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Allosteric Interactions in Aspartate Transcarbamylase. I.
Binding of Specific Ligands to the Native Enzyme and

Its Isolated Subunits®

J.-P. Changeux,t J. C. Gerhart, and H. K. Schachman

ABSTRACT: The regulatory enzyme, aspartate trans-
carbamylase (ATCase), which in earlier studies was
shown to be composed of two catalytic and four regula-
tory subunits, was examined with regard to its stereo-
specific interactions with ligands. Equilibrium dialysis
experiments reveal four specific binding sites for suc-
cinate (an analog of the substrate, aspartate) and four
specific sites for the feedback inhibitor, cytidine tri-
phosphate (CTP) or its analog, 5-bromocytidine tri-
phosphate (BrCTP) per molecule of enzyme. On the
basis of these results and evidence from dissociation
studies, ATCase is viewed as an isologous tetramer,
the protomers of which each contain one regula-
tory subunit (mol wt 2.7 X 104 and one-half of
a catalytic subunit (mol wt 5.0 X 10%). It was found
that the isolated regulatory subunit possessed
one binding site for CTP and the isolated cata-
Iytic subunit (mol wt 1 X 10% possessed two sites

Among the many regulatory enzymes which have
been examined thoroughly by kinetic analysis, aspartate
transcarbamylase (ATCase)! from Escherichia coli is
one of the few which also has been characterized ex-
tensively in terms of its physical and chemical properties.
ATCase catalyzes the initial reaction unique to pyrim-
idine biosynthesis (the carbamylation of aspartate
by carbamyl phosphate) and is inhibited by cytidine
triphosphate (CTP), an end product of the pyrimidine
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for succinate. Whereas the binding of ligands to the
isolated subunits is normal, unusual effects are ob-
served for the binding of these same ligands to the
native enzyme. ATCase exhibits cooperative effects
for succinate binding as revealed by a sigmoidal satura-
tion curve (with a Hill coefficient of 1.6) and antagonistic
effects as revealed by a partial reduction of CTP binding
by succinate. It is concluded that the binding of succi-
nate and CTP occurs at topographically distinct sites
derived exclusively from the folded polypeptide chains
of the different subunits, and that the cooperative
and antagonistic effects are therefore indirect, i.e.,
allosteric effects, which must be mediated by the pro-
tein itself. In contrast to these indirect effects,
ATCase also exhibits a direct effect in which the inhibi-
tor (CTP) and the activator (adenosine triphosphate,
ATP) appear to compete for a single site on the regula-
tory subunit.

pathway (Yates and Pardee, 1956; Gerhart and Pardee,
1962). This sensitivity of ATCase to CTP establishes
in E. coli the familiar regulatory pattern of feedback
inhibition. From the kinetic studies, it has been con-
cluded that the native enzyme exhibits two classes of
indirect, i.e., allosteric, interactions (Monod er al.,
1963) among the specific ligands involved in the regula-
tion of its activity. On the one hand, ATCase exhibits
heterotropic? effects between the substrate (aspartate)
and either the feedback inhibitor (CTP) or the activator
(ATP). On the other hand, ATCase (in the presence
of the other substrate, carbamyl phosphate) exhibits
homotropic? effects as evidenced by the sigmoidal
dependence of reaction velocity on the concentration
of aspartate (Gerhart and Pardee, 1962-1964; Gerhart,
1964), Since ATCase maintains these interactions even
as a highly purified protein (Gerhart and Holoubek,
1967), which is stable and available in gram quantities

2 The nomenclature used in this paper was proposed by
Monod et al. (1965). (1) Allosteric effects are defined as indirect
interactions between topographically distinct binding sites
mediated by the protein molecule through a conformational
transition. Heterotropic interactions occur between dissimilar
ligand molecules and are typified by the effect of activators
and inhibitors on the turnover number or apparent affinity
(or both) of the enzyme for its substrate. Homotropic inter-
actions occur between identical ligand molecules and are ex-
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and can be dissociated into separable catalytic and
regulatory subunits (Gerhart, 1964; Gerhart and
Schachman, 1965), it constitutes a choice material for
an analysis of the elements and dynamics of structure
responsible for the allosteric interactions characteristic
of regulatory enzymes.

This paper presents equilibrium dialysis measure-
ments on the binding of specific ligands to the native
enzyme and to the isolated catalytic and regulatory
subunits. In agreement with the inference from the
kinetic studies, the binding data demonstrate directly
that ATCase mediates homotropic interactions revealed
by the cooperative binding of the substrate analog,
succinate, and heterotropic interactions revealed by
the antagonistic effect of CTP on succinate binding.
Moreover, these interactions are lost when the ATCase
molecule is dissociated into subunits even though the
catalytic subunit still binds the substrate analog and
the regulatory subunit still binds the feedback inhibitor.
Data on the identity and the number of stereospecific
sites are consistent with a tetrameric structure of the
native enzyme.

Experimental Procedures

Materials

Enzyme. Native ATCase and the isolated catalytic
and regulatory subunits were prepared as described
by Gerhart and Holoubek (1967).

Chemicals. ['*C]Succinate and cytidine [2-1¢C]-5'-
triphosphate (specific activity 9.1 and 20.5 c/mole,
respectively) were purchased from Schwarz Bio-
Research, Inc. CTP and ATP were purchased from
Sigma Chemical Co. Using the method of Bessman
et al. (1958), 5-bromocytidine triphosphate (BrCTP)
and [M“C]BrCTP were synthesized from unlabeled and
labeled CTP, respectively. BrCTP had an absorption
maximum of 299 my at pH 2 with an extinction co-
efficient taken as 9.2 X 10® m~! (Bessman et al., 1958)
and an absorption ratio at 280:260 mu of 3.5, Dilithium
carbamyl phosphate was obtained from Sigma Chemi-
cal Co. and purified further by precipitation from a 25-

pressed by the sigmoidal saturation curve of the enzyme by the
considered ligand. (2) Quaternary structure. A polymeric protein
containing a finite, relatively small number of identical subunits
is said to be an oligomer, if the number of identical subunits is
unspecified, or a dimer, trimer, etc., if the number is specified.
The identical subunits (i.e., the repeated units) associated within
an oligomer are designated as protomers. The term ‘‘subunit”
is purposely undefined and may be used to refer to any chemically
or physically indentifiable submolecular entity within a protein.
(3) Association of protomers. The spatially arranged collection
of all groups (i.e., amino acid side chains) on one protomer
which are involved in its binding to another protomer is termed
a binding set. Considered together, the two binding sets through
which two protomers associate are called the domain of bonding
of the pair. Two modes of association between protomers have
been distinguished. (a) When the domain of bonding is composed
of two different binding sets, the protomers are said to engage in
heterologous association. (b) When the domain of bonding is
composed of two identical binding sets, the protomers are said
to engage in isologous association. Association between different
(nonprotomeric) subunits is always heterologous.
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mg/ml solution in cold water by the addition of an
equal volume of cold ethanol (Gerhart and Pardee,
1962). Aqueous stock solutions (8 mg/ml) of dilithium
carbamyl phosphate were stored at —15°.

Scintillation fluid contained 4.61 g of PPO and 0.115
g of dimethyl-POPOP/kg (1.15 L) of toluene. Scintilla-
tors were obtained from Packard Co., as was Hyamine
hydroxide (1 M in methanol).

Buffers. Equilibrium dialysis experiments were per-
formed with buffered solutions containing 4 X 1072
M potassium phosphate (pH 7.0), 2 X 1073 M 2-mer-
captoethanol, and 2 X 10~* M Versene, supplemented
when indicated with 2 X 10-2 M Tris (pH 7.0) and 8 X
10=3 M carbamyl phosphate.

Measurement of Ligand Binding

Preliminary ligand binding studies were performed
using a sedimentation velocity technique in which
unbound ligand was measured spectrophotometrically
(Schachman et al., 1962; Lamers et al., 1963). Most
of the experiments were performed by equilibrium
dialysis with radioactive ligands (Myer and Schellman,
1962). The use of radioactive ligands in the latter
technique obviated the need for spectral information
about the ligands and allowed the detection of much
lower ligand concentrations than was possible spectro-
photometrically.

Dialysis was performed in cylindrical lucite cells
constructed according to the design of Myer and Schell-
man (1962) and having a total capacity of 0.8 ml which
was divided into two equal compartments by a semi-
permeable membrane of 0.5-cm radius. The membranes
were cut from cellulose dialysis tubing (Visking C°)
which had been washed for 6 hr in distilled water, dehy-
drated in increasing concentrations of ethanol, and stored
under 95% ethanol. Prior to use, the membranes were
rehydrated in distilled water and equilibrated overnight
against buffer. With these membranes, the half-time
for transport (at 21°) was approximately 3 hr for
succinate and 8 hr for CTP or BrCTP. In the presence
of protein at high concentrations, these times were
slightly longer. Dialysis rates were increased by treat-
ment of the membranes with ZnCl, (Craig and King,
1962). Strips of hydrated membranes (10 X 2 cm)
were incubated at room temperature in petri dishes
containing an aqueous solution of ZnCl, which had
a density of 1.8 g/ml. The dishes were agitated slightly
to prevent extended contact of the membranes with the
glass. Under these conditions a 10-min treatment was
found to reduce the equilibration time for ligand dialy-
sis without rendering the membrane permeable to
protein.

In a typical experiment 0.3 ml of enzyme solution
(5-20 mg of protein/ml) which had been dialyzed against
buffer was placed in one compartment of each dialysis
cell and 0.3 ml of radioactive ligand in the same buffer
was placed in the other compartment. The total ligand
concentration was varied from one cell to another,
but the amount of radioactivity was maintained at
10* cpmy/cell. After equilibration, 0.05-ml aliquots of
solution were removed from both compartments and
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each was mixed with 1 ml of a commercial preparation
of 1 M Hyamine hydroxide in methanol and then with 10
ml of scintillation fluid. Samples were counted with a
Nuclear-Chicago Mark I liquid scintillation counter.
Concentrations of free ligand (Cr) and of bound ligand
(Cs) were determined from the formulas

Co = CiDr Cy = C(Dp — Dr)
Dy + Dr

"~ De + Dy’

where Ci is the initial molar concentration of ligand
in one compartment of the cell and Dr and Dy are the
counts per minute of the aliquots containing and lacking
protein, respectively. In all experiments, the ligand
introduced initially was accounted for within 5% by
measurements of D, and Dy, and the initial and final
protein concentrations in the one compartment were
the same.

Protein concentrations were estimated spectrophoto-
metrically. The absorbances at 280 mu (path length,
1 cm) of 0.1% solutions of native enzyme and catalytic
subunit are 0.59 and 0.72, respectively, at pH 7 (Ger-
hart and Schachman, 1965). Concentrations of regula-
tory subunit were routinely measured by the method
of Folin and Ciocalteau as described by Lowry ef al.
(1951). Values taken for the molecular weight were
3.0 X 10° for native enzyme and 1.0 X 10° for catalytic
subunit (Gerhart and Schachman, 1965). A definitive
molecular weight has not yet been determined for the
regulatory subunit (estimates presently range from
2.5 to 3.5 X 10%) because of its tendency for aggrega-
tion. A minimum estimate corresponding to the weight
of regulatory subunit per mole of bound feedback
inhibitor was therefore determined from the equilibrium
dialysis data.

Results

Effects of Carbamyl Phosphate on Succina:e Binding.
In the present binding studies, succinate is used as a
specific ligand for the active site since it is an unreactive
analog which has been shown to be a simple competi-
tive inhibitor of aspartate (Gerhart and Pardee, 1964).
Results shown in Table I demonstrate that the binding
of succinate to both the native enzyme and the isolated
catalytic subunit is dependent upon the presence of
carbamyl phosphate.? In light of this finding, all the
experiments on the binding of succinate were performed
in the presence of saturating concentrations of carbamyl
phosphate (more than 2 X 1073 M).

Succinate Binding to the Native Enzyme. Figure la
illustrates that the binding of succinate to native
ATCase, in the presence of carbamyl phosphate, does
not follow the simple Langmuir isotherm. Instead,
when the amount of succinate bound to the enzyme
is plotted as a function of free succinate concentration,

8 This observation, which is presumably related to the ordered
addition of substrates required for the carbamylation of aspar-
tate, will be treated elsewhere.

TABLE I: Requirement for Carbamyl Phosphate in the
Binding of Succinate to Native ATCase and the
Catalytic Subunit.e

Carbamyl

Phosphate
Protein M X 10%) ré
Native 0 <0.09
ATCase 4 0.87
Catalytic 0 <0.05
Subunit 4 0.51

« Equilibrium dialysis was conducted by the tech-
nique of Myer and Schellman (1962), using [!*C]succi-
nate as described in the Experimental Procedures.
Dialysis time at 21° was 12 hr. » Values for the amount
of succinate bound are expressed as r, the average
number of succinate molecules bound per molecule
of native enzyme (mol wt 3.1 X 10%) or catalytic sub-
unit (mol wt 1.0 X 10%),

a sigmoidal curve is obtained. This unusual binding
behavior is illustrated further when the same data are
plotted according to Scatchard (1949). As seen in
Figure 1b, the data yield a complex curve with a
maximum, and not the straight line characteristic of
ligand binding to a multivalent protein with identical
and independent sites (Klotz, 1953). In addition, a plot
of the data according to Hill (Brown and Hill, 1922)
yields a curve with a maximum slope of 1.6 (Changeux
and Rubin, 1968). This slope differs significantly from
the value of 1.0 expected for noncooperative binding.
These observations show directly that cooperative
homotropic interactions in ligand binding are mediated
by the native enzyme, a conclusion inferred earlier from
kinetic studies (Gerhart and Pardee, 1962). ¢

The number of succinate binding sites is given by
the intercept with abscissa of the extrapolated linear
part of the Scatchard plot (corresponding to infinite
succinate concentration). The value obtained is 3.8
=+ 0.2 sites per mol wt 3.0 X 10% Under these con-
ditions half-saturation of the substrate binding sites
is obtained at a concentration of free succinate of 6.3
+=0.2X107Mm.

Succinate Binding to the Catalytic Subunit. In contrast
to results with the native enzyme, the Scatchard plot
for succinate binding to the catalytic subunit yields a
straight line (Figure 1c). Even though the number of
sites per catalytic subunit is 1.8 == 0.2 per 1.0 X 10°
mol wt, it appears that no homotropic interactions oc-
cur for succinate binding to the catalytic subunit. The

4 The qualitative rather than quantitative agreement between
the binding results and the kinetic data of Gerhart and Pardee
(1963) may be due to unavoidable differences in experimental
conditions (particularly the protein concentration) or to velocity
effects inherent in kinetic studies.
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FIGURE 1: Binding of succinate to ATCase and to the
catalytic subunit, Data are expressed as r, the moles of
succinate bound per mole of ATCase or catalytic sub-
unit. Part a shows the binding to ATCase plotted as
r vs. the concentration of free succinate. The same data
appear in b as a Scatchard plot, r/[free succinate] vs. r.
Part ¢ is a Scatchard plot for the binding of succinate
to the catalytic subunit. Equilibrium dialysis was con-
ducted by the technique of Myer and Schellman (1962)
using [!4CJsuccinate as described in Experimental
Procedures. Carbamyl phosphate was present at
4 X 10~% M. ATCase in a and b was present in the
protein compartment of the dialysis cell at a concentra-
tion of 7.5 X 1075 M (22.5 mg/ml); catalytic subunit in
¢ was present at 1,0 X 10~* M (10.0 mg/ml). Dialysis
time at 21° is indicated by the symbols + and e for
12 hr, A for 16 hr, and O for 20 hr.

intrinsic dissociation constant determined from the
Scatchard plot is 5.5 = 0.2 X 1074 M. The finding
of approximately two sites per catalytic subunit is
consistent with the value (Figure 1b) of about four
sites per native ATCase molecule, and the presence of
two catalytic subunits per native enzyme molecule
(Gerhart and Schachman, 1965).

CTP and BrCTP Binding to the Native Enzyme.
With both the ultracentrifugal technique of Schachman
et al. (1962) and the equilibrium dialysis method of
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FIGURE 2: Binding of CTP to ATCase and the effect of
ATP on CTP binding. Data are given as a Scatchard
plot with r representing the moles of CTP bound per
mole of ATCase. In a data are shown for the binding
of CTP in the absence (@) and in the presence of ATP (a)
at a concentration of 2 X 1073 M. Part b gives the same
data for the binding of CTP in the presence of ATP
with the ordinate magnified 20-fold. Equilibrium di-
alysis was conducted by the technique of Myer and
Schellman (1962) using [*“C]JCTP. No carbamyl phos-
phate was present. ATCase concentration in the protein
compartment of the dialysis cell was 6.1 X 1075 M
(18.3 mg/ml). Dialysis time at 21 ° was 48 hr.

Myer and Schellman (1962), it was found (Figure 2)
that there are 3.8 £ 0.1 binding sites for the feedback
inhibitor CTP per native enzyme molecule of 3.0 X
105 mol wt. Similar results are obtained for BrCTP,
a structural analog of CTP. As shown in Figure 2,
the Scatchard plot for the binding of CTP is linear
over a wide range of concentrations; however, devia-
tions from linearity were observed in several experi-
ments at high fractional saturations (r = >3.5). It is
not yet clear whether the observed binding at high
ligand concentrations is in error due to an artifact
of the binding technique or whether it includes binding
to secondary sites with lower affinity.® In the present
investigation, only sites exhibiting high affinity are
considered. It is noteworthy that cooperativity in the
binding of CTP is not apparent, as evidenced by the
linear Scatchard plots. The intrinsic dissociation
constants for CTP and BrCTP are 1.3 and 1.1 = 0.1 X
1075 M, respectively.

Inhibitor Binding to the Regulatory Subunit. Studies
by equilibrium dialysis confirmed the earlier sedimen-

5In earlier studies (Gerhart and Schachman, 1965) eight
combining sites were found for BrCTP at a different pH and
ionic strength. These experiments were conducted at higher
degrees of saturation of the enzyme, The present findings indicate
four principal binding sites and further work is in progress to
clarify these findings.
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TABLE II: Reversal of BrCTP Binding to Native ATCase
by Succinate,s

Total?
M of Totale M of
Succinate BrCTP BrCTP
(X 10%) (X 10% Bound (r) (rs/ro)
0 0.10 0.033
0.72 0.24
11 2.82
250 0.10 0.029 0.88
0.72 0.21 0.88
11 2.31 0.82
500 0.10 0.027 0.82
0.72 0.21 0.79
11 2.13 0.75

s Equilibrium dialysis was conducted by the tech-
nique of Myer and Schellman (1962) with [*“C]BrCTP
as described in the Experimental Procedures. Dialysis
time at 21° was 21 hr. Carbamyl phosphate was present
at 4 X 10~% M. ®Total molarities of succinate and
BrCTP were calculated from the millimoles of each
added initially to the dialysis cell divided by the 0.6
ml, the total liquid volume in the cell. For succinate,
the total molarity is approximately 20-fold (or greater)
in excess of the succinate binding sites and is therefore
approximately equal to the free concentration of
succinate. ¢ Values for the amount of BrCTP bound
are given as r, the number of BrCTP molecules bound
per molecule of ATCase. 4 This ratio represents the
binding of BrCTP in the presence of succinate (r.)
relative to the binding of BrCTP in the absence of
succinate (rq).

tation velocity experiments showing that CTP (or
BrCTP) is bound firmly to the isolated regulatory
subunit. The data were analyzed in the form of a
Scatchard plot (Figure 3) in order to obtain a combin-
ing weight in molecular weight units of protein corre-
sponding to one CTP binding site. This combining
weight was calculated to be 2.7 X 104 a value consis-
tent with the molecular weight of 3 X 10¢ determined
from sedimentation equilibrium experiments (Gerhart
and Schachman, 1965). Moreover, this result is con-
sistent with the finding of four CTP binding sites
per ATCase molecule (Figure 2) since it was shown
previously (Gerhart and Schachman, 1965) that there
are four regulatory subunits (each of mol wt 3 X 10%)
per ATCase molecule. The dissociation constant for
CTP bound to the regulatory subunit is 5.1 &= 0.1 X
10-5 M (at 4°). As seen in Figure 3 there appears to be
additional binding at high CTP concentrations. If
this apparent binding is attributed to sites of lower
affinity, the dissociation constant for them would be
about tenfold greater than for the high affinity sites
mentioned above.

20 —
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FIGURE 3: Binding of CTP to the regulatory subunit and
the effect of ATP on CTP binding. Data are given as a
Scatchard plot with the symbol r indicating the moles
of CTP bound per mole of regulatory subunit with an
assumed molecular weight of 2,7 X 10% Binding of
CTP in the absence of ATP is symbolized by (O) and
in the presence of 2 X 10~ M ATP is symbolized by
(»). The same conditions were used as described in
Figure 2 except that the concentration of regulatory
subunit was 3.2 mg/ml and the temperature was 4°
(to retard the denaturation of the subunit).

Antagonism of Inhibitor Binding by Succinate. In the
presence of succinate the amount of BrCTP bound
to native ATCase is reduced. The antagonism, as seen
in Table II, is only partial and cannot result from
simple competition between succinate and BrCTP
for the same sites on the enzyme. This conclusion is
based on a comparison of the binding results for dif-
ferent ratios of succinate to BrCTP. For example,
when the succinate concentration (2.5 X 1073 M) is
23 times that of the BrCTP (1.1 X 10~¢wm), the relative
binding of the latter is 829 that of the control (with no
succinate); similarly when the succinate concentration
(5 X 103 M) is 5000-fold greater than that of BrCTP
(1 X 107% M), the binding of BrCTP is still 8297 that
of the control (with no succinate). Although in these
experiments it was not possible to measure directly
the fractional saturation of the enzyme by succinate
(in the presence of BrCTP), it can be inferred from the
kinetic studies of Gerhart and Pardee (1964) that at
the high levels of succinate used herein (ten times that
required for half-saturation) the BrCTP-inhibited
enzyme was nearly saturated by succinate. It would
appear, therefore, that BrCTP and succinate can bind
simultaneously to the enzyme and that the binding
sites for the substrate analog and the inhibitor, which
are contained on different subunits, do not overlap
in the native enzyme.

Antagonism of Inhibitor (CTP) Binding by the Activa-
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tor (ATP). In addition to the substrates and inhibitors
of ATCase, another class of ligands (activators) has
been identified by kinetic methods (Gerhart and Pardee,
1962). These ligands, such at ATP, reverse the inhibition
of the enzyme by CTP and even in the absence of CTP
increase the apparent affinity of the enzyme for the

substrate, aspartate.

As seen in the equilibrium dialysis experiments with
the native enzyme (Figure 2), the binding of CTP
is greatly reduced when ATP is added. Comparable
experiments with the regulatory subunits show that
the binding of CTP is also markedly decreased by the
addition of ATP (Figure 3). The antagonism between
ATP and CTP is thus preserved when the regulatory
subunit is isolated from the native enzyme molecule.

Furthermore, Figure 4 shows that with the native
enzyme the antagonism between ATP and CTP is
competitive., The values of (CTP)[(4 — rore)/rere] vary
linearly with ATP concentration and thus at infinite
ATP concentration CTP can be completely displaced
by ATP.¢ These observations strongly suggest a mutual
exclusion between ATP and CTP at the same site on the

regulatory subunit.

On the assumption of direct competition the dissocia-
tion constant for ATP bound to the native enzyme is
calculated to be 1.2 X 1074 M (at 21°) (Figure 4).
A corresponding value of 1.1 X 10~* M is obtained
from experiments in which the ATP concentration was
fixed and the CTP varied (Figure 2). With the regula-
tory subunit, the dissociation constant for ATP is

calculated tobe 1.5 X 10~ M (at 4°).

Discussion

The Interactions of Ligands Binding to ATCase and
Its Isolated Subunits. As the equilibrium dialysis experi-
ments show, ATCase binds specifically various small
molecules including the substrate (carbamyl phosphate),
a nonreacting substrate analog (succinate), and two
effectors (CTP and ATP), which regulate the catalytic
activity of the enzyme as an inhibitor and an activator,
respectively. The binding properties of ATCase are
unusual in that the binding of any specific ligand is
accompanied by marked effects on the subsequent
binding of additional ligands. These effects comprise
enhancement or antagonism of ligand binding and they
may occur in multiple binding of the same ligand (i.e.,
homotropic effects) or in the binding of dissimilar
ligands (i.e., heterotropic effects). ATCase affords an
unusual opportunity to clarify the nature of these

8 If one assumes simple competition between ATP and CTP
for binding sites on ATCase, then one obtains the following re-

lationship between rerp and ATP

cctpy d—rore _ Koup 4 ke
reTe Ka

where K¢ and Ka are the dissociation constants of the protein
complexes containing CTP or ATP, respectively. This relation-
ship takes into account the changes of concentration of unbound
CTP which occur (a sixfold change) due to the displacement of
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effects since some are dependent on the integrity of the
native structure of the enzyme whereas others are
manifested as well by the separated catalytic and regula-
tory subunits. For the following discussion the different
effects are divided into two categories: the first com-
prising those effects which require the participation of
only a single subunit and the second, those effects
requiring the participation of multiple subunits inte-
grated in the native enzyme molecule.

Effects included in the first category are: (1) the
marked enhancement of succinate binding by the pres-
ence of carbamyl phosphate, observed both for the
catalytic subunit and for the intact ATCase molecule.
Probably the interaction between these two compounds
occurs at a topographically close region within a single
active site and is important for the carbamylation
reaction (when the substrate, aspartate, is used). The
observed enhancement may involve a preferred order
of binding of carbamyl phosphate and succinate to the
enzyme, in which case ATCase would resemble other
enzymes which exhibit ordered addition of substrates.”
(2) The antagonism between the activator (ATP) and
the inkibitor (CTP) is found both for ATCase and for the
regulatory subunit. This antagonism follows the simple
relationship for competition at a single binding site.
Thus we can conclude that the binding sites for CTP
and ATP on the regulatory subunits of the enzyme are
either identical or sufficiently close to permit mutual
ligand exclusion simply by a direct effect such as sieric
hindrance.

The second category comprises effects which require
the intact structure of the enzyme and are lost com-
pletely when the enzyme is dissociated into subunits.
These effects include the antagonism of CTP binding
by succinate,® a heterotropic effect, and the cooperative
binding of succinate, a homotropic effect. The results
from the equilibrium dialysis experiments provide
clarification of the nature of these effects. (1) With
regard to the heterotropic effect two findings are relevant.

7 Reciprocal equilibrium dialysis experiments would be ex-
pected to reveal enhanced binding of carbamy! phosphate in
the presence of succinate. The preferred order of binding, as
well as the mechanism for ordered binding, requires kinetic
measurements for substantiation. Various schemes (not neces-
sarily involving sequential binding) may be visualized for the
enhancement by carbamyl phosphate of succinate binding to
ATCase. For example, one substrate might bind and contribute
to the local environment (e.g., charged groups) for the binding
of the second substrate, without any concomitant alterations in
the protein conformation. This direct effect between substrates
is to be contrasted with a second possible scheme in which the
protein preexists in an equilibrium mixture of various conforma-
tions, one of which binds both substrates strongly (an applica-
tion of the model of Monod et al., 1965). Addition of one of the
substrates would shift the equilibrium distribution among the
protein molecules and thereby lead to enhanced binding of the
second substrate. A variation of this scheme has been proposed
by Koshland (1964) in which the first substrate induces a change
in conformation of the protein, leading to the unfolding of a
binding site for the second substrate,

& Succinate binding was markedly reduced when CTP was
present, but the data are not given here because it was not
possible to obtain a reliable saturation curve over a wide range
of succinate concentration.
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The antagonism of CTP binding by succinate (Table
II) is only partial thereby indicating that both CTP
and succinate can bind simultaneously to ATCase at
nonoverlapping sites. In addition the separated regula-
tory and catalytic subunits have high affinities for CTP
and succinate, respectively. Since these affinities are
not dramatically lower than those exhibited by the
intact enzyme, it can be concluded that the critical
tertiary structures required for binding are already
attained by the individual subunits. (2) In the homo-
tropic effect it is important to note that the two sites
on each isolated catalytic subunit act independently
in the binding of succinate (Figure 1¢). Cooperative
effects are exhibited only when two catalytic subunits
are integrated into the native enzyme molecule.

These results indicate that the various specific
binding sites on ATCase are topographically distinct
and derived exclusively from the folded polypeptide
chains of the separate subunits. Hence, the homotropic
and heterotropic effects of the binding of one ligand
on the subsequent binding of another must be indirect,
i.e., allosteric, eflects and thus are mediated by the
protein molecule (Monod er «l., 1963; Koshland,
1964). It is clear that the mediation of allosteric effects
by ATCase definitely requires the native quaternary
structure of the protein molecule.

The Oligomeric Structure of ATCase. The quantita-
tive results of the binding experiments provide further
information on the structure of the native enzyme.
Since four binding sites for the substrate analog (succi-
nate) and four sites for the feedback inhibitor (CTP
(or BrCTP)) are found per molecule of native enzyme
(mol wt 3.1 X 10%), ATCase can therefore be visua-
lized as a tetramer of identical units (protomers) which
contain one site of each category.

Such a proposal of a tetrameric structure is not in
contradiction with the earlier observation of Gerhart
and Schachman (1965) that ATCase is composed of
unlike subunits into which the enzyme dissociates in
the presence of the mercurial, p-mercuribenzoate.
Indeed, the various structural and binding data for
ATCase can be incorporated into a topological model
for the bonding between subunits, as recently proposed
by Changeux er al. (1967). ‘According to this model,
ATCase is an isologous tetramer (defined by Monod
et al., 1965) of protomers, each of mol wt 7.7 X 104,
One protomer would contain one regulatory subunit of
mol wt 2.7 X 10+ associated with one-half of a cataly-
tic subunit of mol wt 5.0 X 105, This association within
the protomer would occur through an area of bonding
sensitive (directly or indirectly) to mercurial attack. Two
protomers are associated through either their cataly-
tic or regulatory moieties to form dimers, and identical
dimers are associated to form the native isologous tetra-
mer. The assignment of the mercurial sensitive bonding
surface to a position within a protomer leads to the pre-
diction that PMB causes an asymmetric split of ATCase
into catalytic and regulatory subunits, as is found. The
fact that the catalytic subunits are found to exist as
dimers (each having two substrate binding sites) whereas
the regulatory subunits exist largely as monomers (each
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FIGURE 4: Antagonism of the binding of CTP to ATCase
as a function of ATP concentration. The symbol (@)
indicates the values of r (moles of CTP bound per mole
of ATCase) as a function of free ATP concentration;
the symbol (a) indicates the values of (CTP)[(4 — rore)/
rore] as a function of free ATP concentration. The ex-
perimental conditions were the same as described for
Figure 2 except that the concentration of CTP was fixed
(2.42 X 10-*M CTP was added in the protein-free com-
partment of the dialysis cell at the beginning of the ex-
periment) and the concentration of ATP was varied as
indicated. ATCase concentration in the protein com-
partment of the dialysis cell was 6.0 X 1075 M (10.0 mg/
ml).

possessing a single regulatory site), may merely reflect
the difference in the strength of self-association of the
isolated subunits. The existing data are thus consistent
with an oligomeric structure for ATCase.
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Allosteric Interactions in Aspartate Transcarbamylase. II.
Evidence for Different Conformational States of the Protein in the

Presence and Absence of Specific Ligands”

John C. Gerhart and Howard K. Schachman

ABSTRACT: In the previous paper it was shown that the
antagonistic and cooperative effects observed in the
multiple binding of ligands by aspartate transcarbamy-
lase (ATCase) are indirect. In order to determine
whether these allosteric effects are mediated by the
protein itself through changes in its tertiary or quater-
nary structure, we conducted physical-chemical studies
of the conformational state of the enzyme both in the
presence and absence of specific ligands such as sub-
strates or feedback inhibitors. The effect of ligands on
the reactivity of the sulfhydryl groups of the enzyme
was examined as a probe for possible changes in the
conformation of the enzyme. Spectrophotometric titra-
tion of ATCase with p-mercuribenzoate (PMB) yielded a
reactionend point of 27 == 1 PMB per ATCase molecule.

Upon the addition of PMB to form mercap-
tide complexes the enzyme dissociated into two catalytic
and four regulatory subunits. In partially reacted
mixtures the undissociated enzyme bound no PMB
whereas the dissociated products were fully reacted.
Moreover, in this all-or-none reaction of the sulfhydryl
groups of the enzyme, virtually all of the PMB
was bound to the regulatory subunits and prac-
tically none (5% or less) of the PMB was complexed
to the catalytic subunits. Of the 32 half-cystines (found
by cysteic acid analysis) in the intact ATCase molecules,
24-28 were in the four regulatory subunits and 8
in the two catalytic subunits. Although the rate of
reaction of the isolated regulatory subunits with PMB
was too rapid for measurement by conventional
spectrophotometry, the rate for the intact enzyme was
easily determined. Pseudo-first-order reaction velocity
constants were determined for solutions containing
the ligands at differing concentrations. The addition
of both carbamyl phosphate and the substrate analog,
succinate (which bind to the catalytic subunits), led
to a sixfold increase in the rate of reaction of the sulf-
hydryl groups in the regulatory subunits of ATCase.

GERHART AND SCHACHMAN

Succinate alone had no effect, and the effect of carbamyl
phosphate alone was much less than that resulting
from the addition of both ligands. This enhancement
of the reactivity of these sulfhydryl groups of ATCase
was opposed by the addition of the regulatory metab-
olite, cytidine triphosphate (CTP), or its analog, 5-
bromocytidine triphosphate (BrCTP). This antagonism
between substrates and feedback inhibitor was highly
specific and only partial in character. In the absence
of carbamyl phosphate and succinate, CTP (and BrCTP)
had almost no effect on the reactivity of ATCase
toward PMB. Companion studies of the gross mor-
phology of the enzyme were made by sedimentation
velocity measurements. In the presence of both car-
bamyl phosphate and succinate there was a 3.67
reduction in the sedimentation coefficient of ATCase.
Both ligands were required and the magnitude of the
reduction was a function of the concentration of suc-
cinate (at a fixed concentration of carbamyl phosphate).
As in the experiments on the reactivity of the sulfhydryl
groups, CTP opposed the effect of carbamyl phosphate
and succinate in reducing the sedimentation coefficient
of ATCase; again the antagonism was only partial
In the absence of the other ligands CTP had virtually
no effect. The observed changes in the reactivity
of sulfhydryl groups and in the hydrodynamic behavior
appear to result from modification in the conformation
of the undissociated protein and to be the indirect
effect of ligands bound to the enzyme. It appears that
in the presence of carbamyl phosphate and succinate
the intact enzyme exists in a swollen (or anisometric)
conformation which exhibits an enhanced reactivity
toward PMB, perhaps because of its greater rate of
dissociation into catalytic and regulatory subunits.
When these ligands are absent, the intact enzyme
appears to exist in a more compact conformation;
the presence of CTP favors this compact, slowly reacting
conformational state of ATCase.



