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showed t h a t  enzymic  ox ida t ion  to t he  oxides  occurred for these  two amines .  Methylo l  t r ans fe r  
m a y  occur  t h r o u g h  a t e t rahydrofo l i c  acid factor,  a n d  th i s  po in t  is be ing  s tudied.  

The  a m i n o  acid oxide h y d r o x y t r a n s f e r a s e  found  in th i s  work  is so far  k n o w n  to be  p re sen t  
on ly  in a m o u s e  liver h o m o g e n a t e ;  cellular f rac t iona t ion  procedures  are in progress  wi th  l iver  
and  o ther  t i s sues  to de t e rmi ne  i ts  d i s t r ibu t ion  in t he  cell and  in o the r  t issues .  

M. S, FISH 
Laboratory o/Chemistry of Natural Products, National Heart Institute, C.C.  SWEt~LEY 

National Institutes o/Health, Bethesda, Md. (U.S.A .) N . M .  JOHNSON 
E. P. LAWRENCE 
E. C. HORNING 

1 M. S. FISH, N. M. JOHNSON, E.  P.  LAWRENCE AND E. C. HORNING, Biochim. Biophys. Acta, 18 
(1955) 564 . 

z M. S. FISH, C. C. SWEELEY AND E. C. HORNING, Chemistry & Industry, in press.  
a M. S. FISH, N. M. JOHNSON AND E. C. HORNING, J. Am. Chem. Soc., in press.  
4 C. C. SWEELEY AND E. C. HORNING, J.  Am. Chem. Soc., in press.  
s K.  LING AND T. TUNG, J. Biol. Chem., 174 (1948) 643. 

Received  April  26th,  1950 

Enzymic synthesis of deoxyribonucleic acid 
We have  repor ted  I t he  convers ion  of 14C-thymidine v ia  a sequence  of discrete  enzymic  s teps  to 
a p roduc t  wi th  the  proper t ies  of DNA*.  

T h y m i d i n e  A T P  -~ T 5 P  A T P +  T T P  ATP  > " D N A "  (I) 

The  t h y n l i d i n e  p r o d u c t  is acid-insoluble,  des t royed  by  DNAase ,  a lkal i -s table  and  r e s i s t an t  to 
R N A a s e .  W e  h a v e  now e x t e n d e d  these  s tud ies  to inc lude adenine,  guan ine  and  cy tos ine  deoxy-  
nucleot ides ,  and  wi th  pa r t i a l ly  purif ied e n z y m e s  f rom E. coli we h a v e  s tud ied  f u r t h e r  t he  n a t u r e  
of  t he  po lymer i za t ion  react ion.  

a2P-labeled deoxynuc leo t ides  were p repared  b y  enzymic  digest ion of D N A  ob ta ined  f rom 
E. coli grown in a azP-conta ining m e d i u m  ; t he  nucleot ides  were t h e n  p h o s p h o r y l a t e d  b y  a par t ia l ly  
purified enzyme .  The  pr inc ipa l  p r o d u c t  of T 5 P  phospho ry l a t i on  was  s epa ra t ed  as a single com-  
ponen t  in an  ion -exchange  c h r o m a t o g r a m  and  identif ied as T T P .  The  ra t ios  of t h y m i d i n e : a c i d -  
labile P : t o t a l  P were i .oo :2 .o3:3 .o8 .  E n z y m i c  fo rma t ion  of t he  di- and  t r i p h o s p h a t e s  of deoxy-  
adenos ine  a n d  t he  py r i mi d i ne  deoxyr ibonuc leos ides  ha s  been observed  z and  t he  presence of 
pyTimidine deoxyr ibonuc leos ide  p o l y p h o s p h a t e s  in t h y m u s  ex t r ac t s  ha s  been repor ted  3. 

Po lymer i za t i on  of T T P  requi res  ATP,  a hea t - s t ab l e  D N A  f ragment (s ) ,  p rov is iona l ly  r ega rded  
as a pr imer ,  and  two e n z y m e  f rac t ions  (called S a n d  P ;  p rev ious ly  1 called A and  B, respect ively)  
~ach of wh ich  ha s  t h u s  far  been purif ied more  t h a n  i oo-fold (Table I). P re l imina ry  s tud ies  s u g g e s t  
~hat T D P  can  replace T T P  and  ha s  t he  s a m e  r e q u i r e m e n t s  for incorpora t ion  in to  D N A  ; a decision 
~s to t he  more  i m m e d i a t e  p recursor  requi res  fu r the r  pur i f icat ion of t he  sy s t em.  

" P r i m e r "  for t he  crude e n z y m e  f rac t ion  was  ob ta ined  (i) b y  t he  ac t ion  of crys ta l l ine  pan -  
~reatic D N A a s e  on E. coli D N A  or (2) on t h y m u s  DNA,  or (3) by  an  E. coli e n z y m e  f rac t ion  (SP) 
~cting on D N A  con ta ined  in it.  However ,  " p r i m e r "  for t he  purified e n z y m e  fract ion was  ob ta ined  
)nly wi th  m e t h o d  (3); t he  ac t ion  of pancrea t i c  D N A a s e  on e i ther  E. coli or t h y m u s  D N A  did 
lot  yield " p r i m e r " .  These  f indings i mp l y  t he  ex is tence  of an  ac t iv i ty  in the  c rude  e n z y m e  fract ion 
:esponsible for t he  fo rma t ion  of act ive  "p r i me r " .  The  chemica l  proper t ies  of t h e  unpur i f ied  
' p r i m e r "  resemble  those  of a par t i a l  d igest  of DNA.  

Ut i l iza t ion  of t he  p o l y p h o s p h a t e s  (p re sumab ly  t r iphospha tes )  of adenine ,  guan ine  and  
:ytosine deoxynuc leos ides  for D N A  syn t he s i s  occurs  a t  ra tes  a p p r o x i m a t e l y  equa l  to those  for 
7TP in c rude  e n z y m e  fract ions,  b u t  a t  apprec iab ly  slower ra tes  wi th  t he  e n z y m e  purified for 
?TP po lymer i za t ion  (Table II). These  changes  in rat io  sugges t  t he  presence  of different  e n z y m e s  
or each  of t he  deoxyr ibonuc leos ide  t r iphospha tes .  Mix tu res  of t hese  t r iphospha tes ,  each  tes ted  
Lt concen t r a t i ons  nea r  e n z y m e  sa tu ra t ion ,  gave  add i t ive  or supe radd i t i ve  rates ,  fu r the r  sugges t ing  
[ifferent e n z y m e s  for each  of t he  s u b s t r a t e s  and  a faci l i ta t ion of po lymer iza t ion  by  such  mix tu re s .  

S tudies  are in progress  to define t he  m e c h a n i s m  of t he  po lymer i za t ion  reac t ion  and  t he  

* Abbrev ia t i ons  used  are:  DNA,  deoxyr ibonucle ic  acid;  ATP,  adenos ine  t r i p h o s p h a t e ;  T s P  , 
h y m i d i n e - 5 ' - p h o s p h a t e ;  T DP ,  t h y m i d i n e  d i phospha t e ;  TTP ,  t h y m i d i n e  t r i phospha t e ;  DNAase ,  
.eoxyr ibonuclease;  R NAase ,  r ibonuclease .  
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l inkages  and  sequences  in t he  DNA-l ike  p roduc t  formed.  F u r t h e r  inves t iga t ions  wi th  phage-  
in fec ted  E. coli 1 and  s tud ies  wi th  biologically ac t ive  D N A  m a y  begin  to clarify t he  ques t ion  of 
how genet ica l ly  specific D N A  is assembled .  

T A B L E  I 

REQUIREMENTS OF THE PURIFIED SYSTEM 

E x t r a c t s  of E. coli B prepa red  b y  sonic d i s in teg ra t ion  were t r ea t ed  wi th  s t r e p t o m y c i n  to yield 
a p rec ip i t a te  (fract ion SP) a n d  a s u p e r n a t a n t  fluid (fraction SS). A m m o n i u m  sulfate ,  gel and  
acid f rac t iona t ion  p rocedures  appl ied to f rac t ions  SP and  SS yielded f rac t ions  P and  S, respect ively .  
E. coli D N A  was  p repa red  by  h e a t i n g  f rac t ion  SP (optical dens i ty  a t  260 m #  = 15) a t  7 °°  for 
io  minu te s .  To p roduce  " p r i m e r " ,  o. i  ml  of E. coli D N A  was  combined  wi th  4 ° y of f rac t ion  SP;  
a f te r  I h o u r  a t  37 ° in t h e  presence  of 5" l o - a M  MgCI~, t h e  m i x t u r e  was  hea t ed  for io  m i n u t e s  
a t  80 °. The  comple te  s y s t e m  con ta ined  (in o. 3 ml) O.Ol 4 / , m o l e  of T T P  ( i .5 .  lO6 c .p .m. /#mole) ,  
o. i  /*mole of ATP,  o . io  ml  of " p r i m e r " ,  IO ~ of f rac t ion  S, i T of f rac t ion  P, I /zmole of MgC12, 
a n d  2o /*moles  of glycine buffer,  p H  9.2. Af ter  i ncuba t ion  for 3 ° m i n u t e s  a t  37 °, o.o 5 ml  of c rude  
E. coli ex t r ac t  ("carr ier")  and  o. 3 ml  of 7 %  perchloric  acid were added.  The  prec ip i ta te  was  

washed ,  p l a t ed  and  i ts  r ad ioac t iv i ty  measu red .  

mgmoles DNA-P/hour 

Comple te  s y s t e m  1.48 
No A T P  o.20 
No " p r i m e r "  o. i i 
No e n z y m e  fract ion S 0.07 
No e n z y m e  f rac t ion  P 0.04 

T A B L E  II  

CONVERSION OF FOUR DEOXYNUCLEOSlDE TRIPHOSPHATES 

The  i ncuba t i on  m i x t u r e s  and  a s says  were as descr ibed in Tab le  I excep t  t h a t  (I) t he  concen t ra t ions  
of deoxynuc leos ide  t r i p h o s p h a t e s  were 1.5. Io -~M,  a n d  (2) t he  c rude  e n z y m e s  were 60 ~ of f rac t ion 

SP and  24o 7 of f rac t ion  SS. 

Tested with Tested with 
purified enzymes 

Triphosphates crude enzymes ([or TTP) 

re#moles DNA-P/hour 

T h y m i d i n e  (T) 0.8 5.48 
D e o x y g u a n o s i n e  (G) 0.6 0.98 
Deoxycy t i d i ne  (C) o.8 1.44 
Deoxyadenos i ne  (A) o.6 1.28 
T + G 2.2 14.6 
T + G + C 4.4 19.6 
T + G + C + A 6. 4 22.0* 
T + G -4- C + A (no "p r imer" )  2.o 0.28 

* 65 % convers ion  of subs t r a t e .  
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