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SUMMARY

Ribonucleotide reductase activity in a partially purified
enzyme preparation from Ehrlich tumor cells was inhibited
by the dialdehyde derivatives of adenosine,5'-adenylic acid,
and adenosine 5'-triphosphate (prepared by the periodate
oxidation of adenosine, 5'-adenylic acid, and adenosine
5'-triphosphate). The borohydride-reduced derivative of
periodate-oxidized adenosine was not inhibitory to the
ribonucleotide reductase activity, showing that the al
dehyde moiety was important in the inhibitory interac
tions of these compounds. This suggestedthe formation of
a Schiff base between the dialdehyde derivative and
an amino group (presumably, the c-amino group of
lysine). Pyridoxal phosphate, which is known to inhibit
enzymes that have lysyl residues in the catalytic or allosteric
sites, was an inhibitor of ribonucleotide reductase. Pyri
doxal, pyridoxamine phosphate, pyridoxamine, and pyri
doxine were not inhibitors. Borohydride reduction of the
enzyme in the presence of pyridoxal phosphate produced a
protein fraction that had little reductase activity remaining.
The inhibition by pyridoxal phosphate was not influenced by
increasing the substrate concentration (cytidine 5'-diphos
phate or adenosine 5'-diphosphate), but was diminished by
increasing the ratio of allosteric effector to pyridoxal
phosphate concentrations, suggesting an interaction of pyri
doxal phosphate at the regulatory site of ribonucleotide
reductase. The addition of adenosine 5'-triphosphate to the
pyridoxal phosphate-enzyme mixture, which was subse
quently treated with borohydride, partially prevented the
inhibition by pyridoxal phosphate. Heat treatment of the
ribonucleotide reductase enzyme preparation in the pres
ence of pyridoxal phosphate protected the enzyme against
loss of cytidine 5'-diphosphate and adenosine 5'-diphos
phate reductase activities.

INTRODUCTION

In a study of the structural requirements of ATP analogs
to serve as effectors for CDP reduction, the PI-ATP3 was
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prepared and shown to be a potent and irreversible inhibitor
of ribonucleotide reductase activity (5). PI-adenosine and
P1-AMP were subsequently shown to be effective inhibitors
of DNA synthesis in Ehrlich tumor cells (7). The borohy
dride-reduced derivative of periodate-oxidized adenosine
did not inhibit DNA synthesis, indicating that the aldehyde
groups were the functional moieties of the nucleoside
analog.

Aldehyde groups are known to form Schiff bases with
amino groups and in biological systems of this nature, it
would be expected that the -amino groups of lysine would
be involved. Kimball et a!. (13, 18, 22â€”26) have studied the
effect of the periodate-oxidized derivative of methylthioino
sine on several enzymes and showed unequivocally that a
Schiff base is formed between the dialdehyde derivative of
methylthioinosine and the c-amino groups of the reactive
lysyl residuesof RNase A (23) and RNA polymerase(18).
Furthermore, it has been shown that many enzymes are
inhibited in a specific manner by pyridoxal phosphate
because pyridoxal phosphate binds to a specific lysyl residue
in the active site or allosteric site through Schiff base
formation (1â€”4,10, 11, 16, 17, 19â€”23,26). It is interesting to
note that 2 of the enzymes shown to be inhibited by the
dialdehyde derivative of methylthioinosine, namely, RNase
(23) and Escherichia co!i DNA-dependent RNA polymer
ase (18), have also been reported to be inhibited by
pyridoxal phosphate (20, 26).

In this report, we present data that show that PI-adeno
sine and P1-AMP inhibit both CDP and ADP reduction,
although to a lesser extent than does PI-ATP. In addition, it
is shown that ribonucleotide reductaseactivity is markedly
inhibited by pyridoxal phosphate. A preliminary report of
this observation has been published (6).

MATERIALS AND METHODS

Preparation of Enzyme Fraction. Ehrlich ascites tumor
cells were taken from mice (Dub/ICR) 7 days after
transplantation. All subsequentstepswere carried out at 4Â°.
The tumor cells were washed with 0.015 M NaCI to lyse the
red cells. The tumor cells were suspended in 1 mr@idithio

ATP; PI-adenosine,periodate-oxidizedderivativeof adenosine;P1-AMP,
periodate-oxidized derivative of A M P: borohydride-reduced derivative of
periodate-oxidized adenosine, 2-O-[ I (R )-(9-adenyl)-2-hydroxyethyl]-
glucerol (trialcohol derivative of adenosine): AMS. ammonium sulfate.
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erythritol (1 volume packed cells per 2 volumes dithioeryth
ritol solution) and homogenized in a Sorvall Omni-Mixer
for I .5 mm at full speed. The homogenate was centrifuged
at 30,000 x g for 1 hr at 4Â°.The pH ofthe supernatant fluid
(crude extract) was adjusted to pH 5.2 with 1 M acetic acid,
and the precipitate, which contained the reductase activity,
was redissolved in 0.05 M Tris-HC1, pH 8.0 (one-fourth
volume crude extract). A 1% solution of protamine sulfate
was added to bring the solution to 0.25% in protamine
sulfate. The suspensionthat formed was centrifuged (10
mm, 30,000 x g). The protamine sulfate pellet was ex
tracted with 0.02 M sodium phosphate buffer, pH 8.0
(one-third volume of the pH 5.2 fraction), and the reductase
activity was eluted under these conditions. This protamine
sulfate fraction was treated with ammonium sulfate (1 14
g/liter) and centrifuged, and the precipitate was discarded.
The supernatant fluid was then treated with ammonium
sulfate (123 g/liter) and centrifuged. The precipitate that
represented the 20 to 40% AMS fraction was dissolved in
0.02 MTris-HC1, pH 7.0 (one-tenth volume ofthe protamine
sulfate fraction), and dialyzed against 0.02 M Tris-HCI
buffer, pH 7.0, for approximately 2 to 3 hr against 2
changes of buffer. Spectrapor dialysis tubing was used. This
AMS fraction was stable if the fractions were quick-frozen
in a Dry Ice-acetone bath. Before use in the ribonucleotide
reductase assay, the AMS fraction was diluted with an
equal volume of 0.02 M Tris-HCI, pH 7.0.

Enzyme Assays. CDP reductase activity was assayedby
the method of Steeper and Steuart (25), using Dowex
1-borate ion-exchange chromatography. The assay mixture
contained, in a final volume of 0.15 ml: â€œC-labeledCDP
(0.05 @zCi,7.5 nmoles), dithioerythritol (900 nmoles), mag
nesium acetate (600 nmoles), ATP (300 nmoles), and the
enzyme fraction. ADP reductase activity was determined by
the method of Cory et a!. (8). The assay mixture contained,
in a final volume of 0.150 ml: â€˜4C-labeledADP (0.1 zCi,
1.86 nmoles), dithioerythritol (900 nmoles), dGTP (144
nmoles), and the enzyme fraction. 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 carried out
at 37Â°and 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 assay blank.

Sodium borohydride reductions of the pyridoxal phos
phate-protein fractions were carried out by the method of
GoldinandFrieden(10).

Protein concentrations were determined by the method of
Lowry et a!. (15), with egg albumin as the standard.

PI-ATP, P1-AMP, and PI-adenosine were prepared by
the method of Khym and Cohn (12). PI-ATP was purified
by chromatography on Sephadex G-l0 (1.9 x 105 cm).
P1-AMP and PI-adenosine were purified on Dowex 1-ace
tate columns. The presence of aldehyde functional groups in
these compounds was determined by the method of Zamec
nik et a!. (28). The absence of periodate or iodate in these
preparations was determined by the starch-iodide method
(27).

The borohydride-reduced derivative of periodate-oxidized
adenosine was a generous gift of Dr. Leon M. Lerner,

Department of Biochemistry, Downstate Medical Center,
Brooklyn,N. Y. (14).

RESULTS

Effect of PI-ATP, P1-AMP, and PI-Adenosine on Ribo-.
nucleotide Reductase Activity. Chart 1 shows the effect of
PI-ATP, P1-AMP, and PI-adenosine on CDP reduction.
PI-ATP was a much more potent inhibitor of CDP
reduction than either P1-AMP or PI-adenosine. These data
were obtained without preincubation of the enzyme with the
periodate-oxidized compound. Chart 2 shows the effect of
PI-ATP, P1-AMP, and PI-adenosine on ADP reduction.
Again, PI-ATP was a better inhibitor than PI-AMP or
PI-adenosine. However, in a comparison of the effects of
these derivatives on CDP and ADP reduction, PI-ATP was
much more inhibitory to ADP reduction than to CDP
reduction. The degree of inhibition of ribonucleotide reduc

- log C Inhibitor)

Chart 1. Effect of PI-adenosine, P1-AMP, and PI-ATP on CDP
reduction. The assays for CDP reduction were set up as described in
â€œMaterials and Methods.â€• The concentration of the periodate-oxidized
derivative was added as indicated on the graph. All assays were run in
triplicate. There was no preincubation of the enzyme with the inhibitor.

â€”log ( Inhibitor)

Chart 2. Effect of PI-adenosine, P1-AMP, and PI-ATP on ADP
reduction. The assays for ADP reduction were set up as described in
â€œMaterials and Methods.â€• The concentration of the periodate-oxidized
derivative was added as indicated on the graph. All assays were run in
triplicate. There was no preincubation of the enzyme with the inhibitor.
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Inhibitorâ€•Inhibitor
concentration

(mM).Enzyme

activitybvis,iV1@,1NoneNone0.202.30PI-adenosine3.20

2.40
1.60
0.800.034

(17)c
0.024 (12)
0.018 (9)
0.074(37)0.27

(12)
0.57 (25)
0.90 (39)

1.54(67)P1-AMP2.06

1.37
0.69
0.280.050(25)

0.062(31)
0.136(68)
0. 156 (78)1.17(51)

1.36(59)
1.86(81)
2.25(98)PI-ATP0.36

0.27
0.09
0.040.004(2)

0.000 (0)
0.028(14)
0.048 (24)0.30(13)

0.78 (34)
0.71(31)
1.72 (75)

ExperimentRibonucleotide
reductase (nmoles/30

mm/mg protein)% ofcontrolI.Control

PI-adenosine treated0.1500.064432.Control

P1-AMP-treated0.1000.059593.Control

Hydroxyureatreated0.130 0.136105

SampleInhibitor
concentration

(mM)Deoxycytidine

(nmoles/mg/30
mm)%inhibitionControl

â€˜2.33PI-adenosine1.280.5377PI-adenosine3.200.1892Trialcohol-adÂ°I

.282.244Trialcohol-ad3.201.9317

J. G. Cory and M. M. Mansell

tase by PI-adenosine, Pt-AMP, and PI-ATP could be
decreased by increasing the substrate concentration, as
shown in Table I.

PI-ATP, P1-AMP, or PI-adenosine had no effect on
snake venom enzymes used in the assay procedure.

The borohydride-reduced derivative of periodate-oxidized
adenosine was essentially not inhibitory to the ribonucleo
tide reductase activity at concentrations as high as 3.2 mr@t.
This concentration of periodate-oxidized adenosine caused
92% inhibition of ribonucleotide reductase activity. These
data are shown in Table 2.

Ribonucleotide Reductase Levels in PI-Adenosine-. and
P1-AMP-treated Tumor Cells. Ehrlich tumor cells were
incubated in culture medium (9) with and without the
addition of the PI-adenosine and P1-AMP compounds.
After 2 hr of incubation, the tumor cells were collected by
centrifugation, and cell-free extracts were prepared from the
control and treated cells. The level of ribonucleotide

Table I

Effect ofsubstrate concentration on inhibition ofribonucleotide reductase
by PI-adenosine, P1-AMP, and P1-A TP

reductase was measured in these extracts. The results of
these experiments are shown in Table 3. It was seen in both
the PI-adenosine- and P1-AMP-treated cells that the ribo
nucleotide reductase activity levels were much lower than in
the control tumor cells. Similar experiments carried out
with hydroxyurea (2 mM) showed no decrease in the
reductase activity in the cell-free extract prepared from
hydroxyurea-treated cells. This concentration of hydroxy
urea inhibited thymidine incorporation into DNA in intact
cells by more than 90%.

Effect of Pyridoxal Phosphateon CDP and ADP Reduc
tion. The effect of pyridoxal phosphate as a function of
concentration was studied on both CDP and ADP reductase
activities. These resultsare shown in Chart 3. It is seenthat
50% inhibition was attained at approximately 0.3 to 0.5 mr@i
pyridoxal phosphate, while 100% inhibition was reached at
approximately 2 to 3 m@ipyridoxal phosphate. The appar
ent difference in the degree of inhibition of CDP and ADP
reductase activities in the middle portion of pyridoxal
phosphate concentration curve was apparently real and
quite reproducible under the assay conditions used. This was
further demonstrated in experiments designed to determine
the effect of incubation on the inhibition by pyridoxal
phosphate (Chart 4). The extent of inhibition of both CDP
and ADP reductase activities was somewhat time dependent
at the lower pyridoxal phosphate concentration.

The inhibition of ribonucleotide reductase activity by
pyridoxal phosphate was specific for pyridoxal phosphate.
Pyridoxal, pyridoxamine phosphate, pyridoxamine, and
pyridoxine did not inhibit, to any extent, either ADP or
CDP reductase activities at concentrations which caused
essentially complete inhibition by pyridoxal phosphate
(Table 4). Pyridoxal phosphate had no effect on the snake
venom enzymes used for the preparation of the nucleosides
in the assay procedures.

Table3
Ribonucleotide reductase levels in PI-adenosine- and P1-A MP-treated

tumor cells
Culture flasks were set up as previously described (9). In each

experiment, culture flasks were set up for the control cells and 4 flasks for
the treated cells. The final concentrations of PI-adenosine. P1-AMP, and
hydroxyurea in the culture flasks were 0.63, 0.84, and 2 m@i, respectively.
At theendof theincubationtime,thecellsfrom2 controlflaskswere
pooled, as were the cells from 2 experimental flasks. Duplicate cell-free
extracts were then prepared from the control and treated cells. Enzyme
assays were run in triplicate for each cell-free extract. The assay mixtures
were set up as described in â€œMaterials and Methodsâ€• for CDP reduction.
The cell-free extracts from Experiments I, 2, and 3 were prepared on
different days, with different batches of Ehrlich tumor cells. The enzyme
fraction used in these experiments was the crude cell-free extract prepared
from the Ehrlich tumor cells.

aTheinhibitorsarethedialdehydederivativesofadenosine,AMP,and
ATP. prepared by the periodate oxidation of the parent compound (12).

b The enzyme activity is in units of nmoles of deoxycytidine formed per

30 mm per mg protein. The enzyme fraction used was the protamine sulfate
fraction. The substrate was CDP. and the final concentration of [5,] was
1.5 x 10' M and the final concentration of [5,] was 7.5 x l0' M.

C Numbers in parentheses. percentage of enzyme activity remaining.

Table2

Effect of PI-adenosine and Borohydride-reduced derivative on
ribonucleotide reductase activity in cell-free extracts from Ehrlich tumor

cells

a Borohydride-reduced derivative of periodate-oxidized adenosine (14).
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Pyridoxal derivativeReductase

activity (nmoles/30
mm/mgprotein)CDP

ADPNone

Pyridoxal phosphate
Pyridoxal
Pyridoxamine phosphate
Pyridoxamine
Pyridoxine1.19(100)â€•

0.32(100)
0. 15 ( I3) 0.01 (4)
1.09 (92) 0.3 1 (97)
1.01 (85) 0.41 (129)
1.03 (87) 0.39 (121)
0.95 (80) 0.36(112)

SampleReductase

activity (nmoles/30
mm/mgprotein)CDP

ADPControl1

.540.49+
Pyridoxal phosphateI . 15 (74)Â° 0.39(81)+
Pyridoxal phosphate + BH40.37 (24) 0.03(6)

Inhibition of Mammalian Ribonuc!eotide Reductase

doxal phosphate-treated samples did not show the same
degree of reversal of inhibition after Sephadex G-25 chro
matography. The enzyme activity in the borohydride
reduced, pyridoxal phosphate-treated samples was mark
edly reduced, compared with the pyridoxal phosphate
treated sample.

The degree of inhibition of CDP and ADP reductase
activities by pyridoxal phosphatewas not altered by increas
ing the substrate (CDP or ADP) concentrations 5-fold.

Effect of Effector Concentration on Inhibition by Pyrid
oxal Phosphate. The degree of inhibition of ribonucleotide
reductase by a fixed concentration of pyridoxal phosphate
could be decreased by increasing the ratio of [effector]/
[pyridoxal phosphate] (Table 6). In the case of CDP
reduction, a decreasein the concentration of ATP causeda
significant increase in the level of inhibition. In the case of
ADP reduction, only by increasing the concentration of
dGTP beyond the optimal level could the degree of inhibi
tion by pyridoxal phosphatebe decreased.Lower concentra
tions of dGTP had no effect on the degree of inhibition.

To study further the effect of the allosteric effector on the

Table 4

Efftct ofpyridoxal derivatives on reductase activity

The final concentration of the pyridoxal derivative in the reaction
mixture was 2 mM. The pH of the pyridoxal solutions was adjusted to 7.0
before addition to the reaction mixtures. The assays for CDP and ADP
reductase were carried out as described in â€œMaterials and Methods.â€•

\ CDP
ADP

I00

0
@ 50

0
0

0

5 4

-log (pyridoxal phosphate)
Chart 3. Effect of pyridoxal phosphate on ADP and CDP reduction.

The assays for ADP and CDP reductase activity were set up as described in
â€œMaterials and Methods.â€• Pyridoxal phosphate was added in concentra

tions indicated on the graph. All assays were run in triplicate. Pyridoxal
phosphate was not preincubated with the enzyme prior to the enzyme
assay.

PREINCUBATION TIME â€¢hr

Chart 4. Effect of preincubation of pyridoxal phosphate (Pyr-P04)
with the enzyme. The enzyme fraction was incubated with pyridoxal
phosphate (0.38 mM, final concentration) on ice. Aliquots were taken at
various time intervals and assayed for CDP and ADP reductase activities.
Controls. containing no pyridoxal phosphate, were also incubated on ice
and aliquots ofthese were taken for the measurement ofthe CDP and ADP
reductase activities. All assays were carried out in triplicate.

The addition of sodium borohydride to the enzyme-pyri
doxal phosphate mixture, followed by Sephadex G-25
chromatography, resulted in a protein fraction that had
little reductase activity compared to the pyridoxal phos
phate-treated sample which was not treated with sodium
borohydride. The enzyme activities of the samples are
shown in Table 5. The initial concentration of pyridoxal
phosphate added to the enzyme was sufficient to completely
inhibit the reductase activity. Passage of the pyridoxal
phosphate-treated sample over Sephadex G-25 greatly low
ered the degree of inhibition, indicating that the pyridoxal
phosphate inhibition was reversible. However, there was
still slight inhibition of the pyridoxal phosphate-treated
sample. On the other hand, the borohydride-reduced, pyri

Pyr-P04 - 0.38 mM

.,N
â€œa.. @,@@.

- -- - -- - - - - - - - -. ADP

I00

0

@50

0

0

2 4 6

a Numbers in parentheses, percentage of control values.

Table5

Efftct ofpyridoxal phosphate and NaBH4 on ribonucleotide reductase
activity after separation on Sephadex G-25

The ammonium sulfate fraction was incubated, on ice, with and without
pyridoxal phosphate (2.3 mM) for 40 mm. NaBH4 (50 .cIof a solution of 1.5
mg 0.02 M Tris-HCI per ml, pH 7.5) was added to the sample and the
control, and the reaction was allowed to proceed for I hr at 4Â°. The
samples, including the control, were put over Sephadex G-25 columns (2 x
30 cm) and the protein was eluted with 0.02 MTris-HC1, pH 7.0, containing
0. 1 mr@idithioerythritol. Fractions (2 ml) were collected. and the peak
protein fraction was used for the CDP and ADP reductase assays. Protein
concentrations were determined by the method of Lowry et al. (15).

a Numbers in parentheses, percentage of the control values for the

reductase activity in the treated fractions.

FEBRUARY 1975 393

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2393607/cr0350020390.pdf by guest on 19 M

ay 2023



SubstrateEffectorÂ° (mM)Pyridoxal

phosphate

(mM)Enzyme activityb%

inhibitionc
relative to

controlCDP0.50

0.500.751.300.2878CDP1.00

1.000.751.940.3681CDP2.00

2.000.751.720.9346ADP1.25

1.250.751.270.3275ADP2.50

2.500.750.790.3951ADP5.00

5.000.750.29 0.1645

reduction was ATP; the effector for ADP

RibonucleotidereductaseExperi

mentSampleactivityCDPADPAControl

+ Pyridoxal phosphate
+ ATP + pyridoxal

phosphate1.48

0.57
0.20 ( I3)â€• 0.05 (9)
0.57 (39) 0.20(35)BControl

+ Pyridoxal phosphate
+ ATP + pyridoxal

phosphateI

.04 0.29
0.13 (13) 0.03 (10)
0.68(65) 0.12(41)

values for the

SampleReductase

activity
(nmoles/30mm)CDP

ADPControl

Heat-treated control1
.06 0.72

0.03 (3)â€• 0.03(4)Pyridoxal

phosphate
Heat-treated pyridoxal phosphate0.77

(74) 0.3 1 (43)
0.89 (84) 0.47 (65)

J. G. Cory and M. M. Manse!!

Table 6

Effect of efftctor concentration on inhibition by pyridoxal phosphate
on partially purified ribonucleotide reductase and to com
pare these compounds with PI-ATP.

Both CDP and ADP reductase activities were inhibited by
PI-ATP, P1-AMP, and PI-adenosine in cell-free extracts.
PI-ATP was much more effective as an inhibitor than was
PI-adenosine or P1-AMP. ADP reduction was considerably
more sensitive to PI-ATP than was CDP reduction. This
could be due to the possibility that PI-ATP was acting as
both a substrate and effector analog.

From the data presented here, it would appear that the
inhibition of mammalian ribonucleotide reductase by the
dialdehyde derivatives of adenosine, AMP, and ATP was

Table 7

Effrct of A TP on inhibition of ribonucleotide reductase by pyridoxal
phosphate

Experiments A and B were entirely separate experiments that were set
up and run on different days. The ammonium sulfate enzyme fraction was
incubated on ice with and without pyridoxal phosphate (2.3 mM). In the
sample with ATP (8.6 mM), the ATP was added to the enzyme fraction
prior to the addition of the pyridoxal phosphate. An aliquot (0.05 ml) of
NaBH4 (1.5 mg/mI) was added per ml of sample, and the mixtures were
incubated on ice for 30 mm. NaBH4 was added to all 3 samples. The
samples were then put over Sephadex G-25 columns (2 x 30 cm) and eluted
with 0.02 M Tris-HCI, containing 0. 1 msi dithioerythritol. The protein
eluting in the void volume was used for the reductase assays. All assays
were run in triplicate. The enzyme activity is in units of nmoles of
deoxycytidine or deoxyadenosine formed per 30 mm per mg protein.

Â°Theeffector for CDP
reduction was dGTP.

b The enzyme activity is in units of nmoles of deoxycytidine or

deoxyadenosine formed per 30 mm per mg protein. All assays were carried
out in triplicate.

CThe percentage inhibition was calculated from the enzyme activity
obtained at the particular effector concentration in the absence and
presence of pyridoxal phosphate.

inhibition by pyridoxal phosphate, the enzyme was treated
with pyridoxal phosphate and borohydride in the presence
and absence of ATP. The results of this experiment are
shown in Table 7. It can be seen that, in both Experiments A
and B, the presence of ATP partially prevented the inhibi
tion by pyridoxal phosphate. The presence of ATP caused
partial protection, not only for CDP reductase activity, but
also for ADP reductase activity.

Effect of Pyridoxal Phosphate on Heat Inactivation of
Ribonucleotide Reductase. Heating of the ribonucleotide
reductase enzyme preparation at 50Â°for 10 mm resulted in
essentially complete loss of enzyme activity. Heating of the
enzyme preparation in the presence of pyridoxal phosphate
(3.3 mM) under the same conditions resulted in a protein
fraction that had retained all CDP and ADP reductase
activity relative to the non-heat-treated, pyridoxal phos
phate-enzyme fraction (Table 8).

DISCUSSION

A study of the effect of PI-ATP on ribonucleotide
reductase was undertaken because of the very divergent
effects seen when ATP analogs were used as effectors in the
ribonucleotide reductase system. Alteration of the 2'- and
3'-hydroxyl groups of ATP through periodate oxidation of
ATP produced a compound that was shown to be a potent
irreversible inhibitor of ribonucleotide reductase activity
(5).

In the data presented here, the study was extended to
include a study of the effects of PI-adenosine and P1-AM P

a Numbers in parentheses, percentage of the control

reductase activity in the treated fractions.

Table 8

Effect ofpyridoxal phosphate on heat inactivation of ribonucleotide
reductase

The enzyme and enzyme-pyridoxal phosphate samples were heated for
10 mm at 50Â°; all samples were chromatographed on Sephadex G-25

columns prior to determining reductase activities, and the assays were
carried out as indicated in Table 7.

a Numbers in parentheses, percentage of the control value for the

reductase activity in the treated fractions.
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Inhibition of Mammalian Ribonucleotide Reductase

through an interaction of these compounds with the cata
lytic site/protein, since the degree of inhibition could be
decreased by increasing the substrate concentration. It is
not clear whether the allosteric site/protein also interacts
with these compounds. At any rate, the inhibition of
ribonucleotide reductase by these dialdehyde derivatives did
suggest the use of pyridoxal phosphate in this system.

Cell-free extracts prepared from tumor cells treated with
either PI-adenosine or P1-AMP showed a marked decrease
in the level of ribonucleotide reductase activity, supporting
the idea that these compounds were capable of irreversibly
inhibiting the reductaseactivity. Cell-free extracts prepared
from hydroxyurea-treated cells showed the same level of
ribonucleotide reductase as the untreated control extracts.
Hydroxyurea is known to be a reversible inhibitor of
ribonucleotide reductase.

The fact that PI-adenosine and P1-AMP were effective as
inhibitors of partially purified ribonucleotide reductase,and
the fact that the borohydride-reduced derivative of perio
date-oxidized adenosine was not an inhibitor of reductase
activity in cell-free extracts (Table 2) or of DNA synthesis
in intact Ehrlich tumor cells (7) suggested that the inhibition
was more than an allosteric effector interaction and was
probably related to the formation of a Schiff base between
the dialdehyde moiety of the periodate-oxidized compounds
and an amino group [presumably, the c-amino group of the
reactive lysyl residue(s)]. The work of Kimball's group has
shown that the periodate-oxidized derivative of methylthio
inosine inhibited several enzymes, and it showed unequivo
cally that a Schiff base was formed by the dialdehyde
derivative and the i-amino group of the lysyl residues of
RNase (23) and E. coli RNA polymerase (18). However, all
sites did not appear to be equally inhibited [e.g., thymidy
late kinase was inhibited to a greater extent than was DNA
polymerase (13) by the periodate-oxidation product of
methylthioinosine]. It is possible that the dialdehyde deriva
tives of adenosinealso inhibit other enzymes, in addition to
the ribonucleotide reductase step. However, the specificity
of these types of nucleoside analogs as inhibitors of
particular enzyme steps and the relative sensitivity of the
various enzymes to these compounds have not yet been
elucidated in a rigorous manner.

Many enzymes that do not require pyridoxal phosphate
are inhibited by pyridoxal phosphate because of a Schiff
base formed between pyridoxal and the c-NH2 group of a
specific lysyl residue. If, in fact, the periodate-oxidized
derivatives were acting through the formation of a Schiff
base intermediate, then pyridoxal phosphate would be
expected to inhibit the ribonucleotide reductase activity. As
seenfrom the data presentedhere, pyridoxal phosphatewas
an effective and specific inhibitor of ribonucleotide reduc
tase activity. Pyridoxal was not an inhibitor, suggesting that
the phosphate group was necessary to affect interaction of
the aldehyde group with the reactive lysyl residue. The
inhibition by PI-adenosine, which lacks a phosphate group,
could be explained by the presence of the adenine moiety
which undoubtedly also has a site of interaction. Pyridox
amine phosphate was not an inhibitor, again showing the
importance of an aldehyde group in the inhibitor molecule.
The inhibition by pyridoxal phosphate was reversible unless

the Schiff base that formed was reduced with borohydride.
Increasing the substrate concentration of either CDP or

ADP in their respective assay mixtures did not decrease the
extent of inhibition caused by pyridoxal phosphate. These
data would appear to rule out a competitive interaction of
pyridoxal phosphate with the catalytic site or protein, but
with an allosteric protein, this may be an oversimplification.
Altering the ratio of effector to pyridoxal phosphate
concentrations by increasing the effector concentration, at a
fixed pyridoxal phosphate concentration, resulted in a
decrease in the degree of inhibition caused by pyridoxal
phosphate. This suggested that pyridoxal phosphate in
teracted with a lysyl residue(s) in the allosteric site or
protein. This was further supported by the experiments
which showed that ATP could partially prevent the inhibi
tion caused by pyridoxal phosphate. It is possible that the
presence of ATP in the reaction mixture caused an interac
tion between the catalytic and allosteric sites, which in turn
resulted in the partial protection of the catalytic site from
inactivation by the pyridoxal phosphate. The fact that
pyridoxal phosphate protected the enzyme from heat macti
vation suggested that the presence of pyridoxal phosphate
also produced an interaction between the catalytic and
allosteric sites (proteins), such that the enzyme activity was
not destroyed by the heat treatment. It is therefore possible
that the interactions brought about by ATP and pyridoxal
phosphate are the same. However, at this time it is not
possible to determine whether this is the case.

These studies, which showed that ribonucleotide reduc
tase activity was inhibited by the dialdehyde derivatives of
adenosine, AMP, and ATP and by pyridoxal phosphate,
provide strong evidence that reactive lysines are involved in
the functioning of the mammalian ribonucleotide reductase
system. While the data presented here suggest that the
dialdehyde derivatives of adenosine, AMP, and ATP in
teract with the catalytic site and that pyridoxal phosphate
interacts with the regulatory site, unequivocal data on the
specificity of these interactions must await final purification
of the components of the mammalian ribonucleotide reduc
tase system. Comparison of the interactions of these
compounds (dialdehydes and pyridoxal phosphate) was not
possible, since the inhibition by pyridoxal phosphate was
reversible, while the inhibition by the dialdehyde derivatives
appeared to be irreversible.
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