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SUMMARY

1. The indispensable cofactor for carbamyvl phosphate synthetase (ATP: car-
bamate phosphotransferase (dephosphorylating), EC 2.7.2.5), N-acetyl-L-glutamate,
markedly accelerates inactivation of this enzyme by the disulfide 5,5'-dithiobis(z,2'-
nitrobenzoate) (DTNB). This effect has been used to examine the interaction of the
enzyme with its different substrates and cofactors. The following results have been
obtained.

2. ATP in the presence of Mg?- is the only substrate to protect against the
inactivation. This protection is considerably enhanced if K+ is present. HCOQ, aug-
ments the protective effect of ATP and K-, but provides no protection by itself. ADP
does not protect against the inactivation.

3. Mg?- has been found to increase the rate of inactivation. This effect is par-
ticularly marked when acetyl glutamate is present. In the absence of Mg?-, the enzyme
appears to bind acetyl] glutamate at two sites, the second of which is detectable onlv
at high concentrations of acetyl glutamate. Furthermore, inactivation is much slower
at all except high levels of cofactor. In contrast, when Mg?+ is present, the rate of
inactivation is much greater, and the second binding site for acetyvl glutamate is not
detectable.

4. The significance of these findings for the enzvmatic reaction has been tested
by determining the Ky, for acetyl glutamate in solutions containing either a slight
excess of ATP over Mg, or a large excess of Mg®+ over ATP. When unbound Mg?-
is low, the K, for acetyl glutamate is doubled in value, and the highest levels of acetyl
glutamate produce an inhibition of the reaction. When the level of free Mg2- is high,
there is a lower Ky, for acetyl glutamate, and no inhibition by acetyvl glutamate. If
the inhibitory effects of high acetyl glutamate concentration in the plot with low
Mg?+ concentration are ignored, the extrapolated maximum velocity is identical in
both cases.

5. None of the other substrates of the enzyme produce any significant effect
upon the inactivation.

6. The inactivation of the enzyme by organic mercurials, which is reduced

Abbreviation: DTNB, 3,5--dithio-bis(2,2.-nitrobenzoic acid).
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instead of increased by acetvl glutamate, has been reinvestigated in the light of the
above results. Mg?: reduces the protection by acetvl glutamate, but does not reduce
inactivation in the absence of cofactor. Comparison of protection by acetyvl glutamate
against a variety of organic mercurials has revealed that the cofactor protects against
mercurials ina manner which is independent of the nature of the organic portion of
the inhibitor.

INTRODUCTION

The enzynie carbamyl phosphate synthetase (ATP: carbamate phosphotran:.-
terase (dephosphorvlating), EC 2.7.2.5) which catalvzes the following reaction:

ATP - NH,;- - HCO, ~carbamyl phosphate - 2 ADP . b

requires the cofactor N-acetvl-L-glutamate for activity'. It has been shown that this
cofactor, alone or in combination with substrates, will markedlyv affect the stability
of the enzyme?3.

Previous studies on the inactivation of the enzyme by sulthyvdryl reagents have
shown that acety] glutamate will greatly increase inactivation by reagents such as
DTNB, but that ATP will prevent this effect?-5. These findings suggested that inacti-
vation by this reagent could be used to examine the interaction of the enzyme with
its other substrates or cofactors. The results obtained, as well as some possible inter-
pretations, are presented here.

MATERIALS

Irog liver carbamyl phosphate synthetase was prepared as deseribed by Raij-
MAN AND GRISOLIAS The enzyme preparation was carried to the acetone precipitate
stage and then Ivophilized for storage.

The reagents used were standard commereial products.

METHODS

Carbamyl phosphate synthetase was assayed as described previously!. Protein
was determined by the procedure of MOKkascH AND McGILVERY?. The inactivation
studies were carried out as follows: solutions containing enzvme and the appropriate
combination of acetyl glutamate and substrate were incubated in a water bath for
5 min or longer to allow temperature equilibration. The DTNB was added, incubation
was continued for the interval indicated, and then samples of 0.1 ml were withdrawn
for assay of enzyme activity. In all cases, enzyme activity is expressed as the gmoles
of citrulline synthesized by these samples of 0.1 mL

In experiments designed to show the effect of K-, all reagents were neutralized
with Tris. In all other cases, KOH was used to neutralize reagents.
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TABLE]

EFFECT OF K+ ON ATP PROTECTION aGaiNsT DTNDB

Lach tube contained 0.41 mg of enzyme in 2.0 m! containing 100 gmoles of Tris buffer (pH 7.4},
and the following additions where indicated: 10 gmoles acetyl glutamate, o.ot gmoles DTNB,
8 umoles ATP, 20 gmoles MgS0,, 100 gmoles NaCl, 1oo gmoles KCl, and 100 gmoles NaHCO,,
After incubation for 25 min at 30°, samples of 0.1 ml were taken for assayv of enzyme activity.

Additions Cutrulline
synthesized
(qemoles)
None 0.31
Acetyl glutamate, DTNB 0.09
Acety] glutamate, DTNB, ATP, Mgs0, o.19
Acety] glutamate, DTNB, ATP, Mgs0,, Na(Cl 0.20
Acetyl glutamate, DTNB, ATP, MgS50,, KC1 0.29

Acetvl glutamate, DTNB, ATP, Mgs0,, NaHCO;  o.14

RESULTS

Iactors influencing protection by ATP

The protective effect of ATP against the acetyl glutamate-induced DTN
inactivation, which has been demonstrated previously?, is a complex plienomenon
when examined closely. Table T shows that ATP alone only prevents about half the
inactivation. Addition of KCI, however, gives essentiallv complete protection against
DTNB, an effect which cannot be produced by NaCl. Interestingly, although NaHCO,
produces a slight decrease in the protection against DTNB, the most complete pro-
tection is provided by a combination of ATP, Mg?r, K+, and HCO,~. Since KC(l
augments protection considerably, and since HCO,~ is present in all solutions exposed
to the air, the protective effect of added KHCO, 1s best shown when the period of
incubation with DTNB is extended for several hours. Table 11 shows that under these
conditions KHCOy, provides a protection against DTNB which is significantly greater
than that of a similar solution containing KCI instead of the KHCQ,. The control

TABLE I

EFFECT OF HCO, oN ATP PROTECTION AGAINST DTNB

Fach tube contained in a volume of 2 ml: o.y2 mg protein, 100 gmoles Tris buffer (pH 7.4), and
where indicated: 1o gmoles acetyl glutamate, 8 gmoles ATP, 20 gmoles MgS0,, 100 gamoles
KHCO,, 100 gmoles KCI, and o.o1 gmole DTNB. After incubation for 3h at 3o’ samples of
o.1 ml were taken for assay of enzyme activity.

Additions to preincubation mixture Cutrulline
- e — - - [ found
Acetvl DrNEB ATp MgSo, KNHCO, Kl {gemoles)
glutamate
0.3}
.34
| . . . . 0.31
i ] . - 0.23
| Q.01
- | 0.01
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TABLIC LT

FAILURE OF ADP To PROTECT acaiNsT DITNB

ILach tube contained in a volume of 2 ml: o.29 my of enzyvme, 100 gmoles of Tris butter (pH ;.45
and where indicated: 1o gmoles acetyl glutamate, o.o1 gmole DTNB, 1o pgmoles ADP, and
20 gmoles MgsSO 0 Samples were incubated for 25 min at 30°, at which time samples of 0.1 ml
were taken for assayv of enzvime activity.

Addittons Citrulline
syuthesiced
{ronoles)

None 0.41
Acety] glutamate, DTNB o011
Acetyl glutamate, DTNB, ADDP 0.08

Acety] glutamate, D'UNB, ADP, Mgs0, o.09

containing ATP, Mg?:, and HCO, - but not DTNB, shows no more activity than the
control containing enzyvme alone. Therefore, it 1s unlikely that contaminating am-
monium salts could have formed enough carbamyl phosphate, during the incubation,
to interfere with the assay. Table IT also shows that protection by ATP is, as expected,
dependent upon the presence of Mg+,

The protective effect of ATP is unchanged over a concentration range of v.001
0.010 M.

Effect of ADP wpon DTN B inactivation

Table T shows that ADP, in contrast to ATP, will not protect against DTNB
inactivation. Addition of Mg?' does not alter this behavior.

Before it can be concluded that the enzyvme-ADP complex is not resistant to
DTNB inactivation, it must be shown that the complex exists under similar conditions.
The clearest demonstration of this is the fact that ADP will influence the thermal
inactivation of carbamyl phosphate svnthetase, as shown in Table 1V, In the absence

TABLE TV

EFFECT OF ADP ON THE THERMAL STABILITY OF CARBAMYL PHOSPHATE SYNTHETASE

tach tube contained 1.0 my of enzyme and 100 gmoles of “Tris bufter (pH 7.4 at 37 %) in 2.0 ml
of solution, and the following additions as indicated: 1o ggmoles acetyl glutamate. 20 gmoles
MgSO,, and 1o ganoles ADP. Samples were taken for assay of enzyme activity before and after
incubation for 5 min at 52

Additions Citrulline synthesized
(1moles)

Before After

heating heating
None 0.50 0.37
Acetv] ghutamate 0.50 0.29
Acetyl glutamate, ADP 0.45 oLy
Acetyl glutamate, MygsO), 0,48 0.22
Acetyl glutamate, ADP, MgSO, o435 0.3

* Since the pH of the Tris buffer during heating should have dropped only to about 7.0,
no adjustment was made for the eftects of temperature change.
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of Mg?:, ADP increases the rate of inactivation, while in its presence ADP provides
protection. In either case, interaction of ADP with the enzyme is evident. The fact
that ADP inhibits the synthetase competitively against ATP, witha K; of 1-10 3 M,
is also consistent with such a conclusion.

The increase in acetyl glutamate-induced thermal inactivation produced by
addition of Mg?- has been shown before by Caravaca axD Grisorta® and will be
discussed elsewhere in this paper.

The influcnce of Mg upon acetyl glutamate-induced DTN B inactivation

Although Mg®~ is required for the protective effect of ATP, it will accelerate
the rate of enzvme inactivation when ATP is absent. The presence of Mg?~ typically
doubles the rate of inactivation, even when acetvl glutamate is not present. For
example, in a tyvpical experiment, addition of Mg?- increased the amount of inacti-
vation from § to 117, when acetyl glutamate was not present, and from 29 to 599,
when the cofactor was present. Because so little inactivation occurs in the absence of
acety] glutamate, it has been found most advantageous to study the effect of Mg?-
by examining its influence upon the cofactor-induced inactivation.

The action of Mg?- is best illustrated by a double reciprocal plot of the rate of
inactivation versus the acetyl glutamate concentration. It has been shown that the
acetyl glutamate-induced thermal inactivation of carbamyl phosphate svnthetase 1s
half maximal at an acetyl glutamate concentration close to its Ky, value. A modi-
fication of this technique has been used by CITRT axD ZyKY in studying the substrate
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IFig. 1. Kinetics of inactivation of carbamyl phosphate synthetase by D'INB. Tubes contained
the following in 2.0 ml: 0,39 mg enzyme, 100 gmoles Tris buffer (pH 7.4), and o.01 yamole DTN R,
Other additions were: [, none; (3, 10 gmoles acetyl glutamate. Solutions were incubated at
307, and at the intervals indicated, samples of 0.1 ml were withdrawn for determination of enzvme
activity.

Fig. 2. Effect of Mg?® upon the acetyl glutamate-induced inactivation. First-order constants,
obtained as described in the text, are expressed in secl. Each tube contained 0.39 mg of enzyme,
100 gmoles of Tris buffer (pH 7.4), 0.01 gumole of DTNB, and the molarity of acetyl glutamate
indicated in 2.0 ml. Other additions were: [ !, none; ), 20 gmoles MgSO,. All incubations were
for 8 min at 30",
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analog-induced thermal inactivation of penicillinase. These investigators used a
double reciprocal plot of the first-order constant for the rate of inactivation versus
the substrate analog concentration to obtain a constant equivalent to the Ky, tor a
Lineweaver Burk plot. However, they pointed out that such a constant 1s not neces-
sarily an equilibrium constant, as the enzyme may remain in an altered and unstable
conformation for some time after the substrate analog has dissociated from it.

The kinetics of inactivation of carbamyl phosphate svnthetase can be seen in
Fig. 1, which shows a plot of the logarithm of the enzyvme activity remaining against
the time of incubation with IYTNB. The straight line, which is produced till about
709, of the activity has been lost, is characteristic of first-order kineties. Theretore,
first-order constants for the rate of inactivation could be caleulated by using the
integrated form of the equation for a first-order reaction. A double reciprocal plot of
the rate of inactivation, obtained in this manner, versus the acetyl glutamate concen-
tration is shown in Fig. 2. The enzyme was incubated with DTNB for an interval of
only 8 min, so no tube showed more than 669, loss of activity. It can be seen that in
the presence of Mg?-, the rate of inactivation is much greater at most levels of acetyl
glutamate, and there appears to be only one tvpe of binding site for the cofactor. The
constant has a value of 8.6-10-3 M. In contrast, in the absence of Mg? -, there is much
less inactivation, except at the highest levels of acetyvl glutamate. In addition, there
appear to be two kinds of sites, one with a constant of 4.7 - 10 * M, and a second with
a constant of 2.5-10 2 AL

The relationship of these findings to the enzymatic reaction has been examined
in the following manner: Although the enzymatic reaction cannot be carried out in
the absence of Mg+, it can be carried out with cither ATP or Mg?' in excess. A Line-
weaver Burk plot of the effect of acetyvl glutamate on the reaction velocity, in which
the effect of excess Mg? is contrasted with the effect of excess ATP, can be seen in
Fig. 3. Adding an excess of about 1 gmole of ATP over the Mg? ', reduces the tree Mg*
level to about 4-10 3, if a value of 1+10% is used for the association constant of the
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IFig. 3. Eftect of low and high free Mg?- levels upon the Ay, of acetyl glntamate for the carbamyl
phosphate synthetase reaction. Enzyme velocities are expressed as the gmoles of citrulline syn-
thesized in 15 min at 387, and acetyl glutamate concentrations are in molarities. Fach tube con-
tained the following in 2.0 ml: 0.022 mg of enzyme, 1oo gmoles Tris butter (pH 7.4), 10 ganoles
acetyl glutamate, 10 gmoles ornithine, 100 gmoles KHCOy,, 50 umoles NH,Cl, and 10 units
ornithine transcarbamylase. Other additions were: 1, 8 gmoles ATP and 7 gmoles MgSO

. S yanoles ATP and 27 ymoles MgS0,.
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complex!®. On the other hand, adding an excess of about 20 gmoles of Mg?* over the
ATP present, gives a free Mg?- level of about 0.01 M in a 2-ml volume. The Ky, for
acctvl glutamate, which is about 5-107# M in the presence of high Mg+ concentration,
is increased to about 1-10-3 M under conditions of low free Mg?' concentration. In
addition, when the concentration of Mg2- is low, high acetyl glutamate levels inhibit
by binding at a site with a A of about 2-10 * M as determined by the method of
Dixox axD WEBB!L This inhibitory site appears to be identical to the second binding
site for acetyl glutamate revealed by DTNB inactivation in Fig. 2, as both require
high levels of acetvl glutamate, and as neither site is detectable at high levels of Mg?-.

Influence of other substrates upon the rate of enzyme inactivation by DTN B

Neither NH,~ nor HCO, produce any major effect upon the rate of inactivation,
whether or not acetyl glutamate is present. However, HCO; does produce a slight
but consistent increase in the rate of inactivation.

Acetyl phosphate, which is a substrate for the synthesis of ATP from ADP by
carbamyl phosphate synthetase!?, fails to produce any significant effect upon the
inactivation by DTNB.

TABLE V

EFFECT OF I\Ige. ON INACTIVATION OF CARBAMYL PHOSPHATE SYNTHETASE BY MERCURIBENZOATE

Each tube contained the following components in a final volume of 2.0 ml: 0.5 mg of enzyme,
50 gmoles Tris buffer (pH 7.4), and where indicated: 10 gmoles acetyl glutamate, 20 gmoles
MgS0,, and 0.02 gmole mercuribenzoate. Solutions were incubated for 5 min after which samples
of 0.1 ml were withdrawn for assay of enzyme activity.

Additions Citrulline
Jound
(pmoles)
None 0.35
Mercuribenzoate 0.03
Mercuribenzoate, acetyl glutamate 0.13
Mercuribenzoate, Mg?+ 0.03
Mercuribenzoate, acetyl glutamate, Mg?+ 0.07

Inactrvation of carbamyl phosphate synthetase by organic mercurials

Although acetyl glutamate accelerates the inactivation by DTNB, MARSHALL
et al.’3 have reported that it protects against inactivation by mercuribenzoate. Sub-
sequent investigation of the effect of acetyl glutamate upon inactivation by sulfhydryl
reagents showed a wide range of results®. Reagents such as N-ethylmaleimide and
iodoacetamide were similar to DTNB, while mercuriphenyvl sulfonate and AgNO,
were similar to mercuribenzoate. The results obtained with Mg*-, described previ-
ously, indicated that it might be appropriate to reinvestigate this phenomenon.

The effect of Mg2*~ upon inactivation by mercuribenzoate can be seen in Table V.
The primary effect of Mg?* is to decrease protection by acetvl glutamate. Since Mg2+
reverses the action of acetvl glutamate on mercuribenzoate inactivation, a study
similar to that shown in Fig. 2 could not be duplicated for this reagent. However, it
has already been shown by MARSHALL ¢f al.!® that protection by acetv] glutamate in
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TARBLE VY

INACTIVATION OF CARBAMYL PHOSPHATE SYNTHETASE BY ORGANIC MERCURIALS WITH DIFFERENT
STRUCTURES

Iach tube contained the following components 1 a final volume of r.oml: 0.6-0.7 11g cnzyime,
50 gmoles Tris butter (pH 7.4, and where indicated: 1o gmoles acety] glutamate, and o.03 gmole
mercurial, Solutions were incubated at 3o’ for 5 min, after which samples were withdrawn for
assay of enzyvme activity.

Organic mercurial Activity vemaining after ticubation
Wath Wthout Differenc
acetyl acctyl (Y
glutamate glutamale
%) (a)
p-Mercuribenzoate 9 52 - 43
Phenvlmercuric chioride 9 39 - 30
p-Aminophenvimercuric acetate 7 33 “ 48
Mcthylmercuric iodide 9 609 BTYS)
3-Chloromercuri-2-methoxypropyl urca 9 47 - 38

the absence of Mg2!, is complete at a concentration of §5-10 * M, and is not altered
when the level of cofactor is increased to o.o1 M. This finding has been duplicated in
our laboratory. Not surprisingly, ATP and Mg?* had no influence on the inactivation
of carbamy] phosphate synthetase by mercuribenzoate®.

The behavior of organic mercurials was further investigated by inactivating
carbamyl phosphate synthetase with a series of reagents in which the organic moiety
differed. These included jonic and nonionic, aromatic or aliphatic, and hydrophobic
or hvdrophilic residues. The results can be seen in Table VIL 1t is apparent that the
nature of the organic portion of mercurials has onlv aslight effectupon acetyl glutamate
protection against inactivation.

DISCUSSION

The results obtained show that the greatest protection against DTNB inacti-
vation of carbamvl phosphate synthetase is provided by a combination of ATP,
Mgz, K+, and HCOy . This can most readily be interpreted as resulting from the
existence of an enzyme complex with the composition of £ ATP Mgt K- -HCO, .
This could possibly be the activated E-"C0O,” complex suggested by METZENBERG
et al ™ as an intermediate in the catalytic reaction. This assumption is strengthencd
by the fact that no protection is provided, either by HCO, in the absence of ATP,
or by ADP, a substance which closely resembles ATP and presumably binds to the
enzyvme at the same site.

It has been shown by MARSHALL ¢f a/.'3 that K = will alter the kinetic behavior
of carbamy! phosphate synthetase when the substrate NH, - is present at low concen-
trations. Apparently, the enzyme has a requirement for a monovalent cation, which
can be filled by either K- or NH,*. Therefore, it is not surprising to find that K- will
influence the rate of DTNB inactivation.

The effects of Mg?* upon carbamvl phosphate synthetase, which have been
described, suggest that this metal interacts with the enzyme directly, in addition to
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forming an ATP Mg?! chelate which serves as a substrate for the reaction. In this
connection, it is interesting to note that MARSHALL ¢f al. have reported that carbamyl
phosphate synthetase has a requirement for Mg?t in amounts greater than needed to
complex with ATP. A similar result has also been published for the enzvme from rat
liver?. The effect of Mg?- upon the interaction of acetyl glutamate with the enzyme
differs, depending upon whether the level of cofactor is high or low. The data on DTNB
inactivation from Fig. 2z, as well as the data on enzyme kinetics from I'ig. 3, both show
that the Mg?--deficient enzyme exhibits a second, high dissociation constant, site for
binding acetyl glutamate. This site cannot be detected in the presence of excess Mg?t.
A somewhat similar phenomenon has been observed with the thermal inactivation of
carbamyl phosphate synthetase. It has been shown by CARAVACA AND GRISOL1AZ that
acetvl glutamate will accelerate the rate of thermal inactivation of the enzyme.
Subsequently FARIEN ef al.'® demonstrated that much higher levels of acetyl glutamate
decrease the inactivation, apparently by binding at the second site for acetylglutamate.
In contrast to these studies, the second site for acetyl glutamate cannot be detected
by inactivation with mercuribenzoatel®,

The best indication of the significance of this second binding site to the catalytic
activity of the enzyme is the data obtained from enzyme kinetics in the presence of
high and low levels of Mg?-. It is obvious that binding at the second site is inhibitory
to catalytic activity. Furthermore, if the points obtained at inhibitory levels of acety]
glutamate are neglected, the extrapolated maximum velocity for the enzvme is
identical whether or not an excess of Mg?! is present. Thus, the second site for binding
cofactor is probably a non-specitic site which is not involved in the catalvtic reaction,
and which disappears when Mg?® is present.

Examination of the data in Fig. 2 shows that, if values at high acetvl glutamate
concentration are ignored, the main effect of Mg?® is to increase the maximal rate of
inactivation by DTNB. There is also an increase in the K for acetyl glutamate. In
contrast, the effect of Mg®- upon the kinetics of the enzyme is to decrease the K, for
acetyl glutamate, but not to change the Frax. Typically, in enzyme systems where a
cofactor must be bound to the enzyme before the substrate is bound, the Ky, for the
cofactor will decrease as the concentration of the substrate is raised!”. An interpretation
which is consistent with the above findings is that both acetyl glutamate and Mg?-
bind to the enzyme, independently of each other, to produce a cooperative confor-
mational change in the enzyme. This is necessary before the enzyme can form the
activated £ “CO,"” complex which has been postulated as an intermediate in the
reaction. The change produced by Mg?* upon the enzyme seems to reinforce the effects
of acetyl glutamate, although it eliminates the second, noncatalytically functional
site for acetyl glutamate. This explanation implies that the binding of Mg?* to the
enzyme may be essential for catalytic activity. Since carbamyl phosphate syvnthetase
has an absolute requirement for a Mg?' ATP complex as substrate, it is experimentally
difficult to ascertain the extent of the requirement for free Mg2 . However, it has been
shown that a 2-3-fold excess of ATP over Mg?- produces almost complete inhibition
of the enzyme!?, an effect which has been duplicated in this laboratory. This is con-
sistent with the possibility that free Mg?* is indispensable for catalytic activity.
However, inhibition by uncomplexed ATP could produce the same result.
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