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SUMMARY

A comparison of the cytidine 5'-diphosphate (CDP) and
adenosine S'-diphosphate (ADP) reductase activities from
Ehrlich tumor cells was made to determine if the proper
ties of the enzyme for these substrates were the same, cx
cept for the allosteric effector. It was observed that various
purification steps did not result in an enzyme fraction that
had a constant ratio of CDP:ADP reductase activities. The
optimal Mg2@ ion concentration for CDP reduction was
3 to 4 mM, while the optimal Mg2@ ion concentration for
ADP reduction was 0.1 m@vi.Concentrations of Mg2@ ions
greater than 0. 1 mM inhibited ADP reduction. CDP re
duction was relatively insensitive to the presence of di
methylformamide or dimethyl sulfoxide in the reaction
mixture, but ADP reduction was decreased in the presence
of these two compounds. Periodate-oxidized adenosine
5'-monophosphate, on incubation with the enzyme, had a
greater effect on CDP reduction but little or no effect on
ADP reduction. The response of the CDP and ADP re
ductase activities to the same negative effector was es
sentially the same. Both CDP and ADP reductions showed
similar decreases in the presence of various concentrations
of deoxyadenosine 5'-triphosphate. These data suggest
that the Ehrlich tumor cell reductase enzyme system could
consist of at least two different enzymes that may be
regulated by the same allosteric protein.

INTRODUCTION

The ribonucleotide reductase enzyme system is uniquely
responsible for catalyzing the reaction by which deox
yribonucleotides are formed from the corresponding ribonu
cleotides. Larsson and Reichard (I 2) have shown that the
ribonucleotide reductase from Escherichia co/i is I enzyme
capable of reducing CDP, UDP, ADP, and GDP to the
corresponding deoxyribonucleotide diphosphate. The en
zyme from Lactobacillus leichmannii (2) also utilizes all 4
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substrates (CDP, UTP, ATP, and GTP). The substrate
specificity is controlled by a complex set of allosteric
activators and inhibitors, depending on the substrate. The
mammalian system appears to be much more complicated,
and it was concluded by Moore and Hurlburt ( I3), after a
detailed study of the regulation of ribonucleotide reductase
from Novikoff hepatoma cells by nucleotide effectors, that
â€œthevariation in activators and inhibitors for the reduction
of the four substrates is so great as to suggest the existence
of four separate enzymes.â€• In a preliminary report, Collins
et al. (6) reported that the CDP and ADP reductase
activities could be separated from each other in extracts
prepared from regenerating rat liver. More recently, Peter
son and Moore (14) showed that the levels ofCDP reductase
activity and ADP reductase activity did not follow the same
pattern in synchronized fibroblasts. CDP reductase activity
showed a much greater variation during the various portions
of the cell cycle.

This report presents data in which comparisons of CDP
reductase and ADP reductase activities were made under
various conditions.

MATERIALS AND METHODS

Enzyme Purification. Ehrlich ascites tumor cells were taken
from mice (Dub/ICR) 7 days after transplantation.

A crude extract was prepared from Ehrlich tumor cells in
1 m@idithioerythritol, and the AMS3 fraction was prepared
as previously described (8). The AMS fraction (19 mg
protein) was passed over a hydroxylapatite column ( I x 2
cm) that had been equilibrated with 0.01 M sodium phos
phate buffer, pH 7.2. The reductase activity was eluted with
0.01 M phosphate buffer, pH 7.2. Fractions (I-mI) were
collected, and the various fractions were assayed for
reductase activity.

Enzyme Assays. CDP reductase activity was assayed by
the method of Steeper and Steuart ( I5) using Dowex
I-borate ion-exchange chromatography. The assay mixture
contained, in a final volume of 0.150 ml: [â€˜4C]CDP (0.05
MCi, 7.5 nmoles); dithioerythritol (900 nmoles): magnesium

3 The abbreviations used are: AMS, ammonium sulfate; DMF, dimeth

ylformamide: DMSO. dimethyl sulfoxide: P1-AM P. periodate-oxidized
derivative of AMP.
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acetate (600 nmoles); ATP (300 nmoles); and the enzyme
fraction.

ADP reductase activity was determined by the method of
Cory et al. (10). The assay mixture contained, in a final
volume of 0.150 ml: [14CJADP (0.1 @tCi, 1.86 nmoles);
dithioerythritol (900 nmoles); dGTP (144 nmoles); and the
enzyme fraction.

The assay conditions were optimal for the particular
substrate. Each of the reagents used above, except for the
magnesium acetate, was made up in sodium phosphate
buffer (0. 1 M, pH 7.0). All assays for either CDP or ADP
reductase activity were run in triplicate. An enzyme sample
that was heated for 4 mm in a boiling water bath prior to the
addition ofthe labeled substrate served as the reagent blank.

Magnesium ion concentrations in the enzyme fractions
were determined by the method of Bohuon (3), using
MgSO47H2O for the preparation of the standard curve.

RESULTS

Enzyme Activity in Various Fractions. The enzyme activi
ties of the various fractions are shown in Table 1. At each
step, the enzyme fraction was assayed for both CDP and
ADP reduction under the conditions optimal for each
substrate. At each step, CDP reduction is greater than ADP
reduction, although the hydroxylapatite fraction represents
a 134-fold â€œpurificationâ€•of ADP reductase and only a
86-fold purification of CDP reductase activity. In addi
tion, the AMS fractionation step did not result in an in
crease in CDP reductase activity but did result in an in
crease in the specific activity for ADP reductase activity.

Effect of Magnesium Concentration of CDP and ADP
Reductase Activities. Chart I shows the relative effects of
the magnesium ion concentration on the CDP and ADP
reductase activities. CDP reduction was stimulated by
increasing the Mg2@ concentration, with the maximum
concentration being approximately 3 to 4 mM. ADP reduc
tion was maximally stimulated at approximately 0. 1 mM,
with marked inhibition at the higher concentrations. The
lowest concentration of Mg2@ ions represented on Chart I is
the endogenous concentration of Mg2@ ions found in the 20
to 40% AMS fraction.

The relative difference in the Mg2@ ion requirements for
CDP and ADP reduction was further demonstrated by the
effect of EDTA on the reduction of ADP and CDP. These
data are shown in Table 2. It is seen that I mrvi EDTA
caused a marked inhibition of CDP reduction but a marked
stimulation of ADP reduction. Similar results were ob
tamed with 0. 1 mM EDTA. The addition of Mg2@ ions to the
EDTA-treated samples reversed to some extent the inhibi
tion of CDP reduction caused by the EDTA. These data,
obtained in the presence of 1 mrvi EDTA, suggest that there
was not an absolute requirement for Mg2@ but rather a
stimulatory effect on ADP reduction at extremely low
concentrations and inhibition at slightly higher concentra
tions. CDP reduction was also stimulated by Mg2@ ions, but
higher concentrations were required for maximal stimula
tion. At concentrations as high as 3 to 4 mM, Mg2@ ions did
not inhibit CDP reduction.

-log (Mg5)

Chart I. The effect of Mg2@ ion concentrations on CDP and ADP
reductase activities. The assay conditions were identical to those described
in â€œMaterials and Methodsâ€• except that the Mg2@ ion concentration was
varied as shown. The data are plotted in terms ofenzyme activity (CDP or
ADP reductase) versus the negative log of the Mg2@ concentration. The 20

to 40% AMS fraction was the enzyme fraction used.
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Ribonucleotide reductase activities of various fractions

a The enzyme activities were measured under the optimal conditions determined for the 20 to 40%
AMS fraction.

b The ratio CDP:ADP represents the ratio of the CDP to ADP reductase activities, determined

under their respective optimal conditions, at each of the purification steps.
C Numbers in parentheses, relative -fold purification.

41 p@, protamine sulfate; HA, hydroxylapatite.
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activity
(nmoles/30mm)CDP

ADPNone1

.77 ( 100)â€• 0. 11(100)EDTA(I
mM)0.83(47)0.27(245)EDTA

( I mM) + Mg2@ (0.04 mM)0.99 (56) 0.30(272)EDTA(0.lmM)1.06(60)
0.15(135)EDTA(0.I

mM) + Mg2@ (0.04mM)1.47(83) 0.12(110)
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activity
(nmoles/30mm)CDP
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0.33(100)ControldGTP
(144 nmoles)0.02(2)DM

F-treatedNoneI . 16 (97) 0.07(22)DMF-treateddGTP
(144 nmoles)0.01 (1)

CDP and ADP Reductase Activities

Table 2

Ef/ect of EDTA on CDP and A DP reductase activities

The pH of the EDTA solutions was adjusted to pH 7.0 prior to addition
to the reaction mixture. The assays were carried out as described in
â€œMaterials and Methods.â€• The 20 to 40% AMS fraction was the enzyme
fraction used.

0

C
0
c_) 50
â€˜a-
0

a Numbers in parentheses, percentages of the control values.

Attempts to Measure Simultaneously CDP and ADP
Reductase Activities. Since the products of the ribonucleo
tide reductase reaction for CDP and ADP reduction could
be differentially eluted from the Dowex I-borate columns,
an attempt was made to measure the effect of CDP
reduction on ADP reduction and vice versa. It was found,
however, that this could not be done, as the concentration of
ADP that served maximally to stimulate CDP reduction
completely inhibited ADP reduction. Likewise, the concen
tration of dGTP that was required to maximally stimulate
ADP reduction completely inhibited CDP reduction. The
experiments were carried out in the absence of exogenous
Mg2@ ions.

Effect of DMF and DMSO on ADP and CDP Reduc
tase Activities. In a study of the effect of certain com
pounds that were soluble only in DMF, control experiments
were run to test the effect of DMF on CDP and ADP re
ductase activities. An unexpected result was obtained that
showed a marked difference in the response of the CDP
reductase and ADP reductase activities to DMF. These
data are shown in Chart 2. CDP reductase activity was
relatively unaffected by DMF, whereas ADP reductase
activity was markedly inhibited by DMF. Incubation of
DMF with the enzyme for a I-hr period prior to assay for
ADP and CDP reductase activity did not result in an in
crease in the degree of inhibition. Since dGTP is the prime
activator for ADP reduction in the Ehrlich tumor systems
(J. G. Cory and M. M. Mansell, unpublished data), it was
possible that DMF served to alter the binding site for
dGTP, thereby affecting only ADP reduction. However,
experiments carried out in the presence of DM F showed
that dGTP was still very inhibitory to CDP reduction.
This indicated, at least, that an allosteric site for dGTP
was still intact. The data from this experiment are shown
in Table 3. The inhibitory effect of dGTP on CDP reduc
tion either in the presence or absence of DM F was the same.

Similar results were obtained with DMSO. Again, ADP
reductase activity was more sensitive to the presence of
DMSO than was CDP reduction. These results are shown in
Chart 3.

Effect of P1-AMP on CDP and ADP Reductase
Activities. Pt@riodate-oxidized ATP has been previously

DMF, M

Chart 2. The effect of DMF on CDP and ADP reductase activities.
The assay conditions were identical to those described in â€˜Materials and
Methods.@' A 50% solution of DMF was made up in 0.02 M Tris-HCI
buffer, pH 7.0, and aliquots of this were added to the enzyme fraction.
Aliquots of these mixtures were taken for CDP and ADP reductase
activities. The concentrations of DMF shown in the legend represent the
final concentration in the reaction mixture. The 20 to 40% AMS fraction
was the enzyme fraction used.

Table 3

Effect of DMF on inhibition of CDP reduction by dGTP

DMF-treated enzyme consisted of 0.4 ml enzyme and 0. 1 ml of 50%
DM F; the control enzyme consisted of 0.4 ml of enzyme and 0. I ml buffer.
The 50% DMF was made up in 0.02 M Tris-HCI buffer, pH 7.0. The
addition of dGTP represents an addition of effector to the routine assay
mixture for CDP reductase activity. ADP reductase activity was deter
mined under the conditions described in â€œMaterials and Methods.â€• The 20
to 40% AMS fraction was the enzyme fraction used.

a Numbers in parentheses, percentages of control values.

reported to be a potent, irreversible inhibitor of ribonucleo
tide reductase activity (7). Additional studies have shown
that P1-AMP and adenosine derivatives also inhibit ADP
and CDP reductase activity, although higher concentrations
of these are required to effect inhibition (8). The enzyme
was incubated with a concentration of P1-AMP, which gave
little inhibition with no preincubation of the enzyme with
the P1-AMP. Aliquots were removed at various intervals
and assayed for either ADP or CDP reductase activities.
The results of this experiment are shown in Chart 4. With
0.01 mM P1-AMP, there was little inhibition with no
preincubation. With preincubation, there was a progressive
increase in the degree of inhibition observed for CDP
reductase activity. The degree of inhibition appeared to level
off at approximately 50% after 4 hr of preincubation.
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Chart 4. The effect of P1-AMP on CDP and ADP reductase activities.
The enzyme fraction was incubated with P1-AMP at a final concentration
of 0.01 mM. Aliquots of the control and P1-AMP-treated enzyme were
taken at the intervals indicated and were assayed for CDP and ADP
reductase activities as described in â€œMaterials and Methods.â€• The 20 to
40% AMS fraction was the enzyme fraction used.

tions of DMF used, the inactivation of ADP reductase
activity appeared to be reversible, since dilution of the
enzyme-DMF mixture would restore enzyme activity.

The difference in the magnesium ion requirements for
CDP and ADP reduction also indicated a difference in the
properties of the ADP and CDP reductases, but this could
be due to a difference in Mg2@ ion binding in the catalytic
protein-allosteric protein interaction (if similar to E. coli
system) or similar to the situation observed for the L.
leichmannii ribonucleoside triphosphate reductase system
(2). This difference, however, should not be due to the
stability constants of the Mg substrate of Mg-effector
complexes. The nature of the purine or pyrimidine base or
of the ribose or deoxyribose moiety alters only slightly the
magnitude of the stability constants. There are large
differences in stability constants among the nucleoside
mono-, di-, and triphosphates. (16).

The effects of dATP as a negative effector of both ADP
and CDP reduction showed essentially the same pattern of
inhibition, regardless of which substrate was used. This
tends to indicate that the same or similar allosteric site or
protein is used to regulate ribonucleotide reductase activity
for both substrates. The studies that showed that ATP
inhibited ADP reduction and dGTP inhibited CDP reduc
tion also support the idea of a common allosteric protein.
dGTP was effective as a negative effector of CDP reduction
even in the presence of DMF, suggesting that the effect of
DMF on ADP reductase activity was not due to an effect on
the allosteric site or protein necessary for ADP reduction.
These data also suggest that, if there were different catalytic
sites or enzymes for each particular substrate, there would
still be a mechanism by which the reduction of a particular
substrate could be regulated by the nucleotide pools of the
cell.

The lack of relatively convenient assays for UDP and
GDP reductase activites at the present time precludes doing
the large number of assays needed for extending the studies
to these substrates. However, contrary to the data of
Larsson and Reichard (12) for the E. coli enzyme, the

0@47

DMSO, M

Chart 3. The effect of DMSO on CDP and ADP reductase activities.
The experiment was set up exactly as indicated in the legend to Chart 2,
except that DMSO was the perturbing factor.

However, in the case of ADP reductase activity, there was
little or no loss of activity observed with the preincubation
of P1-AMP with the tumor enzyme preparation.

DISCUSSION

The ribonucleotide reductase systems from bacterial cells
have been highly purified, and many oftheir properties have
been elucidated in detail (I , 4, 5, 11). The reductase enzyme
from mammalian cells, however, has presented more of a
problem in terms of purification and determination of the
properties of a purified enzyme preparation.

The data in the present studies indicate rather strongly
that the enzymes or catalytic sites for ADP and CDP
reduction are different. The active enzyme fractions oh
tamed from the Ehrlich tumor cells (Table 1) showed that
each step did not result in the same increase in specific
activity.

The experiments with P1-AMP indicated that the CDP
reductase activity could be altered without altering the ADP
reductase activity (Chart 4). Sudies with periodate-oxidized
adenosine, P1-AMP, and the borohydride-reduced deriva
tive of periodate-oxidized adenosine (9) showed that the
dialdehyde groups were the functional moieties of the
molecule, as the borohydride-reduced compound was not
inhibitory to ribonucleotide reductase activity or to DNA
synthesis in intact tumor cells.

That more than 1 enzyme or catalytic site may be
involved in ADP and CDP reductions was further supported
by the effects of DMF and DMSO on the 2 reductase
activities. CDP reductase activity was relatively insensitive
to DMF and DMSO, while the ADP reductase activity was
quite sensitive to the effects of DMF and DMSO. Whether
the DMF and DMSO effects were due to changes in the
solvent properties, enzyme denaturation, or enzyme inhibi
tion is not known. However, the concentrations used in
these experiments are relatively low concentrations for
causing alteration in protein structure. At the concentra
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CDP and A DP Reductase Activities

addition of unlabeled UDP to the CDP reductase assay
mixture did not inhibit or reduce the extent of CDP
reduction by the tumor cell ribonucleotide reductase (J. G.
Cory and M. M. Mansell, unpublished data).

While the data presented here do not unequivocally show
that there are separate enzymes for each of the nucleoside
diphosphate substrates, they do suggest the possibility that
at least 2 separate ones (for CDP and ADP) exist. The lack
of inhibition of CDP reduction by UDP suggests still a 3rd
separate enzyme. While these data suggest that the mam
malian ribonucleotide reductase system consists of multiple
catalytic proteins (enzymes), each one specific for a particu
lar substrate and all of which are regulated by a single
allosteric protein, it is possible that the different catalytic
sites are on the same protein.
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