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The arginine pathway carbamoylphosphate synthase (CPSase A) from Saccha-
romyces cerevisiae was shown to be highly unstable and could not be substantially
purified. In spite of this instability, a number of important properties of this
enzyme were determined with crude preparations. A molecular weight of 140,000
(7.9S) was estimated for the native enzyme by sucrose gradient centrifugation; a
significantly higher value, 175,000, was obtained by gel filtration on Sephadex.
The enzyme is an aggregate consisting of two protein components, coded for by
the unlinked genes cpaI and cpaII. These components were separated by dieth-
ylaminoethyl-cellulose chromatography. Their molecular weights, estimated by
Sephadex gel filtration, were 36,000 and 130,000. The large component catalyzed
the synthesis of carbamoylphosphate from ammonia. The small component was
required in addition to the large one for the physiologically functional glutamine-
dependent activity. Apparent Michaelis constants at pH 7.5 of 1.25 mM for
glutamine and 75 mM for NH4Cl were measured with the native enzyme. The use
of various glutamine analogs, including 2-amino-4-oxo-5-chloropentanoic acid,
indicated that binding of glutamine to a site located on the small component was
followed by transfer of its amide nitrogen to the ammonia site on the heavy
component. This ammonia site was able to function independently of the utili-
zation of glutamine. However, binding of glutamine was conjectured to cause a
conformational change in the heavy component that greatly increased the rate of
synthesis of carbamoylphosphate from ammonia. Glutamine, which was also
shown to stabilize the aggregation of the two components, appeared to be a major
effector of the catalytic and structural properties of CPSase A. In view of these
observations, the CPSase A of yeast appears to share a number of structural and
catalytic properties with the Escherichia coli enzyme. Obviously, the unlinked
cpaI and cpalI genes of yeast are homologous to the adjacent carA and carB
genes that code for the two subunits of the bacterial enzyme.

The study of the biosynthesis of carbamoyl-
phosphate (CP) in bacteria and fungi has re-
vealed two markedly different ways of control-
ling the production of this common precursor of
arginine and the pyrimidines (18). Bacteria have
a single CP synthase (EC 2.7.2.9); it is subject to
control by end products from both pathways.
Examples of this bacterial control ofCP synthe-
sis are provided by Escherichia coli and Sal-
monella typhimuriwn (1, 18, 28). Fungi, on the
other hand, possess two independently regulated
CP synthases. Neurospora crassa and Saccha-
romyces cerevisiae illustrate this type of orga-
nization (5, 11, 18).
The two CP synthases of S. cerevisiae (Fig. 1)

have been distinguished by their respective pat-
terns of regulation (11). One is linked to the
pyrimidine pathway and is designated CPSase

P; it is feedback inhibited and repressed by
pyrimidines. cpu mutations affect this enzyme;
they have been mapped in the ura2 region,
which codes for an aggregate of CPSase P and
aspartate carbamoyltransferase (EC 2.1.3.2). A
second synthase, CPSase A, is related to the
arginine pathway, since it is repressed by this
amino acid. Control of its activity has not been
observed. Mutations affecting CPSase A are dis-
tributed among two unlinked loci, cpaI and
cpaII. A double auxotrophy for arginine and
pyrimidines results from the presence of both a
cpa and a cpu mutation in the same cell. Strains
harboring cpa or cpu mutations alone grow well
on minimal medium; however, the growth of cpu
mutants is inhibited by arginine, whereas pyrim-
idines prevent the growth of cpa mutants.

Accordingly, the two synthases appear to con-
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FIG. 1. Scheme of carbamoylphosphate synthesis
in S. cerevisiae (modified from reference 11).
tribute to the formation of a single cellular pool
of CP (11). In this respect, S. cerevisiae is dif-
ferent from Neurospora, in which the CP syn-
thesized by each synthase is "channeled" to its
respective pathway (5, 6). The localization ofthe
arginine pathway CP synthase in mitochondria
seems to play a major role in channeling (4).
This conclusion is confirmed by the observation
that in yeast, which displays little channeling of
CP, the homologous enzyme, CPSase A, is cy-
tosolic (29).

Like other glutamine-dependent CP syn-
thases, CPSase A catalyzes in vitro the synthesis
of CP from either glutamine or ammonia as the
nitrogen donor (11). cpaII mutations abolish the
CP-synthesizing activity of CPSase A with both
nitrogen donors, whereas the glutamine-depend-
ent activity alone is affected by cpaI mutations
(18,32). Restoration of the glutamine-dependent
activity by in vitro complementation between
extracts of mutants harboring cpaI and cpaII
mutations has been shown (11). These various
findings provide evidence that the product of
gene cpaII is able to catalyze the synthesis of
CP from ammonia, whereas the product of gene
cpaI is necessary in addition to that of cpaII for
the utilization of glutamine as a nitrogen donor.
The present report is concerned with the

structural and catalytic properties of CPSase A
and with a more detailed description of the roles
of genes cpaI and cpaII in specifying this glu-
tamine-dependent CP synthase. Preliminary ac-
counts of some of the data presented here have
appeared previously (18, 32).

MATERIALS AND METHODS
Organisms. All strains used in this work are deriv-

atives of the wild-type strain Z1278b. Strains 4031c
(cpu2), MG641 (cpaI3), MG642 (cpaII3), 6028d (cpaI3
cpu2), and MG701 (cpaII3 cpu2) have been previously
described (25). Strains 6974a (cpu2 argJ), 6987a
(cpaI3 argJ), and 9040a (cpaII3 argJ), kindly pro-
vided by Marcelle Grenson, have been constructed by
mating strains 4031c, MG641, and MG642, respec-
tively, with strain MG409 (argJ). The leaky argJ
mutation of strain MG409, affecting a nonidentified
step of arginine biosynthesis, results in slow growth on
minimal medium and achieves derepression of the
expression of all the arg genes as well as that of cpaI
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and cpaII genes (22; A. Pierard et al., in preparation).
This property was used in some of the experiments to
obtain high yields of CPSase A and its components.
Specific activities of CPSase A as high as 2.5 U/mg of
protein were obtained for strain 6974a, as compared
with about 0.3 U/mg for strain 4031c. Except for
strains 6987a and 9040a, which need a functional py-
rimidine pathway synthase (CPSase P) to grow on
minimal medium, all strains used in this work har-
bored cpu mutations to avoid any contamination of
the extracts by CPSase P. Yet, the contamination of
extracts of strains 6987a and 9040a by CPSase P
appeared negligible, probably because CPSase P activ-
ity was lost during breakage of the cells in the French
pressure cell.
Growth of cells and preparation of cell ex-

tracts. Cells were grown aerobically on a rotary shaker
at 29°C in minimal medium 149 [containing 0.02 M
(NH4)2SO4 as the nitrogen source] which has been
described previously (7). This medium was supple-
mented with 3% glucose (wt/vol), biotin (0.25,ug/ml),
thiamine (1 pg/ml), inositol (10 ,ug/ml), calcium pan-
thotenate (2 pg/ml), and pyridoxine (1 Ag/ml). Cul-
tures in volumes of 250 to 2,500 ml were harvested by
centrifugation during exponential-phase growth (op-
tical density at 660 nm, between 0.400 and 0.500). The
cells were washed with distilled water and stored fro-
zen at -20°C. Frozen cells were suspended in 0.02 M
imidazole buffer (pH 7.5) containing 0.5 mM dipotas-
sium-magnesium ethylenediaminetetraacetate (Mag-
nesium-Titriplex, E. Merck AG, Darmstadt, Germany)
and crushed in a French pressure cell. The extract was
centrifuged at 2,500 x g for 15 min and passed over
Sephadex G-25 equilibrated with the same buffer be-
fore being assayed.
Enzyme assay. CP synthase activity was esti-

mated by coupling it with ornithine carbamoyltrans-
ferase (EC 2.1.3.3) in the presence of ornithine as
previously described (8). The nitrogen substrate was
either 0.01 M glutamine or 0.1 M NH4CL. Protein was
estimated by the method of Lowry et al. (13). One
enzyme unit catalyzes the formation of 1 ,umol of CP
per h at 300C. Specific activities are expressed as
enzyme units per milligram of protein.

Detection ofCPSase A components by in vitro
complementation. Reconstitution of glutamine-de-
pendent CPSase A activity by mixing cell extracts of
mutants cpal and cpaII, as described previously (11),
was used to detect the isolated products of genes cpaI
and cpalIduring separation experiments. Cell extracts
of mutant strains 6987a (cpaI3 argJ) and 9040a
(cpaI3 argJ) bearing cpal and cpaII mutations that
were shown to complement each other efficiently in
vitro were used for this purpose. Fresh concentrated
extracts (5 to 10 mg of protein per ml) of these mu-
tants, after treatment on Sephadex G-25, were mixed
with the preparation to be tested and incubated at
30°C. After 5 min of incubation, glutamine-dependent
CPSase A activity was determined as described above.

Density gradient centrifugation. Sucrose den-
sity gradient centrifugation was performed by the
method of Martin and Ames (14). The sedimentation
constants were calculated with a molecular weight of
240,000 and a sedimentation coefficient of 11.3S for
catalase.
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Partial purification. A crude extract of S. cerevi-
siae cells from 1 to 2 liters of culture on minimal
medium was prepared as described above and treated
with streptomycin sulfate (1%, wt/vol) for 30 min at
30°C. AU subsequent operations were carried out at
this temperature. The precipitate was removed by
centrifugation, and the pellet was discarded. The su-
pernatant was brought to 80% saturation by solid
ammonium sulfate, adjusted to pH 7.5, and allowed to
stir gently for 15 min. The precipitate was separated
by centrifugation, suspended in a minimal volume of
0.5 M potassium phosphate buffer (pH 7.5) containing
0.5mM Magnesium-Titriplex, and desalted by passage
over Sephadex G-25 equilibrated with the same buffer.
The resulting solution was applied to a column (1 by
16 cm) of diethylaminoethyl-celiulose equilibrated
with the same buffer. The column was first washed
with 40 ml of this equilibration buffer and then eluted
with a linear gradient of 0.05 to 0.5 M potassium
phosphate buffer (pH 7.5) containing 0.5 mM Mag-
nesium-Titriplex.

Gel filtration on Sephadex columns. The molec-
ular weights of CPSase A and its components were
estimated by the gel filtration technique of Andrews
(2) with columns of Sephadex superfine G-100 and G-
200 calibrated with proteins of known molecular
weights. Filtration on Sephadex G-200 was performed
on columns (2.5 by 90 cm) containing silicon-coated
glass beads (diameter, 6 mm) as described by Sachs
and Painter (23). Such columns provided markedly
increased flow rates and proved useful for reducing
CPSam A inactivation during filtration. Filtration on
Sephadex G-100 was performed in the usual column
(2.5 by 40 cm). Both types ofcolumn were equilibrated
with 50 mM potassium phosphate buffer (pH 7.5)
containing 0.5 mM Magnesium-Titriplex, and were
eluted with the same buffer.

Chemicals. Marker enzymes and biochemicals
used in this work were commercial preparations from
Sigma Chemical Co., St. Louis, Mo., or Boehringer,
Mannheim, Germany.

Na214CO3 was purchased from the Radiochemical
Centre, Amersham, England.

L-2-Amino-4-oxo-5-chloropentanoic acid (chloroke-
tone) was prepared from N-carbobenzoxy-L-aspartyl-
a-benzyl ester as described by Khedouri et al. (10).
The latter compound was synthesized from aspartate
as described by Bergmann and Zervas (3).

RESULTS

Attempts to stabilize and purify CPSase
A. Crude S. cerevisiae extracts were found to
lose their glutamine-dependent CPSase A activ-
ity rapidly. The half-life of this glutamine activ-
ity was 8 h at 0°C in the presence of imidazole
buffer (pH 7.5). The ammonia-dependent activ-
ity was less unstable (half-life, 20 h). The stabil-
ity of the glutamine-dependent activity could
not be improved with other buffers [phosphate,
citrate-phosphate, tris(hydroxymethyl)amino-
methane-hydrochloride, triethanolamine, borax-
NaOH, sodium glycine, or NH4+-NHE] tried
over a total pH range of 5 to 10. The stability of

the ammonia-dependent activity was markedly
higher at pH 8.5 in the.presence of 0.05 M
tris(hydroxymethyl)aminomethane-hydrochlo-
ride (3% loss in 24 h).
The addition of various stabilizing agents in-

cluding 2-mercaptoethanol, dithiothreitol, eth-
ylene glycol, and a protease inhibitor such as
phenylmethylsulfonyl fluoride had no significant
effect on the stability of CPSase A. Of a number
of arginine pathway intermediates and sub-
strates or cofactors of CPSase A that were tried,
including glutamate, N-a-acetylglutamate, orni-
thine, N-a-acetylornithine, cibulline arginine,
and HCO3- and K+ ions, only glutamine, ATP,
and Mg2e ions were found to afford substantial
protection of CPSase A activity in crude cell
extracts. Whereas the optimal conditions for
stabilizing the ammonia-dependent activity
were the presence of 10 mM Mg-ATP plus a 2
mM excess of Mg2e ions, the best results for the
glutamine-dependent activity were achieved
with 5 mM glutamine plus 2 mM Mg2e ions.

Nevertheless, such stabilizing conditions were
found to provide negligible protection of CPSase
A during attempts at purifying this enzyme. All
purification steps that were investigated resulted
in large losses of CPSase A activity, in spite of
the presence of glutamine and Mg2e ions. For
example, a relatively simplified and rapid puri-
fication scheme involving streptomycin sulfate
precipitation, followed by chromatography on a
column of diethylaminoethyl (DEAE)-cellulose
and gel filtration on Sephadex G-200, led to a
final yield of only 3% of the initial glutamine-
dependent activity, and no significant purifica-
tion was achieved.
The precise nature of CPSase A inactivation

has not been determined. Since the glutamine-
dependent activity was lost more rapidly than
the ammonia-dependent activity, we were led to
suspect that inactivation might be a result of the
dissociation of CPSase A into its components.
However, this possibility appears unlikely since
little glutamine-dependent activity can be re-
gained by adding excesses of extracts of mutants
cpaI or cpaII to an inactivated CPSase A prep-
aration. In spite of the difficulty encountered in
attempts at purifying CPSase A, considerable
information concerning the subunit structure of
this enzyme was obtained with crude or very
partially purified preparations, as will be re-
ported in the following sections.
Sucrose density gradient centrifugation

of CPSase A. A first estimation of the size of
CPSase A was provided by sucrose density gra-
dient centrifugation. Crude extracts of mutant
6974a (cpu2 argJ), displaying specific CPSase
activities of approximately 2.5 U/mg of protein
with glutamine and 0.3 U/mg with ammonium
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chloride as the nitrogen donor, were first sub-
jected to gradient centrifugation (see Materials
and Methods). Both glutamine- and ammonia-
dependent activities were recovered in a single
peak corresponding to an average sedimentation
coefficient of 7.9S and a calculated molecular
weight of 140,000. This value was not signifi-
cantly affected by the presence of glutamine,
ammonium chloride, or Mg-ATP during centrif-
ugation.

Extracts of mutant 6987a (cpaI3 argJ) were
inactive when glutamine was provided as the
amino group donor in the CPSase A reaction
but were active with ammonia (specific activi-
ties, 0.1 to 0.2 U/mg of protein). This ammonia-
dependent CPSase A activity sedimented with
a constant of 6.7S (corresponding to a molecular
weight of 109,000) during gradient centrifuga-
tion. Extracts of mutant 9040a (cpaII3 argJ)
were devoid of any CPSase A activity. However,
they complemented in vitro with extracts of
mutant 6987a in restoring glutamine-dependent
CPSase A activity. The complementing CPSase
A fraction of such extracts was shown to sedi-
ment at almost the same rate (sedimentation
constant, 7.6S) as native CPSase A. These var-
ious findings are consistent with the view that
mutation cpaI3 abolishes the synthesis of a
small component of CPSase A that is only re-
quired for glutamine-dependent activity,
whereas mutation cpaII3 affects a larger com-
ponent that is necessary for both activities. The
latter inactive component, as shown by the be-
havior of extracts of mutant 9040a during cen-
trifugation, retained the ability to bind firmly to
the small component.
Chromatography on DEAE-celiulose. Ex-

tracts of these various mutants were subjected
to DEAE-cellulose chromatography after a few
preparation steps (see Materials and Methods).
Although this procedure usually provided poor
activity yields (less than 20% of the initial glu-
tamine-dependent CPSaseA activity), it allowed
the characterization of the two components of
CPSase A. This was facilitated by the finding
that dissociation of CPSase A occurs during
chromatography on DEAE-cellulose. Figure 2
shows the dissociation of wild-type CPSase A
into its two components. The small component
was not retained by the column; it had no
CPSase A activity per se but complemented
actively with extracts of mutant 6987a (cpaI3
argJ) in restoring glutamine-dependent activity.
The large component was eluted shortly after
the linear phosphate gradient was applied and
was active with ammonia; it displayed efficient
complementation with an extract of mutant
9040a (cpaII3 argJ). Superimposed on the am-
monia-dependent activity peak was a small glu-
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FIG. 2. DEAE-cellulose chromatography of wild-
type CPSase A from mutant 6974a (cpu argJ) grown
on minimal medium. (A) Elution profile obtained
when equilibration and elution buffers without glu-
tamine were used. The sample applied on the column
contained 220 U of glutamine-dependent CPSase A
activity. (B) Elution profile obtained when buffers
containing 20mM glutamine were used. The sample
applied on the column contained 260 U ofglutamine-
dependent CPSase activity. Symbols: - - -, Absorb-
ance at 280 nm; 0, glutamine-dependent CPSase A
activity; 0, ammonia-dependent CPSase A activity;
A, glutamine-dependent CPSase A activity in the
presence of added extract of mutant 6987a (cpaI 3
argJ); El, glutamine-dependent CPSase A activity in
thepresence ofadded extract ofmutant 9040a (cpaII3
argJ); -, potassium phosphate molarity.

tamine-dependent activity peak. The latter peak
was considerably increased when glutamine was
present in the buffers used for DEAE-cellulose
chromatography of CPSase A (Fig. 2B). Since,
at the same time, the small component peak
practically disappeared, it may be concluded
that glutamine prevented the dissociation of
CPSase A into its components. This finding also
establishes that the glutamine-dependent activ-
ity present in the second peak corresponds to
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undissociated enzyme. Mg2e ions alone were
found to partially protect CPSase A against
dissociation but to a, much lesser degree than
glutamine. Ammomum ions were without effect.
That the small and large components are re-

spectively specified by genes cpaI and cpaIIwas
established unambiguously by DEAE-cellulose
chromatography of extracts of mutants 6987a
(cpaI3 argJ) and 9040a (cpaII3 argJ). The
elution pattern obtained for mutant 6987a
showed that the large component alone was
present in extracts of this mutant (Fig. 3A).
Chromatography of an extract of mutant 9040a
provided two peaks that complemented in vitro
with an extract of mutant 6987a (Fig. 3B): a

major complementing peak behaved like a free
small component, whereas a smaller peak was

eluted at approximately the same ionic strength
as native CPSase A. Obviously this peak con-
tained the small component in a complex with
the inactive large component.
Estimation of molecular weights by gel

filtration. The molecular weights of CPSase A
and its two components were estimated by gel
filtration on columns of Sephadex. A molecular
weight of 175,000 was obtained by gel filtration
on Sephadex G-200 of wild-type CPSase A from
mutant 6974a (Fig. 4A). Similar conditions,
when applied to the large component from mu-

tant 6987a (cpaI3 argJ), yielded a value of
130,000 (Fig. 40). The free small component was
separated from the large component and from
native CPSaseA by DEAE-cellulose chromatog-
raphy of extracts of mutant 6974a or 9040a (see
above); its molecular weight, estimated by filtra-
tion on a column of Sephadex G-100, was 36,000
(Fig. 4B).
Substrate dependence of CPSase A. Syn-

thesis of CP by CPSase A requires glutamine,
ATP, bicarbonate, and Mg2e ions (11). Potas-
sium ions also are an absolute requirement for
the reaction; the optimal concentration is 100
mM, higher concentrations being inhibitory.
Ammonium ions have been shown to substitute
for glutamine as the source of nitrogen for the
synthesis of CP (11). Figure 5 shows the satu-
ration of the enzyme by the two nitrogen donors.
The apparent Michaelis constants were 1.25mM
for glutamine and 75 mM for NH4Cl (corre-
sponding to a Km of 2.3 mM for free NH3).
Whereas the saturation curves of CPSase A

by glutamine, ammonium chloride, and bicar-
bonate (apparent Km, 4.3 mM) were hyperbolic,
the saturation of the enzyme by equimolar con-
centrations of ATP and Mg2e ions followed a

slightly sigmoid curve (Fig. 6). This sigmoid
character was increased by the presence of an

excess of free ATP and reduced by an excess of
Mg2e ions. Such behavior does not necessarily

imply regulatory properties but might simply be
because the Mg-ATP complex is the active sub-
strate (12). In this respect, it should be recalled
that no evidence for a control of CPSase A
activity has been obtained.
Separate binding sites for glutamine and

ammonia. L-2-Amino-4-oxo-5-chloropentanoic
acid, the chloroketone analog of glutamine syn-
thesized by Khedouri et al. (10) during their
study of E. coli CPSase, was used to demon-
strate the separation of the glutamine- and am-
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FIG. 3. DEAE-cellulose chromatography of
CPSase A components from mutants 6987a (cpaI3
argJ) and 9040a (cpaII3 argJ). All conditions and
symbols are as described in the legend to Fig. 2.
Equilibration and elution buffers did not contain
glutamine. (A) Elution profile obtained with an ex-
tract of mutant 6987a. The sample applied on the
column contained 180 U of large component (as esti-
mated by in vitro complementation with mutant
9040a). (B) Elution profile obtained with an extract
of mutant 9040a. The sample applied on the column
contained 110 U ofsmall component (as estimated by
in vitro complementation with mutant 6987a). Ab-
sorbance at 280 nm was not recorded in this experi-
ment.
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FIG. 4. Estimation of molecular weights of S. cer-

evisiae CPSase A and its components by Sephadex
gel filtration. The markers used were beef liver cat-
alase (240,000 daltons), beefheart lactic dehydrogen-
ase (140,()00 daltons), E. coli alkaline phosphatase
(78,000 daltons), yeast hexokinase (48,000 daltons)
and horse cytochrome c (12,400 daltons). (A) Molec-
ular weight of native CPSase A on Sephadex G-200;
(B) molecular weight of smaU component of CPSase
A on Sephadex G-100; (C) molecular weight of large
component of CPSaseA on Sephadex G-20.

monia-binding sites of CPSase A. This reagent
was found to inhibit glutamine-dependent activ-
ity markedly, at the same time, a substantial
increase in the ammonia-dependent activity was
observed (Table 1). The effects of 2-amino-4-
oxo-5-chloropentanoic acid were irreversible,
since the activities of the native enzyme could
not be restored by dialysis ofthe treated enzyme.
The inhibition with time of glutamine-depend-
ent activity is shown in Fig. 7. A significant

inactivation of the enzyme occurred during in-
cubation at 300C, but the rate of decay was
considerably faster in the presence of the inhib-
itor. Significant protection of CPSase A against
chloroketone inhibition was provided by gluta-
mine (Fig. 7).
These experiments indicate that 2-amino-4-
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FIG. 5. Activity of CPSase A with glutamine and
ammonium chloride as nitrogen donors. Double-re-
ciprocal plots of CPSase A activity as a function of
glutamine and ammonium chloride concentrations.
A crude extract of mutant 6974a was used as the
source ofCPSase A. All conditions except the concen-
tration of nitrogen donors were as described in the
text. Velocities are specific activities (units of activity
per miligram ofprotein).

3

2

0 5 10 15 20
ATP( mM)

FIG. 6. Glutamine-dependence activity of CPSase
A as a function ofMg-ATP concentrations. A crude
extract of mutant 6974a was used. Symbols: *, ATP
as indicated with MGCl2 equimolar with ATP; 0,

equimolarATP and MgCI2 as indicatedplus a 5mM
excess of MgCl2; A, equimolar ATP and MgCl2 as
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TABLE 1. Effect of L-2-amino-4-oxo-5-
chloropentanoic acid on the activity of wild-type
CPSase A ofS. cerevisiae with glutamine and

ammonia as nitrogen donors
Sp acte (U/mg of protein)

after incubation in the presence
of:

Nitrogen donor
0.5 mM 2-amino-4-No addo-Oxo-5-chloropen-

tanoic acid
Glutamine (10 mM) 2.31 0.03
NH4CI (100 mM) 0.29 0.91

a Samples of an extract (3 mg of protein per ml) of
mutant 6974a were incubated for 10 min at 30°C with
the addition indicated in the table. The extracts were
dialyzed by filtration on Sephadex G-25 and assayed
for CPSase A as described in the text.

provided by the small component. The location
of the glutamine site on the small component
has been confirmed by the observation that in
vitro complementation between extracts of mu-
tants 9040a (cpaII3 argJ) and 6987a (cpaI3
argJ) is abolished by a pretreatment of the
9040a extract with the chloroketone analog, but
not by a similar treatment of the 6987a extract
(data not shown).
The nature of the activation of the ammonia-

dependent activity that results from the binding
of the chloroketone analog was studied (Fig. 8).
It consisted in an increase of the reaction veloc-
ity (by a factor of 2 or more), with little variation
of the affinity for ammonia.
Activation of the ammonia-dependent

activity ofCPSase A through interaction of
glycine with the gluine site. Studies on
the pH dependence of CPSase A stability have
led to the fortuitous observation that glycine,
used as a buffer component, exerts a marked
stimulatory effect on the ammonia-dependent
activity of CPSase A. A four- to fivefold stimu-
lation of this activity was observed in the pres-
ence of 20 mM glycine.
The nature of the interaction of glycine with

CPSase A was studied. Glycine influenced
mainly the velocity of the reaction (Fig. 9a); the
Km of the enzyme for NH4Cl was not signifi-
cantly affected. Similarly, the reciprocal plots of
activation (v - vo) versus glycine concentration
for various NH4Cl concentrations yielded a fam-
ily of lines that cut the base line at the same
point (Fig. 9B), providing an activation constant
of 7.5 mM. This behavior indicates that glycine
combines with the enzyme independently from
NH4Cl.
We obtained several lines of evidence sup-

porting the view that glycine acts by binding at
the glutamine site. (i) The stimulating effect of

glycine was absent in most strains harboring
cpaI mutations. As seen above, such strains lack
a functional small component and are unable to
utilize glutamine for CP synthesis. (ii) Glycine,
like glutamine, protected CPSase A against 2-
amino4-oxo-5-chloropentanoic acid (Fig. 7). (iii)
Kinetically, glycine was found to behave as a
competitive inhibitor with respect to glutamine.
An inhibition constant of 25 mM was calculated
for glycine.
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FiG. 7. Effect of 2-amino-4-oxo-5-chloropentanoic
acid as a function oftime on theglutamine-dependent
activity of CPSase A. A crude ceU extract of mutant
6974a was incubated at 30°C with 0.075 mM2-amino-
4-oxo-5-chloropentanoic acid. At the indicated inter-
vals, samples were removed, immediately added to
the assay mixture containing 20 mMglutamine, and
assayed for glutamine-dependent CPSase A activity.
Symbols: 0, Control without inhibitor; 0, 0.075 mM
inhibitor; A, controlplus 20 mM glutamine; or 0.075
mM inhibitor plus 20 mMglutamine; O, controlplus
20 mM glycine; 0, 0.075 mM inhibitor plus 20 mM
glycine.
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FIG. 8. Effect of 2-amino-4-oxo-5-chloropentanoic
acid on the ammonia-dependent activity of CPSase
A. Double-reciprocalplots ofactivity as a function of
ammonium chloride concentrations. Symbols: 0, Na-
tive CPSase A from mutant 6974a; A, the same en-
zyme after a 10-min incubation at 37°C in the pres-
ence of 0.2 mM 2-amino-4-oxo-5-chloropentanoic
acid.

173VOL. 134, 1978



174 PI1RARD AND SCHROTER

1 / GLYCINE (mM)

FIG. 9. Activation of ammonia-dependent activity
by glycine. (A) Double-reciprocal plots of velocity
against NH4Cl concentrations for various concentra-
tions of glycine. (B) Double-reciprocal plots of the
difference in velocity with and without glycine (v -
vo) against glycine concentrations for various NH4Cl
concentrations. Mutant 6974a was the enzyme source.

Specificity of the activation. The specific-
ity of the activation of the ammonia-dependent
activity of CPSase A was studied. Various com-
pounds, structurally related to glycine, were ex-
amined for their ability to replace glycine as an
activator. Only L-a-alanine was found to achieve
a significant activation. All other compounds
tested, including L-vahne, L-serine, glycyl-gly-
cine, glyoxylic acid, L-a-aminobutyrate, and L-
methionine, were without effect.

In contrast, we observed that three closely
related analogs of glutamine, namely L-y-gluta-
mylhydroxamic acid, O-carbamoyl-L-serine, and
L-2-amino-3-ureido-propionic acid were able to
stimulate the ammonia-dependent activity of
CPSase A. Azaserine (O-diazoacetyl-serine), L-
glutamic acid, asparagine, and N-a-acetylglu-
tamine displayed no stimulating effect. Neither
glycine nor alanine, or any of the three other
activators mentioned above, could be used as a
nitrogen donor for CP synthesis, but all were
competitive inhibitors of the glutamine-depend-
ent activity (Table 2). The effect on the rate of
the reaction (a fivefold increase of the velocity
at saturating activator concentrations in the
presence of 10 mM NH4C1) was of the same
order for all five activators. However, L-2-amino-

J. BACTERIOL.

3-ureido-propionic acid and O-carbamoyl-L-ser-
ine were shown to exhibit markedly more favor-
able activation constants than the other effec-
tors (Table 2).
Activation of the ammonia-dependent

activity by glutamine. That some glutamine
analogs could induce a substantial stimulation
of the ammonia activity by interacting with the
glutamine-binding site also suggested that glu-
tamine itself was able to bring about such stim-
ulation. This suggestion could of course not be
tested directly but has received support from
the study of the cpaI2 mutation. The properties
of this particular mutation are compared in Ta-
ble 3 with those of the cpaI3 mutation. Like
other cpaI mutations, cpaI2 abolished the glu-

TABLE 2. Apparent kinetic constants ofglycine,
alanine, and certain glutamine analogs as

competitive inhibitors of the glutamine-dependent
activity and activators of the ammonia-dependent

activity of CPSaseA
Inhibi- Activa-

tion con- tion con-
stanta stantb
(mM) (mM)

Glycine 25 7.5
L-a-Alanine 30 5.0
L-y-Glutamylhydroxamic 12 4.0

acid
O-Carbamoyl-L-serine 10 1.5
L-2-Amino-3-ureido-pro- 10 0.7

pionic acid

aApparent inhibition constant toward the gluta-
mine-dependent activity.

b Activation constant toward the ammonia-depend-
ent activity were obtained from plots similar to those
shown in Fig. 9 for glycine.

TABLE 3. Stimulation of ammonia-dependent
CPSase A activity by glutamine in a cpaI mutant

Sp act (U/mg of protein) of CPSase A in
the presence of:

Gluta-
Strain0 ~~~~~mine(10 Glycine

Gluta- NHmClMM) + (2N0mCl
mine NIL.Cl + NH4C

(100 (100
MM)

X.1278b (wild 0.364 0.049 0.294 0.211
type)

MG696 (cpaI2) 0.003 0.021 0.050 0.051
MG641 (cpal3) 0.002 0.017 0.017 0.017

'Strain l1278b was grown in minimal medium plus uracil
(50 jg/ml) to repress the pyrimidine enzyme CPSase P maxi-
mally. Strains MG696 and MG641 were grown in the same
medium containing uracil (50 ug/ml) and a limiting concentra-
tion of arginine (5 pg/ml). The cells were harvested after the
plateau corresponding to arginine exhaustion had been
reached. Enzyme assay was performed as described in the
text.
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tamine-dependent activity of CPSase A and did
not impair the ammonia-dependent activity.
The latter activity, however, was increased 2.5-
fold when glutamine or glycine was present in
the reaction mixture. It is thus proposed that
the cpaI2 mutation prevents the use of gluta-
mine as a nitrogen donor but leaves intact a
second function of glutamine, which consists of
facilitating the formation of CP from its amide
nitrogen or from ammonia by mediating an ad-
equate conformational change.

DISCUSSION
The main finding of this study is that the

native enzyme (molecular weight, 185,000, as
estimated by gel filtration) can be dissociated
into two unequal components, whose the respec-
tive functions have been established. The large
component (molecular weight, 140,000) is only
capable of catalyzing the synthesis of CP from
ammonia, whereas the native enzyme utilizes
either glutamine or ammonia as the nitrogen
donor. The smaller component (molecular
weight, 36,000) is required in addition to the
large one for the utilization of glutamine. This is
a type of organization that has been previously
established for diverse glutamine amidotransfer-
ases (for a review, see various papers in reference
20), including carbamoylphosphate synthase
from other sources. The arginine pathway
CPSase of Neurospora may be expected to ex-
hibit similar properties (5), but at present the
closest resemblance to S. cerevisiae CPSase A
is found in the single CPSase of E. coli. The
monomer of this bacterial enzyme (molecular
weight, 170,000) has been reversibly dissociated
to heavy (molecular weight, 130,000) and light
(molecular weight, 42,000) subunits that have
been thoroughly characterized (15, 25, 27). The
heavy subunit catalyzes all the steps required
for the synthesis of CP from ammonia, whereas
the light subunit is necessary for the glutamine-
dependent activity and bears a glutamine-bind-
ing site (19). The only catalytic activity associ-
ated with the isolated light subunit is glutamin-
ase activity (27,31). In addition, significant inter-
subunit interactions have been shown to occur
and seem to play a major role in the functioning
of the enzyme (19,30,31). In contrast with yeast
CPSase A, the activity of the E. coli enzyme is
under the control of several allosteric effectors,
which bind to the heavy subunit (18, 25, 27).
Our conclusions concerning the structure and

roles of the components of CPSase A in the
synthesis of CP rest on partially indirect evi-
dence, since these components, being unstable,
have not been purified and are poorly character-
ized biochemically. Nevertheless, some of the

features that have been established for the bac-
terial enzyme can be extrapolated to the yeast
enzyme. For example, we have been unable to
determine whether the small component ex-
hibits glutaminase activity. Yet, the extensive
structural and catalytic similarities between the
two enzymes suggest identical roles for the small
CPSase A component and the light bacterial
subunit. Likewise, we have not established
whether these components are each composed
of one single polypeptide chain, but this is
strongly suggested by the comparison of the
molecular weights of yeast CPSase A and its
components with those of E. coli and its sub-
units. It should be noted, however, that whereas
the bacterial enzyme has been shown to undergo
reversible self-association to yield dimeric or
possibly higher associated forms (26), no evi-
dence of the occurrence of higher aggregated
species of yeast CPSase A has been obtained.

Glutamine, in addition to being the preferred
nitrogen substrate of CPSase A, played an im-
portant role in determining the structure and
properties of the enzyme. Binding of glutamine
to the enzyme led to several important modifi-
cations of the properties of the enzyme. Its sta-
bility was improved, and dissociation into its
components was made more difficult. Similar
effects ofglutamine have been noted earlier with
anthranilate synthetase (9, 21). In addition, glu-
tamine analogs for the wild-type CPSase A and
glutamine itself for the enzyme of one particular
cpal mutant stimulated the ammonia-depend-
ent activity. These results are interpreted to
indicate that glutamine should be considered as
a positive effector of CPSase A.

Finally, it should be emphasized the CPSase
A is coded by two unlinked .genes, cpaI and
cpaII, and consequently cannot benefit from the
operon type of organization that has been pro-
posed for the homologous genes of E. coli and S.
typhimurium (1, 16, 17). Previous observations
have shown that the synthesis of CPSase A
obeys a negative type of control similar to that
known in bacteria (24). The mechanism by
which such a control influences the expression
of genes cpaI and cpaII will be the subject of a
further report (Pierard et al., in preparation).
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