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i32P (io mc), 86 m g  of rad ioac t ive  A T P  f rom 80 m g  of A D P  was  obta ined .  The  specific a c t i v i t y  
of each  p h o s p h o r u s  was  

Aden ine  - Ribose  - P - P - P 
49o 1,48o 22,OLO counts ]min] /~a tom P 

Thus ,  r emarkab l e  differences in r ad ioac t iv i ty  be t ween  each p h o s p h o r u s  a t o m  in A T P  were ob t a ined  
by  th i s  m e t h o d ,  b u t  i t  was  difficult to ob ta in  [y.82p] A T P  of h igh  specific ac t iv i ty  because  t h e  
f rac t ional  dis t i l la t ion of 8sPOCI3 could no t  be carr ied ou t  on a smal l  scale. 

Method o/analysis* 
y - P h o s p h o r u s  was  spli t  f rom t he  A T P  wi th  ATPase~ and  t h e  q u a n t i t y  a n d  t h e  r ad ioac t iv i ty  were  
e v a l u a t e d  af te r  add i t ion  of m o l y b d a t e  and  ex t r ac t i on  by  i s o b u t a n o l n ,  TM. The  fl- a n d  y - p h o s p h o r u s  
a t o m s  were spli t  off by  t h e  combi ned  ac t ion  of AT P ase  a n d  adeny l a t e  kinase,  and  t he  specific 
a c t i v i t y  of t h e  f l -phosphorus  was  ob ta ined  b y  s u b t r a c t i n g  A f rom 2C. The  specific ac t iv i ty  of 
t he  a - p h o s p h o r u s  was  ca lcu la ted  as 3 D -  (A + B). To ta l  p h o s p h o r u s  was  de t e rmined  by  KING'S 
m e t h o d  1~ chemical ly ,  or, if necessary ,  enzymical ly .  T he  l a t t e r  m e t h o d  cons is ted  of success ive  
sp l i t t ing  wi th  ATPase ,  adeny l a t e  k inase  a n d  5 ' -nucleot idase ,  and  th i s  m e t h o d  is r e c o m m e n d e d  
in case of t he  presence  of o the r  p h o s p h o r u s  compounds .  The  condi t ions  for t h e  enzymic  r eac t ions  
were based  on t he  m e t h o d  of BOW~N AND K~RWlN 14, excep t  t h a t  t h e  e n z y m e  source  employed  
was  ra t  skeletal  muscle ,  a n d  t h a t  t h e  5 ' -nuc leot idase  used  was  prepared  by t h e  simplified m e t h o d  
of HEPPEL AND HILMOE 15. T he  d e t e r m i n a t i o n  of iP  in t he  reac t ion  m i x t u r e  was  carr ied ou t  by  
TAKAHASHI'S modif ica t ion  TM of t h e  m e t h o d  of BERENBLUM AND CHAIN 17. W i t h  th i s  m e t h o d  well- 
reproducible  and  sa t i s f ac to ry  resu l t s  are easi ly obta ined .  
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• A, B C a n d  D r ep re sen t  t h e  specific ac t iv i t ies  of p h o s p h o r u s  a t  t he  following pos i t ions  : 
A, y-pos i t ion;  B, f l-posit ion:  C, fl- and  },-positions; D, a-, ~-, and  y-posi t ions .  

The conversion of l~C-deoxynucleoside- 5'- monophosphates to the 
corresponding di- and triphosphates by soluble mammalian enzymes 

E x p e r i m e n t a l  resu l t s  ob ta ined  in th i s  l abora to ry  h a v e  ind ica ted  t h a t  t he  d ia lyzed  soluble s u p e r -  
n a t a n t  f rac t ion  p repa red  by  cen t r i fuga t ion  of ra t - l iver  h o m o g e n a t e s  a t  IO6,OOO × g for 9o m i n  
is capable  of  conve r t i ng  uracil ,  ur id ine  and  u r i d i n e - 5 ' - m o n o p h o s p h a t e  to  ur id ine  di- and  t r i -  
p h o s p h a t e s  1. I n  t he  p r e se n t  c o m m u n i c a t i o n  i t  will be  s h o w n  t h a t  t he  d e o x y - 5 ' - m o n o n u c l e o t i d e s  
of adenine ,  guan ine ,  cy tos ine  a n d  t h y m i n e  are  conver t ed  to t he  co r r e spond ing  di- a n d  t r i p h o s -  
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p h a t e s  by  a s imi lar  soluble e n z y m e  fract ion obta ined  f rom regenera t ing  ra t  liver, In  addi t ion,  
a modif ied m e t h o d  for the  sepa ra t ion  and  isolat ion of the  deoxymononuc leo t ides  of deoxy-  
r ibonucleic acid (DNA) in good yields will be presented.  

The  14C-deoxynucleos ide-5 ' -monophospha tes  which were used as subs t r a t e s  in this  invest i -  
g a t i o n  were ob ta ined  by  enzymic  hydro lys i s  of the  D N A  of E. coli grown in the  presence of 
1'CO2, accord ing  to the  m e t h o d  of DOWNI.~'G AND SCHWEIGERT 2. The  f rac t iona t ion  and  isolat ion 
of these  nucleot ides  was faci l i ta ted by  the  use of t he  ion-exchange  c h r o m a t o g r a p h y  t echn ique  
of HURLBERT et al. ~, modified in t h a t  the  i . o M  a m m o n i u m  fo rma te  used in the  reservoir  for 
e lu t ion  was ad ju s t ed  f rom p H  4.2 to 4.3. This  modif icat ion pe rmi t s  excel lent  resolut ion of the  
deoxymononuc l eos ide -5 t -monophospha t e s  in smal l  effluent volumes ,  in con t r a s t  to the  ace ta te  
m e t h o d  4 which  requires  re la t ive ly  large vo lumes  ; i t  also avoids  the  use  of so lvents  of low p H  5, 6 
which  degrade  the  deoxymononuc l eo t i de s  and  therefore  decrease the  yield. As can be seen f rom 
Fig. I, t h e  bes t  s epa ra t ion  of the  deoxymononuc l eo t i de s  was ob ta ined  when  the  p H  of the  am-  
m o n i u m  fo rma te  was 4.25, Concen t ra t ion  and  q u a n t i t a t i v e  isola t ion of the  I4C-deoxymono- 
nucleot ides  ob ta ined  by  th i s  p rocedure  was  accompl i shed  by  d i lu t ing  the  isolated f rac t ions  io-fold 
wi th  water ,  a d j u s t i n g  t he  p H  to 9 - I o  wi th  a m m o n i a ,  a n d  pass ing  t h e m  t h r o u g h  a I.O c m  Dowex-]  
chloride co lumn  f rom which  t h e y  were t h e n  e luted wi th  I . o M  NaC1. The  yield of 14C-deoxy- 
mononuc leo t ides  f rom E .  coli grown in the  presence of Na21ICO3 (lo mc) was abou t  5 -7 /~moles  
of each wi th  a specific ac t iv i ty  of 4.5" lOS to 8. 5 • lO s counts /min/ /xmole .  The  to ta l ly  labeled deoxv-  
mononuc leo t ides  t h u s  isolated were used in the  following exper iments .  

The  s u p e r n a t a n t  f rac t ions  (io6,ooo × g) of h o m o g e n a t e s  of r egene ra t ing  ra t  l iver 36 h af ter  
h e p a t e c t o m y ,  before and  af ter  a 3o-h dialysis  aga ins t  two 4-I changes  of o . o s M  t r i s (hydroxy-  
m e t h y l ) a m i n o m e t h a n e  buffer, p H  7-4, were a s sayed  for the i r  capac i ty  to p h o s p h o r y l a t e  the  
deoxymononuc l eo t i de s  to the  di- and  t r i p h o s p h a t e  stage.  These  resul ts  are s u m m a r i z e d  in Table  I, 
which  shows  t h a t  the  dialyzed e n z y m e  regular ly  conver ted  80 to 90 % of the  deoxymononuc l eo t i de s  
to the  t r i phospha t e s ;  w i thou t  dialysis,  convers ion  was less. Our  i n t e rp re t a t i on  of th is  is t h a t  
dialysis  e l imina tes  the  na tu ra l l y  occurr ing  nucleot ide  mono-  and  d iphospha t e s  which  occur  in 
the  soluble s u p e r n a t a n t  f rac t ion of ra t  l iver 3 and  m a y  compe te  wi th  the  added  rad ioac t ive  sub-  
s t r a t e s  for the  p h o s p h o r y l a t i n g  sys t em.  

E x p e r i m e n t s  pe r t i nen t  to th is  p rob lem have  been pub l i shed  by  SABLE et al. 1° and  by  HECHT 
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Fig. I. E lu t ion  p a t t e r n s  of deoxymononuc l eo t i de s  a t  different p H  values.  A m i x t u r e  of 2.0 m g  
each  of: deoxycy t idy l i c  acid (C), t h y m i d y l i c  acid (T), deoxyadeny l ic  acid (A) and  deoxyguany l i c  
a c i d  (G) were added  to a 2o × z cm Dowex- I  fo rma te  co lumn  and  e la ted  by  g rad ien t  e lut ion 
accord ing  to t he  m e t h o d  of HURLBERT et al. 3. T h e  mi x i ng  flask con ta ined  5o0 ml  wa te r  and  the  
reservoi r  con ta ined  i . o M  fo rma te  which  had  been a d j u s t e d  to the  indica ted  p H  values  by  t he  

add i t ion  of a m m o n i u m  hydrox ide .  Eff luent  vo lume  per  tube,  5-6  ml. 
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et at. 11 who have described the  phosphoryla t ion  of some of the  deoxymononucleot ides by muscle 
and by part iculate  rat-l iver fractions. In  addition KLENOW and his collaborators TM have shown 
tha t  deoxyadenylic acid can be phosphory la ted  in the presence of purified enzymes, 

TABLE I 

CONVERSION OF DEOKYNUCLEOSIDE-5P-MONOPHOSPHATES TO THE CORRESPONDING 
DI-AND TRIPHOSPHATES BY ENZYMES FROM REGENERATING RAT LIVER 

The incubat ion mixture  consisted of 6" lO -4 to I .  lO -3 #mole of the deoxyribonucleotide containing 
3o,ooo c.p.m, of 14C, 3.2 #moles adenosine t r iphosphate ,  15. 3 #moles creatine phosphate ,  2oo #g 
creatine kinase (prepared according to the method of KUBY et al2 up to bu t  not  including the 
crystallization step) 33 #moles MgC1 v 62 #moles t r i s (hydroxymethyl )aminomethane  buffer, 
p H  7.4, and o. 5 ml of enzyme (20 mg protein/ml),  prepared from the lO6,OOO × g supe rna tan t  
fraction of a rat-liver homogenate  36 h after hepatectomy,  before and after dialysis against  o.o 5 M 
tris buffer for 3o h :  final volume, i.o ird; incubation time, 2o rain. At the end of the  incubation 
the samples were cooled in ice, the proteins were precipitated wi th  8 ml o .4N HC104 and the 
acid-soluble fraction was  neutralized wi th  KOH.  After removal  of the KC104, the solution was 

chromatographed  on a io × 1 cm Dowex-i  formate  column, as described in Fig. I. 

Substrate Treatment o/ Distribution o/deoxyribonucleotides (%)~ 
the enzyme Mono-P Di-P** Tri-P *~ 

Deoxyadenylic  acid Dialyzed IO IO 8o 
Non-dialyzed 6o 2o 2o 

Deoxyguanylic  acid Dialyzed 5 io 85 
Non-dialyzed 15 3 ° 55 

Deoxycytidylie acid Dialyzed i o i o 80 
Non-dialyzed 3 ° 30 4 ° 

Thymidylic  acid Dialyzed 5 5 90 
Non-dialyzed 15 3o 55 

* The radioact ivi ty present  in each nucleotide form is expressed as % of 
three forms. 

** The di- and t r iphospha tes  of the deoxymononucleotides were identified by  
the corresponding synthet ic  di- and t r iphosphates  prepared chemically f rom the  
monophospha tes  by  the methods  of KHORANA 8,9 and of POTTER et al. ~. 

the total  in the  

comparison with 
deoxynucleotide- 

One of us (R. M.) was  suppor ted  during this  investigation by  a post-doctoral  fellowship in Pha rma-  
cology wi th  the  aid of a t raining grant  (CRTY-5oI2) of the U.S. Public Heal th  Service. This 
invest igat ion was suppor ted  in pa r t  by  grants  from the American Cancer Society and f rom the  
Nat ional  Ins t i tu tes  of the  Public Heal th  Service. 

E. S. CANELLAKIS 
Department o[ Pharmacology, Yale University School o[ Medicine, R. ~¢IANTSAVINOS 

New Haven, Conn. (U.S.A.) 

1 E. S. CANELLAKIS, J.  Biol. Chem., 227 (1957) 329. 
a M. DOWNING AND B. S. SCHWEIGERT, J. Biol. Chem., 220 (1956) 513. 
3 R. B, HDRLBERT, M. SCHMITZ, A. F. BRUMM AND V. R. POTTER, J.  Biol. Chem., 2o9 (1954) 23. 
4 R. L. SINSHEIMER AND J. F.  KOERNER, Science, 114 (1951) 42. 
5 E. ¥OLKIN, J. X. KHYM AND W. E. COHN, J. Am. Chem. Soc., 73 (1951) 1533. 
6 R. E. POTTER, S. SCHLESINGER, V. BUETTNER-JANUSCH AND L. THOMPSON, f .  Biol. Chem., 226 

(1957) 381. 
v S. A. KOBY, L. NODA AND H. A. LARDY, J. Biol. Chem., 209 (1954) 191. 
8 H. G. KHORANA, J. Am. Chem. Soc., 76 (1954) 3517. 
9 R. W. CHAMBERS AND H. G. KHORANA, J ,  Am. Chem. Soc., 79 (1957) 3752. 

l0 H. Z. SABLE, P, B.WILTER, A. E. COHEN AND M. R. KANE, Biochim. Biophys. Acta, 13 (1954) 156. 
1i L. I. HECHT, V. R. POTTER AND E. HERBERT, Biochim. Biophys. Acta, 15 (1954) 134. 
12 H. KLENOW AND E. LICHTER, Biochim. Biophys. Acta, 23 (1957) 6; 

H. KLENOW AND B. ANDERSEN, Biochim. Biophys. Acta, 23 (1957) 92. 

Received October 2nd, 1957 


