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SUIVIMAI~Y 
K i b o n u c l e o t i d e  r e d u c t a s e  f r o m  E s c h e r i c h i a  col i  c o n t a i n s  n u c l e o s i d e  di -  

p h o s p h a t e  k i n a s e  a c t i v i t y  even  in  h igh ly  p u r i f i e d  p r e p a r a t i o n s ,  A l though  
the  bulk  of the k i n a s e  a c t i v i t y  was  r e m o v e d  d u r i n g  the i n i t i a l  s t eps  of the 
r i b o n u c l e o t i d e  r e d u c t a s e  p u r i f i c a t i o n  s o m e  a c t i v i t y  r e m a i n e d  in  the p u r e s t  
f r a c t i o n s .  The n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  r e a c t i o n  is p r o b a b l y  c a t a l y z e d  
by a p r o t e i n  d i f f e r e n t  f r o m  r i b o n u c l e o t i d e  r e d u c t a s e .  The t igh t  b i n d i n g  
between the two enzymes might reflect an association between them in the 
living cell. 
INT RODUC TION 

Deoxyribonucleotides are synthesized via a direct reduction of ribonuc- 

leotides to deoxyribonucleotides, which is catalyzed by ribonucleotide re- 

ductase (i,2). Since the reduction takes place at the diphosphate level in 

Escherichia coli (3), the products have to be phosphorylated to serve as 

substrates for DNA polymerase. This reaction is catalyzed by nucleoside 

diphos phate kina s e. 

Ribonucleotide reductase consists of two subunits, proteins 151 (M.W. 

i60,000) and 152 (M.W. 78,000) (4,5). During binding experiments with 

substrates and ribonucleotide reductase we found that highly purified pre- 

parations of both protein BI and 152 contained nucleoside diphosphate kin- 

ase activity (6). Miller and Wells have reported the presence of nucleo- 

side diphosphate kinase activity in preparations of DNA polymerases (7). 

This means that preparations of the enzymes acting on both sides of the 

nucleoside diphosphate kinase reaction in the series of reactions leading 

to DNA synthesis can catalyze the kinase reaction. 

The aim of the experiments reported here was to investigate whether 

the nucleoside diphosphate kinase reaction was catalyzed by the ribonuc- 

leotide reductase proteins or by a different enzyme and to determine if 

the association between ribonucleotide reductase and the kinase could 

have a physiological meaning. 

MATERIALS AND METHODS 

Sources for common nucleotides (8) and nucleotide analogues (6) as 
well as the purification of them (6) has been described. The purity of 
all nucleotides was at least 97% as determined by paper (9, 10) or thin 
layer (l I) chromatography. Chromatographic materials were obtained 
from the same sources as earlier (5). 
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E n z y m e  a s s a y s  - R i b o n u c l e o t i d e  r e d u c t a s e  a c t i v i t y  w a s  m e a s u r e d  w i t h  an 
N A D P H  o x i d a t i o n  m e t h o d  (5). One uni t  is  t ha t  a m o u n t  of e n z y m e  w h i c h  c a t a -  

l y z e s  the  r e d u c t i o n  of i n m o l e  of C D P  p e r  ra in .  u n d e r  the  cond i t ions  of the  
a s s a y .  

N u c l e o s i d e  d i p h o s p h a t e  k i n a s e  a c t i v i t y  was  u s u a l l y  m e a s u r e d  by i n c u b a -  
t ing  2. 5 n m o l e s  of (3H)ADP ( s p e c i f i c  a c t i v i t y  2x105 c p m  p e r  n m o l e ) ,  50 
n m o l e s  of A T P ,  2 .5  ~ m o l e s  of T r i s  b u f f e r  pH 7 . 6 ,  0. 5 ~ m o l e  of M g C l ~ ,  
0. i ~ m o l e  of ~ - m e r c a p t o e t h a n o l  and p r o t e i n  f r a c t i o n  f o r  30 m i n .  at  376C 
in a f i na l  v o l u m e  of 0 . 0 5  m l .  R e a c t i o n s  w e r e  s t o p p e d  by a d d i t i o n  of 5 ~l 
of 4 M p e r c h l o r i c  ac id .  The  s a m p l e s  w e r e  c e n t r i f u g e d  and the s u p e r n a -  
t a n t s  w e r e  n e u t r a l i z e d  w i t h  4 M KOH. A f t e r  r e m o v a l  of the p r e c i p i t a t e d  
p e r c h l o r a t e  by c e n t r i f u g a t i o n ,  50 n m o l e s  e a c h  of a d e n o s i n e  m o n o - ,  d i -  
and  t r i p h o s p h a t e  w e r e  a d d e d  as  m a r k e r s  and the  m i x t u r e s  w e r e  c h r o m a t o -  
g r a p h e d  on W h a t m a n  3 MM p a p e r  in an  i s o b u t y r i c  a c i d  m e d i u m  (9). N u c -  
l e o t i d e s  w e r e  l o c a l i z e d  u n d e r  UV l i gh t  and p i e c e s  of e q u a l  s i z e  w e r e  cut  
f r o m  the  d r i e d  p a p e r s  and a n a l y z e d  fo r  r a d i o a c t i v i t y  in 0 . 5  m l  of S o l u e n e  
s c i n t i l l a t i o n  f lu id  ( P a c k a r d ) .  One uni t  is  tha t  a m o u n t  of n u c l e o s i d e  d i -  
p h o s p h a t e  k i n a s e  w h i c h  c a t a l y z e s  the  f o r m a t i o n  of 1 n m o l e  of ( 3 H ) A T P  p e r  
ra in .  u n d e r  t h e s e  c o n d i t i o n s .  

RESULTS 

Nucleoside Diphosphate Kinase Activity in Preparations of Proteins Dl 
and B2 

Highly purified preparations of the ribonucleotide reductase subunits 

(Bi and B2) contain an activity that converts ribonucleoside diphosphates 

to the corresponding triphosphates. All common nucleoside triphospha- 

tes tested could act as phosphate donors, but a diphosphate was inactive 

when the reaction was catalyzed by either a preparation of protein B2 

(Table I) or Bi (not shown). The reaction had an absolute requirement 
2+. 

for Mg Ions and ADP, GDP and CDP were all converted to the corre- 

sponding ribonucleoside triphosphates. No formation of ribonucleoside 

monophosphate occurred. 

Nucleoside triphosphate analogues containing either a methylene 

bridge between the ~- and Y-phosphates (12) or having one oxygen at the 

7-phosphate replaced by a sulfur (13) were tested in the reaction. None 

of the analogues stimulated the formation of (3H)GTP from (3H)GDP 

(Table If), indicating that the reaction involves a transfer of the ~-phos- 

phate group to the diphosphate. The results of the above experiments 

are consistent with the reaction catalyzed by a nucleoside diphosphate 

kinase (14): NDP + N'TP ~ NTP + N'DP. 

Nucleoside Diphosphate Kinase Activity during Purification of Ribonuc- 
leotide Reductas e 

The distribution of the nucleoside diphosphate kinase and ribonucleo- 

tide reductase activities was determined in the different chromatographic 

steps in the purification of ribonucleotide reductase to determine if the 

activities copurified. Ribonucleotide reductase was purified as described 

by Brown et al. (5) with the modification of Thelander (4). 
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T a b l e  I S u b s t r a t e  r e q u i r e m e n t s  of the  k i n a s e  a c t i v i t y  p r e s e n t  in  h igh ly  
p u r i f i e d  p r e p a r a t i o n s  of p r o t e i n  B2. 

A B 

P h o s p h a t e  %(3H)ATP %(3H)AMP %(3H)ATP %(3H)AMP 
d o n o r  f o r m e d  f o r m e d  f o r m e d  f o r m e d  

ATP 21. 2 I. I 39. 2 I. 4 
dATP 24.3 i. 3 45.5 I. 4 
dTTP I i . 7  1.6 21. 2 i . 6  
dGTP 6.8 I. 4 13.9 I. 7 
dCTP 3.9 i. 6 7.8 I. 7 
dTDP 0.6 I. 7 0.8 I. 7 
none 0. 8 i. 9 0. 8 i. 9 

C o n c e n t r a t i o n s  of n u c l e o s i d e  t r i p h o s p h a t e s  or  d T D P  w e r e  i . 0 x l 0  -3  M 
and  of (3H)ADP 5. 2x10 -5  M. Two c o n c e n t r a t i o n s  of p r o t e i n  BZ f r o m  
Sephadex  G-200  gel  f i l t r a t i o n  w e r e  t e s t e d :  A 0. i3  m g / m l  and  B 0 .26  
m g / m l  and  i n c u b a t i o n s  w e r e  p e r f o r m e d  a c c o r d i n g  to Me thods .  

T a b l e  II. N u c l e o s i d e  t r i p h o s p h a t e  a n a l o g u e s  as p h o s p h a t e  d o n o r s  in  the 
k i n a s  e r e a c t i o n .  

Concentration 
Experiment Nucleoside of nucleoside °/0(3H) GTP 
number triphosphate triphosphate formed 

M x t 0 4  

I dATP 0.5 - 20 4.5 - 33 
dAMP-P(CHz)P I 0,5 - 20 0.0 - 0. I 

II dTTP 0. 007 - 7. 3 0. 0 - 64 
dTMP-P(CHz)pI 0. 007 - 7. 3 0.0 - 2.4 

III d G T P  0.01 - l0  0 .6  - 65 
d G M P - P ( C H ) z ) P  l 0 . 0 t  - l0  0 . 0  - 1 .5  

IV d G T P  0 . 0 l  - i0  1 .5  - 33 
d G T P v S  2 0 . 0 i  - 10 0 . 0  - 2 .0  

V ATP I 0.1 - i00 52 - 80 
AMP-P(CHz]P, ,  0. i - 100 0 .8  - 3 .0  

i 
Nucleoside triphosphate with a methylene bridge between the ~- and 
y-phosphates. 

2 Nucleoside triphosphate with one oxygen at the ~-phosphate replaced 
by a sulfur. 

Incubations were performed for 45 min. at 0°C and contained: 0.05 M 
Tris buffer p H 7.6, 0.01 M MgCIo, I. Ixl0 -5 M (3H)GDP (specific 
act ivi ty = 105 cpm/nmole) ,  3. 5 m ~ / m l  of p ro te in  BI f rom one of the 
last two purification steps and nucleoside triphosphates or analogues 
of those indicated above at four to five different concentrations. Reac- 
tions were treated as described under Methods. 
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Fig. I. Hydroxylapatite chromatography of ribonucleotide reductase. 
Protein (I. 3 g) from first DEAE-cellulose was applied to a 6 x 25 cm 
hydroxylapatite column and eluted with a linear gradient of 0.01-0.4 M 
potassium phosphate buffer, pH 6.4, containing i mM dithiothreitol. 
Fractions of 30 ml were collected and analyzed for ribonucleotide re- 
ductase and nucleoside diphosphate kinase activities as describedun- 
der Methods. 

The first purification step studied was DEAE-cellulose chromatogra- 

phy at pH 7. 0. Nucleoside diphosphate kinase ehted as a broad peak cov- 

ering the region where ribonucleotide reductase eluted. The pooled ribo- 

nucleotide reductase fractions contained about 20% of the kinase activity. 

After DEAE-cellulose chromatography ribonucleotide reductase was 

applied to a hydroxylapatite column which separates the Bi and B2 pro- 

teins from each other. As seen in Fig. i a peak of nucleoside diphos- 

phate kinase activity eluted before and trailed out into the fractions con- 

taining the ribonucleotide reductase proteins. Protein B2 contained more 

kinase activity than Bi since it eluted at a lower ionic strength. About 

10% of the nucleoside diphosphate kinase applied was recovered with the 

ribonucleotide reductase proteins (Table III). After hydroxylapatite 

chromatography proteins Bi and B2 were purified separately. 

Correlation between Protein ]31 and Nucleoside Diphosphate Kinase Activity 

Protein ]31 was further purified by affinity chromatography on a dATP- 

Sepharose column (4). About 2% of the kinase activity applied to the col- 

umn was eluted together with protein BI, while the rest was removed du- 

ring the washing procedure (Table Ill). The final step in the purification 
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Table IIl. .Recovery of nucleoside diphosphate kinase in the purification 
steps of the ribonucleotide reductase proteins. 

Purification 
step 

Units of 
mg Units Yield of Units Yield of kinase per 

protein ribonucl, ribonucl, kinase kinase mg pro- 
reductas e reductase % rein 

70 
Protein Bl: 
Hydroxyl- 
apatite 244 25000 25 490 3.5 Z. 01 

dATP Sepha- 
rose 46 Z3000 23 10.0 0.07i 0. ZZ 

Sephadex 
G-200 23 13100 13 4.67 0.033 0. 20 

Protein BZ: 
Hydroxyl- 
apatite 38 5050 4Z 860 6. 2 22. 6 

D E A E -  
cellulose 9.5 3700 31 ZI. 0 0. i5 Z. Z 

Sephadex 
G-200 6.1 1990 i7 i0. Z 0.074 1.7 

A total of 835 mg of ribonucleotide reductase from the first DEAE- 
cellulose column was used as starting material. The yields are based 
on the amount of each activity applied to the hydroxylapatite column. 
Assays described under Methods were used. An absorbance of 1.0 at 
Z80 mm (i cmlight path) was assumed to correspond to i mg/ml for 
protein Bi and 0.7 mg/ml for protein BZ (5). 

of Bi was chromatography on Sephadex G-Z00 in a buffer containing 0. P M 

NaCI. The two enzymatic activities eluted together from this column and 

the amount of nucleoside diphosphate kinase activity per mg of protein Bi 

remained unchanged (Table III). 

A preparation of protein Bi from Sephadex G-Z00 was subjected to re- 

chromatography on hydroxylapatite under the same conditions as before 

where the ribonucleotide reductase and kinase activities were eluted at 

different ionic strengths (Fig. I). The amount of nucleoside diphosphate 

kinase activity in the B1 preparation remained unchanged after this treat- 

ment. I conclude that either the two reactions are catalyzed by the same 

molecule or there is a tight binding between protein B i  and a different 

protein catalyzing the kinase reaction. 

Correlation between Protein BZ and Nucleoside Diphosphate Kinase Activity 

Protein BZ from the hydroxylapatite chromatography was applied to a 
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F i g .  2. C h r o m a t o g r a p h y  of p r o t e i n  ]32 on a s e c o n d D E A E - c e l l u l o s e  
c o l u m n .  P r o t e i n  (75 rag)  f r o m  h y d r o x y l a p a t i t e  s t e p  w a s  put  on a 3x7 c m  
D E A E - c e l l u l o s e  c o l u m n  and  e l u t e d  w i t h  a l i n e a r  g r a d i e n t  of 0. l - 0 . 3 5  M 
p o t a s s i u m  p h o s p h a t e  pH 6 . 4 .  F r a c t i o n s  of 20 m l  w e r e  c o l l e c t e d  and  
a s s a y e d  f o r  the  two e n z y m a t i c  a c t i v i t i e s .  F o r  m e a s u r e m e n t s  of n u c l e o -  
s i d e  d i p h o s p h a t e  k i n a s e  a c t i v i t y ,  the  i n c u b a t i o n  m i x t u r e s  c o n t a i n e d  
1 . 0 x l 0  -5  M (3H)CDP ( s p e c i f i c  a c t i v i t y  2x105 c p m  p e r  n m o l e ) ,  1 m M  
A T P ,  0 .01  M MgC12,  0 . 0 5  M T r i s  b u f f e r  pH 7 . 6  and  5 ~tl of p r o t e i n  
f r a c t i o n .  The  f i n a l  v o h m e  w a s  10 ~1 and  i n c u b a t i o n s  w e r e  c a r r i e d  out  
f o r  15 m i n .  a t  37 °.  R e a c t i o n s  w e r e  s t o p p e d  by p r e c i p i t a t i o n  w i t h  p e r -  
c h l o r i c  a c i d  and  a n a l y z e d  a s  d e s c r i b e d  in  M e t h o d s .  ~ n e  uni t  i s  t h a t  
a m o u n t  of e n z y m e  w h i c h  p h o s p h o r y l a t e s  i n m o l e  of ( H ) C D P  p e r  r a in .  

s e c o n d  D E A E - c e l l u l o s e  c o l u m n  and  e l u t e d  w i t h  a l i n e a r  g r a d i e n t  of p o t a s -  

s i u m  p h o s p h a t e  b u f f e r  a t  pH 6 .4 .  The  m a j o r i t y  of the  n u c l e o s i d e  d i p h o s -  

p h a t e  k i n a s e  a c t i v i t y  e l u t e d  b e f o r e  p r o t e i n  B2 ( F i g .  2) and  the  p o o l e d  f r a c -  

t i o n s  c o n t a i n i n g  B2 (21-35)  c o n t a i n e d  a p p r o x i m a t e l y  2% of t he  k i n a s e  a c t i -  

v i t y  a p p l i e d  to  the  c o h m n  ( T a b l e  III) .  The  l a s t  p u r i f i c a t i o n  s t e p  f o r  B2 

S e p h a d e x  G - 2 0 0  c h r o m a t o g r a p h y  in 0 .05  M T r i s  b u f f e r  pH 7 . 6  c o n t a i n i n g  

0. 2 M NaC1, gave  l i t t l e  f u r t h e r  s e p a r a t i o n  b e t w e e n  the  two a c t i v i t i e s  ( T a b l e  

III) .  When  a p r o t e i n  B2 p r e p a r a t i o n  f r o m  S e p h a d e x  G - 2 0 0  w a s  r e c h r o m a t o -  

g r a p h e d  o n  D E A E - c e l l u l o s e  a t  pH 6 . 4 ,  no f u r t h e r  s e p a r a t i o n  of  B2 and  

the  nucleoside diphosphate k i n a s e  a c t i v i t y  w a s  o b t a i n e d .  

In a further attempt to separate protein B2 from the kinase activity, a 

protein B2 preparation, from the second (pH 6.4) DEAE-cellulose step was 

subjected to preparative polyacrylamide gel electrophoresis (5). The re- 

sult (shown in Fig. 3) was that the two enzymatic activities migrated with 
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F i g .  3. P r e p a r a t i v e  gel  e l e c t r o p h o r e s i s  of p r o t e i n  B2. P r o t e i n  
( i 8 . 4  rag) f r o m  s e c o n d  D E A E - c e l l u l o s e  was  s u b j e c t e d  to gel  e l e c t r o -  
p h o r e s i s  u n d e r  the  s a m e  c o n d i t i o n s  as  d e s c r i b e d  b e f o r e  (5). F r a c t i o n s  
of 5 m l  w e r e  c o l l e c t e d  and  a n a l y z e d  for  the two e n z y m a t i c  a c t i v i t i e s .  
The d e t e r m i n a t i o n  of n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  was  c a r r i e d  out 
as  d e s c r i b e d  in  F ig .  2. 

d i f f e r e n t  m o b i l i t i e s ,  m e a n i n g  tha t  the n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  a nd  

p r o t e i n  B2 a c t i v i t i e s  a r e  a s s o c i a t e d  wi th  d i f f e r e n t  m o l e c u l e s .  

DISCUSSION 

The a s s o c i a t i o n  of n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  a c t i v i t y  w i th  r i b o -  

n u c l e o t i d e  r e d u c t a s e  wou ld  s e e m  to be a d v a n t a g e o u s  for  the ce l l ,  s i n c e  

the d e o x y r i b o n u c l e o s i d e  d i p h o s p h a t e s  p r o d u c e d  by r i b o n u c l e o t i d e  r e d u c -  

t a s e  have  to be p h o s p h o r y l a t e d  to s e r v e  as s u b s t r a t e s  fo r  DNA p o l y m e r -  

a s e .  M e a s u r e m e n t  of n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  a c t i v i t y  in  c h r o m a -  

t o g r a m s  of the r i b o n u c l e o t i d e  r e d u c t a s e  p u r i f i c a t i o n  showed  tha t  the  m a -  

j o r  p a r t  of the  k i n a s e  was  s e p a r a t e d  f r o m  the r i b o n u c l e o t i d e  r e d u c t a s e  

s u b u n i t s  ( p r o t e i n s  B1 and  B2) ( T a b l e  HI). Sephadex  G-200  gel f i l t r a t i o n  

or  r e c h r o m a t o g r a p h y  on h y d r o x y l a p a t i t e  o r  D E A E - c e l l u l o s e ,  h o w e v e r ,  

did not  r e m o v e  the r e m a i n i n g  k i n a s e  a c t i v i t y ,  s u g g e s t i n g  tha t  e i t h e r  ( t )  the 

n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  r e a c t i o n  is  c a t a l y z e d  by both  a s e p a r a t e  e n -  

z y m e  and  a l s o  by p r o t e i n s  B l  and  B2, o r  (2) tha t  t h e r e  is  a s t r o n g  b i n d i n g  

b e t w e e n  the r i b o n u c l e o t i d e  r e d u c t a s e  p r o t e i n s  a nd  a k i n a s e  e n z y m e .  It  

w a s ,  h o w e v e r ,  p o s s i b l e  to s e p a r a t e  the k i n a s e  a c t i v i t y  f r o m  p r o t e i n  B2 

by gel  e l e c t r o p h o r e s i s  (F ig .  3) and  a p r e p a r a t i o n  of p r o t e i n  Bt  f r o m  a 

l y s o g e n i c  E s c h e r i c h i a  co l i  s t r a i n  p r o d u c i n g  l a r g e  a m o u n t s  of r i b o n u c l e o -  
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t ide  r e d u c t a s e  I c o n t a i n e d  ha l f  as  m u c h  k i n a s e  a c t i v i t y  as  the p r e p a r a t i o n s  

above  (not  shown) .  It  i s  t h e r e f o r e  p r o b a b l e  tha t  the n u c l e o s i d e  d i p h o s p h a t e  

k i n a s e  r e a c t i o n  is  not  c a t a l y z e d  by the r i b o n u c l e o t i d e  r e d u c t a s e  s u b u n i t s  

p e r  se ,  but  by a s e p a r a t e  e n z y m e  tha t  b i nds  t i gh t l y  to p r o t e i n s  B1 and  B2. 

The t ight  b i n d i n g  b e t w e e n  the  two e n z y m e s  m i g h t  i n d i c a t e  tha t  t hey  

a r e  p h y s i c a l l y  c l o s e  in  the ce l l .  It  has  b e e n  r e p o r t e d  tha t  d e o x y r i b o -  

n u c l e o s i d e  d i p h o s p h a t e s  a r e  i n c o r p o r a t e d  in to  DNA in  a b a c t e r i a l  in  v i t r o  

s y s t e m ,  p r o b a b l y  as  a r e s u l t  of in  s i t u  p h o s p h o r y l a t i o n  to t r i p h o s p h a t e s  

(15, 16). These reports are in agreement with the finding by Miller and 

Wel l s  (7) of n u c l e o s i d e  d i p h o s p h a t e  k i n a s e  a c t i v i t i e s  in  h igh ly  p u r i f i e d  p r e -  

p a r a t i o n s  of DNA p o l y m e r a s e s .  It  is  k n o w n  tha t  r i b o n u c l e o t i d e  r e d u c t a s e  

is  p r e s e n t  in  a h igh ly  a c t i v e  f o r m  in  the ce l l  tha t  i s  l o s t  upon  p u r i f i c a t i o n ,  

i n d i c a t i n g  t ha t  a s t a b i l i z i n g  s t r u c t u r e  is  d e s t r o y e d  w h e n  the e n z y m e  is  i s o -  

l a t e d  ( t7 ) .  On the  b a s i s  of s t u d i e s  wi th  the t e m p e r a t u r e  s e n s i t i v e  DNA 

r e p l i c a t i o n  m u t a n t  d n a F  which  has  a d e f e c t i v e  r i b o n u c l e o t i d e  r e d u c t a s e ,  

D e r m o d y  and  c o w o r k e r s  (18) s u g g e s t  tha t  r i b o n u c l e o t i d e  r e d u c t a s e  is  p a r t  

of the r e p l i c a t i o n  c o m p l e x  and  has  a f u n c t i o n  in  f u n n e l i n g  n u c l e o t i d e s  to 

DNA p o l y m e r a s e  III.  
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