moved up and down. The fluctuations
suggested by Fig. 5 would require a
complex motion of the ocean floor
over broad areas. These are more
easily explained by assuming that
the only vertical motion of points
on the ocean floor has been downward,
as they moved away from the crest of
the Mid-Atlantic Ridge, but that the
zone of calcium carbonate compensa-
tion has fluctuated through considerable
distances in the water, owing to paleo-
geographic factors {changing intercon-
nections among basins) and paleoocean-
ographic factors (changes in chemical
composition, circulation, and biological
productivity). During the later Tertiary,
this fluctuation would be of the order
of 1 kilometer. An extreme fluctuation
is postulated for the end of the Creta-
ceous—early Paleocene, at which time
the two compensation levels indicated
here are thought to have risen well into
the photic zone (33).
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Regulation of Enzyme Activity

The activity of enzymes can be controlled by a

multiplicity of conformational equilibria.

Gordon G. Hammes and Cheng-Wen Wu

The living cell seldom either synthe-
sizes or degrades more material than is
necessary for normal metabolism and
growth. In fact all major metabolic
pathways contain the capacity for self-
regulation. The control of cellular me-
tabolism ultimately involves the regu-
lation of enzyme activity. In broad
terms, enzymes can be regulated in two
ways: genetic control and direct con-
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trol of catalysis. Some of the regulatory
mechanisms are illustrated in Fig. 1.

- In many microorganisms, as well as
in a few mammals, the addition of a
substrate has been found to induce the
synthesis of an enzyme which reacts
with this particular substrate; conversely
some compounds can cause the repres-
sion of enzyme synthesis. Both induc-
tion and repression of enzyme synthesis
act at the genetic level, and the bio-
chemical and genetic hypotheses in-
volved have been extensively reviewed
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Direct control of enzyme activity can
occur either through the catalytic mech-
anism itself or through a coupling of the
catalytic mechanism with other pro-
cesses. An example of the former case
is simply the Michaelis-Menten kinetics
characterizing enzymatic reactions: As
the substrate concentration increases,
the reaction rate increases until a limit-
ing value is reached; moreover, as the
product accumulates, the reaction rate
decreases. A more subtle case is where
one compound serves as a substrate for
more than one enzyme: At low concen-
trations of substrate, reaction occurs
with the enzyme for which it has a
higher affinity, and at high concentra-
tions it reacts with the second enzyme,
enhancing the dissipation of the sub-
strate. For many enzymes, coenzymes
are necessary for catalysis. Since small
amounts of coenzymes exist in the cell
relative to the number of enzymatic
reactions in which they are involved,
the concentrations of these coenzymes
could have a control function. Nor-
mally the binding of substrate to en-
zyme follows a hyperbolic isotherm, but
in enzymes with multiple subunits the
binding isotherm may become sigmoidal
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Fig. 1. Schematic representation of mechanisms for the regulation of enzyme activity.

owing to the effect of subunit interac-
tions on substrate binding (Fig. 2). It
can be seen that a sigmoidal binding
curve has a region where the reaction
rate is much more sensitive to the sub-
strate concentration than is the case for
a hyperbolic isotherm; therefore the
rate of the enzymatic reaction can be
closely regulated by the concentration
of the substrate.

The control of enzyme activity by
coupling with other processes usually
implies regulation by ligands which do
not participate in the catalytic process
and, in fact, are often structurally un-
related to the substrate. The major types
of regulatory mechanisms of this cate-
gory can be classified as follows.

1) Feedback inhibition. In this case
the regulatory ligand is the end prod-
uct of a metabolic pathway which can
shut off its own formation by inhibiting
the activity of one of the early enzymes
on its own synthetic pathway. For ex-
ample, threonine deaminase, the first
enzyme in the biosynthetic pathway for
isoleucine, is strongly inhibited by iso-
leucine even through isoleucine is not
a substrate or product of the enzyme
(2).

2) Precursor activation. The regula-
tory ligand is the first metabolite of a
pathway and activates the last enzyme
of the sequence. For example, mam-
malian glycogen synthetase is activated
by glucose 6-phosphate, a precursor of
glycogen (3).

3) Polymerization-depolymerization.
The association-dissociation reactions of
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a protein (for instance, multisubunit en-
zymes or multienzyme complexes), as
triggered by changes in protein concen-
tration or ligand binding, can alter the
enzyme -activity. Such reactions may be
either rapid or slow and can lead to
sigmoidal binding of substrates (4).

4) Energy-link control. The regula-
tory ligands are adenylates or other
purine or pyrimidine nucleotides that
may serve as indicators of the energy
state of the cell. Energy in the cell is
generated in the form of adenosine
triphosphate (ATP), which is utilized in
biosynthetic pathways with the produc-
tion of adenosine diphosphates (ADP)

—=
/”
Hyperbolic isotherm //’
4 4 :
7 4
\ // // Sigmoidal isotherm
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Fig. 2. Hyperbolic and sigmoidal binding
isotherms, and the effect of allosteric ac-
tivators and inhibitors on the sigmoidal
isotherm. Adenosine triphosphate (ATP)
is an activator and cytidine triphosphate
(CTP) an inhibitor for aspartate trans-
carbamylase from E. coli as described in
the text.

and monophosphates (AMP). The en-
zymatic reactions involved in energy
generation are activated by ADP or
AMP when the energy supply is low,
and inhibited by ATP when the energy
supply is high (5).

5) Hormone control. The regulatory
ligand is a hormone, which often regu-
lates metabolism through a complex
mechanism. For example, it can regu-
late the activity of adenyl cyclase, and
the cyclic AMP produced regulates
many metabolic processes (6).

Many other control mechanisms are
known to exist: For example, modula-
tion of enzyme activity through chemi-
cal modification of the enzyme and
through binding to membranes and
macromolecules. Although all of these
mechanisms are of importance, in this
article we consider only the molecular
basis of sigmoidal binding curves and
the control exerted by metabolites which
are not themselves substrates or prod-
ucts of the particular enzymatic reac-
tion (allosteric regulation). After we
discuss some of the models proposed
to account for allosteric control, we
present the particular case of the en-
zyme aspartate transcarbamylase (E.C.
2.1.3.2) in order to illustrate the in-
formation concerning the mechanism
of action which can be obtained through
detailed kinetic studies.

Molecular Mechanisms of

Allosteric Control

Allosteric effects (7) are defined as
indirect interactions between topo-
graphically distinct binding sites medi-
ated by the protein molecule through
conformational changes. Heterotropic
interactions are those which occur be-
tween dissimilar ligand molecules and
are typified by the effect of activators
and inhibitors on enzyme activity.
Homotropic interactions are those which
occur between identical ligand mole-
cules and may be expressed by sig-
moidal binding isotherms of the ligand
in question.

Two limiting molecular models have
been proposed to account for the allo-
steric control mechanisms. One is due
to Monod, Wyman, and Changeux
(MWC model) (8); the other is due to
Adair, Koshland, Nemethy, and Filmer
(AKNF model) (9). Both are based on
the subunit structure of proteins and
alterations in conformation coupled to
ligand binding.

The MWC model is schematically
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Fig. 3. Allosteric models of Monod, Wy-
man, and Changeux (MWC) and of Adair,
Koshland, Nemethy, and Filmer (AKNF)
for a four-subunit enzyme. The squares
and circles are different conformations of
the subunits, and S is the substrate.

illustrated for a four subunit enzyme
in Fig. 3. This model is based on three
assumptions. (i) The enzyme consists of
two or more identical subunits, each
containing a site for the substrate or
modifier; (ii) at least two different con-
formational states (usually designated
as R and T states) are in equilibrium
and differ in their affinities for substrate
or modifier; and (iii) the conformational
changes of all subunits occur in a con-
certed manner (conservation of struc-
tural symmetry). In the absence of lig-
and, the enzyme exists largely in T
states, but substrate binds preferentially
to R states, so that the conformational
equilibrium is shifted by the binding of
the substrate, which can lead to sig-
moidal saturation curves. The allosteric
inhibitors or activators bind preferen-
tially to the T or R states, respectively,
and thus can reduce or enhance the sig-
moidicity of the substrate saturation
curve, as shown in Fig. 2.

The AKNF model postulates a se-
quential change of the subunit confor-
mation as each ligand (substrate or
modifier) is bound. This is also shown
schematically in Fig. 3. In this model a
ligand induces the change of conforma-
tional state of one subunit, which affects
the binding of the next ligand or of a
different ligand through the change in
the subunit interactions.

Both the AKNF and MWC models
are limiting cases of a more general
scheme (Fig. 4). Actually the situation
is even more complex than that shown
in Fig. 4 because states with more than
a single ligand bound can take up dif-
ferent geometrical configurations; for
example

LIs == [S|S

L O
Thus these two limiting models are ap-
proximations of a more complex mech-
anism of subunit interactions.

Fig. 4. A general allosteric model for the
binding of substrate, S, to a four-subunit
enzyme. The squares and circles are differ-
ent conformations of the subunits. The
MWC model is shown by dashed lines
and the AKNF model by dotted lines. The
free substrate and arrows  between the
states are omitted for the sake of clarity.
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Attempts to distinguish between the
two models have centered on the fact
that the MWC model predicts a con-
certed conformational change, while
the AKNF model predicts a sequential
change of conformation for each sub-
unit. This means that the extent of bind-

ing of ligand and of the change in con-
formation should show a linear rela-
tionship in the latter case but not in the
former. Also the homotropic effects are
always positive for the MWC model
(that is, the binding of the first mole-
cule enhances the binding of the sec-
ond), whereas it may be positive or
negative in the AKNF model. Finally,
the MWC model assumes that the same
conformational state is stabilized by a
variety of ligands, whereas the AKNF
model predicts that different ligands
might induce different conformational
changes.

Many different techniques have been
used in attempts to elucidate allosteric
mechanisms: Kkinetics, equilibrium di-
alysis, spectroscopy, ultracentrifugation,
osmometry, tryptic digestivity, sulfhy-
dryl reactivity, spin labels, and others.
However, most of the results have been
quite ambiguous, primarily because only
overall changes are observed, which
may be related to catalysis, control, or
both. Ideally in order to understand the
control mechanism, these overall
changes should be broken down to their
elementary steps. In principle, this is
possible by spreading out the processes
on the time axis. This involves the mea-
surement, by means of relaxation tech-
niques, of very fast reaction rates. Using
this approach, we have studied the reg-
ulatory mechanism for aspartate trans-
carbamylase of Escherichia coli.
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Aspartate Transcarbamylase of

Escherichia coli

Aspartate transcarbamylase is the first
enzyme in the pathway of pyrimidine
biosynthesis and catalyzes the forma-
tion of carbamyl-L-aspartate from L-
aspartate and carbamyl phosphate. The
enzyme is subject to inhibition by cyti-
dine triphosphate (CTP), the end prod-
uct of the pyrimidine pathway (70, 11).
Furthermore, ATP is an activator of the
enzyme and an effective antagonist of
the inhibitory action of CTP (I/7); this
may serve to regulate the relative rates
of synthesis of purine and pyrimidine
nucleotides, which are required in ap-
proximately equal quantities for nucleic
acid synthesis.

The kinetic properties of aspartate
transcarbamylase are characteristic of
a regulatory enzyme. The saturation of
the enzyme by L-aspartate at high car-
bamyl phosphate concentrations (/1),
as well as by carbamyl phosphate at
high aspartate concentrations (/2), is
sigmoidal and suggests cooperative
binding of these two substrates. The
effectors CTP and ATP do not alter the
maximum velocity of the enzymatic
reaction but shift the position of the
substrate saturation curve, which ap-
pears more sigmoidal in the presence
of CTP and less sigmoidal in the pres-
ence of ATP, as is indicated schemati-
cally in Fig. 2. Moreover, the effect of
CTP is not exerted by direct competi-
tion with a substrate for binding at the
active site. This is most dramatically

shown by the fact that, when the native
enzyme is treated with mercurials, two
types of subunits are obtained (/3).
The larger subunit (catalytic subunit) is
enzymatically active but is insensitive
to allosteric effectors, whereas the
smaller subunit (regulatory subunit)
binds allosteric effectors but is cata-
Iytically inert. Recombination of the
separated subunits gives almost com-
plete restoration of the original allo-
steric properties of the enzyme. The
native enzyme (molecular weight 310,-
000) contains six catalytic subunits
(molecular weight 33,000) and six regu-
latory subunits (molecular weight 17,-
000) (14). Although the enzyme has
12 polypeptide chains, for the purpose
of the models previously discussed the
fundamental “subunit” is generally re-
garded as containing one regulatory
and one catalytic site so that the native
enzyme has six such subunits. However,
the validity of this assumption remains
to be proved.

Because of the availability of large
quantities of purified enzyme, numerous
studies have been made of the control
mechanism of aspartate transcarbamy-
lase. Equilibrium dialysis, sedimentation
velocity experiments, and sulfhydryl
reactivity '(/5) have been analyzed in
terms of a concerted (MWC) model.
On the other hand, McClintock and
Markus (16) have found that the model
best describing the tryptic digestivity
and sulfhydryl reactivity depends on
which ligands occupy the catalytic site.
We have attempted to resolve some of

Table 1. Elementary steps detected with relaxation techniques.

Reactant Mechanism Effectors*
Native enzyme
BrCTP Bimolecular association-dissociation
Carbamyl phosphate Bimolecular association-dissociation
BrCTP Conformational change Carbamyl phosphate,
(10 mM succinate, (concerted or stepwise) succinate
1 mM carbamyl phosphate)
Carbamyl phosphate Conformational change
(10 mM succinate) (stepwise)
Carbamyl phosphate Conformational change BrCTP
(10 mM succinate) (concerted) ,
Succinate Conformational change BrCTP
(1 mM carbamyl phosphate) (concerted)
L-Malate Conformational change BrCTP
(concerted)

(1 mM carbamyl phosphate)

Regulatory subunit

BrCTP

Bimolecular association-dissociation

Catalytic subunit

Carbamyl phosphate

Bimolecular association-dissociation

Succinate Conformational change
(1 mM carbamyl phosphate) (stepwise)

L-Malate Conformational change
(1 mM carbamyl phosphate) (stepwise)

* Substances that influence the rate process in a manner not due to direct competition for the bind-

ing site.
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the mechanistic ambiguities by carrying
out relaxation experiments to elucidate
the elementary steps in the catalytic
and regulatory mechanisms.

Relaxation Spectra of

Aspartate Transcarbamylase

A number of discrete steps have been
observed to accompany the binding of
substrates and effectors to aspartate
transcarbamylase and its subunits (/7-
20). The results obtained are sum-
marized in Table 1 and are considered
in some detail below.

Equilibrium and kinetic studies of
the interaction of the modifier analog
5-bromocytidine triphosphate (BrCTP)
with aspartate transcarbamylase and its
regulatory subunit have been performed
with the use of difference spectroscopy
and the temperature-jump method (/7).
The inhibitor BrCTP rather than CTP
was used because, when bound to the
enzyme or regulatory subunit, it pro-
duces a difference spectrum with a
maximum at 308 nanometers so that
the absorption of the protein does not
interfere with the spectrophotometric
detection of binding. A single relaxation
process in the time range 0.1 to 1 milli-
second was observed for the binding of
BrCTP to the enzyme and regulatory
subunit with the temperature-jump
method. In the absence of substrates,
the reciprocal relaxation time (1/7)
increases linearly with the sum of the
free enzyme (or regulatory subunit)

- and free modifier concentration. This

is characteristic of the simple binding
mechanism

k
E+M = EM (1)
k-
where E is the enzyme (or its subunit),
M is the modifier (or substrate in the
case described later), and EM is the
enzyme-modifier complex. The recipro-
cal relaxation time for this mechanism
is given by

1/7 = k[(E) + (M)] + k= @)

where the overbars designate equilib-
rium concentrations. Thus when 1/7
is plotted against [(E) + (M)], we ob-
tain a straight line for this mechanism.
Moreover, the equilibrium dissociation
constant determined kinetically (k_/ k)
was found to be identical with that de-
termined by difference spectroscopy.
In the presence of saturating con-
centrations of carbamyl phosphate and
succinate (a catalytically inactive aspar-
tate analog), the concentration depen-
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dence of the reciprocal relaxation time
is unchanged for the regulatory sub-
unit, but changes markedly for the
native enzyme. It increases with in-
creasing free concentrations of enzyme
and effector, but approaches a constant
value at high values of [(E)+(M)].
Since this effect is observed only with
the native enzyme, a reasonable as-
sumption is that it may be related to
the control mechanism. Two relatively
simple mechanisms are quantitatively
consistent with the data. One mech-
anism postulates a rapid bimolecular
reaction followed by a relatively slow
isomerization of the complex formed:

ks ks
E+M = EM = EM’ 3)
ko k_»

where EM” is the isomerized complex.
This mechanism assumes that the bind-
ing sites are all independent and equiv-
alent. The slowest relaxation time can
‘be expressed as

ko
1+ ka/{k[(E) + (M)}
(4

and the data are quantitatively de-
scribed by this equation.

A second mechanism consistent with
the data is the MWC model. For a six-
subunit enzyme this mechanism can be
written as

1/r=ko+4

6M + R, = T, + 6M
5M+R1<——‘>'II‘[+5M
4M + R. =2 T, + 4M
.3M+R3<:>”ll‘z +3M (5)
2M + R 2T, +2M

M-}-Rs“@}r‘s—{- M

)

Rs2Ts

where R and T are different confor-
mational states of the enzyme.
According to this model, in the ab-
sence of ligand, the enzyme exists
mainly in the T state so that the inter-
conversion of R and T states cannot be
observed. With excess amounts of car-
bamyl phosphate and succinate, how-
ever, the enzyme has converted largely
to the R states, and addition of BrCTP
tends to cause the conversion from R
to T states so that the conformational
changes can be observed under these
conditions. In this case, the rate of
interconversion of the two conforma-

tional states of the enzyme increases as -

BrCTP is added. The experimental data
are also quantitatively consistent with
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10* x Initial succinate concentration (M)

Fig. 5. Plot of the reciprocal relaxation time, 1/r, versus the initial concentration of
succinate in the presence of 1 mM carbamyl phosphate. The solid line has been cal-
culated on the assumption that the: MWC model is valid; the dashed line indicates the
effect on the reciprocal relaxation time of the addition of 0.25 mM BrCTP to the

system.

this mechanism (17). Thus for BrCTP
binding in the presence of substrates,
either the MWC model or the very sim-
ple mechanism of Eq. 3 is sufficient to
account for the data.

If the MWC model is correct, then
similar phenomena should be observed
for the binding of substrates or sub-
strate analogs. Although only small
difference spectra are produced by the
binding of carbamyl phosphate and vL-
aspartate or aspartate analogs such as
L-malate or succinate, the kinetics of
the binding processes can be studied by
observing the pH changes accompany-
ing binding with pH indicators. In the
absence of carbamyl phosphate, no
relaxation process was detected in so-
lutions containing L-aspartate analogs
and native aspartate transcarbamylase
or its catalytic subunit. In the pres-
ence of saturating concentrations of
carbamyl phosphate, two relaxation
processes are associated with the bind-
ing of succinate to the complex of cata-
Iytic subunit and carbamyl phosphate
(I18). These fall in the time ranges of
100 to 500 and 20 to 50 micro-
seconds, and can be quantitatively ana-
lyzed in terms of a two-step mechanism
with a rapid bimolecular reaction fol-
lowed by a relatively slow isomeriza-
tion or conformational change (Eq. 3,
where M is now the substrate). Similar
studies with 1-malate, a substrate ana-
log with a hydroxyl group in the
position of the a-amino group of L-
aspartate, revealed a single relaxation
process (v ~ 50 to 100 psec) that could
be associated with an isomerization of

the enzyme-substrate complex accord-
ing to Eq. 3, although the kinetics of
the bimolecular step could not be
studied. The rate constant character-
izing the conversion of the second
enzyme-substrate complex to the first
complex is ten times larger for L-ma-
late, although the rate constants for the
reverse processes are quite similar in
both cases. This suggests that the «
substituent in the L form encounters
steric interference in the isomerized
complex, a condition consistent with a
mechanism whereby catalysis occurs
through a conformational change that
forces the substrates together (21).
Quite different relaxation processes
were observed for succinate and L-mal-
ate binding to the native enzyme (19).
A single relaxation process, much
slower (r ~ 1 to 20 msec) than that ob-
served with the catalytic subunit, was
found to accompany both succinate
and L-malate binding. The relaxation
times are independent of the enzyme
concentration. Moreover, the depen-
dence of the relaxation time on the con-
centration of 1-aspartate analogs is
rather unusual: the reciprocal relaxa-
tion time decreases as the concentration
of succinate or L-malate increases and
approaches a constant value at high
concentrations, as shown in Fig. 5. A
simple mechanism consistent with this
behavior is a mechanism such as the
MWC model. In these cases, the rate
of interconversion of the two enzyme
conformations (R and T states) de-
creases as the amount of substrate ana-
log bound increases, and, in fact, the
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data are quantitatively consistent with
the MWC model (Eq. 5). Since an anal-
ogous process is not observed with the
catalytic subunit, it is probably involved
in the allosteric control mechanism.
The processes observed in the catalytic
subunit ‘also occur in the native enzyme
but, as will be indicated below, require
somewhat different conditions for de-
tection.

A surprising result was obtained
when both BrCTP and succinate were
present with - saturating carbamyl phos-
phate. Two relaxation processes could
be observed which obviously corre-
sponded to the processes associated
with the conformational transitions of
enzyme induced by BrCTP or succi-
nate alone as described above. Further-
more, the value of the relaxation time
associated with succinate binding is de-
pendent on the BrCTP concentration.
In fact, the effect of BrCTP is to shift
the curve of Fig. 5 to the right on the
concentration axis, as shown. This is
quite analogous to the change in the
aspartate saturation curve caused by
CTP (Fig. 2). The relaxation process
associated with BrCTP binding also
varies with succinate concentration.
These synergistic effects between sub-
strate and effector support the con-
tention that regulation processes are
being observed.

The above results are inconsistent
with the simple two-state MWC model.
This model postulates that control is
exerted by shifting the equilibrium be-
tween two conformations of the en-
zyme. If this were correct, only one
relaxation process associated with regu-
lation would be observed in the pres-
ence of both succinate and BrCTP. In
other words, if only two conformations
exist, but the mechanism of intercon-
version is different when BrCTP or suc-
cinate is bound, then, to a good approx-
imation, only the faster mechanism
would occur when both BrCTP and
succinate are present. Instead, two
coupled, but distinct, conformational
changes are observed. A simvle sche-
matic model consistent with the above
results is

Rra2Tr

I (6)

Four different conformational states
are postulated here. The horizontal
T — R transitions are induced by aspar-
tate analogs in the presence of saturat-
ing carbamyl phosphate, whereas the
vertical r—t transitions are induced
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by BrCTP in the presence of carbamyl
phosphate and succinate. Both the R-T
or r-t transitions are in accord with the
MWC model, although the r-t transition
might involve the alternative mech-
anism discussed earlier. The Rr species
binds substrate the best, and the Tt spe-
cies binds substrate the worst. Ligands
that shift the conformational equilib-
riums from R to T or r to t inhibit en-
zyme activity, and those shifting the
equilibriums in the opposite direction
activate the enzyme. The above model
is sufficient to account for all of the
results discussed thus far. However,
even this relatively complex scheme
fails to account for the results obtained
when the concentration of carbamyl
phosphate is varied (78, 20).

In the absence of aspartate analogs, a
single relaxation process (r ~ 0.1 to 0.5
msec) is observed to accompany the
binding of carbamyl phosphate to both
the native enzyme and the catalytic
subunit. The simple bimolecular mech-
anism of Eq. 1 is consistent with the
data, and, in fact, identical equilibrium
dissociation constants are obtained in
both cases (4 X 10—4M). No evidence
of conformational changes related to
the control process could be detected.

In the presence of 10 mM succinate,
the situation becomes much more com-
plex. Two relaxation processes could
be associated with the binding of carba-
myl phosphate to the native enzyme.
The faster process (r ~ 0.2 to 1 msec)
occurs in a time range similar to that
observed in the absence of succinate,
but the concentration dependence is
quite different. The reciprocal relaxa-
tion time increases linearly with the
sum of the equilibrium concentrations
of enzyme and substrate initially, but
eventually plateaus at high concentra-
tions. The data are quantitatively con-
sistent with the two-step mechanism of
Eq. 2 if the assumption is made that
the two steps are kinetically coupled.
Qualitatively the bimolecular step is
rate limiting at low concentrations, but
the conformational change becomes
rate limiting at high concentrations. An
exact solution of the kinetic problem
quantitatively fits the data over the en-
tire concentration range. Surprisingly,
the rate constants associated with the
conformational change are quite similar
to those associated with the confor-
mational change accompanying succi-
nate binding to the complex of catalytic

subunit and carbamyl phosphate, which

is probably of importance in the cata-
lytic mechanism. In fact, these two

conformational changes are very likely
the same process. The actual mecha-
nism of binding to the native enzyme
should be written as

S
E 4 CP 22 ECP = ECPS & ECPY’
fast

)

where CP and S are carbamyl phos-
phate and succinate, ECP is the en-
zyme—carbamyl phosphate complex,
and ECPS and ECPS’ are two different
conformations of the enzyme-—carbamyl
phosphate—succinate complex. In the
absence of succinate, the conforma-
tional change does not take place. On
the other hand, the second step equil-
ibrates rapidly with saturating amounts
of succinate so that the overall effect
observed will be the coupling of steps
1 and 3, which is kinetically indistin-
guishable from the mechanism given in
Eq. 3. This ordered binding mechanism
(Eq. 7), with succinate binding after
carbamyl phosphate, has been suggested
by numerous other results (12, 15, 19).
Furthermore, the proposition that this
conformational change is associated
with the catalytic mechanism, rather
than with the regulatory mechanism,
is supported by the finding that the ad-
dition of BrCTP to the system has no
observable effect on the relaxation time
associated with this process.

The slower relaxation process (r ~
25 to 50 msec) has a concentration de-
pendence which is not consistent with
the binding mechanism of Eqs. 1 or 3;
it increases with increasing concentra-
tion of carbamyl phosphate, but not in
a simple manner. However, the MWC
model (Eq. 5) is quantitatively consist-
ent with the data. This process may be
related to the slow process that accom-
panies succinate binding to the native
enzyme—carbamyl phosphate complex.
Nevertheless, a number of observations
suggest that these two processes may
not be the same. The reciprocal relaxa-
tion time increases with increasing
carbamyl phosphate concentration but
decreases with increasing succinate
concentration; also BrCTP decreases
the reciprocal relaxation time for the
process associated with carbamyl phos-
phate binding and increases it for that
accompanying succinate binding. Since
BrCTP alters the value of this slow
relaxation time and the conformational
change is observed only with the native
enzyme, it can be presumed to be of
significance in the control process. Thus.
at least three different conformational
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changes can be associated with the
control mechanism. All of these display
some synergistic effect between BrCTP
and succinate and carbamyl phosphate
binding.

Conclusions

Although a number of questions re-
main to be answered, the mechanism
of the control process for aspartate
transcarbamylase has been broken down
into several discrete steps. The conclu-
sions which can be derived from these
results (see Table 1) may be summarized
as follows. The bimolecular reactions
of BrCTP and of carbamyl phosphate
with the enzyme are quite similar for
the native enzyme and its subunits, and
antagonistic effects between effectors
and substrates are not observed. Also
one of the conformational changes in-
duced by succinate and carbamyl phos-
phate is essentially the same for the
native enzyme and catalytic subunit.
Since BrCTP has no effect on this pro-
cess, it is presumably part of the cata-
lytic mechanism. Finally, three distinct
conformational changes are seen only
with the native enzyme in the presence
of various combinations of carbamyl
phosphate, succinate, and BrCTP.
Moreover, the rates of the conforma-
tional changes display a synergistic rela-
tion between BrCTP, carbamyl phos-
phate, and succinate. This implies that
these conformational changes are in-
volved in the control mechanism.

The conformational changes asso-
ciated with carbamyl phosphate and
aspartate-analog binding appear to be
concerted in nature, and that associ-
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ated with BrCTP may be concerted or
may involve a stepwise mechanism. A
simple sequential mechanism which
predicts a spectrum of relaxation pro-
cesses is not consistent with the experi-
mental data, although a more complex
sequential mechanism cannot be ruled
out. In any event, the overall control
mechanism is apparently a combination
of several molecular changes and must
be considerably more complex than the
limiting models discussed earlier. The
results obtained indicate that a number
of different conformational transitions
can lead to the same end result: en-
hancement or inhibition of the enzyme
activity. This multiplicity of conforma-
tional changes involved in the regula-
tory mechanism is a desirable and rea-
sonable feature: it provides versatility
and sensitivity of the control mechanism
to a variety of different molecules.

Finally mention should be made of
the fact that the approach used in this
particular case, that is, resolution of the
elementary steps on the time axis, is of
general utility both in the study of en-
zymatic catalysis (22) and of control
processes for other enzymes, such as
yeast glyceraldehyde-3-phosphate de-
hydrogenase (23), homoserine dehy-
drogenase (24), and rabbit muscle gly-
ceraldehyde-3-phosphate dehydrogenase
(25). In fact, fast reaction techniques
are quite general and powerful tech-
niques for the elucidation of the mo-
lecular details of biochemical mecha-
nisms.
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