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Studies on the Allosteric Modification of Nucleoside
Diphosphatase Activity by Magnesium Nucleoside

Triphosphates and Inosine Diphosphate”

Vern L. Schrammt and John F. Morrison

ABSTRACT: A kinetic study has been made of the effects of
various nucleotide species as modifiers of the reaction cata-
lyzed by nucleoside diphosphatase when magnesium-inosine
diphosphate is used as the substrate. The results showed that
the magnesium complexes of both nucleoside and deoxy-
nucleoside triphosphates, as well as free inosine diphosphate,
are capable of activating the enzyme at lower concentrations
of substrate. The experimental data have been analyzed in

Nucleoside diphosphatase (EC 3.6.1.6) catalyzes the
hydrolysis of a wide range of nucleoside diphosphates and
hence the reaction can be written in general form as

M2+
nucleoside diphosphate ~—» nucleoside monophosphate + P;

where M2t represents an essential divalent metal ion which
may be Mg?*, Mn?*, or Ca?", Characteristic features of the
enzyme freshly prepared from rat liver are that it does not
exhibit Michaelis-Menten kinetics and can be activated by
MgATP?* which functions as an allosteric modifier (Yamazaki
and Hayaishi, 1965, 1968; Schramm and Morrison, 1968).
Detailed kinetic investigations of the reaction using MgIDP-
as the substrate in the presence and absence of MgATP2*-
(Schramm and Morrison, 1969) have led to the proposal that
the reaction proceeds via a rapid equilibrium, random mech-
anism that allows for (a) the interdependent reaction of two
molecules of substrate at two identical catalytic sites, (b)
differences in the rate of product formation from enzyme
forms containing one or two molecules of substrate, and (c)
combination of a modifier at a distinct site on the enzyme which
can affect both the binding of substrate and rate of product
formation.

* From the Department of Biochemistry, John Curtin School of
Medical Research, Australian National University, Canberra, A. C. T.,
Australia.

+ Present address: Biological Adaptation Branch, National Aeronau-
tics Space Administration, Ames Research Center, Moffet Field, Calif.
94035; to whom to address correspondence,
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terms of the mechanism previously proposed for the reaction
(Biochemistry 8, 3821 (1969)) and values obtained for the
various kinetic constants. These indicate that the structure of
the modifier determines the strength of its binding to free
enzyme and that the resulting enzyme-modifier complexes
have different abilities to combine with the substrate. Certain
nucleotide species were also able to significantly lower the
maximum velocity of the reaction.

Since various magnesium nucleoside and deoxynucleoside
triphosphate complexes, as well as IDP?*-, are capable of
activating the enzyme, it was of interest to determine the effect
of these compounds relative to that of MgATP?~. The results
of such experiments have been found to be in accord with the
mechanism previously proposed and guantitative analysis of
the data in terms of the initial rate equation for the mechanism
has shown the different nucleotide species exhibit varying
abilities to combine with the enzyme and to affect the maxi-
mum velocity of the reaction.

Materials and Methods

All nucleoside and deoxynucleoside triphosphates were
products of P-L Biochemicals. The deoxynucleoside triphos-
phates were not further purified as they were purchased just
prior to use and did not contain significant amounts of the
corresponding deoxynucleoside diphosphates. On the other
hand, ITP, UTP, GTP, and CTP, which had been stored as
the crystalline sodium salts at —10° for about 2 years, con-
tained 6-10 % of the corresponding diphosphates. ITP was not
purified since allowance could be made for the presence of
IDP when calculating the total amount of IDP required to
give particular concentrations of MgIDP~ which was used as
the substrate. The removal of CDP from solutions of CTP was
also unnecessary as CDP is a poor substrate (Schramm and
Morrison, 1968) and the amounts introduced with CTP would
have no significant effect on the reaction velocity. Because
MgUDP- and MgGDP- are good substrates for nucleoside
diphosphatase, it was essential to purify the samples of UTP
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and GTP and this was done by a modification of the method
of Hurlbert (1957). The nucleoside triphosphate (200 mg) was
adsorbed onto a column (6 X 1.5 cm) of Dowex 1 (200-400
mesh, formate form) and eluted by the use of linear gradients
of 0.4-1.0 or 0.2-0.8 N ammonium formate in 4 N formic acid.
The total volume of the eluting solution was 200 ml. After
elution from the column, the nucleoside triphosphates were
adsorbed onto a pad of acid-washed Norit A in a small Biich-
ner funnel, washed with water, and eluted with a mixture of
ethanol-water (1:1, v/v). The eluent was made 859 with
respect to ethanol and the nucleotide precipitated by the
addition of a 509 molar excess of 3% (w/v) BaBr; solution.
The precipitate was washed with absolute ethanol, anhydrous
ether, and dried in a vacuum desiccator. A solution of the
sodium salt was obtained by mixing a slurry of the barium
nucleoside triphosphate into the top of a column (1.8 X 9 cm)
of Zeo Carb 225 (Na* form) which was then washed with
water. The purified preparations of UTP and GTP contained
approximately 1% of the corresponding nucleoside diphos-
phate as determined by use of a coupled assay system involv-
ing pyruvate kinase and lactate dehydrogenase (Morrison and
James, 1965). The other reagents and the preparation of
nucleoside diphosphatase have been described previously
(Schramm and Morrison, 1968).

Determination of Reaction Velocities. Enzymic activity was
determined at 30° in the presence of 0.1 M triethanolamine-
HCI buffer containing 0.01 mM EDTA (pH 8.5). The total
volume of reaction mixtures was either 1.0 or 2.0 ml and the
amount of enzyme added corresponded to 0.2-0.8 ug of
protein/ml. MgIDP~ was used as the variable substrate and
unless free IDP*~ was also being varied, this nucleotide species
was held constant at 0.1 mm at which concentration it has
only a negligible ability to activate the reaction. The total
concentrations of MgCl, and IDP to give the required con-
centrations of MgIDP~ and free IDP*~ were calculated as
described by Heyde and Morrison (1970). The stability con-
stant for MgIDP~ was taken to be 4000 M~! (Schramm and
Morrison, 1968; O’Sullivan and Perrin, 1964). For studies
of the activation of the reaction by the magnesium complexes
of the nucleoside and deoxynucleoside triphosphates, it was
considered that their stability constants were similar to the
value of 70,000 M~ as determined for MgATP?~ (O’Sullivan
and Perrin, 1964) and that the complexes could be formed by
the addition of equimolar amounts of MgCl; and the nucleo-
side or deoxynucleoside triphosphate. To ensure that initial
velocities were being measured, reactions were run for two or
three time periods. After stopping the reaction with acid, the
formation of IMP or P; (as indicated in the legends to the
figures) was determined (Schramm and Morrison, 1968).
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Weighted mean values together with their standard errors,
as well as the standard errors of sums, products, and quotients
were calculated as described by Morrison and Uhr (1966).

Theory

From the results of previous studies (Schramm and Morri-
son, 1969) using MgIDP~ as the substrate and MgATP?~ as
an allosteric modifier, it was concluded that the nucleoside
diphosphatase reaction proceeds, under rapid equilibrium
conditions, via the mechanism illustrated in Scheme I where
E, A, and M represent enzyme, MgIDP~ and MgATP?-,
respectively; K., K2, and K, represent dissociation constants
for the reaction of A with E, EA, and AE, and ME, MEA,
MAE, and MAEA, respectively; K, Kima, and Kin.. repre-
sent dissociation constants for the reaction of M with E, EA,
and AE, and AEA, respectively. The initial rate equation for
the mechanism can be expressed as

. ki KaKim Ka -
KuKelM) _ KuKe (, . (Al
A? 2K.[A K. K, 2 — A
(A% + 2KIA] + Kok + KA +KAKim(+KA>[M]

Analysis of Data. Experimental data were analyzed by the
computer programs of Cleland (1963) in conjunction with an
IBM 360 computer. Data which gave linear double-reciprocal
plots of initial velocity as a function of substrate concentra-
tion were fitted to eq 1. Data yielding rectangular hyperbolas
that did not pass through the origin were fitted to eq 2.

ViA)

= Al 1
° T K + [A] W

where V' = 2k:E.. When M is present at concentrations which
are high relative to the value of Kin, eq 3 would simplify to
eq 4 which has the same formaseq 1.

p = 2k1sE{A]
Ka + [A]
or @
ViA]
K. + [A]
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FIGURE [: Effect of the concentration of magnesium-nucleoside
triphosphate complexes on the initial velocity of the reaction. The
concentrations of the substrate (MgIDP~) were 0.20 (@), 0.25 (A),
and 0.30 (@) mMm while the concentration of IDP3%~ was held con-
stant at 0.1 mMm. The curves were drawn using the kinetic constants
obtained by fitting the data to eq 2. Initial velocities are expressed
as millimicromoles of IMP per minute per microgram of protein.

With M as the variable reactant, rearrangement of eq 3 would
give

- N
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Equation 5 has the same general form as eq 2. As IDP% and
the magnesium complexes of CTP, GTP, ITP, and UTP had
kinetic effects on the reaction similar to those reported for
MgATP?* (Schramm and Morrison, 1969) eq 4 and 5 have
been used in connection with the calculation of the values of
the kinetic constants associated with the reaction of MgIDP~
with the various EM complexes (K4) and the reaction of the
modifiers with different enzyme forms (Kim, Kima1, and Kimas).

Results

Kinetics of the Reaction in the Presence of High Concentra-
tions of Modifiers. The initial velocity of the reaction was
determined as a function of the concentration of MgIDP-,
over the range from 0.2 to 1.0 my, in the presence of each of
2274 10, No. 12,
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@ Values for K, were determined from fits of the data to
eq 1 and represent weighted means values from several
experiments, * Determined previously by Schramm and
Morrison (1969) and included here for comparative purposes.

the modifiers (M) at fixed concentrations of 1.0, 2.0, and 3.0
mM. When the data, as obtained with the modifiers MgCTP?*-,
MgGTP?, MgITP*, MgUTP?~, and IDP?", were plotted in
double-reciprocal form, each set gave three straight lines
which were virtually superimposable. These results are in
accord with the predictions of eq 4 and hence it may be con-
sidered that when any one of the above modifiers is present at
a concentration greater or equal to 1.0 my, its concentration
is high relative to the value for K. and that the horizontal
intercepts of the plots yield true values for Kx which represents
the dissociation constant for the reaction of substrate (A)
with the ME, MEA, and MAE complexes (¢f. eq 3 and 4).
Analysis of the data gave values for K, (Table I) which indi-
cate that the chemical nature of the modifier influences the
binding of the substrate to the enzyme-modifier complex.
Further, as no inhibition was observed by increasing modifier
concentrations, it may be concluded that no dead-end com-
plexes were formed by the addition of modifier to both the
allosteric and substrate sites.

Effect of the Concentration of Modifiers on the Reaction
Velocity. Determination of the effect of increasing concentra-
tions of the modifiers on the initial velocity of the reaction at
different fixed, nonsaturating concentrations of the substrate
gave the results illustrated in Figure 1. These indicate that
the initial velocity increases as a hyperbolic function of the
concentration of each of the four magnesium-nucleoside tri-
phosphate complexes and a similar result was obtained with
IDP3-, Tt is apparent (Figure 1) that MgITP?~ and MgGTP*"
are better activators than either MgUTP?*" or MgCTP*" as
judged by the range of concentrations necessary to obtain
maximum stimulation of the catalytic activity. Since all sets
of data gave good fits to eq 2, it may be concluded that only
one molecule of modifier undergoes reaction with the
enzyme or that multiple molecules react in an independent
manner. The results are, therefore, in agreement with the
theoretical predictions of the mechanism outlined in Scheme
1. The values for Ky and Kp, which were obtained by fitting
the data of Figure 1 to eq 2, were used to determine the values
of the dissociation constants for the various EM complexes
(Ki) and the relative rates of product formation from the
MAEA and AEA complexes (ki3/k:). The values so obtained
are recorded in Table II. Tt will be noted that the values for
Kx and Ky, are considerably more precise than those calcu-
lated for K. and the A,3/k; ratio. This is a consequence of the
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TABLE 11: Values for the Apparent and True Kinetic Constants Associated with the Reaction of Magnesium-Nucleoside Tri-

phosphates with Nucleoside Diphosphatase.

Substrate
Modifier Concn (mM) Kx (mm)e Kp (mMm)s Kim (mM)? kis/ks
MgGTP* 0.20 0.0080 = 0.0009 0.029 &+ 0.003 0.031 = 0.013 0.61 = 0.30
0.25 0.0071 = 0.0009 0.025 = 0.003 0.027 = 0.012 0.73 =0.34
0.30 0.0062 =+ 0.0005 0.020 &+ 0.002 0.022 = 0.009 0.87 = 0.41
MgCTP?- 0.20 0.0990 = 0.0060 0.390 = 0.027 0.39 =0.16 0.45 £ 0.22
0.25 0.0725 = 0.0068 0.265 = 0.025 0.26 =0.10 0.64 £ 0.31
0.30 0.0681 = 0.0063 0.206 + 0.019 0.21 = 0.09 0.71 = 0.34
MgUTP* 0.20 0.0584 &+ 0.0055 0.229 = 0.028 0.25 = 0.10 0.61 = 0.31
0.25 0.0483 =+ 0.0058 0.151 £ 0.024 0.17 = 0.08 0.77 = 0.38
0.30 0.0628 = 0.0102 0.215 = 0.041 0.25 =0.10 0.62 +£0.31
MgITP?- 0.20 0.0128 = 0.0013 0.048 = 0.006 0.083 + 0.037 0.32 £ 0.15
0.25 0.0101 =+ 0.0006 0.040 = 0.002 0.076 &= 0.032 0.41 +£0.20
0.30 0.0087 = 0.0009 0.029 + 0.003 0.060 =+ 0.025 0.47 =0.22
IDP*~ 0.10 0.100 = 0.016 0.388 = 0.070 0.37 £0.17 1.0 +0.57
0.125 0.106 &= 0.013 0.395 + 0.055 0.36 =0.17 1.0 £0.54
0.167 0.081 = 0.010 0.306 = 0.036 0.28 £0.12 1.4 £0.75

« Values for the apparent constants, Kx and Kp, are weighted means of the values obtained by fitting to eq 2 at least two sets
of data for each magnesium-nucleoside triphosphate including the sets of Figure 1. ¢ Values for X, were calculated from the given
values for Kp using eq 5, the appropriate values for K4 (Table I) and the fixed substrate concentration (Figure 1), as well as values
for K, and K> of 1.10 = 0.38 and 1.98 =+ 0.16 mM, respectively (Schramm and Morrison, 1969). The resulting values for K,
were then used, together with the values for the fixed substrate concentration (Figure 1), Ky, Kai, Kao, Ka (Table I), and a ks/ky
ratio of 0.17 = 0.07 (Schramm and Morrison, 1969), to determine values for the various k;3/k; ratios from the relationship given

ineq?5.

TABLE III: Summary of the Values for the Dissociation Constants Associated with the Reaction of Modifiers with Various Enzyme
Forms and for the Ratios of the Maximum Velocities in the Presence and Absence of Modifiers.

Modiﬁer Kim (mM)“ Kimal (mM)b KimaQ (mM)b kla/k7“ I/I/I/c
MgGTP?*- 0.026 = 0.006 0.022 &+ 0.009 0.011 = 0.004 0.71 = 0.20 0.86 £ 0.12
MgITP?*~ 0.070 = 0.017 0.024 = 0.010 0.004 = 0.002 0.38 x£0.11 0.43 = 0.06
MgATP?- 4 0.039 = 0.010 0.024 = 0.011 0.008 = 0.004 042 +£0.14 0.47 = 0.02
MgCTP?*~ 0.26 = 0.06 0.26 £ 0.11 0.15 £ 0.06 0.56 = 0.16 0.96 = 0.15
MgUTP?~ 0.22 =0.05 0.17 = 0.07 0.08 = 0.03 0.65 £0.19 0.59 = 0.06
IDP3*~ 0.32 = 0.08 0.49 £ 0.21 0.42 £0.18 1.10 +£0.35 0.49 £ 0.05

» Values for Kim and kis/k; are weighted means of those given in Table II. * Values for Kima and Kim.: were calculated
from the relationships: K.iKima = KaKim and K2Kima2 = KaKima: Which must hold when the reactions of Scheme I occur under
rapid equilibrium conditions. < The ratio of the maximum velocities in the presence and absence of modifiers ¥/ also gives a
measure of the value for ky5/k7 (¢f. eq 3 and 4). The values represent weighted means of the ratios of V! and ¥ obtained by fitting
to eq 1 two sets of data for each modifier including each set of Figure 2. ¢ Values of the constants associated with MgATP?*~

are taken from Schramm and Morrison (1969).

complexity of the calculations which involve the use of the
values for three or four kinetic constants each of which has a
standard error. Nevertheless, from the weighted mean values
for Kin (Table III) it is clear that the magnesium complexes
of the purine nucleoside triphosphates combine more readily
with free enzyme than the magnesium complexes of the pyrimi-
dine nucleoside triphosphates whose dissociation constants
are similar to that for IDP3~, The weighted mean values for
the 4i3/k; ratio (Table III) do not permit definitive conclu-

sions to be reached about the effect of the modifiers on the
rates of product formation in the presence of saturating con-
centrations of MgIDP~. However, it does appear that when
the magnesium complexes of ITP, CTP or UTP are present on
the enzyme, the maximum velocity of the reaction is less than
that obtained in their absence.

Maximum Velocities of the Reaction in the Absence and Pres-
ence of Modifiers. In order to obtain more direct evidence for
the effect of modifiers on the reaction kinetics, the maximum
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FIGURE 2: Determination of the maximum velocities of the reaction
in the absence and presence of saturating concentrations of various
magnesium-nucleoside triphosphate complexes. The concentrations
of MgGTP? (A), MgCTP?~ (B), MgUTP?~ (C), and MgITP*"
(D) were varied with the substrate (MgIDP~) in a constant ratio
of 1:1 while free IDP3~ was held constant at a concentration of 0.1
mM. The initial velocity values in the presence (@) and absence (A)
of modifiers were corrected for the inhibition by free Mg?*, as
described in the text, before the data were fitted to eq 1. The re-
sulting constants were used in connection with the drawing of the
lines. Initial velocities are expressed as millimicromoles of inorganic
phosphate per minute per microgram of protein.

velocity of the reaction in the presence and absence of saturat-
ing concentrations of the modifiers was determined. For the
determination of the maximum velocity in the absence of
modifiers, initial velocities were measured over a range of
higher substrate concentrations from 1.0 to 5.0 mM. Similar
experiments were carried out using the same range of sub-
strate concentrations and varying the substrate and modifier
concentrations in constant ratio to determine the maximum
velocity of the reaction in the presence of a saturating con-
centration of the modifier. The resulting data were then cor-
rected for the inhibition by free Mg?+ which would be present
at concentrations 2.5 times that of MgIDP~ when free IDP3~
is held constant at 0.1 mm. It was taken that free Mg?* acts
as a noncompetitive inhibitor in the absence of modifiers and
as a competitive inhibitor in the presence of each modifier
since such results were obtained from studies with MgATP2~

TaBLE Iv: Apparent Kinetic Constants as Determined from
the Results of the Activation of the Reaction by Magnesium-—
Deoxynucleoside Triphosphates.s

Modifier Kx (mm) Kp (mm)
MgdGTP2- 0.033 = 0.006 0.10 = 0.02
MgdATP?* 0.037 = 0.008 0.14 = 0.03
MgdCTP*~ 0.17 £0.02 0.63 = 0.10
MgdTTP2- 0.32 +0.19 0.66 = 0.03
« Values for the constants were obtained by fitting the

data of Figure 3toeq 2.
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FIGURE 3: Effect of the concentration of magnesium-deoxynucleo-
side triphosphate complexes on the initial velocity of the reaction.
The concentrations of the substrate (MgIDP-) and free IDP3~
were held constant at 0.3 and 0.1 mM, respectively. The data were
fitted to eq 2 and the constants obtained were used to draw the
curves. Initial velocities are expressed as millimicromoles of IMP
per minute per microgram of protein.

(Schramm and Morrison, 1970). The values previously deter-
mined for the inhibition constants associated with free Mg?+
were used to obtain uninhibited initial velocity values
(Schramm and Morrison, 1969) which were then plotted in
double-reciprocal form to give the results shown in Figure 2.
These indicate that all the magnesium—nucleotide complexes
are capable of activating the enzyme at lower substrate con-
centrations while they differ in their ability to influence the
maximum velocity of the reaction.

Values for the maximum velocity of the reaction in the
presence (V') and absence (V) of modifiers were obtained by
fitting the data of Figure 2 to eq 1 and the values for k;3/k;
given in Table III (column 6) were determined from the ratio
of V1:¥ (cf. eq 3 and 4). In general, these values for ky3/kr are
of a similar magnitude to those calculated from the data of
Figure 1 but have lower standard errors (Table III, column
5). From these two sets of results and previous work with
ATP (Schramm and Morrison, 1969), it may be concluded
that MgATP?>, MgITP?~, and MgUTP?~ have significant
effects in lowering the maximum velocity of the reaction.

Kinetics of the Reaction in the Presence of Magnesium
Deoxynucleoside Triphosphates. The magnesium complexes of
deoxynucleoside triphosphates were also capable of function-
ing as modifiers of nucleoside diphosphatase. Increasing con-
centrations of these complexes in the presence of a relatively
low fixed substrate concentration (0.3 mm) increased the
initial velocity in a manner similar to that given by the mag-
nesium nucleoside triphosphates (Figure 3). However, qualita-
tive inspection of the data indicates that higher concentrations
of the magnesium deoxynucleotide complexes are required to
give activation equivalent to that achieved by the magnesium
nucleotide complexes (cf. Figure 1). Further, it would appear
that the apparent maximum velocity of the reaction in the
presence of MgdTTP?™ is much less than that observed with
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the other modifiers. The apparent kinetic constants associated
with the combination of the deoxynucleotide complexes are
presented in Table IV.

Discussion

The results of the present investigation have shown that the
magnesium complexes of a variety of nucleoside and deoxy-
nucleoside triphosphates, as well as IDP—3, can function as
activators of nucleoside diphosphatase. Further, they indicate
that the kinetic effects of these nucleotide species are similar to
those exhibited by MgATP?~ which has been demonstrated
to act as an allosteric modifier of the enzyme (Schramm and
Morrison, 1968, 1969). Thus the experimental data are con-
sistent with the mechanism illustrated in Scheme I which
allows for the reaction of two molecules of substrate at equiva-
lent catalytic centers and the combination of one molecule of
modifier at a distinct modifier site so as to affect the binding
of substrate and the rate of product formation. It follows then
that the data may be analyzed in terms of the initial rate equa-
tion (eq 3) describing the mechanism which occurs under
rapid equilibrium conditions. From such analyses values may
be obtained for the dissociation constants which give a mea-
sure of the binding of modifiers to free enzyme and enzyme-
substrate complexes as well as the binding of substrate to the
various enzyme-modifier complexes.

From the values obtained for the various dissociation
constants it becomes apparent that the strength of binding of
MgIDP~ (A) to the different enzyme-modifier complexes
(K4) is dependent on the chemical nature of the modifier
molecule. Indeed, it appears (Table I) that the binding of sub-
strate can vary by a factor of four to five according to whether
the modifier is MgITP?~ or IDP3-, The structure of the modi-
fier also influences its combination with free enzyme (Kim)
and the maximum velocity of the reaction (Table III). It is of
interest that the magnesium complexes of the purine nucleo-
side triphosphates bind more strongly than the magnesium
complexes of the pyrimidine nucleoside triphosphates and
that none of the nucleotides tested are able to increase the
maximum velocity of the reaction. From the values calculated
for Kima1 and Kimae, Which represent dissociation constants for
the reaction of a modifier with the EA (or AE) and AEA com-

plexes, respectively, it is clear that there are differences in the
degree to which the various nucleotide species are bound to
the two enzyme-substrate forms (Table III).

The present work and that of Yamazaki and Hayaishi
(1968) establish the broad specificity of nucleoside diphos-
phatase with respect to its reactions with modifiers while
previous work (¢f. Schramm and Morrison, 1968) has shown
that the enzyme exhibits a broad substrate specificity. Because
of the similarity in the chemical structure of the modifiers and
substrates, it might have been expected that there would be
certain similarities in the structures of the modifier and cata-
lytic sites so that modifiers would react at the catalytic
site to form dead-end complexes. As this type of reaction
does not occur, it must be concluded that there are distinct
differences in the structures of the modifier and catalytic
sites.
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