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Thus inactivation is correlated with a dissocia-
tion of subunits. Whether inactivation of the
glutamine-dependent activity precedes or coin-
cides with this dissociation cannot be decided
with this evidence, though it is noteworthy that
a shoulder of higher-molecular-weight ammo-
nia-dependent activity persisted after heat in-
activation in the absence of glutamine-depend-
ent activity (Fig. 5B).

Kinetics. (i) N donor. The native enzyme
and its large subunit, both purified through the
hydroxylapatite step after Triton extraction of
mitochondria, were tested with respect to N
donor in the carbamyl phosphate synthetase
reaction. The native enzyme had a K,, (appar-
ent) of 0.16 mM for glutamine. There were no
indications of cooperative interactions at low
substrate concentration. Both the native enzyme
and its large subunit had a K, (approximate) of
16.6 mM for NH,C], indicating that the small
subunit does not itself activate the ammonia-
binding site. The preparation of the native en-
zyme had a ratio of activities for glutamine and
NH.CI of 1.3.

(ii) Bicarbonate. The apparent K,, for bicar-
bonate, using the native enzyme with glutamine
or NH,Cl as N donors, or using the large subunit
with NH(Cl, was approximately 2.0 mM. Line-
weaver-Burk plots were linear, with no indica-
tion of cooperative interaction. Care was taken
to exclude dissolved bicarbonate from buffers
and to maintain K* at a constant level (20 mM)
throughout (see below).

(iii) ATP-Mg?*. Using EDTA-free prepara-
tions of the native enzyme with glutamine or
NH,C], or of the large subunit with NH,Cl as N-
donor, the effect of varying ATP was tested. In
this experiment, the M?*-to-ATP ratio was
maintained at 2. The results (Fig. 6) show that
at low substrate concentration, the native en-
zyme with glutamine used ATP most efficiently
(Vos = 0.9 mM), and at high ATP concentration,
it was inhibited. The large subunit displayed a
definite sigmoid behavior in the low substrate
range. The data indicate that the glutamine-
binding polypetide (small subunit), especially
when it binds glutamine, activates the ATP-
binding site at low ATP concentration. The data
show clearly that the ammonia-dependent re-
action of the native enzyme is not identical to
that of the large subunit. This suggests that the
native enzyme does not dissociate as a prelude
to its use of ammonia in such reaction mixtures.

The ratio of ATP and Mg?* was varied in a
series of experiments (Fig. 7). The following
points can be made. First, at 2 mM Mg?*, the
optimal ATP-Mg?* ratio was 2 for all three types
of reaction (Fig. 7A, C, and E). As ATP was
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F16. 6. Variation of carbamyl phosphate synthe-
tase activity with ATP-2Mg** concentration. Sym-
bols: (O) native enzyme, glutamine as N donor; (2)
native enzyme, NH,Cl as N donor; (A) large subunit,
NH,Cl as N donor.

increased above 1 mM, it was severely inhibi-
tory. At 12 mM Mg?®*, the reactions were less
sensitive to excess ATP. (The ATP and Mg>*
concentrations of the standard reaction mix-
tures, 12 mM each, were in the optimal range.)
The second point is that at fixed ATP concen-
trations (Fig. 7B, D, and F), there are in most
cases threshold Mg®* concentrations below
which the enzymes are inactive. Optimum activ-
ity was found in most cases only where the Mg?*
concentration exceeded that of ATP; the excess
was twofold at low ATP concentration. The data
suggest that the enzymes have a requirement for
free Mg**, as well as for ATP-Mg. This is the
case with yeast carbamyl phosphate synthetase
A (26) and the pyrimidine-specific enzyme of
mouse spleen (35).

(iv) Potassium. The glutamine-dependent
activity has an absolute K* requirement, in re-
actions where the Na* salt of bicarbonate was
used. The optimal concentration of K* was 20
mM; higher concentrations were somewhat in-
hibitory. The ammonia-dependent activity has
a K* requirement only at suboptimal NH,Cl
concentration. Evidently, NH,* substitutes well
for K*; if the concentrations of the two ions are
summed, the behavior of the ammonia-depend-
ent activity becomes quite similar to that for the
glutamine-dependent activity. In saturation
curves in tests of NH,Cl as a substrate, however,
NH,* was not inhibitory at high concentration,
and in fact it largely reversed the K* inhibition
at high concentration of K* (not shown). The
optimal K* concentration is much lower than
that of the yeast enzyme (100 mM) (26).
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F1c. 7. Variation of carbamyl phosphate synthe-
tase activity as ATP and Mg** are varied separately.
Activities of the native enzyme with glutamine (A and
B), of the native enzyme with NH,C! (C and D), and
of the large subunit with NH,C! (E and F) are shown.
(A, C, and E) Mg** was fixed at either 2 mM (O) or
12 mM (®). (B, D, and F) ATP was fixed at 2 mM

©) or 12 mM (®). Hydmxylapatzte -purified prepa-
rations were used.

(v) The glutamine-utilizing function. The
elimination of glutaminase activity during puri-
fication of the glutamine-dependent activity
(Table 2) showed that the glutamine amido-
transferase function of carbamyl phosphate syn-
thetase A was not measurable as a glutaminase
in a simple reaction mixture. An experiment
designed to reveal the dependence of glutamate
formation upon carbamyl phosphate synthetase
substrates is shown in Table 3. No activity was
seen with glutamine alone, as noted above; a
very slight reaction (4% of maximal) was stimu-
lated by bicarbonate alone. ATP-2Mg** yielded
nearly 46% of maximal activity, whereas ATP
and Mg?* separately were ineffective. NH,Cl was
almost wholly ineffective and in fact inhibited
the overall reaction with glutamine. Maximal
glutamate formation was achieved only in com-
plete synthetase reaction mixtures, and parallel
reaction mixtures showed that carbamyl phos-
phate and glutamate were produced, as ex-
pected, in a 1:1 stoichiometric ratio (Table 3).
These results are very similar to those from the
mammalian cell enzyme of the pyrimidine path-
way (20).

(vi) pH optimum. The enzyme has a pH
optimum of pH 7.8 to 8.0 in Tris and phosphate
buffers.
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TABLE 3. Dependence of glutamate formation upon
carbamyl phosphate synthetase A substrates

Products formed (nmol)

Expt I Expt II
Reaction mixture Carba- Carba-
Gluta- myl Gluta- myl
mate phos- mate phos-
phate phate
Enzyme + [“C]glu- 0 0 0 0
tamine
+ KHCO; 2 3
+ ATP 0 0
+ Mg?* 0 0
+ ATP, Mg** 11 29
+ ATP, Mg*, 15 13° 68 64°
KHCO;
+ NH.Cl 0 2
+ ATP, Mg*, 5 17
KHCO;, NH.Cl

2 All reaction mixtures contained 100 mM Tris-hy-
drochloride (pH 8.0) and glutamine at 12.0 mM (ex-
periment I) or 2.6 mM (experiment II). Different hy-
droxylapatite-purified preparations were used for the
two experiments. Additions to reaction mixtures were
at standard concentrations (see the text).

® Corrected for incomplete (90%) recovery of car-
bamyl phosphate.

(vii) Potential effectors. A systematic test
of most of the intermediates of the arginine
pathway, as well as of arginine itself, showed
none to be specifically stimulatory nor inhibitory
to carbamyl phosphate synthetase A (Table 4).
This was true both of the native form using
glutamine or NH,Cl as N-donors, and of the
large subunit using NH,Cl. Putrescine and sper-
midine (derived from ornithine), aspartate (a
substrate of argininosuccinate synthetase), UTP
(an inhibitor of carbamyl phosphate synthetase
P), and carbamyl phosphate had no pronounced
effect. The data indicate that the enzyme is not
modulated by any of the metabolites of the
arginine pathway. The data are consistent with
previous observations that the enzyme was not
inhibited in vivo in conditions of arginine excess
(4, 37, 45).

One effect of interest from the standpoint of
polypeptide interaction is that of glycine (Table
4). Glycine had no effect upon the glutamine-
dependent reaction nor upon the ammonia-de-
pendent reaction of the large subunit. However,
it activated the ammonia-dependent reaction of
the native enzyme twofold. The data suggest, by
analogy with the more detailed observations on
the yeast enzyme (26), that glycine can bind to
the small subunit and thereby activate the re-
actions of the large subunit. (It is curious that
this experiment did not show the expected in-
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TABLE 4. Test of potential effectors on carbamyl
phosphate synthetase A activity
Native enzyme  Large
———— subunit
" . Gluta. (ammo-
Addmoq to reaction Concn mine 1 nia de.
mixture (mM) depend- nia de- pen-
ent pel(n;l);ant dent)
(%) (%)
None (100)  (100)  (100)

N-Acetyl-L-glutamate 10 119 118 110
N*-Acetyl-L-ornithine 10 119 120 100

L-Ornithine 10 106 96 ND*
L-Citrulline 10 111 118 104
L-Argininosuccinate 10 94 105 86
L-Arginine 10 121 133 108
Carbamyl phosphate 10 104 97 89
UTP 5 86 92 86
L-Aspartate 5 115 115 100
Putrescine 5 109 113 98
Spermidine 5 107 97 94
Glycine 1 106 174 95
5 11 209 106
10 100 207 101
“ND, Not done.

hibition of the glutamine-dependent reaction.)
Glycine activation is the most compelling indi-
cation that the ammonia-dependent reaction of
the native enzyme is performed by the native
enzyme rather than a dissociated large subunit.

DISCUSSION

Enzymes of carbamyl phosphate synthesis
vary greatly from one organism to the next. It is
still too early (or, indeed, too late) to classify the
modes of carbamyl phosphate synthesis, but the
following patterns have been observed. (i) In the
enteric bacteria, a single, two-polypeptide en-
zyme is found which serves arginine and pyrim-
idine synthesis (1, 39). It is glutamine dependent
and is responsive to pyrimidine nucleotides (in-
hibitors) and ornithine (activator) (25). This pat-
tern has also been found in certain higher plants
(23). (ii) In Bacillus subtilis, two glutamine-
dependent enzymes are found, one inhibitable
and repressible by pyrimidine nucleotides, the
other repressible by arginine (24). (iii) In yeast
and Neurospora, two glutamine-dependent en-
zymes are found (10, 15). The arginine-specific
carbamyl phosphate synthetase A is a two-poly-
peptide enzyme. The pyrimidine-specific carba-
myl phosphate synthetase P is part of a complex
or multifunctional protein with aspartate trans-
carbamylase (46). (iv) In ureotelic vertebrates,
the hepatic enzyme, carbamyl phosphate syn-
thetase I, is ammonia dependent and has only
one polypeptide (17). It lacks the ability to use
glutamine and requires acetylglutamate as a co-
factor. Carbamyl phosphate synthetase II, a glu-
tamine-dependent enzyme associated with py-
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rimidine synthesis, is part of a multifunctional
protein or aggregate with aspartate transcarba-
mylase and dihydroorotase (31). Enzymes which
do not fall into these categories have been found
in fish and snails (2, 38).

Carbamyl phosphate synthetase A of Neuro-
spora has two polypeptides. This is indicated by
the existence of two unlinked genes required for
its structure and by the molecular weight change
of the ammonia-dependent activity as the glu-
tamine-dependent activity disappears in vitro.
The glutamine-utilizing function is associated
with the smaller of the two subunits. Extensive
genetic studies (R. H. Davis, Genetics, in press)
have shown no intragenic complementation in
vivo among arg-2 mutants (affecting the small
subunit) or among arg-3 mutants (affecting the
large subunit). This is compatible with the ex-
istence of only one polypeptide of each kind.
Complementation between arg-2 and arg-3 mu-
tants is seen in vivo, and this can be reproduced
in vitro, using purified large subunit and crude
extracts of certain arg-3 mutants (Davis, unpub-
lished data). It is not yet known, however,
whether the arg-3 extract used in these tests
contains free small subunit or merely a complex
of the small subunit and a mutationally inacti-
vated large subunit. The complementing activity
so far resists any purification, being even more
unstable than the native enzyme. In all the
characteristics above, the Neurospora enzyme
resembles that of S. cerevisiae (26).

Molecular weight estimates of carbamyl phos-
phate synthetase A by gel filtration and sucrose
density-gradient centrifugation yield figures of
176,000 for the holoenzyme and 144,000 for the
large subunit. The latter figure is similar to
estimates (ca. 125,000) made by gel electropho-
resis. The data for the yeast holoenzyme (26, 27)
are quite inconsistent, but there is no good evi-
dence that this species’ enzyme differs substan-
tially from that of Neurospora.

The kinetic properties of the Neurospora en-
zyme and its large subunit are not exceptional.
Michaelis-Menten saturation curves were ob-
served for bicarbonate, glutamine, and NH,Cl.
There was no evidence for negative cooperative
kinetics for glutamine, as reported for the yeast
enzyme (27). The Neurospora enzyme, like all
other carbamyl phosphate synthetases, has a
requirement for K* which can be satisfied by
NH,". It apparently has a free magnesium re-
quirement. The ATP saturation curves vary ac-
cording to the form of the enzyme and the N-
donor (see below).

The ratio of activities with saturating gluta-
mine versus saturating NH/Cl is difficult to es-
timate because of the instability of the gluta-
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mine-dependent activity. The highest ratios ob-
served, in freshly resolved preparations, are
about 1.3. This is similar to the ratio for the E.
coli enzyme (1.7) (43), that of pea plants (0.94)
(23), or that of the mammalian pyrimidine-spe-
cific enzyme (1.3 to 1.8) (13, 34). It is however,
far lower than the ratio of 8 to 10 observed for
yeast carbamyl phosphate synthetase A (26) or
for the unusual mitochondrial enzyme from tel-
eost fish (12.5) (2). The different classes of ratio
suggest a fundamental difference in the extent
of activation by the two N-donors of the func-
tions of the large subunit, or in the access of free
ammonia to the active site.

Subunit interactions are seen with the Neu-
rospora enzyme in three ways. First, ATP is
used much more efficiently at low concentration
by the native enzyme than the large subunit,
even when NH,CI is the N-donor for the native
enzyme. Second, glycine activates the native
enzyme when NH/(CI is the N-donor, but does
not activate the ammonia-dependent large sub-
unit. Third, the glutamate-forming function of
the small subunit is activated significantly by
ATP-Mg?* and is maximal only in complete
carbamyl phosphate synthetase A reaction mix-
tures. It is clear that activation of the glutamine
amidotransferase activity is achieved via the
large subunit, which has binding sites for all the
other substrates. The subunit interactions are
similar to those observed in other carbamyl
phosphate synthetases. It should be noted that
acetylglutamate has no stimulatory effect on
either form of the Neurospora enzyme, as it does
on mammalian carbamyl phosphate synthetase
I and certain other synthetases.

The Neurospora enzyme is indifferent to ar-
ginine. The Neurospora enzyme, in fact, was not
affected by any metabolite of the arginine path
or related paths that was tested. One would
expect that some feedback inhibition would be
seen for this step, since it is a pace-setting en-
zyme. However, even tests in vivo revealed that
the enzyme continues to function for some hours
after arginine is added to cells (4). One of the
peculiarities of carbamyl phosphate synthetase
biochemistry is that no enzyme has yet been
found that is sensitive to arginine. This is at
least understandable in enteric bacteria, where
one enzyme, responsive to the opposing effects
of UMP inhibition and ornithine activation,
serves both pathways (25). It is hard to under-
stand in Bacillus subtilis (24) and the fungi,
where specialized, arginine-specific enzymes are
found. (In ureotelic vertebrates, arginine inhibi-
tion would be maladaptive in a pathway devoted
to urea synthesis.) At one point, Cybis and Davis
(7) claimed that the lack of feedback inhibition
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by arginine may have evolved because the syn-
thetase was mitochondrial and the metabolically
significant arginine pool was cytosolic. This the-
ory is untenable in view of the cytosolic locations
of the yeast (40) and B. subtilis enzymes. How-
ever, carbamyl phosphate synthetase A of Neu-
rospora is virtually absent in cells grown in
arginine, and it may be that efficient repression
has the role of the major control mechanism (7).
Moreover, it is the glutamine-binding poly-
peptide or its effective association with the large
subunit that responds so strongly to arginine. A
special genetic circuit controls this polypeptide
in yeast (36).
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