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Deoxycytidylate Aminohydrolase. I1. Kinetic Properties. The
Activatory Effect of Deoxycytidine Triphosphate and the
Inhibitory Effect of Deoxythymidine Triphosphate”

Eduardo Scarano, Giuseppe Geraci, and Mosé Rossi

ABSTRACT: Studies of the regulation of the activity of de-
oxycytidylate aminohydrolase have shown that deoxycy-
tidine triphosphate (dCTP), the allosteric activator, and
deoxythymidine triphosphate (dTTP), the allosteric
inhibitor of the enzyme, are active only in the presence
of a divalent cation. Experiments with Ca*t, Mg,
and Mn?* ions indicate that the true enzyme effectors
are the complexes between the deoxynucleoside tri-
phosphates and the metal ions. The dependence of the
enzyme reaction on the substrate concentration is of

’I:e dependence of the reaction velocity of deoxy-
cytidylate aminohydrolase on the substrate concentra-
tion indicates a multimolecular kinetics as has been
reported in previous papers (Scarano et al., 1963,
1964). Moreover, in the presence of dCTP! the kinetics
is in agreement with the Michaelis—-Menten theory;
while in the presence of dTTP, the apparent order of
the reaction with respect to the substrate increases
(Scarano, 1964; Scarano et al., 1965a) up to a limiting
value of 4. The results suggest the occurrence of multi-
ple catalytic sites and regulatory sites on the enzyme
molecule. The substrate sites might interact coopera-
tively (Monod et al., 1965); the interaction increasing
after the binding of dTTP to the enzyme and disappear-
ing after the binding of dCTP.

The availability of a homogeneous preparation of
dCMP-aminohydrolase (Scarano et al., 1965b; Geraci
et al,, 1967) permits the study of the kinetic properties
of the enzyme employing spectrophotometric and
titrimetric methods under conditions which allow
accurate measurements of initial reaction rates.

The kinetic data reported in the present paper are
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1 Abbreviations used: dCTP, deoxycytidine triphosphate;
dTTP, deoxythymidine triphosphate; dUMP, deoxyuridine
monophosphate; ATP, adenosine triphosphate.

an order higher than one in the buffers studied and
the substrate concentration at half-enzyme saturation
is dependent on the buffer. In the presence of 3 X 1077
M dCTP the kinetics becomes of order one, while in
the presence of increasing concentration of dTTP
the apparent order of the reaction increases up to a
limiting value of 4. The addition of dCTP removes the
inhibition by dTTP. Likewise, high concentrations of
glycerol activate the enzyme and high salt concentrations
inhibit the enzyme.

in agreement with a model of the enzyme with four
substrate sites and multiple regulatory sites. The
effects of salt, pH, and glycerol on the kinetic properties
of the enzyme, also described in the present paper,
indicate that the regulation of the enzyme activity is
based on conformational changes of the molecule.

Materials and Methods

Quartz-redistilled water was used for all the solutions.
All reagents were analytical grade and were always
recrystallized from 10 mM Versene and then from
water. Nucleotides were purchased from Calbiochem
and when necessary purified by thin layer chromatogra-
phy (Grippo et al., 1965), 5-CH;-dCTP was prepared
from 5-CH;-dCMP according to Smith and Khorana
(1958).

The enzyme was prepared as described in the previ-
ous paper (Geraci et al., 1967). All the experiments,
except where otherwise stated, were carried out with
the homogeneous enzyme.

The kinetic measurements were performed by a
spectrophotometric and by a titrimetric method. (a)
A Beckman DK2A recording spectrophotometer was
used to measure the initial rates of the enzyme reaction.
The instrument was equipped with a thermostatic
chamber and with a device, designed by Terzano,
Milano, Italy, which allowed the automatic recording
of the absorbancy at a fixed wavelength as a function
of time; a velocity of scanning of 10 cm/min was used.
This method was used in the range of substrate concen-
trations from 0.05 to 3 mm. Cuvets of 10- or 1-mm
light paths were utilized depending on the substrate
concentration. (b) The initial rates of the enzyme
reaction were determined titrimetrically with a Radiom-
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FIGURE 1; Spectrophotometric (a) and titrimetric (b) assays. (a) Incubation mixture (0.3 ml) containing 3 mm dCMP-50
mu Tris, pH 7.5, 38°. The recording of absorbancy starts at 15 sec after the addition of the enzyme. (b) Incubation
mixture (2 ml) containing 5 mmM dCMP, pH 7.5, 38°. The recording of HCI addition starts 10 sec after the addition of
the enzyme. The amount of enzyme used in each assay is indicated in the figures.

eter titrator type TTTI with titration assembly type
SBR2-SBUI, in the range of substrate from 0.5 to
30 mM. The titrating solution was HCI from 1 to 10 mm.

With both methods it is easy to measure the initial
rate of the enzyme reaction. In every instance the reac-
tion was started by addition of the enzyme to the incu-
bation mixture equilibrated at 38°. The automatic
recording was started at 10-15 sec after the addition
of the enzyme and the reaction was followed for 30
sec. The initial rate of the reaction was measured from
the linear part of the graph. Typical spectrophotometric
and titrimetric assays are reported in Figures la and b.
All the assays, except where otherwise indicated, were
made with the spectrophotometric method.

Results

The activation of dCMP-aminohydrolase by dCTP
and by 5-CH;-dCTP is demonstrated in Figure 2. In
the absence of magnesium ions there is no activation
of the enzyme by the two deoxynucleoside triphosphates.
The same maximal activation is obtained with dCTP
and with 5-CH;-dCTP, and is observed at a concentra-
tion of 0.2 and 0.7 uM, respectively. A further increase
in the concentration of the regulatory nucleotides does
not produce any further increase of the velocity of the
reaction.

The effect of the substitution of Mg?t with Mn?+
and Ca?" on the activation of the enzyme by dCTP
is shown in Figure 3. Mn?* is the most and Mg?*
is the least effective ion.

The inhibition of the enzyme by dTTP and its
dependence on Mg?" is demonstrated in Figure 4.
It is possible to obtain 100 inhibition. In the absence
of magnesium ions, dTTP has no effect.

The activatory effect of dCTP and the inhibitory
effect of dTTP in the presence of Mg?+ as a function
of the substrate concentration were studied with JCMP
and with 5-CH;-dCMP as substrates. Tris, phosphate,
and imidazole buffers were used in the experiments
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FIGURE 2: Effect of dCTP and 5-CH;-dCTP on the
activity of dCMP-aminohydrolase. Substrate, 0.1 mm
dCMP in 0.1 M Tris, pH 7.5. Enzyme (0.4 unit)/ml of
incubation mixture,

with dCMP as substrate, while only Tris buffer was
used in experiments with 5-CH3;-dCMP as substrate
(Figure 5). At low substrate concentrations and in the
absence of allosteric effectors, the dependence of the
velocity upon substrate concentration is of order higher
than one. In the double-reciprocal plot a linear relation-
ship is obtained at high substrate concentrations, while
at low substrate concentrations the curve approximates
a parabola indicating kinetics of order higher than
one with respect to the substrate. dTTP, the inhibitory
nucleotide, increases the order of the parabola describ-
ing the relationship ¥ vs. [S]. In the presence of 0.3
uM dCTP, the activatory nucleotide, and 1 mm MgCl,,
the kinetics is of first order at all substrate concentra-
tions. The concentration of dCTP was chosen from
the data reported in Figure 2. The same general pat-
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FIGURE 3: Requirement of a divalent cation for the activation of the enzyme by dCTP. 65 um dCMP-2,2 um dCTP in
0.1 M Tris, pH 7.5. Enzyme (0.2 unit)/ml of incubation mixture.
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FIGURE 4: Effect of dTTP on the activity of dCMP-
aminohydrolase. dCMP (2 mm) in 0.05 M Tris, pH 7.5.
Enzyme (0.65 unit)/ml of incubation mixture.

tern of effects is observed in the buffers used, but the
maximum velocity and the value of the concentration
of the substrate at half-maximum velocity are different
(TableI).

Using 5-CH;-dCMP as substrate (Figure 5d) the
kinetics is analogous to that obtained with dCMP,
but higher concentrations of dCTP are required
to obtain enzyme activation. The maximum velocity
in the presence of 2.5 um dCTP is lower than that
observed with the substrate only. The extent of the
inhibition by dCTP at high 5-CH,;-dCMP concentra-
tions is not affected by lowering the dCTP concentra-
tion to 0.3 uM, while the activatory effect at low sub-

TaBLE 1. Effect of Buffers and of dCTP and dTTP at
pH 7.5 upon the Value of the Substrate Concentration
at One-Half the Maximum Velocity.e

Imid-
azole— Tris— Phos-
HCli HCl phate
Addition (mmM (mMm (mm
(um) dCMP) dCMP) dCMP)
None 0.2 0.48 1.2
dCTP (0.3) 0.09 0.15 0.5
dTTP (0.6) 1.95 1.05 1.95

e The incubation mixture contained 0.05 M bufTer,
1 mm MgCly, and 0.7 unit of enzyme/ml.

strate concentration decreases. The inhibitory effect
of dCTP at high substrate concentration is observed
also when using dCMP as substrate but at dCTP
concentrations higher than those studied in Figure 5.
The regulation of the enzyme activity by dCTP
and dTTP is reversible. The data of Figure 6 demon-
strate the removal of the dTTP inhibition by dCTP.
The inhibition by dTTP can be always removed by
dCTP; the higher the concentration of dTTP the
higher is the concentration of dCTP needed to reverse
the inhibition and the same final velocity is observed.
The equation proposed by Hill (1910) to describe
the kinetics of hemoglobin oxygenation was used to
determine the apparent order of the reaction with
respect to the substrate, activator, and inhibitor.
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FIGURE 5: Effect of dCMP concentration on the initial reaction rate (a—c) and effect of 5-CH3;-dCMP concentration
on the initial reaction rate (d). (a—c) Enzyme (0.7 unit)/ml of incubation mixture in the presence of 1| mm MgCl,. (e—e),
no addition; (0—o), 0.3 um dCTP; (A—A), 0.6 um dTTP. In the bottom right corners the double-reciprocal plots
of the data are reported. (d) Enzyme (0.22 unit)/ml of incubation mixture in the presence of 1 mm MgCl.. (8—e@), no
addition; (0—o0), 2.5 um dCTP; (A—A), 2.5 um dTTP. The concentration of the buffers was 0.05 M.

The parameters of the Hill equation as applied to
dCMP-aminohydrolase are defined as follows

(4]

log — — = log K, + n, log [dCMP] )
11— 0
V_) i )
log = log K. + n. log [dTTP] @)
[}
log % — log Ks + ns log [dCTP]  (3)
3 — Uy

where in eq 1 ¥, = ¢; maximum; ineq 2 V; = 1, in
the absence of dTTP; in eq 3 V3 = ¢; at saturating
concentrations of dCTP.

The order of the reaction for the substrate, n;, in

the absence of allosteric effectors, is equal to 2 for
dCMP and 1.6 for 5-CH;-dCMP (Figure 7). The
effect of dTTP upon n, for dCMP is demonstrated
in Figure 8. By increasing the concentration of dTTP
up to 2.2 uM, m, increases to a value of 4. A further
increase in the concentration of dTTP up to a value
of 20 uM does not produce a further increase in #,.

Data reported in Figures 6-8 were obtained with
a 509 pure enzyme; similar data have been obtained
with the homogeneous enzyme in all the instances
that have been checked. In the presence of saturating
concentrations of dCTP, n, for both dCMP and
5-CH;-dCMP is equal to 1. The apparent order of
the reaction for dCTP activation, n;, and that for
dTTP inhibition, #,, are higher than 1 and do not
depend significantly upon the concentration of the
substrate (Figure 9).
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FIGURE 6: Reversal of deoxythymidine triphosphate inhibition by deoxycytidine triphosphate. Incubation mixture con-
tained 0.1 M Tris-2 mM dCMP-1 mM MgCl,, pH 7.5, and 1 unit of enzyme/ml. The enzyme was 509 homogeneous.
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FIGURE 7: Hill plot of the dependence of the enzyme
activity upon substrate concentration. (a) Titrimetric
assay at 38° The incubation mixtures contained
dCMP-1 mM MgCl, at pH 7.5 and 0.6 unit of enzyme/
ml. The enzyme was 50 9 homogeneous. (b) Spectro-
photometric assay at 38°. The incubation mixture con-
tained 5-CH;-dCMP-0.05 M Tris-1 mm MgCl,, pH 7.5,
and 0.22 unit of enzyme/ml.

In Figure 10 the inhibition by dTMP and by dUMP,
which behave as classic competitive inhibitors, is
compared with the inhibition by dTTP and by dUTP,
which behave as allosteric inhibitors. The two types
of inhibitors can be distinguished riot only by their
different kinetics, but also by the other criteria listed
in Table II.

Activation and inhibition of dCMP-aminohydrolase
similar to those obtained with dCTP and dTTP can
be obtained in the absence of the regulatory nucleotides
by other means. Low pH and glycerol bring about an
effect similar to the dCTP activatory effect; high pH
values and salts cause an inhibition similar to that

GIUSEPPE GERACI,

TABLE 11; Criteria to Distinguish between Isosteric and
Allosteric Inhibitors for dCMP-aminohydrolase.

Isosteric

Allosteric

0]

)

©)
©

(%)
(6)

Kinetics of first order
with respect to the
inhibitor

Effective at milli-
molar concentration,
namely, at concen-
tration of the same
order of magnitude
than the substrate

Do not require a di-
valent cation

Inhibition not reverted
by deoxycytidine tri-
phosphate

Inhibition not depend-
ent upon pH

Some are activators at
low substrate con-
centration

Kinetics of order >1
with respect to the
inhibitor

Effective at micro-
molar concentration

Require a divalent
cation

Inhibition reverted by
deoxycytidine tri-
phosphate

Inhibition dependent
upon pH

Do not function as ac-
tivators at low sub-
strate concentration

caused by dTTP (Figures 11-13). No divalent cation
is required for the activatory effect of glycerol. Magne-
sium ions are present in the experiment described in
Figure 11 to permit the study of the action of dCTP
and/or of dTTP on the enzyme in the presence of
glycerol. It is interesting to notice that dCTP releases
the inhibition by pH and salts and that dTTP inhibits

AND MOSE ROSSI
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FIGURE 8: Effect of deoxythymidine triphosphate upon the coefficient », of the Hill equation. Titrimetric assay at 38°.
The enzyme was 5097 homogeneous (0.6 unit/ml of incubation mixture).
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FIGURE 9: Coefficient “n” of the Hill equation for the binding of dTTP (a) and dCTP (b) at different substrate concen-
trations. (a) The incubation mixture contained 0.05 M Tris—-1 mm MgCl, pH 7.5, and 0.6 unit of enzyme/ml. V' = vin
the absence of the inhibitor. (b) The incubation mixture contained 0.05 M Tris-1 mm MgCl,, pH 7.5, and 0.45 unit of
enzyme/ml. V' = p at dCTP saturating.

the enzyme activated by glycerol and low pH. While glycerophosphate the enzyme kinetics can be described
the presence of concentrations of dCTP, which give with sufficient accuracy in terms of the Michaelis—
rise to the maximum activatory effect at low substrate Menten theory. It seems that glycerol has the same
concentrations, does not decrease the maximum velocity effect on the enzyme as dCTP; the effect of glycerol is
of the enzyme reaction, glycerol concentrations, which reversible. At glycerol concentrations, where the
activate the enzyme at low substrate concentrations, maximum activatory effect occurs, dCTP-Mg does not
decrease the maximum velocity. produce further activation.
In the presence of glycerol and in the presence of High salt concentration increases the substrate co- 197
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FIGURE 10; Dixon plots of the inhibitory effect of dUMP and dTMP, and of dTTP and dUTP. Incubation mixture
contained 0.05 M Tris—1 mMm MgCl,, pH 7.5, and 0.6 unit of enzyme/ml.

operative effect; it appears that high concentrations
of salts act on the enzyme as dTTP. The salt effect is
reversed by dilution and by dCTP. In Figure 12 are
shown the results obtained when using ammonium
sulfate ; similar results are obtained when using KCl.

At different pH values the substrate cooperative
interaction changes; at pH values near 6 this interaction
isalmost absent ; at high pH values it increases. However,
in glycerophosphate buffer at pH 7-8 the cooperative
effect is almost completely eliminated (Figure 13).

Discussion

dCMP-aminohydrolase does not require the presence
of a divalent cation for the aminohydrolysis of dCMP
and 5-CH;-dCMP as already reported in previous
papers (Scarano et al., 1964; Geraci et al., 1967).
The metal is required for the effect of dCTP and dTTP
on the enzyme activity. Mg?t, Ca?", and Mn?* ions
have the same qualitative effect although they show
quantitative differences. The pH dependence of dCTP
activation and of dTTP inhibition (Scarano er al.,
1964) indicate that the true allosteric effectors are
complexes of the deoxynucleoside triphosphates with
a divalent cation. In fact, the apparent binding con-
stant of ATP for Mn?* ions is higher than those for
Mg?* and Ca?t (Johnson, 1960; Phillips er al.,
1965) and the pH dependence of the apparent binding

constants of ATP for divalent cations is similar to
that of the dCTP and of the dTTP effect on the enzyme
activity.

In the presence of Mg?+ ions 5-CH;-dCTP except
for a very small difference in the effective concentra-
tions has the same activatory action as dCTP on the
enzyme. On the other hand, dUTP in the presence of
Mg?* ijons has the same inhibitory effect as dTTP,
but at concentrations 100 times higher. Thus, the
substitution of an amino group with a hydroxyl group,
changes an allosteric activator, 5-CH;-dCTP-Mg,
into an allosteric inhibitor, dTTP-Mg. By contrast,
the substitution in position 5 of a hydrogen with a
methyl group does not change the type of allosteric
effect of the nucleotides.

In the buffers used the substrate saturation curves
can be interpreted on the basis of a cooperative inter-
action of multiple substrate sites. The maximum inter-
action of the substrate sites is obtained in the presence
of saturating concentrations of dTTP and the value
of the apparent order of the reaction under these
conditions might correspond to the number of the
catalytic sites. The absence of cooperative interactions,
when the enzyme is assayed at saturating concentration
of dCTP, is demonstrated by the kinetics of order one
which is observed under these conditions. As reported
in Table I, the substrate concentration at half-enzyme
saturation depends upon the nature of the buffer used,
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FIGURE 11: Effect of glycerol on initial reaction rates. Incubation mixture contained 0.05 M Tris—1 mm MgCl, pH 7.5,
0.7 unit of enzyme/ml. Glycerol: (x—x), 5%; (A—A), 10%; (o—0), 15%; (e—e), 209 ; (0—O), no addition.
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FIGURE 12: Effect of ammonium sulfate on initial reaction rates and its reversal by dCTP. The incubation mixture con-
tained 0.05 M Tris-1 mm MgCl,, pH 7.5, and 0.7 unit of enzyme/ml. Ammonium sulfate: (A—A), 0.05 M; (o—0),
0.15 M; (x—x), 0.15 M + 2.5 um dCTP; (0—0), no addition.

while in the presence of dTTP this value is almost low substrate concentrations which more likely occur
independent of the buffer. It is interesting to notice in vivo.
that the maximum regulatory effects are observed at The dCTP-activatory effect at low substrate con- 199
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FIGURE 13: Influence of pH on initial reaction rates in different buffers. (a) Sodium—phosphate (0.05 M) (0—0), pH
6.5; (A—A), pH 7.0; (b—o0), pH 7.5; (x—x), pH 8.0. (b) Imidazole-HCI (0.10 M) (0—O0), pH 7.0; (A—A), pH 8.0;
(0—0), pH 8.5. (¢) Tris-HCI (0.10 M) (0—0), pH 7.0; (A—A4), pH 8.0; (0—0), pH 8.5. (d) Sodium—glycerophosphate

(0.05 M) (0—0), pH 7.0; (A—A), pH 7.5; (o—0), pH 8.0.

centration is observed also using 5-CH;-dCMP as
substrate, but at high substrate concentration there
is a marked inhibitory effect by dCTP that cannot be
overcome by the substrate. The inhibition is only
partially dependent on the dCTP concentration since
a limiting value of inhibition is rapidly attained.

As shown in Figure 6, dCTP removes the inhibition
by dTTP and the same maximal velocity is reached
independently of the dTTP concentration, but higher
concentrations of dTTP require higher concentrations
of dCTP. It is possible to overcome both the activatory
and the inhibitory effect by increasing the dCMP
concentration.

The analysis of the kinetic data by means of the
Hill equation indicates that the apparent order of
the reaction with respect to the substrate has a limiting
value close to 4. The apparent order of the reaction
with respect to dCTP or dTTP is also higher than
one. A model of the enzyme composed of four sub-
units, each having a catalytic site and at least one
regulatory site to bind dCTP and dTTP, is in agree-
ment with the experimental data. It is not possible to
distinguish whether dCTP binds to the dTTP sites or
to independent sites because the experimental data
can be accounted for in both cases.

The multimolecular kinetics might be explained
by interaction among sites. The interaction of the
enzyme substrate sites would be enhanced by the
binding of dTTP to the enzyme molecule and elimi-
nated by the binding of dCTP. The changes of the
interaction among substrate sites might be based on
changes of interaction among subunits. The plausibility
of the model of subunit interaction is strengthened
by the experiments described in Figure 5, in which
the influence of the nature of the buffer on the sub-
strate concentration at half-enzyme saturation is
demonstrated. Moreover, the kinetics as function of
the substrate concentration in the presence of different
concentrations of salts, different concentrations of
glycerol, and at different pH values are also indicative
of subunit interactions.,

In the presence of glycerol the enzyme obeys the
Michaelis—-Menten Kinetics and cannot be activated
by dCTP; thus, the glycerol effect resembles the
activatory effect of dCTP. On the other hand, increase
of ionic strength has an inhibitory effect on enzyme
activity, which can be overcome by addition of dCTP.
Glycerol and high ionic strength protect the enzyme
from inactivation (Geraci er al., 1967). It seems that
the conformation of the activated enzyme can be
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induced by dCTP and by glycerol while the conforma-
tion of the inhibited enzyme can be induced by dTTP
and by high ionic strength. The demonstration reported
in the preceding paper (Geraci et al., 1967) that no
polymer-monomer conversion occurs in the presence
of dCTP and of dTTP, strengthens the hypothesis that
the changes of enzyme activity caused by the regulatory
effectors, are based only on conformational changes
of the enzyme molecule.
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Effect of Salt Solutions on Glycogen Phosphorylase. A Possible
Role of the Phosphoryl Group in Phosphorylase a*

Robert W. Sealock and Donald J. Graves?

ABSTRACT: The structure and catalytic activity of
phosphorylases a and b have been found to be particu-
larly sensitive to salts. Kinetic studies with respect
to adenosine monophosphate (AMP) for phosphoryl-
ase b indicate that the saturation curve is hyperbolic
in NaF but sigmoidal in its absence with a Hill coefficient
of n = 1.5. In contrast to NaF, phosphorylase b is
less active in NaClO, and does not follow Michaelis—
Menten kinetics for AMP, These salts had little effect
on the sedimentation of phosphorylase b in the absence
of AMP, but in the presence of 10~ M AMP and NaF,
the enzyme sedimented as a tetramer, and in AMP

It is well recognized that the interconversion of
phosphorylases b and a from skeletal muscle arises
from specific enzymic phosphorylation and dephos-
phorylation reactions and that these transformations

* From the Department of Biochemistry and Biophysics,
Iowa State University, Ames, Iowa 50010. Received August 1,
1966. Journal Paper J-5480 of the Iowa Agricultural and Home
Economics Experiment Station, Ames, Iowa, Project No. 1510.
This research was supported by a research grant (GM-09587)
from the National Institutes of Health, U. S. Public Health
Service.

and NaClO,, as a mixture of dimer and tetramer
In NaF phosphorylase a is stimulated little by AMP,
but in NaClO, the requirement for AMP for activity
is nearly complete. NaF has no effect on the sedimenta-
tion of phosphorylase a, but in NaClO, the enzyme is
partially dissociated to a dimeric form. A model,
based upon the assumed effect of the covalently bound
phosphate groups of phosphorylase a on activity
coefficients of certain groups at a specific site, is pro-
posed to explain the differences in structure and activity
of phosphorylases a and b. The action of salts is dis-
cussed in relation to this model.

constitute, in part, an important mechanism by which
glycogen metabolism is controlled in vivo. The incor-
poration of phosphate that occurs in the phosphorylase
b to a reaction (Krebs and Fischer, 1956) results
in an enzyme that differs from its precursor in sensi-
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