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SUMMARY 

An enzymatic method for synthesis of tritium- 
labelled thymidine-5'-triphosphate is described. The 
procedure utilizes a nucleoside phosphotransferase 
from wheat germ and a partially purified thymidylate 
kinase from calf thymus. The product is isolated by 
ion-exchange chromatography on DEAE-cellulose and 
can be obtained in a yield of approximately 40% and 
at e radiochemical purity o f  95%. 

~ e y  Words: Thymidine-5'-triphosphate, Tritium, Nucleoside 
phosphotransferase, Thymidylate kinase, DEAE-cellulose 

INTRODUCTION 

In this communication w e  want to report on a new method for 

enzymatic synthesis of tritium-labelled TTP" on a preparative 

Abbreviations: TdR, thymidine; TdR-5'-F, 5'-deoxy-5'-fluoro- 
thymidine; TMP, TDP, and TTP, thymidine-5'-mono-, di-, and tri- 
phosphate; ATP, adenosine-5'-triphosphate; IMP, inosine-5'- 
monophosphate; AMP, adenos ine-5 ' -monophosphete;  UMP, uridine-5'- 
monophosphate; CMP, cytidine-5'-monophosphate; dGMP, deoxy- 
guanosine-5'-monophosphate; 3'F-TMP, 3'-deoxy-3'-fluoro-thyrnidine- 
5'-monophosphate 
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s c a l e .  T h i s  compound, a d i r e c t  p r e c u r s o r  o f  DNA s y n t h e s i s ,  is o f  

g r e a t  i n t e r e s t  f o r  b i o c h e m i c a l  i n v e s t i g a t i o n s  c o n c e r n i n g  t h e  f i e l d  

of DNA r e p l i c a t i o n ,  r e c e n t l y  i n  p a r t i c u l a r  a s  s u b s t r a t e  f o r  t h e  

RNA-dependent DNA-polymerase o f  o n c o g e n i c  v i r u s e s .  

I n  compar i son  w i t h  p r o c e d u r e s  o f  c h e m i c a l  s y n t h e s i s  o f  TTP 

r e s u l t i n g  i n  good y i e l d s  b u t  r e q u i r i n g  r e l a t i v e l y  h i g h  amoun t s  o f  

t h e  s t a r t i n g  compound ( l ) ,  e n z y m a t i c  me thods  i n  g e n e r a l  have  t h e  

a d v a n t a g e  o f  i n v o l v i n g  p r a c t i c a l l y  c a r r i e r - f r e e  r a d i o a c t i v e  com- 

pounds .  The h i t h e r t o  d e s c r i b e d  e n z y m a t i c  methods  f o r  TTP s y n t h e s i s  

u s i n g ,  r e s p e c t i v e l y ,  a p u r i f i e d  enzyme from E .  c o l i  (2) and a t r y p -  

t o p h a n - s t a b i l i z e d  enzyme s y s t e m  from r e g e n e r a t i n g  r a t  l i v e r  ( 3 )  

need h i g h  amounts  o f  ATP which  a r e  d i f f i c u l t  t o  s e p a r a t e  from TTP 

and resu l t  i n  a b o u t  20% y i e l d .  A n o t h e r  p o s s i b i l i t y  is t o  combine  

t h e  two p r o c e d u r e s ,  f i r s t  s y n t h e s i z i n g  t h e  d e o x y n u c l e o s i d e  mono- 

p h o s p h a t e  b y  a c h e m i c a l  method f o l l o w e d  by  f u r t h e r  p h o s p h o r y l a t i o n  

t o  t h e  c o r r e s p o n d i n g  n u c l e o s i d e  t r i p h o s p h a t e  a s  d e s c r i b e d  by  

Symmons ( 4 ) ,  which  g i v e s  a y i e l d  o f  25-50%. 

By o u r  me thod ,  TdR is  p h o s p h o r y l a t e d  t o  t h e  monophosphate  w i t h  

IMP a s  t h e  p h o s p h a t e  donor  b y  means o f  a n u c l e o s i d e  p h o s p h o t r a n s -  

fe rase  from whea t  germ. F o r  t h e  n e x t  p h o s p h o r y l a t i o n  s t e p  we  u s e d  

a p a r t i a l l y  p u r i f i e d  t h y m i d y l a t e  k i n a s e  from c a l f  thymus ,  w o r k i n g  

w i t h  o n l y  a t h r e e f o l d  e x c e s s  o f  ATP o v e r  t h e  s u b s t r a t e  TMP. T h e s e  

o p t i m a l  c o n d i t i o n s  make i t  p o s s i b l e  t o  a p p l y  DEAE-ce l lu lose  co lumn 

ch romatography  a s  t h e  s i n g l e  i s o l a t i o n  s t e p .  

MATERIALS AND METHODS 

T h y m i d i n e - m e t h ~ l - ~ H  (10-21 Ci/mmole) was o b t a i n e d  from t h e  

N u c l e a r  R e s e a r c h  I n s t i t u t e ,  R o s s e n d o r f .  TMP, TDP and  TTP were p r o -  

d u c t s  o f  B o e h r i n g e r ,  Mannheim. ATP and  IMP were p u r c h a s e d  from 

R e a n a l .  TdR-5'-F was s y n t h e s i z e d  i n  our d e p a r t m e n t .  DEAE-ce l lu lose  

was a p r o d u c t  o f  S e r v a .  
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P r e p a r a t i o n  o f  wheat s e e d l i n q  n u c l e o s i d e  phospho t rans fe rase  

The seeds were s p r o u t e d  b y  s c a t t e r i n g  them on f i l t e r  paper  and 

k e p t  m o i s t  w i t h  t a p  wa te r .  They were a l l o w e d  t o  ge rm ina te  a t  room 

t e m p e r a t u r e  i n  t h e  d a r k  f o r  5-6 days. Then t h e  s e e d l i n g s  were 

f r o z e n  i n  d ry - i ce /me thano l ,  ground w i t h  a p e s t l e  i n  a c h i l l e d  

m o r t a r  i n  3 volumes o f  5 mM Tr is-HC1 b u f f e r ,  pH 8.0, c o n t a i n i n g  

1.2 mM m e r c a p t o e t h a n o l  and t h e  o b t a i n e d  homogenates were spun down 

(24000 g, 20 min, OOC). The s u p e r n a t a n t  f r a c t i o n  was b r o u g h t  t o  

90% s a t u r a t i o n  w i t h  ammonium s u l f a t e  and t h e  r e s u l t i n g  p r e c i p i t a t e  

was c e n t r i f u g e d  (27000 g, 20 min, - 2 O C )  and d i s s o l v e d  i n  5 mM T r i s -  

HC1 b u f f e r ,  pH 8.0; f i n a l l y  t h e  ammonium s a l t  was removed b y  

p a s s i n g  t h e  s o l u t i o n  t h r o u g h  a Sephadex 625 column. The f r a c t i o n s  

were checked f o r  enzymat i c  a c t i v i t y  and t h e  most a c t i v e  f r a c t i o n s  

were p o o l e d  and t a k e n  as t h e  s o u r c e  o f  enzyme. 

P r e p a r a t i o n  o f  t h y m i d y l a t e  k i n a s e  from c a l f  thymus 

Enzyme p u r i f i c a t i o n  was pe r fo rmed  as d e s c r i b e d  b y  K i e l l y  ( 5 ) .  

The d i a l y z e d  s o l u t i o n  o b t a i n e d  a f t e r  s t e p  5 was used as t h e  en- 

zyme. S i n c e  t h y m i d y l a t e  k i n a s e  i s  r a p i d l y  i n a c t i v a t e d  d u r i n g  i n -  

c u b a t i o n  i n  t h e  absence o f  s u b s t r a t e  (6), we supplemented t h e  

used b u f f e r  s o l u t i o n s  w i t h  0.01 mM TdR-5'-F f o r  s t a b i l i z a t i o n  o f  

t h e  enzyme ( 7 ) .  

Paper chromatoqraphy 

The compounds t o  be checked were s e p a r a t e d  t o g e t h e r  w i t h  

s t a n d a r d s  b y  paper chromatography i n  descend ing  d i r e c t i o n  on paper  

s t r i p s  ( S c h l e i c h e r  & S c h u l l ,  2043 b M g l )  w i t h  t h e  system acetone--  

n - b u t a n o l - - f o r m i c  ac id- -5% ammonium fo rma te  (5:7:3:5) f o r  1 7  h r s  

a t  room tempera tu re .  The s p o t s  were l o c a t e d  b y  u l t r a v i o l e t  l i g h t ,  

e l u t e d  w i t h  wa te r  and t h e i r  r a d i o a c t i v i t y  assayed i n  a Packard 4322 

T r i c a r b  L i q u i d  S c i n t i l l a t i o n  Spec t romete r .  



620 6. Preusset, M. Fritz and P. Lrmgen 

I n c u b a t i o n  and R e a c t i o n  M i x t u r e s  

I n c u b a t i o n  was c a r r i e d  o u t  a t  37OC. The m i x t u r e  f o r  s y n t h e s i s  

o f  TMP by n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  c o n t a i n e d  80 mM Tr i s -HC1 

b u f f e r ,  pH 8.0; 0.6 mM jH-TdR, 30 mM IMP, 24 mM phosphog lyce ra te ,  

10 mM KF and wheat s e e d l i n g  enzyme (0.5 v o l .  o f  t h e  whole m i x t u r e ) .  

The r e a c t i o n  was s topped  a f t e r  60 m i n  b y  immers ing t h e  tubes  i n  

b o i l i n g  wa te r  f o r  3 min. The c e n t r i f u g e d  s u p e r n a t a n t  c o n t a i n i n g  

t h e  new ly  formed TMP was i n c u b a t e d  w i t h  t h y m i d y l a t e  k i n a s e  f o r  

f u r t h e r  p h o s p h o r y l a t i o n  as f o l l o w s :  Per 1 m l  s u p e r n a t a n t  a r e a c t i o n  

m i x t u r e  was added c o n t a i n i n g  64 mM Tr i s -HC1 b u f f e r ,  pH 8.0; 24 mM 

p h o s p h o g l y c e r i c  a c i d ;  1.5 mM ATP: 5 mM MgC12 and 0.2 m l  p a r t i a l l y  

p u r i f i e d  t h y m i d y l a t e  k i n a s e  ( f i n a l  volume 1.5 m l ) .  

Chromatowaphy on DEAE-cel lu lose 

For  s e p a r a t i o n  o f  t h e  r e a c t i o n  p r o d u c t s  a column ( 1 . 5 ~ 3 8  cm) o f  

DEAE-cel lu lose was used, p r e p a r e d  b y  t h e  method o f  S t a e h e l i n  (8 )  

and a g r a d i e n t  e l u t i o n  was c a r r i e d  o u t .  The m i x i n g  v e s s e l  c o n t a i n e d  

1.5 1 t w i c e - d i s t i l l e d  wa te r ,  t h e  r e s e r v o i r  c o n t a i n e d  1.5 1 o f  

0.35 M t r i e thy lammon ium hydrogen c a r b o n a t e  b u f f e r ,  pH 7.5. The 

e l u a t e s  were c o l l e c t e d  (15  m l  p e r  t u b e )  a t  a f l o w  r a t e  o f  45 ml/hr. 

RESULTS AND DISCUSSION 

I n  t h e  b e g i n n i n g  o f  ou r  exper imen ts  we used an u n p u r i f i e d  e x t r a c t  

(100000 g s u p e r n a t a n t )  f rom E h r l i c h  a s c i t e s  carc inoma c e l l s ,  w h i c h  

show a h i g h  l e v e l  o f  t h y m i d i n e  k inase .  S i n c e  t h e  s y n t h e s i s  o f  TMP 

depends on t h e  amount o f  ATP ( 4 )  a t  f i r s t  we a p p l i e d  a h u n d r e d f o l d  

excess o f  ATP ove r  t h e  s u b s t r a t e .  Thus, i t  i s  p o s s i b l e  t o  o b t a i n  

TMP i n  a y i e l d  o f  80-90%. B u t  under  these  c o n d i t i o n s  we f a i l e d  t o  

s e p a r a t e  t h e  f i n a l  p r o d u c t  TTP, o b t a i n e d  a f t e r  f u r t h e r  phosphory-  

l a t i o n  b y  means o f  t h y m i d y l a t e  k i n a s e ,  f rom t h i s  h i g h  excess o f  ATP 
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b y  s i m p l e  ch romatog raph ic  procedures.  Fo r  t h i s  reason,  we l o o k e d  

f o r  ano the r  way f o r  t h e  p h o s p h o r y l a t i o n  o f  TdR a v o i d i n g  t h e  h i g h  

amounts o f  ATP. As i t  i s  known f rom t h e  l i t e r a t u r e ,  many p l a n t  

t i s s u e s  c o n t a i n  a n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  c a t a l y s i n g  t h e  

r e v e r s i b l e  t r a n s f e r  o f  e s t e r  phosphate f rom nucleoside-5'-mono- 

phosphates t o  a n u c l e o s i d e  and i n  some cases t h i s  enzyme was used 

f o r  t h e  s y n t h e s i s  o f  mononuc leo t i des  on a s m a l l  p r e p a r a t i v e  s c a l e  

(9-11).  

We checked t h i s  system w i t h  TdR and some nucleoside-5'-mono- 

phosphates as t h e  phosphate donor ,  and o b t a i n e d  t h e  r e s u l t s  shown 

i n  T a b l e  I. 

T a b l e  I. P h o s p h o r y l a t i o n  o f  TdR b y  nuc leo -  

s i d e  phospho t rans fe rase  from wheat s e e d l i n g s  

s u b s t r a t e  phosphate donor % y i e l d  o f  

(0.6 mM) (30 mM) TMP 

Td R AMP 
TMP 

3 * F-TMP 
IMP 

U MP 

d GMP 
CMP 

66 
58 
54 
55 
5 1  
37 
29 

S i n c e  t h e  h i g h e s t  r a t e  o f  p h o s p h o r y l a t i o n  was reached w i t h  AMP 

t h i s  compound was s e l e c t e d  f o r  f u r t h e r  exper imen ts  w i t h  t h y m i d y l a t e  

k i n a s e  t o  p r e p a r e  TTP. 

To s i m p l i f y  t h e  p rocedure ,  t h e  m i x t u r e  needed f o r  t h e  t h y m i d y l a t e  

k i n a s e  r e a c t i o n  was added a f t e r  t h e  o p t i m a l  i n c u b a t i o n  t i m e  o f  30 

t o  60 min used f o r  t h e  n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  s t e p  and t h e  

i n c u b a t i o n  was c o n t i n u e d  f o r  1 hr. Unexpec ted ly ,  we o b t a i n e d  o n l y  
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a v e r y  low y i e l d  o f  TTP i n  t h e s e  e x p e r i m e n t s .  T h e r e f o r e ,  w e  c h e c k e d  

t h e  i n f l u e n c e  o f  AMP o n  t h e  t h y m i d y l a t e  k i n a s e  r e a c t i o n .  A s  we h a v e  

f o u n d ,  AMP s t r o n g l y  i n h i b i t s  t h i s  r e a c t i o n ;  f o r  e x a m p l e ,  i n  t h e  

p r e s e n c e  o f  10 mM AMP t h e  p h o s p h o r y l a t i o n  o f  TMP ( 0 . 1 2  mM) b y  ATP 

( 1 . 2  mM) s h o w s  a n  i n h i b i t i o n  o f  64%. A s  f a r  a s  we know, t h e  i n h i -  

b i t i o n  o f  t h e  t h y m i d y l a t e  k i n a s e  r e a c t i o n  b y  AMP is  a new r e s u l t ,  

n o t  d e s c r i b e d  i n  t h e  l i t e r a t u r e  h i t h e r t o .  

F o r  t h e  f o l l o w i n g  e x p e r i m e n t s  w e  t h e r e f o r e  u s e d  IMP as  a p h o s -  

p h a t e  d o n o r  o f  t h e  n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  r e a c t i o n ,  s i n c e  i t  

g i v e s  a n  a v e r a g e  p h o s p h o r y l a t i o n  of TdR i n  t h e  r a n g e  o f  SO-SO% 

a f t e r  30 min  i n c u b a t i o n ,  i t  p r o v e d  t o  b e  n o  i n h i b i t o r  o f  t h e  t h y m i -  

d y l a t e  k i n a s e  a n d  is  e a s y  t o  s e p a r a t e  b y  D E A E - c e l l u l o s e  c o l u m n  

c h r o m a t o g r a p h y  f rom t h e  f i n a l  p r o d u c t ,  TTP. T h e  time c o u r s e  o f  t h i s  

r e a c t i o n  is shown i n  f i g u r e  1: 

3H-TMP 

n l  I I I I 
15 30 60 120 rnin 

F i g .  1. 

IMP b y  n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  f r o m  w h e a t  s e e d l i n g s .  

R e a c t i o n  c o n d i t i o n s  a s  d e s c r i b e d  u n d e r  M e t h o d s .  

T ime c o u r s e  o f  3H-TdR p h o s p h o r y l a t i o n  w i t h  
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I t  s h o u l d  be emphasized t h a t  t h e  s y n t h e s i s  o f  TTP b y  t h e  

t h y m i d y l a t e  k i n a s e  r e a c t i o n  i s  n e a r l y  q u a n t i t a t i v e  u s i n g  o n l y  a 

3 - f o l d  excess o f  ATP ove r  t h e  s u b s t r a t e  TMP, S O  t h a t  t h e  o r i g i n a l l y  

e x i s t i n g  problem o f  s e p a r a t i n g  excess ATP from TTP c o u l d  be e l i m i -  

nated.  The h i g h e s t  y i e l d  o f  TTP i s  o b t a i n e d  a f t e r  1 hr o f  i ncuba-  

t i o n  as can be seen from f i g u r e  2: 

% 'H-TTP 

l o o  r 

,Fig. 2. 

t o  'H-TTP by t h y m i d y l a t e  k i n a s e  o f  c a l f  thymus. 

R e a c t i o n  c o n d i t i o n s  as d e s c r i b e d  under  Methods. 

Time course o f  p h o s p h o r y l a t i o n  o f  'H-TMP 

A f t e r  t h i s  t i m e  t h e  h e a t - t r e a t e d  r e a c t i o n  m i x t u r e  s u p e r n a t a n t  

was c o n c e n t r a t e d  t o  about 1 m l  and a p p l i e d  t o  t h e  DEAE-cel lu lose 

column. G r a d i e n t  e l u t i o n  was pe r fo rmed  as d e s c r i b e d  under  Methods. 

TTP was e l u t e d  a t  a p p r o x i m a t e l y  0.15 M b u f f e r  c o n c e n t r a t i o n  i n  a 

volume o f  about  300 m l .  The f r a c t i o n s  were checked f o r  r a d i o a c t i -  

v i t y  and ana lyzed  b y  paper chromatography. T h e r e a f t e r ,  t h e  samples 

w i t h  t h e  h i g h e s t  c o n t e n t  o f  TTP were p o o l e d  and c o n c e n t r a t e d  in 

vacuo. 
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I n  t h i s  way, we o b t a i n e d  from some exper imen ts  f i n a l  p r o d u c t s  

w i t h  a s p e c i f i c  a c t i v i t y  i n  t h e  range  o f  10-20 Ci/mmole ( i n  de- 

pendence on t h e  3H-TdR charge )  and an average d i s t r i b u t i o n  o f  

r a d i o a c t i v i t y  f rom 95% TTP and 5% TDP. The s o l u t i o n s  were s t o r e d  

a t  -15OC i n  50% e t h a n o l  and were s t a b l e  w i t h o u t  d e t e c t a b l e  decom- 

p o s i t i o n  f o r  a t  l e a s t  3 months. 

Summariz ing t h e  r e s u l t s ,  we o b t a i n  a p h o s p h o r y l a t i o n  o f  3H-TdR 

t o  'H-TMP from 50-60% by t h e  n u c l e o s i d e  p h o s p h o t r a n s f e r a s e  r e a c t i o n  

and a f u r t h e r  s y n t h e s i s  o f  'H-TTP i n  r h e  range  o f  75-85% b y  means 

o f  t h y m i d y l a t e  k i n a s e  o f  c a l f  thymus. The s p e c i a l  advantage o f  t h e  

d e s c r i b e d  p rocedure  c o n s i s t s  i n  t h e  use o f  e x t r e m e l y  l o w  amounts 

o f  ATP. Thus, under o p t i m a l  c o n d i t i o n s  i t  i s  p o s s i b l e  t o  o b t a i n  

'H-TTP i n  a f i n a l  y i e l d  o f  about 40% u s i n g  a s i n g l e  p u r i f i c a t i o n  

s tep .  
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