate
(NH H PO ), calcium chloridg (CaCl ), citric acid
(C g g .g 0}, diacetyl monoxime (Cé C:NOHCOCH ), ferric
ch?ogige %FeCl ), magnesium sulphatz (MgSOh.7§20),
manganese sulpiate (MnSO .H 0), potassium chloride (XCl),
potassium hydroxide (KOH%, gotassium persulphate (K28208),
sodium chloride (NaCl), sodium citrate (Na306H507.7H20),
sodium hydroxide (NaOH), sodium molybdate (NaMoO .2H20),

L
zinc sulphate (ZnSO .7H O) were purchased from Fisher

Scientific Company. Boric acid (H BO ) and potassium pyro-

3 3
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phosphate (K4P207) were obtained from British Drug Houses.
Potassium iodide (KI) was obtained from J.T. Baker and
copper sulphate (CuSOh) from Merck, U.S.A.. Ammonium
sulphate (enzyme grade) was obtained from Nutritional
Biochemicals Corp. (N.B. C .) and p-diphenylaminesulfonic

acid sodium salt (CéH5NHC H -4-S0_Na) from Eastman

6L 3
Organic Chemicals.

Nucleotides
Adenosine monophosphate (AMP), ADP, ATP, cytidine
monophosphate (CMP), CDP, CTP, guanosine monophosphate

i

(GMP), GDP, GTP, inosine monophosphate (IMP), IDP, ITP,

thymidine monophosphate (TMP), TDP, TTP, were purchased

HNIEIT LLDRA

N A S
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A drnn wvvriecics

from Calbiochem. Uridine monophosphate (UMP), UDP, UTP,
were obtained from Boehringer (Mannheim). Uridine-
5-diphosphoglucose (UDPG), xanthosine monophosphate
(XMP), XDP, XTP and cyclic-AMP were products of the

Sigma Chemical Co.

Buffers
Potassium dihydrogen phosphate (K2H2POA), potassium
hydrogen phosphate (KHPOA), Tris (hydroxymethyl-)amino-

methane (Trizma Base) were also products of Sigma.
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Standards
Carbamylaspartate acid and citrulline were from
Calbiochem. Bovine serum albumin was obtained from

Nutritional Biochemicals.

Substrates

Carbamyl phosphate dilithium salt, L-aspartic acid,
L-ornithine, L-glutamate, phosphoenolvpyruvate, L-glut-
amine were products of Calbiochem. NAD, NADH were
obtained from Sigma. NaHIACO was purchased from Nuclear

3
Chicago Corp.

Marker Proteins and Enzymes

Yeast alcohol dehydrogenase and ribonuclease were
purchased from Calbiochem. Thyroglobulin, catalase
and glutamate dehydrogenase were from Sigma, whereas
ovalbumin and pyruvate kinase were products of General
Biochemicals. Lactate dehydrogenase was from Boehringer
and blue dextran 2000 from Pharmacia Inc. A sample
-of lyophilized E. coli cells (strain #9001 from Servac

Laboratories) was a gift from Dr. W.G. Martin of the

National Research Council, Ottawa laboratories.
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Miscellaneous Chemicals and Reagents

Glycerol, isopropanol, ethanol, methanol and acetone
were purchased from Fisher Laboratories. Sucrose,
ethylenediaminetetracetic acid (EDTA) and Norite were also
from Fisher. Mercaptoethanol, N-acetyl-ornithine and
proﬁaqine sulphate were from Calbiochem. N-acetyl-
glutamic acid was froh Sigma. Concentrated sulfuric
acid (HZth) and hydrochloric acid were obtained from
Mallinckrodt Chemical Works. Avidin was purchased from
Nutritional Biochemicals and Atlas BRIG-35 from Atlas
Chemicals. Phosphorus pentoxide (Pp0s5) came from

British Drug House.

Chromatographic Materials

Diethylaminoethyl cellulose (DEAE), carboxymethyl
cellulose (CMC) and phosphocellulose were obtained from
Bio-Rad Laboratories. Sephadex gel beads (G-25, G-200),
Sepharose 6B, 4B, DEAE Sephadex, CM Sephadex were products
of the Pharmacia Inc. Dowex 50-W-X12 was purchased from
J.T. Baker Co. CaPOh gel was from Calbiochem. MN-
cellulose Pulver 300g was obtained from Machinerey,

Nagel and Co., Germany, and silica gel from Merck, Germany.
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Preparation of E. coli ornithine transcarbamylase (0TCase)
OTCase was prepared from E., coli (vit. B : met.-) by
a modification of the method by Rogers and No%elli (1962).
A typical purification is outlined in Table 2. The
preparation after ammonium sulphate fractionation was

completely devoid of ATCase or CPSase activities.
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C.  METHODS

I. Organism

1. Baker's Yeast (Saccharomyces cerevisiae)

Tbg wild type and certain mutant strains of baker's
yeast were stocks originally obtained from Dr. Francois
Lacroute (FL) and grown under conditions appropriate for
their genotype (Lacroute, 1966). Other mutants used were
obtained from Dr. M. Duphil-Denis (M.D.), of this labo-

ratory. These strains are all closely related.

P N S D P Ry o

2. Cultivation of Yeast

A1l cells were grown at 25°C with vigorous shaking. &

R R T B R T
o T T PP peey

Growth was initiated by inoculating 100 ml, of complete
medium {including supplement if necessary) with a loop-
ful of stock culture. After 24 hours, 5.0 ml. of this
preculture was used to inoculate each litre of growth
medium with or without supplement. Cells were allowed to
grow to the end of log phase, after which time they were
harvested by centrifugation and washed twice with dis-
tilled water. The cell paste thus obtained was either

used immediately or frozen and kept at -20°C until needed.
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Crude extracts were prepared as described by Kaplan

et al. (1967); greater detail will be given under results.

3. Growth Conditions

Complete medium for the growth of precultures consis-
ted of yeast extract (1%), Bacto-peptone(1%), and glu-
cose (é%). For making plates for the growth of stock
cultures, 3% agar was included. Minimal medium (Go) was
made as described by Galzy and Sionimski (1957) and as
modified by Kaplan et al. (1967). The following stock
solutions were prepared. Mineral salts (A) 60 g.
NH4H2POA’ 5 8. MgSOh h)zsoh, ZPOA’
1l g. NaCl and 1 g. CaCl2 were dissolved and made up to

.7H20, 20 g. (NH 10 g. KH
one litre with distilled water. To prevent formation of
‘insoluble calcium salts the separately dissolved CaCl2 was

added last when the solution was almost to volume.

Trace elements (B) 500 mg. H3B03, 40 mg. CuSO,, 100 mg.

KI, 40O mg. MnSOh.HZO, 200 mg. NaZMOOA, 400 mg. ZnSQ, .7Hy0

were dissolved and made up to 1 litre with distilled water.

Ferric chloride solution (C) 20 mg. FeClz were dis-
solved in 100 ml. distilled water and stored in a dark
bottle.

Vitamin solution (D) 80 mg. each of calcium pantho-

-
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thenate, thiamine HCl, l-inositol, and pyridoxine, 20 mg.

nicotinic acid (niacin), 0.8 mg. d-biotin were dissolved
and made up to 200 ml. with distilled water. This solu-
tion was sterilized by filtration for it was found that
autoclave sterilization caused some 6f the vitamins
to break down.
Citrate buffer (E) 17 ml. 1M sodium citrate
Na306H507.2H20 and 8 ml. 1M citric acid C6H5O7.H20
were combined. This mixture yielded a final pH of 5.0.
The following constituted 1 litre of minimal medium
(GO): 100 ml. solution A; 1 ml. each of solutions B and
C; 5 ml. solution 'D; 25 ml. citrate buffer (E); 20 g.
glucose and 868 ml. distilled water. To prevent cara-
mellization , glucose was autoclaved separately.as a 20%
solution. In cases where supplement was required, e.g.
uracil and/or arginine, these were added before steri-
lizafion. Sterilization was carried out for 20 minutes

at 121°C, 15p.s.i., in an American Sterilizer Company

autoclave.

L., Description of Strains

Table 3 1lists the strains in this study, their

genotypes and phenotypes with respect to the supplement

[ U,
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required for growth.

FL80-2A is a haploid which lacks the carbamyl phos-
phate synthetase of the arginine pathway. Since the
carbamyl phosphate synthesized by the pyrimidine speci-
fic CPSase is also available for arginine biosynthesis,
wild type growth conditions suffice for this mutant
strain.

FL1L, a diploid lacking orotidine-5-phosphate de-
carboxylase (OMP deCase) was grown under conditions of
derepression for ATCase in the presence of 8 ug/ml uracil

(Kaplan et al., 1967); 80 ug/ml of uracil causes repression.

but in addition lacks a pyrimidine permeation mechanism,

FL233-3C (MD165-1C) as in FL1k, lacks OMP deCase ?f

Because of the latter mutation, a constant but }imiting
concentration of uracil gets into the cell, although the
cells are grown in presence of high concentrations of
uracil (200 ug/ml). Thus derepression of ATCase occurs,
simulating growth conditions in a chemostat.

MD170-7X results when the mutation of FL80-24 is
introduced into FL233-3C. Thus growth conditions are the
same as.FL233-30;

MD166-7B is the (&) haploid strain as compared to
FL233-3C (MD165-1C) which is the (a) haploid strain.
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Mating of these two strains results in the diploid
MD169(C). Thus growth conditions for MD166-7B or
MD169(C) are the same as FL233-3C.

II. Enzyme Assays

. o
All assays were carried out at 25 C, the temperature

at which the cells were grown.

1. Aspartate Transcarbamylase

Aspartate transcarbamylase activity (ATCase) was
assayed by the method of Koritz and Cohen (1954), as
modified by Gerhart and Pardee (1962), and based upon the
colorimetric determination of ureidosuccinate, the product
of the reaction. The standard reaction mixture (finalh
volume 0.5 ml.) contained enzyme, potassium phosphate
buffer (5O)Jmoles,pH 7.4), aspartate (50 p moles) and
carbamyl phosphate (10 p moles). Stock solutions of 1M
aspartic acid neutralized with KOH was used in making up
the reaction mixture. Since carbamyl phosphate (cpP)
develops a colour with the reagent mixture (Koritz and
Cohen, 1954), CP was always included in the blank. A

typical preparation is given in the following scheme:
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CP (30.6 mg.)
2.0 ml, phosphate buffef, pH 7.4

14.0 ml. HZO
16.0 ml.
4.0 ml, 12.0 ml.
1.0 ml. H20 1.5 ml., neutralized as-
. : partic acid 1M
1.5 ml. H20
5.0 ml used as blanks 15.0 ml. (reaction mixture) ¢}

A unit. is defined as the amount of enzyme capable

i3
i
PR
Y
¥
i E
K}

of forming 1 mu mole of ureidosuccinate per minute at
25°C in the above reaction mixture. Specific activity

is expressed as units per milligram protein.

2. Colorimetric Determination of Ureidosuccinate

The following stock solutions were prepared:

A. 66 ml. conc H,80, diluted to 100 ml.vwith H2O while
in ice;

B. 2.25 g. diacetylmonoxime (2,3 butanedione-2-oxime)

made up to 100 ml. with H,0;
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- C. 114 mg. diphenylamine-gfsulphonate sodium salt and
O.4 g. Atlas BRIJ 35 dissolved in 100 ml. 0.1 N HCL;
D. 250 mg. potassium persulphate in 100 ml. H20.

Solutions B, C, and D were stored in dark bottles and
all were kept under refrigeration until needed.

Just before the determinations, the mixture was
preparea by mixing the above'stock solutions at OOC in
the ratio 3A4:1B:1C by volume and in the indicated sequence.
The enzymatic reaction was stopped by adding 2.5 ml. of
the mixture to each tube and mixing thoroughly. The ice
cold tubes were then placed in a 60°C water bath for
30 minutes and shielded from light. After incubation
the tubes were cooled in ice water.

To commence color development, the tubes were first
equilibrated at 30°C for 15 minutes, then 0.5 ml. solution
D was added to each tube and the solution was mixed
thoroughly for 30 seconds. The tubes were then placed
in the water bath at 30°C. After the mauve color de-
veloped for 30 minutes (at which time the color was
found to be maximum and linear up to 300 n moles, Fig. 5 ),
the optical density was read at 560 mu in a Zeiss spec-
trophotometer. The amount of ureidosuccinate produced

was calculated from the absorbance of standard solutions
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Fig. 5 . Color development with time using three con-
centrations of standard ureidosuccinate (A. 100 mu moles,
B. 200 mu moles, C. 300 mu moles). Inset shows the
color was linear after 30 min. at 30°C.
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of ureidosuccinate, which were always determined simul-
taneously.

The ATCase activity was shown to produce urgido-
succinate from asparate and carbamyl phosphate as a
linear function of time through 20 minutes of incubation
(Fig. 6, left) and enzyme concentration up to 20 ul.
(Fig. 6, right). The boiled enzyme gave no reaction.
The enzyme used in this experiment was partially puri-

fied from FL90 according to Kaplan et al. {1967).

3. Carbamyl Phosphate Synthetase

Carbamyl phosphate synthetase activity (CPSase)
was estimated by condensing the carbamyl phosphate syn-
thesized into either citrulline in the presence of orni-
thine and ornithine transcarbamylase (0TCase), or
ureidosuccinate in the presence of aspartate and ATCase.
Citrulline or ureidosuccinate was colorimetrically
determined by a modification of the method of Gerhart
and Pardee (1962). In these determinations 5.0 ml., of
the mixture was added to the 1.0 ml. reaction mixture
or standards and color development was initiated by
adding 1.0 ml, solution D. Ureidosuccinate was esti-

mated after 30 minutes of incubation at 30°C, as in the

_..__.......n.:.
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Fig. 6 . Plot to show the linearity with time (right)
and enzyme concentration (left) in the ATCase reaction.
The complete reaction mixture contained in 0.5 ml.: .
engyme, phosphate buffer (50 u moles, pH 7.4), aspartate
(50 u moles) and carbemyl phosphate {10 u moles).
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ATCase reaction, where only one-half the volume was used.
The incubation time required for maximum color dévelop-
ment at 30°C using authentic citrulline standards was

20 minutes and linear to a concentration of 150 mu moles
(Fig. 7 ). Three assay systems were used for estimating

the CPSase activity:

Enzyme Assay I In the earlier studies where potassium

phosphate buffer was used, the reaction mixture (final
volume 1.0 ml.) contained enzyme, potassium phosphate
buffer (100 u moles, pH 7.6), glutamine (0.5 u moles),
NaHCO4 (50 u moles), Mgs0, (30 u moles), ATP (7.5 u

moles), ornithine (€ u moles) and an excess of puri- e

10ser oo aana

fied OTCase preparation, added in 5 ul.

Enzyme Assay II The standard reaction mixture contained

X
by
s
N
'3
d
2
E

in a final volume of 1.0 ml.: enzyme, Tris-SOLP buffer
(100 u moles, pH 7.6), glutamine (6 u moles), ATP (20

u moles), MgSO4 (20 u moles), NaHCO, (20 u moles),
‘ornithine (6 u moles) and excess purified E. coli OTCase
in 5 ul. When ureidosuccinate was to be determined, 50
u m&les aspartate was included instead of ornithine and

OTCase. ATCase was supplied in the enzyme system.

Enzyme Assay III This assay system was based on the fact

that the synthesized products of assay II (citrulline or
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Fig. 7. (left) Color development with time using 3
concentrations of stzndard citrulline (A. 25 mu moles,

B. 50 mu moles, C. 100 mu moles).
(right) Plot shows that the color was linear after 18 min.
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ureidosuccinate) are acid stable. This system (III)
differed from assay system II in that it utilized
NaHlL*CO3 (Nuclear Chicago) (2.5xlO5 cpm) with 10 u moles
NaHCOB, and had only a 0.5 ml. reaction volume. After
the incubation, the reaction was stopped by adding
0.1 ml. O.4N HCl. 300 ul of the reaction mixture was
then pipetted on a2 glass planchet, which was placed on
a hot plate and under an infra-red lamp. To this sample
was added 300 ul. 4N HCl and the solution was heated to
dryness and then counted on a Nuclear Chicago gas-flow
counter. The CPSase activity was estimated for the
amount of radioactivity incorporated. Reactions where
0.1N HCl was added before the enzyme sample served as
blanks. One unit was defined as the amount of enzyme
which would form one mu mole of citrulline or ureido-
succinate per hour at 25°C. Specific activity was
expressed as units per milligram protein.

Under these assay condiEions, systems I, II and III
gave similar results. Fig. 8 using assay system I,
shows that citrulline formation was linear with time
and proﬁein conceﬁtration. Boiled enzyme preparation
gave no reaction and samples lacking ATP served as

blanks. The enzyme used here and in all further studies
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