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INTRODUCTION

With t h e  r e c o g n i t i o n  o f  d e o x y r i b o n u c l e i c  a c i d  (DNA) a s  

t h e  c a r r i e r  o f  g e n e t i c  i n f o r m a t i o n  t h e r e  d e v e lo p e d  th e  

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

sy s tem  which must p r o v i d e  f o r  t h e  t r a n s f e r  o f  t h i s  i n f o r m a ­

t i o n  from a  c e l l  t o  i t s  p rog en y  d u r i n g  c e l l  d i v i s i o n .

D u r in g  th e  mid 1950’s  i t  was n o t e d  t h a t  t h e  i n c u b a t i o n  o f  

l a b e l e d  d e o x y n u c l e o t i d e s  w i t h  a  c ru d e  c e l l - f r e e  e x t r a c t  

o f  E s c h e r i c h i a  c o l i  l e d  t o  t h e  i n c o r p o r a t i o n  o f  a  s m a l l  

amount o f  r a d i o a c t i v i t y  i n t o  t h e  a c i d - i n s o l u b l e  DNA f r a c t i o n ,  

i n d i c a t i n g  t h e  i n  v i t r o  s y n t h e s i s  o f  DNA ( 1 ) .  The enzyme 

i n v o l v e d  i s  known a s  DNA p o ly m e ra s e .

I n  1958, K ornberg  and c o -w o rk e r s  r e p o r t e d  t h e  p a r t i a l  

p u r i f i c a t i o n  o f  DNA p o ly m e ra s e  from E. c o l i  and t h e  c h a r a c ­

t e r i z a t i o n  o f  i t s  r e a c t i o n  ( 2 , 3 ) .  DNA p o ly m e r a s e s  have 

s u b s e q u e n t l y  been  i s o l a t e d  from numerous o t h e r  s o u r c e s  

i n c l u d i n g  B a c i l l u s  s u b t i l i s  ( 4 ) ,  M ic ro c o c c u s  l u t e u s  ( 5 , 6 ) ,

T-2 i n f e c t e d  E. c c l i  ( 7 ) ,  T-if i n f e c t e d  E. c o l i  (8 )  and 

r e c e n t l y  i n  t h i s  l a b o r a t o r y  from B. l i c h e n i f o r m i s  and B. 

s t e a r o t h e r m o p h i l u s  ( 9 ) .

While t h e r e  a r e  s e v e r a l  n u c l e a s e  a c t i v i t i e s  a s s o c i a t e d  

w i t h  DNA p o ly m erase  ( 1 0 ) ,  t h e  p r im a r y  r e a c t i o n  i t  c a t a l y z e s  

i s  t h e  p o l y m e r i z a t i o n  o f  d e o x y n u c l e o s id e  t r i p h o s p h a t e s  i n t o  

a  p o l y n u c l e o t i d e  i n  t h e  p r e s e n c e  o f  a  DNA t e m p l a t e  and w i t h  

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

1
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are joined via 3'-3' phosphodiester links. The equation 
for the reaction can be represented as (11):

n dGPPP dGP

n dCPPP
+ DNA i DNA—

dCP

n dAPPP dAP

n dTPPP

The c h a i n  grows by a d d i t i o n  to  i t s  3 '  end and t h e  

r e a c t i o n  i s  known a s  p r o c e e d i n g  i n  a  3' t o  3' s e n s e .  The 

r e a c t i o n  i n v o l v e s  t h e  n u c l e o p h i l i c  a t t a c k  o f  t h e  3 ’ h y d r o x y l  

g roup o f  t h e  g rowing  p o l y n u c l e o t i d e  on th e  3 ' p h o sp h a te  

g roup o f  t h e  d e o x y n u c l e o s id e  t r i p h o s p h a t e  w i th  c l e a v a g e  

o f  i n o r g a n i c  p y r o p h o s p h a t e .  The d ra w in g  below r e p r e s e n t s  

t h i s  p ro p o se d  mechanism ( 11) .

O —
o-£=o

o
\

Growing p o l y n u c l e o t i d e  
c h a i n

D eo x yn u c le o s id e
t r i p h o s p h a t e

OH
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3
The above r e a c t i o n  i s  r e v e r s i b l e ;  p y r o p h o s p h a t e -  

d e o x y n u c l e o s id e  t r i p h o s p h a t e  exchange can o c c u r  and t h e  

r e a c t i o n  can be s t o p p e d  by t h e  a d d i t i o n  o f  a l a r g e  e x c e s s  

o f  p y r o p h o s p h a t e  ( 10) .  Mn+^ can  s u b s t i t u t e  f o r  Mg+^ i n  

t h e  c a s e  o f  many o r g a n i s m s  ( 4 »3 ) and a l i m i t e d  r e a c t i o n  

w i l l  t a k e  p l a c e  i n  t h e  a b s e n c e  o f  one o r  more o f  t h e  d eoxy­

n u c l e o s i d e  t r i p h o s p h a t e s  ( 3 ) .

The e f f i c i e n c y  o f  t h e  r e a c t i o n  i s  h i g h e s t  w i t h  a  p a r t i a l l y  

d e n a t u r e d  o r  " n i c k e d "  DNA t e m p l a t e  ( I f ,7 ) .  S i n g l e - s t r a n d e d  

DNA w i l l  a l s o  s e r v e  a s  an  e f f e c t i v e  t e m p l a t e .  While  d o u b l e ­

s t r a n d e d  DNA r e q u i r e s  a  " n i c k " ,  a  f r e e  OH o r  p h o s p h a t e  

t e r m i n a l  t o  b i n d  DNA p o l y m e r a s e ,  s i n g l e - s t r a n d e d  DNA w i l l  

r e a d i l y  b in d  p o ly m e rase  i n  t h e  a b sence  o f  any t e r m i n a l  

g r o u p s ,  i . e .  when i t  i s  i n  a  c l o s e d  c i r c u l a r  form ( 10) .

The t e m p l a t e  DNA d e t e r m i n e s  t h e  d e o x y n u c l e o t i d e  s e q u e n c e  

i n  t h e  newly s y n t h e s i z e d  DNA th r o u g h  th e  W atson-Crj  ck  ty p e  

h y d ro g en  bond in g  be tw een  t h e  b a s e s  on t h e  t e m p l a t e  DNA and 

t h e  b a s e s  o f  t h e  d e o x y n u c l e o s i d e  t r i p h o s p h a t e s .  T h i s  was 

i n i t i a l l y  i n f e r r e d  from t h e  s i m i l a r i t y  i n  b ase  r a t i o s  o f  t h e  

t e m p l a t e  and t h e  p r o d u c t  f o r  t h e  DNA o f  a  p a r t i c u l a r  

o rg an ism  ( 12) and l a t e r  f r o m - t h e  s i m i l a r i t y  i n  n e a r e s t  

n e i g h b o r  f r e q u e n c y  a n a l y s i s  (NNFA) ( 1 1 ) .

The f i n a l  p r o o f  o f  t h e  t e m p l a t e  d i r e c t e d  s y n t h e s i s  o f  

DNA was t h e  i n  v i t r o  s y n t h e s i s  o f  a  b i o l o g i c a l l y  a c t i v e  DNA. 

T h i s  was a c c o m p l i sh e d  i n  1967 w i t h  t h e  com ple te  s y n t h e s i s  

o f  i n f e c t i o u s  s i n g l e - s t r a n d e d  c i r c u l a r  phage 0X 17Zf DNA ( 1 3 ) .
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The c o p y in g  o f  a  phage  genome o f  a b o u t  3000 d e o x y n u c le o ­

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

t h a t  t h e  r e p l i c a t i o n  must  be e x t r e m e ly  a c c u r a t e .  The 

f r e q u e n c y  o f  o c c u r r e n c e  o f  e r r o r s  i n  r e p l i c a t i o n  was f i r s t  

s t u d i e d  by T r a n t n e r  and c o -w o r k e r s  i n  1962 u s i n g  E.  c o l i  

DNA p o ly m e ra s e  (1 i f ) . The f r e q u e n c y  o f  m i s i n c o r p o r a t i o n  o f  

dGTP u s i n g  p o ly  dAT t e m p l a t e  a t  3 7 °  was found  t o  be l e s s  

t h a n  1/ 2 8 , 000- 1/ 3 8 0 ,0 0 0  r e s i d u e s  w i t h  a  t o t a l  po lym er  

s y n t h e s i s  o f  3 0 -1 0 0  %. The s u b s t i t u t i o n  o f  p o ly  cLABTj a s  

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

1 / 2 0 0 0 - 1 / 2 3 , 0 0 0  r e s i d u e s .  The a c c u r a c y  o f  DNA r e p l i c a t i o n  

i n  v i t r o  was c o n c lu d e d  t o  be  v e ry  h i g h .

I n  a  l a t e r  s t u d y  on t h e  f i d e l i t y  o f  DNA p o ly m e r a s e ,

Me C a r t e r  e t . a l .  found  a h i g h e r  r a t i o  o f  m i s i n c o r p o r a t i o n  

( 1 3 ) .  U s ing  E. c o l i  DNA p o ly m e ra s e  a t  3 7 °  t h e  amount o f  

dCTP and dGTP i n c o r p o r a t e d  u s i n g  p o ly  dAT a s  a  t e m p l a t e  was 

found  t o  be a b o u t  1 /300  r e s i d u e s .  A t t e m p t s  t o  s t u d y  t h e  

i n c o r p o r a t i o n  o f  cLATP and dTTP u s i n g  t h e  t r i p l e  h e l i x  p o ly  

dG^odC were c o m p l i c a t e d  by t h e  de novo s y n t h e s i s  o f  p o ly  

dAT i n  t h e  r e a c t i o n  m i x t u r e .

The de novo s y n t h e s i s  o f  p o ly  dAT and p o l y  dG:dC when 

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

w i t h  DNA p o ly m e ra s e  i n  t h e  a b s e n c e  o f  t e m p l a t e  was r e c o g ­

n i z e d  e a r l y  ( 1 1 ) .  The k i n e t i c s  o f  t h i s  r e a c t i o n  f o l l o w  a 

d i f f e r e n t  t im e  c o u r s e  t h a n  t h e  no rm a l  r e p l i c a t i o n  o f  DNA, 

e x h i b i t i n g  a  l a g  p e r i o d  o f  s e v e r a l  h o u r s .  T h is  a p p a r e n t
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5
l a g  p e r i o d  may be due t o  t h e  i n a b i l i t y  o f  t h e  a s s a y  t e c h ­

n i q u e s  t o  m easure  t h e  s low  r a t e  o f  t h e  de novo s y n t h e s i s .

As t h e  c o n c e n t r a t i o n  o f  de novo p r o d u c t  i n c r e a s e s  i t  s e r v e s  

a s  t e m p l a t e  f o r  t h e  p r o d u c t i o n  o f  more p r o d u c t  and t h e  

r e a c t i o n  f o l lo w s  t h e  r e g u l a r  c o u r s e  o f  s y n t h e s i s  i n  t h e  

p r e s e n c e  o f  a  t e m p l a t e .

H a l l  and  Lehman compared t h e  f i d e l i t y  o f  w i l d  t y p e  E. 

c o l i  DNA p o ly m e rase  w i t h  DNA p o ly m e ra s e  in d u c e d  i n  E.  c o l i  

by T-Z+ phage i n f e c t i o n  ( 8 ) .  U s ing  p o ly  dC a s  a  t e m p l a t e  

t h e  m i s i n c o r p o r a t i o n  f r e q u e n c y  o f  dTTP i n  p l a c e  o f  dGTP a t  

30° was found t o  be 1/Zf2 0 ,0 0 0  f o r  th e  w i ld  t y p e  and 1/ 12 0 ,000  

f o r  t h e  T-4  in d u c e d  p o l y m e r a s e .  F o r  b o th  enzymes,  t h e  T/G 

r a t i o  was found t o  be i n d e p e n d e n t  o f  t e m p l a t e  c o n c e n t r a t i o n ,  

pH ( 7 . k  and  8 . 6 ) ,  t e m p e r a t u r e  (3 0 °  and 3 7 ° )  and Mg+2 co n ce n ­

t r a t i o n .  The r e p l a c e m e n t  o f  Mg+^ by Mn+^ however  r e s u l t e d  

i n  a  3 -2 0  f o l d  i n c r e a s e  o f  t h e  T/G r a t i o .  The T/G r a t i o  

was found t o  be d e p e n d e n t  on dGTP c o n c e n t r a t i o n .  At a  co n - '  

s t a n t  dTTP c o n c e n t r a t i o n  t h e  l a t t e r  was i n c o r p o r a t e d  com­

p e t i t i v e l y  a t  low c o n c e n t r a t i o n s  o f  dGTP and  a t  a  c o n s t a n t  

r a t e  a t  h i g h  c o n c e n t r a t i o n s  o f  dGTP. U s ing  p o ly  dAT a s  a  

t e m p l a t e  t h e  m i s i n c o r p o r a t i o n  f r e q u e n c y  o f  dCTP was found  

t o  be 1/ 10 ,00 0  r e s i d u e s .

B a c t e r i a  a r e  commonly d i v i d e d  i n t o  3 g r o u p s  a c c o r d i n g  

t o  t h e  t e m p e r a t u r e  a t  which  t h e y  grow. P s y c h r o p h i l e s  grow 

a t  low t e m p e r a t u r e s  (b e lo w  2 3 ° ) ,  m e s o p h i l e s  grow a t  p h y s i o ­

l o g i c a l  t e m p e r a t u r e s  ( 2 3°-J+5 ° )  and t h e r m o p h i l e s  grow a t
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6
e l e v a t e d  t e m p e r a t u r e s  ( above  1 + 5 ° ) .

T h e r m o p h i l i c  b a c t e r i a  have been  i s o l a t e d  from numerous 

s o u r c e s  ( 1 6 ) .  They hav e  a t t r a c t e d  c o n s i d e r a b l e  a t t e n t i o n  

b e ca u se  t h e y  can grow a t  t e m p e r a t u r e s  a t  which  norm al  c e l l ­

u l a r  components  b r e a k  down. S e v e r a l  t h e o r i e s  have been 

advanced  t o  a c c o u n t  f o r  t h e r m o p h i l y .  Gaughran n o t e d  d i f f e r ­

en c e s  i n  amount and s a t u r a t i o n  o f  l i p i d s  be tween  m e s o p h i l e s  

and t h e r m o p h i l e s  and p o s t u l a t e d  t h a t  l i p i d s  m igh t  have a 

p r o t e c t i v e  r o l e  i n  t h e r m o p h i l i c  b a c t e r i a  ( 1 7 ) .  A l l e n  has  

p ro p o se d  a k i n e t i c  t h e o r y  where  b o th  s y n t h e s i s  and d e g r a d a ­

t i o n  r a t e s  a r e  i n c r e a s e d  i n  t h e r m o p h i l e s  ( 1 6 ) .  A t h i r d  

t h e o r y  p r o p o s e s  t h a t  t h e  m a c ro m o le cu le s  and  s t r u c t u r e s  i n  

t h e r m o p h i l i c  b a c t e r i a  a r e  u n u s u a l l y  s t a b l e  compared t o  

t h o s e  o f  m e s o p h i l i c  b a c t e r i a .  K o f f l e r  r e p o r t e d  on th e  

i n c r e a s e d  h e a t  s t a b i l i t y  o f  f l a g e l l a  from t h e r m o p h i l e s  ( 18) .  

Numerous exam ples  o f  u n u s u a l  s t a b i l i t y  o f  enzymes from 

t h e r m o p h i l e s  have  b een  r e p o r t e d  ( 19) .

I n  t h i s  l a b o r a t o r y ,  DNA i s o l a t e d  from t h e r m o p h i l i c  b a c t e r i a  

h a s  been  shown t o  have  a  h i g h e r  (G+C)/(A+T) r a t i o  and to  

have a c o r r e s p o n d i n g l y  h i g h e r  Tffi v a l u e  t h a n  DNA from meso­

p h i l i c  b a c t e r i a  ( 2 0 ) .

DNA p o ly m e r a s e s  i s o l a t e d  from B. l i c h e n i f o r m i s , a  meso- 

p h i l e  and  B. s t e a r o t h e r m o p h i l u s , a  t h e r m o p h i l e ,  were shown 

t o  have t e m p e r a t u r e  o p t im a  o f  1+5° and 65° r e s p e c t i v e l y  ( 9 , 2 1 ) .  

I n  a d d i t i o n ,  t h e  n e a r e s t  n e i g h b o r  f r e q u e n c y  a n a l y s i s  f o r  t h e  

p r o d u c t  DNA v a r i e d  f o r  e ac h  enzyme a s  a  f u n c t i o n  o f
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t e m p e r a t u r e .  F o r  a  p a r t i c u l a r  enzyme, t h e  f r e q u e n c i e s  

o f  n u c l e o t i d e  s e q u e n c e s  were  s i m i l a r  t o  t h o s e  o f  t h e  c o r ­

r e s p o n d i n g  t e m p l a t e  when t h e  r e a c t i o n  was c a r r i e d  o u t  a t  

t h e  optimum t e m p e r a t u r e  o f  t h e  enzyme. At o t h e r  t e m p e ra ­

t u r e s ,  v a r i a t i o n s  i n  NNFA were o b s e r v e d .  The r e l a t i v e  amount 

o f  G+C r e p l i c a t e d  i n c r e a s e d  a t  t h e  h i g h e r  t e m p e r a t u r e s ,  

i m p ly in g  t h a t  e i t h e r  s e c t i o n s  o f  DNA r i c h  i n  G+C were  p r e f e r ­

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

f r e q u e n c y  o f  e r r o r s ,  s u b s t i t u t i o n  o f  G o r  C f o r  A o r  T, 

i n c r e a s e d  a s  t h e  t e m p e r a t u r e  was i n c r e a s e d .

The p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  was to  d i f f e r e n t i a t e  

be tween t h e s e  two p o s s i b i l i t i e s ,  t o  e s t a b l i s h  unam biguously  

w h e th e r  a c t u a l  e r r o r s  i n  r e p l i c a t i o n  o c c u r  and ,  i f  s o ,  t o  

d e te r m in e  th e  n a t u r e  and f r e q u e n c y  o f  t h e s e  e r r o r s .  I t  was 

hoped t o  d e t e r m i n e  w h e t h e r  t h e  e r r o r s  a r e  t e m p e r a t u r e  o r  

o rg an ism  d e p e n d e n t  and w h e t h e r  s p e c i f i c  o r  random n u c l e o t i d e  

s u b s t i t u t i o n s  o c c u r .  At  t h e  same t im e  th e  p o s s i b i l i t y  would 

be e x p l o r e d  t h a t  (G+C) may be r e p l i c a t e d  more r a p i d l y  a t  

h i g h e r  t e m p e r a t u r e s  t h a n  (A+T). I n  o r d e r  to  c a r r y  o u t  t h e s e  

e x p e r i m e n t s ,  DNA p o ly m e r a s e s  w ere  i s o l a t e d  from B. l l c h e n -  

i f o r m i s  and  B. s t e a r o t h e r m o p h i l u s  and used  w i th  t h e  s y n t h e t i c  

copo lym ers  p o ly  dAT and p o l y  dG:dC.

There  a r e  s e v e r a l  ways t o  m easu re  t h e  a c c u ra c y  o f  DNA 

r e p l i c a t i o n .  The f i r s t  i s  by com par ing  th e  b a se  composi­

t i o n  o f  t h e  p r o d u c t  and t e m p l a t e  DNA. T h is  method was u se d  

o r i g i n a l l y  t o  m easure  t h e  a c c u r a c y  o f  DNA r e p l i c a t i o n  ( 1 1 , 1 2 ) .
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The r e l a t i v e  s e n s i t i v i t y  o f  t h i s  t e c h n i q u e  i s  q u i t e  low.

S in c e  th e  b a se  c o m p o s i t i o n  o f  DNA's from v a r i o u s  s o u r c e s  

i s  r a t h e r  s i m i l a r ,  and  s i n c e  t h e  amounts  o f  t h e  if b a s e s  

a r e  a b o u t  e q u a l ,  o n ly  ve ry  g r o s s  a b b e r a t i o n s  i n  b a s e  com­

p o s i t i o n ,  on t h e  o r d e r  o f  1 %, can be d e t e c t e d .

A seco n d  way i n v o l v e s  t h e  use  o f  n e a r e s t  n e i g h b o r  

f r e q u e n c y  a n a l y s i s  which  p r o v i d e s  a  more s e n s i t i v e  method 

f o r  com par ing  t e m p l a t e  and newly s y n t h e s i z e d  DNA ( 9 , 1 1 ) .

I n  t h i s  t e c h n i q u e  DNA i s  r e p l i c a t e d  u s i n g  th e  4 d e o x y n u c le o ­

s i d e  t r i p h o s p h a t e s ,  one o f  w hich  i s  l a b e l e d  w i t h  - ^ P  i n  t h e  

p h o s p h a te  g roup  a t t a c h e d  t o  t h e  3 ' p o s i t i o n  on t h e  d eoxy-  

r i b o s e .  The p r o d u c t  DNA i s  t h e n  s u b j e c t e d  t o  en zy m a t ic

h y d r o l y s i s  t o  y i e l d  3 '  d e o x y n u c l e o s id e  m onophospha tes .  The 
32P l a b e l  i s  t h u s  p a s s e d  from t h e  3 1 p o s i t i o n  o f  t h e  o r i g i n a l  

n u c l e o t i d e  t o  t h e  3 ' p o s i t i o n  o f  t h e  a d j a c e n t  n u c l e o t i d e .

By r e p e a t i n g  t h e  e x p e r im e n t  f o u r  t i m e s ,  each  t im e  u s i n g  one 

l a b e l e d  d e o x y n u c l e o s id e  t r i p h o s p h a t e ,  t h e  r e l a t i v e  f r e ­

q u e n c i e s  o f  t h e  d i n u c l e o t i d e  s e q u e n c e s  i n  t h e  DNA can be 

c a l c u l a t e d .

W hile  NNFA p r o v i d e s  a  more s e n s i t i v e  method f o r  com par ing  

t e m p l a t e  and p r o d u c t  DNA th a n  c a l c u l a t i o n  o f  m o la r  b a s e  

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

i s  s m a l l e r  t h a n  t h e  amount o f  t e m p l a t e .  Under c o n d i t i o n s  

o f  l i m i t e d  s y n t h e s i s  o n ly  p o r t i o n s  o f  t h e  DNA t e m p l a t e  may 

be r e p l i c a t e d  and t h e  r e l a t i v e  f r e q u e n c i e s  o f  d i n u c l e o t i d e  

s e q u e n c e s  may v a ry  from t h e  v a l u e s  o f  t h e  t e m p l a t e  ( 11) .
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The NNFA a p p ro a c h  was u s e d  p r e v i o u s l y  i n  t h i s  l a b o r a t o r y  

to  s t u d y  t h e  r e p l i c a t i o n  o f  s e v e r a l  DNA's by DNA p o l y m e r a s e s  

from B. l i c h e n i f o r m i s  and  B. s t e a r o t h e r m o p h i l u s  o v e r  a  

rang'e o f  t e m p e r a t u r e s  ( 2 1 ) .  The o b se rv e d  d i f f e r e n c e s  i n  

d i n u c l e o t i d e  s e q u e n c e s  c o u ld  be  a t t r i b u t e d  t o  s e v e r a l  

s o u r c e s  i n c l u d i n g  a c t u a l  e r r o r s  i n  co py ing  t h e  t e m p l a t e  o r  

p r e f e r e n t i a l  r e p l i c a t i o n  o f  p o r t i o n s  o f  th e  t e m p l a t e ,  s p e c i ­

f i c a l l y  t h o s e  r i c h  i n  (G+C).

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

i n v o l v e s  t h e  use  o f  s y n t h e t i c  copo lym ers  a s  t e m p l a t e s .

T h is  a l l o w s  f o r  b o t h  an  unambiguous d e m o n s t r a t i o n  o f  t h e  

o c c u re n c e  o f  e r r o r s  i n  r e p l i c a t i o n ,  a s  w e l l  a s  an e v a l u a t i o n  

o f  t h e  p o s s i b i l i t y  t h a t  d i f f e r e n t  p o r t i o n s  o f  t h e  t e m p l a t e  

a r e  r e p l i c a t e d  p r e f e r e n t i a l l y  a t  d i f f e r e n t  t e m p e r a t u r e s .

T h i s  a p p ro a c h  was u se d  i n  t h e  p r e s e n t  s t u d y .  The r e p l i ­

c a t i o n  o f  t h e  s y n t h e t i c  c o p o ly m ers  p o ly  dAT and p o l y  dG:dC 

was i n v e s t i g a t e d  h e r e .  The fo rm e r  i s  a  W a ts o n - C r ic k  t y p e  

doub le  h e l i x  c o n s i s t i n g  o f  two s t r a n d s ,  each  a l t e r n a t i n g  

i n  dA and dT. P o l y  dG:dC i s  a l s o  a  W atso n -C r ic k  t y p e  d o u b le  

h e l i x  b u t  c o n s i s t s  o f  two s t r a n d s ,  one b e in g  a  homopolymer 

o f  dG and t h e  o t h e r  a  homopolymer o f  dC. The s t r u c t u r e  o f  

t h e s e  two co p o ly m ers  i s  shown be low .

P o l y  dG:dC P o ly  dAT

I f  p o ly  dAT i s  s y n t h e s i z e d  i n  a  m ix t u r e  c o n t a i n i n g
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u n l a b e l e d  dATP and dTTP p l u s  l a b e l e d  dGTP o r  dCTP, t h e n  

any r a d i o a c t i v i t y  i n c o r p o r a t e d  i n t o  t h e  newly s y n t h e s i z e d  

copo lym er  must  r e p r e s e n t  an  e r r o r  i n  i n c o r p o r a t i o n .  L i k e ­

w ise  t h e  i n c o r p o r a t i o n  o f  l a b e l e d  dATP o r  dTTP i n  t h e  

p r e s e n c e  o f  u n l a b e l e d  dCTP and dGTP u s i n g  a p o ly  dG:dC 

t e m p l a t e  a l s o  i n d i c a t e s  an  e r r o r  o f  r e p l i c a t i o n .  By 

v a r y i n g  t h e  l a b e l e d  and u n l a b e l e d  d e o x y n u c l e o t i d e s  i t  i s  

p o s s i b l e  to  s t u d y  t h e  f r e q u e n c i e s  and t h e  ty p e s  o f  su c h  

e r r o r s .
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MATERIALS AND METHODS

Organism s and  Growth C o n d i t i o n s

The b a c t e r i a l  s t r a i n s  u se d  i n  t h i s  e x p e r i m e n t  were  a  

m e s o p h i l e ,  B a c i l l u s  l i c h e n i f o r m i s  (NRS 243) and  a th e rm o ­

p h i l e ,  B a c i l l u s  s t e a r o t h e r m o p h i l u s . 1 0 .

The b a c t e r i a  were  grown i n i t i a l l y  on s l a n t s  c o n t a i n i n g

1 % T r y p t i c a s e  (BBL), 0 . 2  % y e a s t  e x t r a c t  ( D i f c o )  and 2 % 

B a c t o a g a r  ( D i f c o ) .  S t o c k  c u l t u r e s  were grown on t h e  same 

medium c o n t a i n i n g  i n  a d d i t i o n  10 ppm m anganese .  S l a n t s  were 

i n c u b a t e d  12 h o u r s  a t  3 7 ° f o r  t h e  m e s o p h i l e  and  10 h o u r s

a t  35°  f o r  t h e  t h e r m o p h i l e .  At th e  end o f  t h i s  p e r i o d ,  6 ml 

o f  s t e r i l e  w a t e r  was added  and th e  c o n t e n t s  o f  3  s l a n t s ,  a  

t o t a l  o f  18 ml,  w ere  t r a n s f e r r e d  to  a  s e e d  f l a s k  c o n t a i n i n g

2 l i t e r s  o f  s t e r i l e  medium (1 % T r y p t i c a s e  and  0 . 2  % y e a s t

e x t r a c t ) . The s e e d  f l a s k  was i n c u b a t e d  a t  t h e  a p p r o p r i a t e

t e m p e r a t u r e  f o r  4 h o u r s  w i t h  c o n s t a n t  a e r a t i o n .

The c o n t e n t s  o f  t h e  s e e d  f l a s k  were i n o c u l a t e d  i n t o  a  

25 l i t e r  f e r m e n t o r  (New B run sw ick  S c i e n t i f i c ,  Model MF- 

1285). c o n t a i n i n g  23 l i t e r s  o f  s t e r i l e  medium and  1 ml o f  

s i l i c o n e  a n t i f o a m  (Union C a rb id e  C o r p . ,  SAG-471). The 

b a c t e r i a  were grown t o  a n  a b s o r b a n c e  o f  1 .5  a t  540 nm f o r

t h e  t h e r m o p h i l e  ( 55°)  and  an  a b s o r b a n c e  o f  2 . 5  f o r  t h e  meso­

p h i l e  ( 3 7 ° ) .  T h i s  i s  s l i g h t l y  p a s t  t h e  l o g  p h a s e  o f  g row th .
V

The medium c o n t a i n i n g  t h e  c e l l s  was c h i l l e d  and  t h e  c e l l s  

h a r v e s t e d  a t  4°  u s i n g  a  c o n t i n u o u s - f l o w  c e n t r i f u g e  ( S o r v a l l

1 1
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RC-2 w i t h  KBS c o n t i n u o u s - f l o w  a t t a c h m e n t )  a t  3 0 ,0 0 0  x g 

and a  f low r a t e  o f  230 m l/m inu£e .

The c e l l s  were r e s u s p e n d e d  i n  a b o u t  300 ml o f  b u f f e r  

c o n t a i n i n g  0.01 M T r i s  (pH 7 . 4 ) ,  0.01 M magnesium a c e t a t e  

and 0 .0 6  M NH^Cl, and c e n t r i f u g e d  a t  1 1 ,7 0 0  x  g f o r  20 

m in u t e s .  The c e l l s  were th e n  f r o z e n  i n  l i q u i d  n i t r o g e n  and 

s t o r e d  a t  - 2 0 ° .  The y i e l d  o f  c e l l s ( w e t  w e i g h t )  was a b o u t  

80 g f o r  B. s t e a r o t h e r m o p h i 1us and 100 g f o r  B. l i c h e n i -  

f o r m i s .

I s o l a t i o n  o f  DNA P o ly m e ra se  

P r e p a r a t i o n  o f  c ru d e  e x t r a c t

C e l l s ,  13 -70  g (w et  w e i g h t ) ,  were  thaw ed f o r  1 h o u r  a t  

room t e m p e r a t u r e  and  th e n  su sp en d e d  i n  b u f f e r  (30  ml/ 1 0  g 

o f  c e l l s )  c o n s i s t i n g  o f  0 .0 3  M g l y c y l g l y c i n e  (pH 7 . 0 ) ,

0 .0 2  M EDTA and 0 .0 0 2  M g l u t a t h i o n e .  The m ix t u r e  was 

s t i r r e d  f o r  H  to  2-g- h o u r s  a t  4° t o  a l l o w  c o m p le te  s u s p e n ­

s i o n  o f  t h e  c e l l s .  I t  was fo u nd ,  i n  t h e  c a s e  o f  B. s t e a r o -  

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

r e s u l t e d  i n  g r e a t e r  po ly m e rase  a c t i v i t y  t h a n  when t h e  c a l l s  

were su s p e n d e d  i n  t h e  b u f f e r  w i t h o u t  p r o l o n g e d  s t i r r i n g .

The c e l l s  were  b roken  i n  a  F re n c h  P r e s s  (Aminco Model 

5- 596) a t  1 8 ,0 0 0  p s i .  The m ix t u r e  was c e n t r i f u g e d  a t  

3 0 ,0 0 0  x g f o r  30 m i n u t e s ,  t h e  p e l l e t  c o n t a i n i n g  t h e  c e l l  

d e b r i s  was d i s c a r d e d  and th e  s u p e r n a t a n t  was c o l l e c t e d  t o  

g iv e  F r a c t i o n  I  ( a b o u t  23 m l /  10 g c e l l s ) .
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P hase  - p a r t i t i o n

To each  100 ml o f  F r a c t i o n  I  were  added 11 .5  ml o f  20  % 

(w/w) D e x t ran  T-30C (P h a rm a c ia )  and 3 2 . 2  ml o f  30  % (w/w) 

P o l y e t h y l e n e  G ly c o l  6000 ( B a k e r ) .  To o b t a i n  a c l e a n  p h a s e  

s e p a r a t i o n ,  t h e  c o n c e n t r a t i o n  o f  D e x t ra n  and p o l y e t h y l e n e  

g l y c o l  i n  t h e  f i n a l  m i x t u r e  must  be 1 .6  and 6 . L  % by w e i g h t ,  

r e s p e c t i v e l y  ( 4 ) .

S o l i d  NaCl, 3 3 . 7  S  f o r  each 100 ml o f  F r a c t i o n  I ,  was 

s lo w ly  added and t h e  m i x t u r e  was s t i r r e d  f o r  2 h o u r s  a t  4 ° .  

C e n t r i f u g a t i o n  o f  th e  m ix t u r e  a t  300 x g f o r  10 m in u t e s  

s e p a r a t e d  i t  i n t o  two d i s t i n c t  l a y e r s .  The u p pe r  l a y e r  

( p o l y e t h y l e n e  g l y c o l  and  p r o t e i n )  was p oured  o f f  t o  g i v e  

F r a c t i o n  I I .  The c e n t r i f u g a t i o n  was r e p e a t e d  i f  n e c e s s a r y  

t o  i n s u r e  a d e q u a t e  s e p a r a t i o n .  The lo w e r  l a y e r  c o n t a i n i n g  

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

I f  t h e  p r o p o r t i o n s  o f  D e x t ran  and  p o l y e t h y l e n e  g l y c o l  

were n o t  c o r r e c t ,  t h e  p h a s e  s e p a r a t i o n  was n o t  c o m p le te  

and c e n t r i f u g a t i o n  a t  1000 x g f o r  2 0 -3 0  m in u te s  was n e c e s ­

s a r y  t o  s e p a r a t e  t h e  two l a y e r s .  T h is  c o u ld  o c c u r  b e c a u s e  

t h e  w a t e r  c o n t e n t  o f  t h e  f r o z e n  c e l l s  v a r i e d ,  d e p e n d in g  on 

t h e i r  age  and t h e  a b s o r b a n c e  a t  w h ich  th e y  were h a r v e s t e d .  

With B. l i c h e n i f o r m i s  t h i s  p roved  t o  be no prob lem  b u t  w i t h  

B. s t e a r o t h e r m o p h i l u s , h a r v e s t e d  a t  a  lo w e r  a b s o r b a n c e  ( 1 . 3  

i n s t e a d  o f  2 . 3 ) a  l o w e r  p r o p o r t i o n  o f  l y s e d  c e l l s  was 

a p p a r e n t .  The r e s u l t i n g  c e l l  p e l l e t  was more compacted  and

13
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had  a  n o t i c e a b l y  lo w e r  m o i s t u r e  c o n t e n t .  T h is  r e s u l t e d  

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

s i o n  and a  g r e a t e r  s o l u t e  c o n c e n t r a t i o n  i n  F r a c t i o n  I .

When F r a c t i o n  I  from B. s t e a r o t h e r m o p h i l u s  was d i l u t e d  

w i t h  2 0 -5 0  % o f  w a t e r  t h e  phase  p a r t i t i o n  p r o c e e d e d  n o r m a l l y .  

I t  was fo u nd ,  however ,  t h a t  t h e  s p e c i f i c  a c t i v i t y  o f  t h e  

p o ly m e ra s e  was t h e  same w h e th e r  o r  n o t  t h e  p h a s e  s e p a r a t i o n  

was c o m p le t e .  T h is  was p r o b a b l y  b e c a u s e  t h e  D e x t r a n  and 

n u c l e i c  a c i d s  which rem a in e d  were removed i n  t h e  f i r s t  

ammonium s u l f a t e  f r a c t i o n a t i o n  s t e p .  C o n s e q u e n t l y ,  F r a c t i o n  

I  was n o t  d i l u t e d  i n  o b t a i n i n g  t h e  enzyme f r a c t i o n  used  

i n  t h e  a c t u a l  e x p e r i m e n t a l  work.

F r a c t i o n  I I  was d i a l y z e d  o v e r n i g h t  ( a b o u t  16 h o u r s )  

a g a i n s t  a  b u f f e r  c o n t a i n i n g  0 .3  M p o t a s s i u m  p h o s p h a t e  

(pH 7.A)> 0 .0 0 2  M EDTA and  0.01 M 2 - m e r c a p t o e t h a n o l  u s i n g  

5 . 7  l i t e r s  f o r  each  100 ml o f  F r a c t i o n  I I .  The d i a l y z e d  

s o l u t i o n ,  F r a c t i o n  I I I ,  was s t r a w - c o l o r e d  and n o r m a l ly  

c l e a r .

I f  t h e  phase  p a r t i t i o n  i n  t h e  p r e v i o u s  s t e p  had  been  

i n c o m p l e t e ,  t h e  d i a l y s i s  bag  would c o n t a i n  two l a y e r s ,  a  

c l e a r  u p p e r  l a y e r  and a  c lo u d y  lo w e r  l a y e r  c o n t a i n i n g  t h e  

r e m a i n i n g  D e x t r a n .  I n  t h i s  c a s e ,  o n ly  t h e  c l e a r  u p p e r  l a y e r  

was u se d  a s  F r a c t i o n  I I I .

Ammonium s u l f a t e  f r a c t i o n a t i o n

S o l i d  ( NH2f '>2S<\  S/ 100 ml o f  F r a c t i ° n  I I I )  was s lo w ly
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ad ded  t o  F r a c t i o n  I I I  and  t h e  m i x t u r e  was s t i r r e d  f o r  15 

m i n u t e s .  C e n t r i f u g a t i o n  a t  10 ,000  x g f o r  30 m in u te s  

y i e l d e d  two l a y e r s .  The lo w e r  l a y e r ,  c o n t a i n i n g  t h e  enzyme, 

was s ip h o n e d  o f f  and  d e s i g n a t e d  a s  F r a c t i o n  IV. The u p p e r  

l a y e r ,  c o n t a i n i n g  t h e  p o l y e t h y l e n e  g l y c o l ,  was d i s c a r d e d .

S o l i d  (NH^)~,S0^ (10  g /1 0 0  ml o f  F r a c t i o n  IV) was added

t o  F r a c t i o n  IV and t h e  m i x t u r e  was s t i r r e d  and c e n t r i f u g e d

a s  a b o v e .  Again two l a y e r s  were  formed and th e  l o w e r  l a y e r ,  

c o n t a i n i n g  th e  enzyme, was removed by s i p h o n i n g  to  g iv e  

F r a c t i o n  V. The u p p e r  l a y e r ,  c o n t a i n i n g  p o l y e t h y l e n e  g l y c o l ,  

and  any p r o t e i n s  w hich  were  p e l l e t e d  d u r i n g  t h i s  s t e p  were  

d i s c a r d e d .

S o l i d  (NH^^SO^ (1 0  g /1 0 0  ml o f  F r a c t i o n  V) was added  to  

F r a c t i o n  V and t h e  m i x t u r e  was s t i r r e d  and c e n t r i f u g e d  a s  

a b o v e .  The s u p e r n a t a n t  was p o u r e d  o f f  t o  g iv e  F r a c t i o n  VI 

and  t h e  p e l l e t  d i s c a r d e d .

S o l i d  (NH^^SO^ ( 1 2 . 5  g /1 0 0  ml o f  F r a c t i o n  VI) was added

t o  F r a c t i o n  VI and t h e  m i x t u r e  was s t i r r e d  f o r  15 m i n u t e s .

I t  was t h e n  c e n t r i f u g e d  i n  25 ml f r a c t i o n s  a t  10 ,000 x g f o r  

30 m i n u t e s .  The s u p e r n a t a n t  was d i s c a r d e d  and t h e  p e l l e t s ,  

d e s i g n a t e d  F r a c t i o n  V I I ,  were  c o l l e c t e d ,  t r a n s f e r e d  t o  

s c r e w - t o p  c u l t u r e  t u b e s  and  s t o r e d  a t  - 20° .

D N A -c e l lu lo se  column c h ro m a to g ra p h y

The D N A -ce l lu lo se  columns were  p r e p a r e d  a s  d e s c r i b e d  

b e lo w .  The columns were  s t o r e d  a t  If0 b u t  u se d  f o r
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e x p e r i m e n t s  a t  room t e m p e r a t u r e .  The columns and b u f f e r s  

u s e d  f o r  e l u t i n g  t h e  enzyme were  a l l o w e d  t o  e q u i l i b r a t e  

o v e r n i g h t  a t  room t e m p e r a t u r e  b e f o r e  u s e .

One p e l l e t  o f  F r a c t i o n  VII  ( r e p r e s e n t i n g  25 ml o f  F r a c ­

t i o n  VI) was su sp en d e d  i n  6 ml o f  b u f f e r  c o n t a i n i n g  0.01 M 

p o t a s s i u m  p h o s p h a t e  (pH 6 . 8 ) ,  0 .1  M MgCl^ and 20 % g l y c e r o l  

( v / v ) .  T h i s  was t h e  same b u f f e r  u se d  i n  p r e p a r a t i o n  o f  

t h e  column.

The s u s p e n s i o n  o f  F r a c t i o n  VII  was s l o w l y  ru n  on to  th e  

column and  a l l o w e d  to  e q u i l i b r a t e  w i t h  t h e  D N A -ce l lu lo se  

p a c k i n g  f o r  15 m i n u t e s .  The column was t h e n  e l u t e d  w i t h  

b u f f e r s  o f  i n c r e a s i n g  i o n i c  s t r e n g t h ,  s t a r t i n g  w i t h  25 ml 

o f  t h e  b u f f e r  u sed  to  s u s p e n d  F r a c t i o n  V I I ,  f o l lo w e d  by 25 

ml o f  b u f f e r  c o n t a i n i n g  0.01 M p o t a s s i u m  p h o s p h a te  (pH 6 . 8 ) ,  

O.if M NaCl and  20 % g l y c e r o l  ( v / v )  and  f i n a l l y  by 25 ml o f  

b u f f e r  c o n t a i n i n g  0.01 M p o t a s s i u m  p h o s p h a t e  (pH 6 . 8 ) ,  0 . 7  M 

NaCl and 20 % g l y c e r o l  ( v / v ) .

The b u l k  o f  enzyme a c t i v i t y  was e l u t e d  w i t h  th e  f i r s t  

two k  ml f r a c t i o n s  o f  t h e  f i n a l  b u f f e r  ( 0 . 7  M NaCl) and was 

d e s i g n a t e d  a s  F r a c t i o n  V I I I ,  w h i l e  t h e  m a j o r i t y  o f  t h e  

p r o t e i n  p a s s e d  u n h in d e r e d  t h r o u g h  t h e  column and  was e l u t e d  

w i t h  t h e  f i r s t  b u f f e r .  A t y p i c a l  e l u t i o n  p r o f i l e  f o r  B. 

l i c h e n i f o r m i s  i s  shown i n  F i g u r e  1.

The s p e c i f i c  a c t i v i t y  o f  F r a c t i o n  V I I I  was t y p i c a l l y  

a b o u t  25 0-300  enzyme u n i t s / m g  p r o t e i n  ( 9 ) j  r e p r e s e n t i n g  

a b o u t  a  2 0 0 - f o l d  p u r i f i c a t i o n  o f  F r a c t i o n  VII . The
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r e c o v e r y  o f  a c t i v i t y  from t h e  column was a b o u t  200 %.

I fT h is  l a r g e  v a lu e  i s  p r o b a b l y  due t o  t h e  p r e s e n c e  o f  n u c l e a s e  

a c t i v i t y  i n  F r a c t i o n  VII and i t s  a b s e n c e  i n  F r a c t i o n  V II I  ( 9 ) .

Assay  f o r  DNA P o ly m e ra se

DNA p o ly m e ra s e  was a s s a y e d  by m e a s u r i n g  t h e  i n c o r p o r a t i o n

o f  ^ H - l a b e l e d  d e o x y n u c l e o s id e  t r i p h o s p h a t e s  i n t o  an  a c i d

i n s o l u b l e  p r o d u c t .  The s t a n d a r d  a s s a y  was c a r r i e d  o u t  i n

a  t o t a l  volume o f  300 i n  a  13 ml c o n i c a l  c e n t r i f u g e  t u b e .

The i n c u b a t i o n  m ix t u r e  c o n t a i n e d  t h e  f o l l o w i n g :

B u f f e r ,  c o n t a i n i n g  0 . 2  M g l y c i n e  (pH 9 . 0 ) ,
0 .1  M MgCl2 ------------------------------------------------------  30 L

Enzyme, F r a c t i o n  V I I I  ( 0 . 3  u n i t s ) --------------------  30

P o l y n u c l e o t i d e ,  6 m^moles o r  a c t i v a t e d  c a l f
thymus DNA, IfO n^moles  ( n u c l e o t i d e  e q . ) — 3 0 ^ 1

D e o x y n u c le o s id e  t r i p h o s p h a t e s ,  a s  r e q u i r e d ,
10 m^caoles each , /-one  l a b e l e d  w i t h
-'’H ( 0 . 7 - 1.1 x  10 t o t a l  dpm)-------------------------- 100

W a te r ----------------------------------------------------------------------  30 > d

T o t a l  300

A c t i v a t e d  c a l f  thymus DNA (7 )  was i n i t i a l l y  u se d  i n  t h e  

a s s a y  p r o c e d u r e  b u t  p o ly  dAT was found  t o  g i v e  h i g h e r  

a c t i v i t y  and was u se d  h e n c e f o r t h .  When p o l y  dAT was used 

a s  t h e  t e m p l a t e  t h e r e  was no a p p r e c i a b l e  d i f f e r e n c e  i n  

enzyme a c t i v i t y  w h e th e r  a l l  f o u r  d e o x y n u c l e o s i d e  t r i p h o s ­

p h a t e s  were  p r e s e n t  o r  o n ly  dATP and  dTTP. L i k e w i s e ,  when 

p o l y  d0:dC was u se d  a s  a  t e m p l a t e  o n ly  dGTP and  dCTP were 

n e c e s s a r y  f o r  f u l l  a c t i v i t y .
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A l l  a s s a y s  c o n t a i n e d  one ^ H - l a b e l e d  d e o x y n u c l e o s id e  

t r i p h o s p h a t e .  T h is  amounted t o  a  t o t a l  o f  10 nyumoles p e r

i n c u b a t i o n  m ix tu r e  and  a  t o t a l  a c t i v i t y  o f  0 . 7 - 1.1 x 10^dpm.
\

A l l  o f  t h e  r e s u l t s  were  n o r m a l i z e d  t o  a  n o m in a l  a c t i v i t y  

o f  1 x 106 dpm p e r  i n c u b a t i o n  m ix t u r e  by c o u n t i n g  an  a l i q u o t  

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

c a l c u l a t i n g  t h e  a p p r o p r i a t e  f a c t o r  and m u l t i p l y i n g  th e  

o b s e r v e d  dpm by t h i s  f a c t o r .

The a s s a y  t u b e s  were  i n c u b a t e d  f o r  30 m in u t e s  a t  t h e  

d e s i r e d  t e m p e r a t u r e :  3 7 ° ,  ^ 5 °> o r  35° .  A t  t h e  end o f  t h e  

30 m in u te  p e r i o d ,  t h e  t u b e s  were c h i l l e d  i n  an  i c e  b a t h  a t  

0°  f o r  3 m in u t e s .  C a l f  thymus DNA (50 o f  an  aqueous  

s o l u t i o n ,  2 mg/ml) was added  t o  each tu b e  a s  a  c a r r i e r  f o l ­

lowed by 1 ml o f  c o l d  1 M HCIO^. A f t e r  an  a d d i t i o n a l  5 

m in u t e s  a t  0° ,  0 .5  ml o f  c o l d  s a t u r a t e d  sodium p y ro p h o s p h a te  

was a d ded ,  f o l lo w e d  by 5 ml o f  c o ld  1 % t r i c h l o r o a c e t i c  

a c i d .  The t u b e s  w ere  a l l o w e d  t o  s i t  f o r  a t  l e a s t  1 h o u r  

a t  0° b e f o r e  p r o c e e d i n g  i n  o r d e r  t o  i n s u r e  c o m p le te  p r e c i ­

p i t a t i o n  o f  t h e  DNA. The p r e c i p i t a t e  was c o l l e c t e d  by 

vacuum f i l t r a t i o n  on g l a s s  f i b e r  f i l t e r  p a p e r  (Whatman GF-C, 

2 . if cm d i a m e t e r ,  washed t w i c e  w i t h  3 ml p o r t i o n s  o f  s a t u ­

r a t e d  sodium p y r o p h o s p h a t e ) .  The p r e c i p i t a t e  was washed 

on t h e  p a p e r  8 t im e s  w i t h  5 ml p o r t i o n s  o f  c o l d  1 % t r i ­

c h l o r o a c e t i c  a c i d .

The f i l t e r  p a p e r s  were  a i r  d r i e d ,  p l a c e d  i n  s c i n t i l l a t i o n  

v i a l s  and 10 ml o f  s c i n t i l l a t i o n  f l u i d  was ad ded  (100  g o f
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n a p h t h a l e n e j  If g PPO and 50 mg POPOP p e r  l i t e r  o f  1 , 4 -  

d i o x a n e ) .  The v i a l s  were c o u n te d  i n  a  l i q u i d  s c i n t i l l a t i o n  

c o u n t e r  ( N u c l e a r  Chicago Model Mark I I )  f o r  10 m in u te s  o r  

10^ c o u n t s .  The c o u n t i n g  e f f i c i e n c y  was m easured  by t h e  

c h a n n e l s  r a t i o  method u s i n g  quenched  s t a n d a r d s  and t h e  

c o u n t s  p e r  m in u te  (cpm) were c o n v e r t e d  t o  d i s i n t e g r a t i o n s  

p e r  m in u te  (dpm).

F o r  t h e  k i n e t i c  s t u d i e s ,  a  t o t a l  r e a c t i o n  volume o f  1 .2  

ml was u s e d ;  t h e  s t a n d a r d  i n c u b a t i o n  m ix t u r e  was i n c r e a s e d  

by a  f a c t o r  o f  4 .  A l i q u o t s  (100  / I )  were  removed a t  v a r i o u s  

i n t e r v a l s  and  p i p e t t e d  d i r e c t l y  i n t o  1 ml o f  c o l d  1 M HCIO^. 

The c a r r i e r  DNA was o m i t t e d  and  t h e  t u b e s  were t r e a t e d  a s  

a b o v e .  A l th o u g h  th e  t o t a l  r a d i o a c t i v i t y  o f  each  a s s a y  was 

t h e r e f o r e  r e d u c e d  by a  f a c t o r  o f  t h r e e ,  t h e  c o n t r o l s  were  

c o r r e s p o n d i n g l y  low ered  so  t h a t  t h e  s e n s i t i v i t y  r em a in ed  

a b o u t  t h e  same.

P r e p a r a t i o n  o f  D N A -C el lu lose  Columns

C e l l e x  N-1 (C a l  Biochem, 15 g) was suspended  i n  300 ml 

o f  1 M HC1 and  s t i r r e d  f o r  10 m i n u t e s .  The C e l l e x  was c o l ­

l e c t e d  by vacuum f i l t r a t i o n  on Whatman No. 1 p a p e r ,  washed 

w i t h  w a t e r  and r e s u s p e n d e d  i n  200 ml o f  1 M HC1. A f t e r  

s t i r r i n g  and  c o l l e c t i n g  a s  a b o v e ,  t h e  C e l l e x  was washed on 

t h e  p a p e r  w i t h  w a t e r  u n t i l  t h e  f i l t r a t e  was n e u t r a l  t o  

l i t m u s  ( a b o u t  1 l i t e r  o f  w a t e r )  and a i r  d r i e d  o v e r n i g h t .

The d r y ,  a c i d  washed,  C e l l e x  ( 3 . 5  g) was mixed w i t h  25 ml
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o f  c a l f  thymus DNA (2  mg/ml i n  1 mM NaCl) and th e  m ix tu r e  

was p o u re d  i n t o  two p e t r i  d i s h e s .  A f t e r  d r y i n g  o v e r n i g h t  

i n  a  d e s i c c a t o r ,  t h e  D N A -c e l lu lo se  was s c r a p e d  from th e  

p e t r i  d i s h e s ,  su sp en d e d  i n  80 ml o f  a b s o l u t e  e t h a n o l ,  and 

s t i r r e d  f o r  15 m i n u t e s .  The s u s p e n s i o n  was p l a c e d  i n  a  

250 ml b e a k e r  u n d e r  a  l o w - p r e s s u r e  m ercury  lamp ( M i n e r a l i g h t  

Model R-51) a t  a  d i s t a n c e  o f  10 cm above t h e  a l c o h o l  s u r f a c e  

and i r r a d i a t e d  f o r  15 m i n u t e s  w i t h  g e n t l e  s t i r r i n g .  The 

a c t i v a t e d  D N A -ce l lu lo se  was c o l l e c t e d  by vacuum f i l t r a t i o n  

on Whatman No. 1 p a p e r .  I t  was washed t h r e e  t im e s  by s u s ­

p e n d in g  i t  i n  200 ml o f  1 mM NaCl,  s t i r r i n g  f o r  10 m in u te s  

and c o l l e c t i n g  by vacuum f i l t r a t i o n .  A f t e r  th e  t h i r d  

w a s h in g ,  t h e  f i l t e r  p a p e r  w i t h  t h e  c o l l e c t e d  D N A -ce l lu lose  

was p l a c e d  i n  a  vacuum d e s i c c a t o r  and  d r i e d  o v e r n i g h t .

A c t i v a t e d  D N A -ce l lu lo se  (1 g) was su spend ed  i n  30 ml o f  

b u f f e r  c o n t a i n i n g  0.01 M p o t a s s i u m  p h o s p h a te  (pH 6 . 8 ) ,  0.1 

M MgCl^ and 20 % ( v / v )  g l y c e r o l ,  packed  i n t o  a  column (1 cm 

d i a m e t e r )  t o  a  h e i g h t  o f  a b o u t  i+.5 cm and washed w i th  50 ml 

o f  t h e  same b u f f e r .

The f i r s t  t im e  t h a t  t h e  column was u s e d ,  DNase ( 5 / * l  o f  

an  aqueous  s o l u t i o n  c o n t a i n i n g  5 j i g )  was mixed w i t h  F r a c t i o n  

VII  p r i o r  t o  column c h ro m a to g ra p h y .  The s o l u t i o n  was t h e n  

r u n  o n to  t h e  column and a l l o w e d  t o  r e a c t  f o r  15 m in u te s  

b e f o r e  e l u t i n g  t h e  enzyme. On s u b s e q u e n t  r u n s ,  t h e  DNase 

was o m i t t e d  from F r a c t i o n  V I I .

The above p r o c e d u r e  m us t  be c a r r i e d  o u t  a t  room te m p e r a ­

t u r e  t o  a l l o w  t h e  DNase t o  e f f i c i e n t l y  " n i c k "  t h e  DNA bound
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t o  t h e  c e l l u l o s e . :  I f  t h e  DNase i s  o m i t t e d  o r  i f  t h e  

column ch ro m a to g raph y  i s  c a r r i e d  o u t  a t  low t e m p e r a t u r e ,  

t h e  m a j o r i t y  (>60 %)  o f  t h e  DNA p o ly m e ra s e  a c t i v i t y  w i l l  

be e l u t e d  from t h e  column w i t h  t h e  r e s t  o f  t h e  p r o t e i n s  i n  

t h e  f i r s t  two ml f r a c t i o n s .  When DNase a c t i v a t i o n  i s  

i n c l u d e d  t h e  m a j o r i t y  o f  t h e  DNA p o ly m e ra s e  a c t i v i t y  (>50 %)  

w i l l  be  e l u t e d  w i t h  t h e  f i r s t  two /+ ml f r a c t i o n s  o f  th e  

f i n a l  0 . 7  M NaCl b u f f e r  when t h e  column i s  u se d  f o r  t h e  

f i r s t  t i m e .  D u r in g  s u b s e q u e n t  u s e s  o f  t h e  column, o v e r  

90 % o f  t h e  enzy m at ic  a c t i v i t y  w i l l  be e l u t e d  a t  t h a t  p o i n t .

Two columns were  p r e p a r e d ,  one f o r  each  b a c t e r i a l  p r e ­

p a r a t i o n .  The columns were r e g e n e r a t e d  by w ash ing  them

a f t e r  e ach  r u n  w i t h  50 ml o f  t h e  b u f f e r  u se d  i n  p a c k in g  th e

column, and were t h e n  s t o r e d  a t  Zf° u n t i l  t h e  n e x t  r u n .

P r o t e i n  D e t e r m i n a t i o n

P r o t e i n  was d e te r m in e d  by t h e  method o f  Lowry. Sodium

c a r b o n a t e  (2  % N a ^ O ^ )  i n  0.1 M NaOH, 1 % CuSO^ - 5 H20 and

2 % Na-K t a r t r a t e  were mixed d a i l y  i n  p r o p o r t i o n s  o f  1 0 0 : 1 :1 .  

One ml o f  sam ple  c o n t a i n i n g  10-100  j * g  o f  p r o t e i n  was mixed 

w i t h  5 ml ° f  t h e  above s o l u t i o n .  P h e n o l  r e a g e n t  ( 0 . 5  ml,

1 N) was added  and a f t e r  10 m in u t e s  t h e  a b s o r b a n c e  was r e a d  

v s .  w a t e r  a t  750 nm on a  Beckman DU s p e c t r o p h o t o m e t e r .

P r o t e i n  c o n c e n t r a t i o n  was d e t e r m i n e d  from a  c a l i b r a t i o n  c u rv e  

u s i n g  b o v in e  seriun a lb u m in  a s  a  s t a n d a r d .
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R eag e n ts

Growth o f  
o rg an ism s :

I s o l a t i o n  o f  DNA 
p o l y m e r a s e :

Assay f o r  DNA 
p o ly m erase :

T r y p t i c a s e  (BBL)

Y e a s t  e x t r a c t  (D i f c o )

B a c t o a g a r  (D i fc o )

S i l i c o n e  a n t i - f o a m  (Union C a rb id e  SAG-471)

T r i s  b u f f e r  (pH 7 .4 )  5 0 .01 M c o n t a i n i n g  
0.01 M m a g n e s i u m .a c e t a t e ,  0 .0 6  M NH^Cl

G l y c y l g l y c i n e  b u f f e r  (pH 7 . 0 ) ,  0 .0 5  M 
c o n t a i n i n g  0 .0 0 2  M EDTA, 0 .0 0 2  M 
g l u t a t h i o n e

P o t a s s i u m  p h o sp h a te  b u f f e r  (pH 7 .4 ) »
0 .3  M c o n t a i n i n g  0 .0 0 2  M EDTA, 0.01 M 
2 - m e r c a p t o e t h a n o l

P o t a s s i u m  p h o sp h a te  b u f f e r s  (pH 6 . 8 ) ,
0.01 M c o n t a i n i n g  0 . 4  and  0 . 7  M NaCl,
20 % g l y c e r o l  ( v / v )

P o t a s s i u m  p h o sp h a te  b u f f e r  (pH 6 . 8 ) ,
0 .01 M c o n t a i n i n g  0.01 M MgClp ,
20 % g l y c e r o l  ( v / v )

D e x t ra n  T-500 ( P h a r m a c i a ) , 20 % (w/w)

P o l y e t h y l e n e  g l y c o l  6000 ( B a k e r ) ,
30  % (w/w)

Ammonium s u l f a t e  (enzyme g r a d e )

NaCl, s o l i d

G ly c in e  b u f f e r  (pH 9 . 0 ) ,  0 . 2  M 
c o n t a i n i n g  0.1 M MgC^

P a n c r e a t i c  DNase ( W o r th in g to n )

C a l f  thymus DNA (W o r th in g to n )

23
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P r e p a r a t i o n  o f  
D N A -c e l lu lo se :

P r o t e i n
d e t e r m i n a t i o n :

P o l y  dG:dC (M i le s )  - 

P o ly  dAT (M i le s )

^H-dCTP, 5H-dATP, 5H-dTTP, ^H-dGTP 
(New E ngland  N u c le a r )

D e o x y n u c le o s id e  t r i p h o s p h a t e s :  dATP. 
dTTP, dGTP, dCTP, Na s a l t  (Sigma)

C e l l e x  N-1 (C a l  Biochem)

NaCl, 0.001 M

C a l f  thymus DNA ( W o r th in g to n )  

P a n c r e a t i c  DNase (W o r th in g to n )

Na2 C0^, 2 % i n  1 M NaOH'

CuSO^ 5 h2o ,  1 %

Na-K t a r t r a t e ,  2 %

P h e n o l  r e a g e n t  ( F i s h e r )

Bovine  Serum Albumin (W o r th in g to n )
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INSULTS AND DISCUSSION

R e p l i c a t i o n  o f  Copolymers i n  t h e  P r e s e n c e  
o f  4 D e o x y n u c le o s id e  T r i p h o s p h a t e s

DNA p o ly m e rase  from B„ l i c h e n i f o r m i s  and B. s t e a r o t h e r -  

m op h i lu s  was u se d  t o  r e p l i c a t e  p o ly  dAT and p o ly  dG:dC 

a-t 37)  and 35°) r e s p e c t i v e l y .  These t e m p e r a t u r e s  

r e p r e s e n t  r o u g h ly  t h e  optimum t e m p e r a t u r e s  o f  th e  two 

enzymes and an i n t e r m e d i a t e  v a l u e .  The i n c u b a t i o n  m i x t u r e  

c o n t a i n e d  a l l  4 d e o x y n u c l e o s i d e  t r i p h o s p h a t e s  i n c l u d i n g  

one which  was l a b e l e d  w i t h  ^H. A l l  t h e . e x p e r i m e n t s  were  

c a r r i e d  o u t  i n  d u p l i c a t e  and t h e  d e v i a t i o n  from t h e  mean 

o f  t h e  d u p l i c a t e s  was g e n e r a l l y  a b o u t  10 % o r  l e s s .  The 

e x t e n t  o f  r e p l i c a t i o n  v a r i e d  from 60-110 % f o r  p o ly  dAT and 

from 3 - 3 5  % f o r  p o l y  dG:dC, d e p en d ing  on t h e  t e m p e r a t u r e .

Zero  t ime c o n t r o l s ,  where t h e  r e a c t i o n  was s t o p p e d  by 

th e  a d d i t i o n  o f  HCIO^ b e f o r e  t h e  a d d i t i o n  o f  t h e  enzyme, 

were a l s o  r u n .  The c o n t r o l s  a v e r a g e d  a b o u t  60 cpm compared 

to  a b o u t  80 ,000  cpm f o r  t h e  p r o d u c t  from t h e  p o ly  dAT 

r e a c t i o n  and 2 0 ,0 0 0  cpm f o r  t h a t  from t h e  p o ly  dG:dC 

r e a c t i o n .  The cpm were  c o n v e r t e d  to  dpm and  n o r m a l i z e d  a s  

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

s u b t r a c t e d  from t h e  e x p e r i m e n t a l  v a l u e s .  The r e s u l t s  a r e  

p r e s e n t e d  i n  T a b le  1.

The m i s i n c o r p o r a t i o n  o f  e i t h e r  dGTP* (^H-dGTP) or_dOTP* 

(^H-dCTP),  w i t h  t h e  p r e s e n c e  o f  p o ly  dAT a s  t e m p l a t e ,  i s

25
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T ab le  1: R e p l i c a t i o n  o f  Copolymers

Organism B. l i c h e n i f o r m i s B. s t e a r o t h e r m o p h i l u s

T em pera tu re 37° 45 33° 37° 45 55°

D e o x y n u c le o t id e s P o ly  dAT Tem pla te

dATP*+dTTP+dGTP+dCTP 2 8 3 ,0 0 0 2 3 2 ,000 184 ,000 2 6 4 ,0 0 0 2 5 0 ,0 0 0 172,000

dATP+ dTTP*+ dGTP+ dGTP 3 6 8 ,0 0 0 2 8 6 ,0 0 0 2 /f6 ,000 3 7 2 ,0 0 0 3 7 0 ,0 0 0 2 3 2 ,0 0 0

dATP+ dTTP+ dGTP*+ dCTP 1800 1630 1020 1 440 1310 830

% I n c o r p o r a t i o n  ** 0 .2 8  % 0.31 % 0 . 2Zf % 0 .2 3  % 0 , 2 1 .% 0.21 %

dATP+dTTP+dGTP+dCTP* 800 630 310 440 360 280

% I n c o r p o r a t i o n  ** 0 .1 2  % 0 .1 3  % 0 . 12 % 0 .0 7  % 0 .0 6  % 0 .0 7  %

P o ly  dG:dC Tem pla te

dGTP*+dCTP+dATP+dTTP 99 ,0 00 4 5 ,0 0 0 3 3 ,8 0 0 6 9 ,000 7 7 ,2 0 0 11 ,200

dGTP+dCTP*+dATP+dTTP 13 ,000 8100 1650 4400 3320 380

dGTP+dCTP+dATP*+dTTP 1840 1980 1520 1080 1300 910

% I n c o r p o r a t i o n  ** * 1 .6 4  % 3.71 % 4 .3 0  % 1 .4 8  % 1 .62  % 7 . 8 4  %

dGTP+dCTP+dATP+dTTP* 1710 2780 1680 1100 2080 550

% I n c o r p o r a t i o n  *** 1 .3 3  % 3 .2 3  % 4 .6 9  % 1 .5 0  % 2 .5 9  % 4 . 7 4  %

V a lu es  e x p r e s s e d  a s  dpm ■*( c o r r e c t e d  f o r  z e r o - t i m e  c o n t r o l s )
* L a b e le d  w i t h  t r i t i u m  (^H)
**. Based  on t o t a l  d e o x y n u c l e o t i d e  i n c o r p o r a t i o n  ( dATP*+dTTP*) 
*** Based on t o t a l  d e o x y n u c l e o t i d e  i n c o r p o r a t i o n  (dGTP*+dCTP*)
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s e e n  to  be r e m a r k a b ly  c o n s t a n t ,  i . e .  t h e r e  was no a p p a r e n t  

t e m p e r a t u r e  d e p en d e n ce .  There  was s l i g h t l y  l e s s  i n c o r ­

p o r a t i o n  o f  dGTP* and s i g n i f i c a n t l y  l e s s  i n c o r p o r a t i o n  o f  

dCTP* f o r  t h e  t h e r m o p h i l i c  -system compared to  th e  meso- 

p h i l i c  one .  The r a t i o  o f  dATP* (^H-cLATP) and dTTP* (^H-dTTP) 

i n c o r p o r a t e d  was c l o s e  t o  u n i t y  i n  a l l  c a s e s .  The i n c o r ­

p o r a t i o n  o f  dATP* and dTTP* was e s s e n t i a l l y  c o n s t a n t  be tween  

37 - 43° b u t  d e c r e a s e d  somewhat a t  35° .

For  th e  r e a c t i o n  u s i n g  p o ly  dG:dC a s  t e m p l a t e  s e v e r a l  

o b s e r v a t i o n s  can be made. F i r s t ,  t h e  r a t i o  o f  dGTP* t o  

dCTP* i n c o r p o r a t e d  was n o t  u n i t y .  S i n c e  t h e  s t r u c t u r e  o f  

t h e  copolym er  c o n s i s t s  o f  two homopolymer s t r a n d s  and s i n c e  

i t  has  been  shown t h a t  DNA p o ly m e ra s e  can r e p l i c a t e  e i t h e r  

s t r a n d  i n  v i t r o  t h i s  f a c t  i s  n o t  s u r p r i s i n g  b e c a u se  t h e  

r a t e  f o r  r e p l i c a t i n g  t h e  two d i f f e r e n t  s t r a n d s  need  n o t  be 

t h e  same.

Second,  t h e  r e a c t i o n  was d e f i n i t e l y  t e m p e r a t u r e  d e p e n d e n t .  

The maximum and  minimum t o t a l  n u c l e o t i d e  i n c o r p o r a t i o n s  

were  1 .2  and 0 . 3 6  m^moles f o r  B. l i c h e n i f o r m i s  ( a t  37 and 

53°)  and 0 . 8  and 0 .1 2  m^»moles f o r  B. s t e a r o t h e r m o p h i l u s  

( a t  43 and 35° ) .

T h i r d ,  t h e  m ag n i tud e  o f  t h e  r a t i o  o f  dGTP* to  dCTP* 

i n c o r p o r a t e d  i n c r e a s e d  w i t h  t e m p e r a t u r e  a s  shown be low:

Organism B. l i c h e n i f o r m i s  B. s t e a r o t h e r m o p h i l u s

T em pera tu re  37°  k 3 °  33° 37°  43° 35°

dGTP*/dCTP* 7 . 6  3 . 6  21 16 23 30
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I t  a p p e a r s  from t h i s  d a t a  t h a t  th e  B. s t e a r o t h e r m o p h i l u s  

DNA p o ly m e r a s e  i s  more s e l e c t i v e  t h a n  t h a t  o f  B. l i c h e n i ­

fo r m is  s i n c e  th e  dGTP*/dCTP* r a t i o  i s  h i g h e r  a t  a l l  

t e m p e r a t u r e s  and a l s o  e x h i b i t s  a  s m a l l e r  t e m p e r a t u r e  

d e p e n d e n c e .

F o u r t h ,  t h e  p e r c e n t  o f  m i s i n c o r p o r a t i o n  o f  dATP* and 

dTTP* i n t o  p o l y  dG:dC was 5 -5 0  t im e s  t h a t  o f  t h e  m i s i n c o r ­

p o r a t i o n  o f  dGTP* and dCTP* i n t o  p o ly  dAT. At 5 5 ° ,  t h i s  

m i s i n c o r p o r a t i o n  was e q u a l  t o ,  o r  g r e a t e r  t h a n ,  t h e  i n c o r ­

p o r a t i o n  o f  dCTP* s p e c i f i e d  by t h e  t e m p l a t e .

R e p l i c a t i o n  o f  Copolymers  i n  t h e  P r e s e n c e  
o f  1, 2 ,  o r  3 D e o x y n u c le o s id e  T r i p h o s p h a t e s

T here  a r e  s e v e r a l  mechanisms by which t h e  i n c o r p o r a t i o n  

o f  n u c l e o t i d e s  n o t  s p e c i f i e d  f o r  i n  t h e  t e m p l a t e  can occu r  

d u r i n g  DNA s y n t h e s i s .  One mechanism i n v o l v e s  t h e  s y n t h e s i s  

o f  a  h o m o p o ly n u c l e o t id e  a p a r t  from, and n o t  s p e c i f i e d  by, 

t h e  t e m p l a t e .  Such de novo s y n t h e s i s  o f  p o l y  dAT, p o ly  dG, 

p o ly  dC o r  o t h e r  p r o d u c t s  h a s  been  d e s c r i b e d  e a r l i e r  ( 8 , 1 1 ) .

A se c o n d  mechanism i n v o l v e s  t h e  a t t a c h m e n t  o f  s i n g l e  deoxy-  

n u c l e o t i d e s  t o  t h e  ends  o f  e x i s t i n g  DNA c h a i n s  ( 2 2 ) .  I n  

b o t h  o f  t h e s e  c a s e s  t h e r e  a r e  no a c t u a l  m i s t a k e s  i n  r e p l i ­

c a t i o n  b u t  r a t h e r  a d d i t i o n a l  s y n t h e s i s  r e m o te  from t h e  s i t e  

o f  n o rm al  r e p l i c a t i o n .

On t h e  o t h e r  hand a  t h i r d  mechanism, i n v o l v i n g  an  a c t u a l  

r e p l i c a t i o n  e r r o r ,  would o c c u r  i f  an  i m p r o p e r  d e o x y n u c l e o t i d e  

were i n c o r p o r a t e d  i n  r e s p o n s e  t o  t h e  t e m p l a t e  ( s u b s t i t u t i o n )
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o r  i f  i t  were i n s e r t e d  a s  an  a d d i t i o n a l  n u c l e o t i d e  i n  a  

c h a i n  d u r i n g  s y n t h e s i s  ( a d d i t i o n ) .  These t y p e s  o f  e r r o r s  

a r e ,  a lo n g  w i t h  d e l e t i o n  e r r o r s ,  r e s p o n s i b l e  f o r  p o i n t  

m u t a t i o n s  o f  DNA i n  v i v o .  A t h e o r y  which would a l l o w  t h e  

accommodation o f  t h e  n o n -c o m p l im e n ta ry  b a s e s  w i t h i n  t h e  

d o u b l e - s t r a n d e d  DNA h e l i x  h a s  been  p ro p o se d  ( 2 3 ) .  T h is  

i n v o l v e s  t h e  f o r m a t io n  o f  l o o p s  i n  one o r  b o th  s t r a n d s  o f  

t h e  DNA t o  a l l o w  maximum p a i r i n g  o f  a d j a c e n t  n u c l e o t i d e s  on 

e i t h e r  s i d e  o f  t h e  n o n -c o m p l im e n ta ry  b a s e s .  T h i s  t h e o r y  

does  n o t  r e q u i r e  l i m i t a t i o n s  a s  t o  t h e  t y p e s  o f  e r r o r s  

w hich  may o c c u r ,  i . e .  t h e  s u b s t i t u t i o n  o f  one p u r i n e  o r  

p y r i m i d i n e  f o r  a n o t h e r  ( t r a n s i t i o n )  o r  t h e  s u b s t i t u t i o n  o f  

a  p u r i n e  f o r  a  p y r i m i d i n e  o r  v i c e  v e r s a  ( t r a n s v e r s i o n ) .

I n  o r d e r  t o  d e c i d e  w h e t h e r  t h e  m i s i n c o r p o r a t i o n  which  

was o b s e r v e d  ( T a b l e  1) was due to  n o n - s p e c i f i c  s y n t h e s i s  of  

t h e  f i r s t  two t y p e s  o f  mechanisms o r  due t o  an  a c t u a l  

r e p l i c a t i o n  e r r o r  a s  d e s c r i b e d  by t h e  t h i r d  mechanism , 

s e v e r a l  e x p e r i m e n t s  were s e t  up .

The p r o c e d u r e  was s i m i l a r  t o  t h a t  o f  t h e  p r e v i o u s  e x p e r i ­

ment e x c e p t  f o r  t h e  number o f  d e o x y n u c le o s id e  t r i p h o s p h a t e s  

p r e s e n t  i n  t h e  i n c u b a t i o n  m i x t u r e .  The r e s u l t s  a r e  

summarized  i n  T a b l e s  2 and  3 .

I n  t h e  r e a c t i o n  u s i n g  p o ly  dAT a s  t e m p l a t e ,  t h e  i n c o r ­

p o r a t i o n  o f  dCTP* and dGTP* was g e n e r a l l y  s i g n i f i c a n t l y  l e s s  

when o n ly  two u n l a b e l e d  d e o x y n u c l e o s id e  t r i p h o s p h a t e s  were 

p r e s e n t  ( T a b le  2 ) ,  a s  i n  t h i s  e x p e r i m e n t ,  compared t o  t h e
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T ab le  2 :  R e p l i c a t i o n  u s i n g  P o ly  dAT Tem pla te

Organism B. l i c h e n i f o r m i s B. s t e a r o t h e r m o p h i l u s

Tem pera tu re 3 7 ° . 45° 55° 37° 45° 55°

D e o x y n u c le o t id e s

dATP*+dTTP 3 3 4 ,0 0 0 3 3 8 ,0 0 0 2 6 8 ,0 0 0 , 2 1 6 ,0 0 0 36 6 ,0 0 0 28 2 ,00 0

dATP+dTTP* 3 3 8 ,ooo 27 9 ,0 0 0 2 Zf2 ,0 0 0 2 0 9 ,0 0 0 31 9 ,0 0 0 26 2 ,0 0 0

dATP+dTTP+dGTP* 760 950 440 950 571 464

% I n c o r p o r a t i o n  ** 0.11 % 0 .1 5  % 0 .0 9  % 0 .2 2  % 0 .0 8  % 0 .0 8  %

dATP+dGTP* 173 33 126 215 120 17

dTTP+dGTP* 191 99 88 504 37 44

dGTP* 169 280 36 327 28 16

dATP+dTTP+dCTP* 529 142 ; 69 336 173 39

% I n c o r p o r a t i o n  ** 0 .0 7  % 0 .0 2  % 0.01 % 0 .0 8  % 0 .0 3  % 0.01 %

dATP+dCTP* 107 82 201 257 118 21

dTTP+dCTP* 24 35 48 85 124 _***

dCTP* 58 63 140 93 99 -

V a lu es  e x p r e s s e d  a s  dpm ^ ( c o r r e c t e d  f o r  z e r o - t i m e  c o n t r o l s )
* L a b e le d  w i t h  t r i t i u m  (^H)
** Based on t o t a l  d e o x y n u c l e o t i d e  i n c o r p o r a t i o n  ( dATP*+dTTP*)
*** L es s  t h a n  c o n t r o l  v a lu e  o
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T ab le  3*. R e p l i c a t i o n  u s i n g  P o ly  dG:dC Tem pla te

Organism B. l i c h e n i  fo rm is B. s t e a r o t h e r m o p h i l u s

T em pera tu re 37° 43° 35° 37° 43° 33°

D e o x y n u c le o t id e s

dGTP+dCTP* 8240 6110 360 2840 1310 110

dGTP*+dCTP 3 6 ,3 0 0 3 3 ,7 0 0 12 ,000 2 2 ,9 0 0 2 1 ,2 0 0 6340

dGTP+dCTP+dATP* 300 172 73 210 339 21

% I n c o r p o r a t i o n  ** 1.11 % 0.41 % 0 .4 7  % 0 .8 2  % 1 .3 0  % 0 . 3 4  %

dGTP+dATP* 146 43 _*** 372 122 8

dCTP+dATP* 19 - - 149 149 90

dATP* - 23 - - - 83

dGTP+dCTP+dTTP* 73 - - 98 148 42

% I n c o r p o r a t i o n  ** 0 .1 6  % - 0 .3 8  % 0 .6 6  % 0 . 6 3  %

dGTP+dTTP* 194 14 - 42 40 47

dCTP+dTTP* 103 38 10 119 39 88

dTTP* 96 44 - 9 69 103

V a lu es  e x p r e s s e d  a s  dpm , ( c o r r e c t e d  f o r  z e r o - t i m e  c o n t r o l s )
* L a b e le d  w i t h . t r i t i u m  (^H)
**. Based on t o t a l  d e o x y n u c l e o t i d e  i n c o r p o r a t i o n  ( dGTP*+dCTP*) 
*** L es s  t h a n  c o n t r o l  v a lu e
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c a s e  v/hen t h e r e  were  t h r e e  u n l a b e l e d  d e o x y n u c le o s id e  t r i ­

p h o s p h a t e s  p r e s e n t  ( s e e  T ab le  1 ) ,  a s  i n  t h e  p r e v i o u s  

e x p e r i m e n t .  T h is  i s  t r u e  o f  b o t h  o rg a n i s m s  and a t  most  

t e m p e r a t u r e s .  There  i s  an a p p a r e n t  t e m p e r a t u r e  e f f e c t  

w i t h  dCTP*; l e s s  m i s i n c o r p o r a t i o n  i s  a p p a r e n t  a t  h i g h e r  

t e m p e r a t u r e s  th a n  a t  low t e m p e r a t u r e s  w i t h  b o th  o r g a n i s m s .

I n  t h e  p r e s e n c e  o f  t h r e e  u n l a b e l e d  d e o x y n u c le o s id e  t r i p h o s ­

p h a t e s  ( T a b l e  1) t h e  m i s i n c o r p o r a t i o n  was e s s e n t i a l l y  n o t  

a f f e c t e d  by v a r i a t i o n s  i n  t e m p e r a t u r e .

A s i m i l a r  s t a t e m e n t  can be made f o r  t h e  i n c o r p o r a t i o n  o f  

dATP* and dTTP* i n  t h e  r e a c t i o n  u s i n g  p o l y  dG:dC a s  t e m p l a t e .  

I n  t h i s  c a s e  t h e r e  was a  s i m i l a r  t e m p e r a t u r e  e f f e c t ,  i . e .  

t h e r e  was l e s s  m i s i n c o r p o r a t i o n  a t  h i g h e r  t e m p e r a t u r e s  

( T a b l e  3)  w h i l e  t h e  o p p o s i t e  t r e n d  was o b se rv e d  i n  t h e  

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

( T a b le  1 ) .

W ith  p o l y  dAT a s  a  t e m p l a t e ,  dGTP*^was i n c o r p o r a t e d  

more f r e q u e n t l y  t h a n  dCTP*. T h i s  i s  t r u e  f o r  b o th  o r g a n ­

i s m s ,  a t  a l l  t e m p e r a t u r e s  and  w h e t h e r  two o r  t h r e e  u n l a b e l e d  

d e o x y n u c l e o s i d e  t r i p h o s p h a t e s  were  p r e s e n t  (T ab le  1 and  2 ) .  

The i n c o r p o r a t i o n  o f  dGTP* i n  t h e  a s s a y s  c o n t a i n i n g  (dGTP*+ 

dATP), (dGTP*+dTTP) and (dGTP*) was a p p r o x i m a t e ly  e q u a l  and 

l e s s  t h a n  t h a t  o f  t h e  a s s a y  c o n t a i n i n g  ( dGTP*+dATP+dTTP).

T h i s  would  s u g g e s t  t h a t  t h e  i n c o r p o r a t i o n  i n  t h e  fo rm er  

t h r e e  a s s a y s  r e p r e s e n t s  t h e  de novo f o r m a t io n  o f  p o ly  dG; 

i f  dGTP* r e a d i l y  s u b s t i t u t e d  f o r  e i t h e r  dATP o r  dTTP th e n
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e i t h e r  th e  ( dGTP*+dATP) o r  t h e  ( dGTP*+dTTP) a s s a y  would 

be e x p e c te d  t o  show i n c o r p o r a t i o n  g r e a t e r  t h a n  t h a t  due 

t o  (dGTP*) a l o n e .  S in c e  t h e  de novo p o ly  dG f o r m a t io n  

amounts to  l e s s  th an  one f o u r t h  th e  t o t a l  i n c o r p o r a t i o n  o f  

dGTP* i n  t h e  a c t i v e l y  r e p l i c a t i n g  sy s te m ,  t h i s  i n d i c a t e s  

c l e a r l y  t h a t  dGTP* i s  a c t u a l l y  d i s i n c o r p o r a t e d  i n t o  t h e  

p o ly  dAT p r o d u c t .

The p o s s i b i l i t y  t h a t  dGTP* i s  a t t a c h e d  random ly  t o  t h e  

end o f  an e x i s t i n g  p o l y n u c l e o t i d e  c h a in  ( 2 2 ) can be r u l e d  

o u t  on th e  f o l l o w i n g  b a s i s .  I f  random a t t a c h m e n t  d i d  o c cu r  

t h e n  one wt. a id  e x p e c t  t h e  amount o f  dGTP* i n c o r p o r a t e d  i n  

t h e  p r e s e n c e  o f  e i t h e r  dATP o r  dTTP to  be o n e - h a l f  o f  t h a t  

i n c o r p o r a t e d  when o n ly  dGTP* i s  p r e s e n t ,  a s su m in g  e q u a l  

p r o b a b i l i t y  o f  a t t a c h m e n t .  F u r th e r m o r e ,  s i n c e  an  i n c r e a s e  

i n  t e m p e r a t u r e  would t e n d  t o  i n c r e a s e  p o l y n u c l e o t i d e  

h y d r o l y s i s ,  t h e r e b y  g e n e r a t i n g  more c h a in  e n d s ,  t h e  i n c o r ­

p o r a t i o n  o f  dGTP* would be  e x p e c t e d  to  i n c r e a s e  w i t h  

t e m p e r a t u r e  i f  i t  were  m e r e ly  a t t a c h e d  t o  t h e  end of .  an 

e x i s t i n g  c h a i n .  However, no su c h  t r e n d  can  be o b s e r v e d .

The i n c o r p o r a t i o n  o f  dCTP* i n t o  p o ly  dAT i s  t e m p e r a t u r e  

d e p e n d e n t ,  b e i n g  maximal a t  3 7 ° and d e c r e a s i n g  t o  a  b a r e l y  

d e t e c t a b l e  l e v e l  o f  a b o u t  0.01 % a t  33° f o r  b o t h  o r g a n i s m s .

I n  view o f  t h e  a rg u m e n ts  p r e s e n t e d  above ,  i t  a p p e a r s  t h a t  

de novo f o r m a t io n  o f  p o l y  dC i s  s m a l l e r  t h a n  t h a t  o f  p o ly  

dG and t h a t  dCTP* may s u b s t i t u t e  f o r  dTTP p r e f e r e n t i a l l y ,  

a l t h o u g h  t h e  v e ry  low l e v e l s  o f  i n c o r p o r a t e d  r a d i o a c t i v i t y
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do n o t  a l l o w  a d e f i n i t i v e  s t a t e m e n t .

U s ing  p o ly  dG:dC and dATP* i t  i s  a p p a r e n t  t h a t  de novo 

f o r m a t io n  o f  p o ly  dA d i d  n o t  o c c u r  t o  a  m e a s u r a b le  e x t e n t .  

F u r t h e r m o r e ,  dATP* i s  i n c o r p o r a t e d  i n  th e  a c t i v e l y  r e p l i ­

c a t i n g  sy s te m  i n t o  t h e  p r o d u c t  and t h i s  a p p e a r s  to  be a 

p r e f e r e n t i a l  s u b s t i t u t i o n  f o r  dGTP. There  a p p e a r s  to  be a  

somewhat l a r g e r  m i s i n c o r p o r a t i o n  o f  dATP* i n  t h e  c a s e  o f  

B. s t e a r o t h e r m o p h i l u s .

The m i s i n c o r p o r a t i o n  o f  dTTP*occurs to  a  s m a l l e r  e x t e n t  

th a n  t h a t  o f  dATP* u s i n g  p o ly  dG:dC a s  t e m p l a t e .  I t  a p p e a r s  

t h a t  t h e  f o r m a t io n  o f  p o l y  dT may o c c u r  t o  a  s m a l l  e x t e n t ,  

b u t  no o t h e r  c o n c l u s i o n s  may be drawn a s  t o  t h e  ty p e  o f  

i n c o r p o r a t i o n  e r r o r .

By com par ing  T a b l e s  1 and  3 i t  becomes a p p a r e n t  t h a t  

t h e  i n c o r p o r a t i o n  o f  dATP* o r  dTTP* i n  t h e  p o ly  dG:dC 

d i r e c t e d  r e a c t i o n  i s  much g r e a t e r  when t h r e e  u n l a b e l e d  

d e o x y n u c le o s id e  t r i p h o s p h a t e s  a r e  p r e s e n t  t h a n  when o n ly  

two a r e  p r e s e n t .  T h is  i m p l i e s  t h a t  p o ly  dAT may be formed 

de novo when b o t h  dATP and  dTTP a r e  p r e s e n t .  T h is  i s  

t r u e  w i t h  b o t h  o r g a n i s m s .

An a t t e m p t  was made t o  show de novo s y n t h e s i s  d i r e c t l y .

To t h i s  en d ,  l a b e l e d  d e o x y n u c l e o s id e  t r i p h o s p h a t e s  were 

i n c u b a t e d  w i t h  t h e  B. l i c h e n i f o r m i s  enzyme i n  t h e  a b s e n c e  

o f  t e m p l a t e .  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 i n g  cLATP*+dTTP, 

dGTP*+dCTP, and dCTP*+dGTP ( a t  t h e  u s u a l  c o n c e n t r a t i o n s )  

were i n c u b a t e d  a t  3 7 , k 3  and 35° .  I n  a l l  c a s e s  t h e r e  was
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no d e t e c t a b l e  i n c o r p o r a t i o n  o f  H above th e  c o n t r o l  l e v e l s .  

T h is  i n d i c a t e s  t h a t  de novo s y n t h e s i s  r e q u i r e s  t h e  p r e s e n c e  

o f  a  t e m p l a t e  f o r  i n i t i a t i o n  o f  t h e  r e a c t i o n .

I n  summary we may s a y  t h a t  t h e  de novo f o r m a t i o n  o f  p o ly  

dG a p p a r e n t l y  does  o c c u r  b u t  n o t  t h a t  o f  p o ly  dA, p o l y  dC 

o r  p o l y  dT, a t  l e a s t  n o t  t o  a  m e a su ra b le  e x t e n t .  When b o t h  

dATP and dTTP a r e  p r e s e n t  t h e r e  a p p a r e n t l y  i s  de novo 

s y n t h e s i s  o f  p o ly  dAT. T h e re  a p p e a r s  to  be i n c o r p o r a t i o n  

o f  im p ro p e r  d e o x y n u c l e o t i d e s  i n t o  r e p l i c a t e d  DNA, e s p e c i a l l y  

dGTP i n  p l a c e  o f  dATP and  v i c e  v e r s a .

T r i t i u m  Exchange

The p o s s i b i l i t y  e x i s t e d  t h a t  t h e  i n c o r p o r a t i o n  o f  r a d i o ­

a c t i v i t y  d u r in g  r e p l i c a t i o n  was due to  an exchange  r e a c t i o n  

be tw een  th e  l a b e l e d  i m p r o p e r  d e o x y n u c le o s id e  t r i p h o s p h a t e  

and t h e  u n l a b e l e d  p r o p e r  d e o x y n u c l e o s id e  t r i p h o s p h a t e .  F o r  

exam ple ,  t h e  r e a c t i o n  be low  may o c c u r :

^H-dATP + dGTP dATP + ^H-dGTP

I n  t h i s  c a s e ,  i f  -^H-dGTP were  t o  be i n c o r p o r a t e d  i n t o  

t h e  p r o d u c t  o f  t h e  p o l y  dG:dC r e a c t i o n ,  t h i s  would a p p e a r  

i n s t e a d  a s  an i n c o r p o r a t i o n  o f  -'H-dATP. I n  o r d e r  t o  t e s t  

f o r  t h i s  p o s s i b i l i t y ,  ^H-dGTP was p l a c e d  i n  t h e  i n c u b a t i o n  

m ix t u r e  w i t h  dATP and  dTTP, t h e  b u f f e r  and p o l y  dAT. I t  

was k e p t  a t  if0 f o r  p e r i o d s  o f  3 , 8 and 2 if h o u r s  b e f o r e  t h e  

enzyme was added and  t h e  a s s a y  c o m p le ted .  The p o ly m e r a s e  

from B. s t e a r 0t h e r m o p h i l u s  was used  and t h e  i n c u b a t i o n
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t e m p e r a t u r e  was 3 3 ° .  The i n c o r p o r a t i o n  was a s  f o l l o w s :

Time 3 h r s .  8 h r s .  2i+ h r s .

dpm 830 396 793

I t  can be c o n c lu d e d  from t h e  d a t a  t h e r e  was a p p a r e n t l y
"5 ono a p p r e c i a b l e  exchange  a t  i+ s i n c e  t h e  i n c o r p o r a t i o n

o f  \  was i n d e p e n d e n t  o f  t h e  t im e  a l l o w e d  f o r  t h e  exchange

r e a c t i o n  t o  o c c u r .  I t  i s  u n l i k e l y  t h a t  exchange i s  an

i m p o r t a n t  f a c t o r  s i n c e  m i s i n c o r p o r a t i o n  d e c r e a s e d  w i th

i n c r e a s i n g  t e m p e r a t u r e  ( T a b l e s  2 and 3)  w h i l e  exchange

would  be e x p e c t e d  t o  i n c r e a s e  w i t h  t e m p e r a t u r e  and l e a d  to

i n c r e a s e d  a p p a r e n t  m i s i n c o r p o r a t i o n .

K i n e t i c s  o f  P o l y n u c l e o t i d e  S y n t h e s i s

The t ime c o u r s e  o f  t h e  r e p l i c a t i o n  r e a c t i o n s  o f  p o ly  

dAT and p o ly  dG:dC was f o l l o w e d  by rem oving  a l i q u o t s  from 

t h e  a s s a y  m i x t u r e  a t  t im e  i n t e r v a l s  and m e a s u r in g  th e  

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

T h is  was done f o r  b o t h  o r g a n i s m s  and a t  b o t h  37 and 35° .

The r e s u l t s  a r e  shown i n  F i g u r e s  2 - 3 .  I t  can be se en  from 

F i g u r e  2 t h a t  t h e  B. l i c h e n i f o r m i s  sy s te m  i n  t h e  p r e s e n c e  

o f  p o ly  dAT r e a c h e s  a  maximum i n c o r p o r a t i o n  i n  12 m in u te s  

a t  37°  and i n  6 m in u t e s  a t  3 3 ° .  The i n c o r p o r a t i o n  l e v e l  

r e m a in s  c o n s t a n t  a f t e r  t h a t  a t  37° b u t  d e c l i n e s  t o  6 0 '% o f  

th e  maximum v a lu e  a t  33° by 30 m i n u t e s .

The d e c r e a s e  i n  i n c o r p o r a t e d  a f t e r  r e a c h i n g  a  maximum 

c o u ld  be  r e a d i l y  e x p l a i n e d  a s  a  n o n -e n z y m a t i c  h y d r o l y s i s
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Figure 2: Incorporation Kinetics-Poly dAT
B. licheniformis

dATP*, 37° b ---------B dATP*, 33°

dTTP*, 37°  «---------* dTTP*, 53°
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Figure $ :  Incorporation Kinetics-Poly dAT
B. stearothermophilus

dATP*, 37 

-A dTTP*, 37C

I. dATP*, 53

- •  dTTP*, 53
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Figure i+: Incorporation Kinetics- Poly dG:dC
B. licheniformis

•   e  dGTP*, 37°  ■----------■ dGTP*, 33°

ib ■■— A  dCTP*, 3 7°  No d e t e c t a b l e  dCTP*
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Figure 3: Incorporation Kinetics-Poly dG:dC
.B. stearothermophilus

i© dGTP*, 37 dGTP*, 53c

- A  dCTP*, 37 No d e t e c t a b l e  dCTP* 
s y n t h e s i s  a t  53° -
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o f  t h e  p r o d u c t .  T h is  would l o w e r  t h e  i n c o r p o r a t e d  r a d i o ­

a c t i v i t y  a f t e r  s y n t h e s i s  had  s t o p p e d  and  would be more 

r a p i d  a t  t h e  h i g h e r  t e m p e r a t u r e .  With t h e  B. s t e a r o t h e r ­

m o p h i lu s  sy s tem  ( F i g u r e  3) > t h e  i n c o r p o r a t i o n  r i s e s  l i n e a r l y  

f o r  30  m in u te s  a t  37°  and f o r  20 m in u te s  a t  35° .  S i n c e  t h e s e

r e a c t i o n s  were p e r f o r m e d  i n  a  z e r o  o r d e r  p o r t i o n  o f  t h e

s u b s t r a t e  c o n c e n t r a t i o n  c u rv e  ( b e c a u s e  g e n e r a l l y  t h e  b u lk  

o f  t h e  s u b s t r a t e  w hich  u n d e rw e n t  r e a c t i o n  d i d  so  i n  a  l i n e a r  

f a s h i o n ) , t h i s  would s u g g e s t  t h a t  t h e  d e v i a t i o n s  from

l i n e a r i t y  were due to  a change i n  a  h e a t  l a b i l e  s u b s t a n c e ,

su c h  a s  t h e  enzyme, s u b s t r a t e  o r  t e m p l a t e .

F i g u r e s  4 and 3 } show ing  t h e  k i n e t i c s  o f  t h e  p o l y  dG:d^ 

d i r e c t e d  r e a c t i o n ,  p r e s e n t  s i m i l a r  p a t t e r n s .  I n  t h e  c a se  

o f  t h e  B. l i c h e n i f o r m i s  sy s te m  ( F i g u r e  4 ) ,  a  maximum i s  

r e a c h e d  a t  10-20 m in u te s  a t  37°  f o r  b o th  dGTP* and dCTP* 

i n c o r p o r a t i o n  and  t h e  l e v e l  r e m a in s  r e l a t i v e l y  c o n s t a n t  t o  

30  m i n u t e s .  At 33°  t h e  i n c o r p o r a t i o n  o f  dGTP* r e a c h e s  a  

maximum i n  2 m in u te s  and  d e c l i n e s  t h e r e a f t e r .  T here  was 

no m e a s u r a b le  dCTP* i n c o r p o r a t i o n  a t  3 5 ° .  The B. s t e a r o ­

t h e r m o p h i l u s  sy s te m  ( F i g u r e  3 ) shows a  l i n e a r  r i s e  i n  dGTP* 

i n c o r p o r a t i o n  f o r  30 m in u t e s  a t  3 7 °  and f o r  a b o u t  12 m in u t e s  

a t  5 3 ° .  Again  t h e r e  was no d e t e c t a b l e  dCTP* i n c o r p o r a t i o n  

a t  3 3 ° .  The i n c o r p o r a t i o n  o f  dCTP* was s l i g h t  b u t  m ea su r ­

a b l e  a t  3 7 ° .

The i n c o r p o r a t i o n  r a t e s ,  b a s e d  on t h e  i n i t i a l  l i n e a r  

p o r t i o n  o f  t h e  c u rv e  a r e  g i v e n  i n  T ab le  4 .
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T a b le  1+: R a te s  o f  i n c o r p o r a t i o n  
( dpm/min)**

B. l i c h e n i f o r m i s

D e o x y n u c le o t id e ?7°

dGTP* 2000 80

dCTP* 120 —

dATP* 7250 2 1 ,0 0 0

dTTP* 5900 15 ,00 0

B, s t e a r o t h e rm o p h i lu s

D e o x y n u c le o t id e ?7° 5 5 °

dGTP* 80 50

dCTP* 2 • —

dATP* 2if0 700

dTTP* 300 1100

** R a te s  a r e  i n  dpm i n c o r p o r a t e d  
-• i n s o l u b l e  f r a c t i o n  p e r  m in u te  

i n c u b a t i o n  t im e .

i n  a c i d -  
o f
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I t  can be s e e n  t h a t  t h e  i n c o r p o r a t i o n  r a t e  o f  dATP* 

and  dTTP* a t  53°  i s  r o u g h ly  t h r e e  t im e s  t h a t  a t  3 7 ° .  T h is  

i s  t r u e  f o r  b o t h  o r g a n i s m s .  With dGTP* t h e  s i t u a t i o n  i s  

d i f f e r e n t ,  t h e  i n c o r p o r a t i o n  r a t e  a t  3 7°  b e i n g  g r e a t e r  th a n  

t h a t  a t  55° .  F o r  B. l i c h e n i f o r m i s  t h i s  amounts  t o  a  f a c t o r  

o f  25 and f o r  B. s t e a r o t h e r m o p h i l u s  t o  a  f a c t o r  o f  2 .

Comparing t h e  a v e r a g e  r a t e  o f  r e p l i c a t i o n  o f  dATP* and 

dTTP* w i t h  t h a t  o f  dGTP* we s e e  t h a t  a t  37°  t h e  r a t i o  

(dATP*/dGTP* o r  dTTP*/dGTP*) i s  a b o u t  3 . 2  f o r  b o th  o r g a n i s m s .  

At 55° t h e  r a t i o  h a s  i n c r e a s e d  to  20 f o r  t h e  t h e r m o p h i l e  

and 220 f o r  t h e  m e s o p h i l e .

The r e p l i c a t i o n  o f  dATP and dTTP i s  so  r a p i d  t h a t  th e  

r e p l i c a t i o n  o f  dGTP and  p o s s i b l y  dCTP would be r a t e  l i m i t i n g  

f o r  DNA s y n t h e s i s  i n  t h e  p r e s e n c e  o f  a l l  k  d e o x y n u c l e o s id e  

t r i p h o s p h a t e s .  On t h i s  b a s i s ,  and i n  v iew o f  t h e  above 

r a t e s  o f  r e p l i c a t i o n ,  one would e x p e c t  t h a t  f o r  t h e  th e rm o ­

p h i l e  t h e r e  would be a  more r a p i d  r e p l i c a t i o n  o f  p o r t i o n s  

o f  t h e  t e m p l a t e  r i c h  i n  (G+C) a s  t h e  t e m p e r a t u r e  i s  r a i s e d ,  

a s  compared t o  t h e  m e s o p h i l e .  T h is  p r o v i d e s  one e x p l a n a t i o n  

f o r  t h e  d i f f e r e n c e s  i n  NNFA o b se rv ed  i n  t h e  e a r l i e r  s t u d y  

( 2 1 ) .

H eat  L a b i l i t y  o f  I n c u b a t i o n  Components

The d e c r e a s e  i n  i n c o r p o r a t i o n  r a t e  o b s e r v e d  i n  t h e  

p r e v i o u s  e x p e r im e n t  ( F i g u r e s  2 -5 )  was i n t e r p r e t e d  a s  b e in g  

due t o  th e  p r e s e n c e  o f  one o r  more h e a t  l a b i l e  components
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i n  t h e  i n c u b a t i o n  m i x t u r e .  I n  o r d e r  t o  d e t e r m i n e  which 

components  a r e  h e a t  l a b i l e ,  v a r i o u s  components  o f  t h e  

i n c u b a t i o n  m ix t u r e  were s u b j e c t e d  t o  a  p r e - i n c u b a t i o n  o f  

30 m in u t e s  a t  35° b e f o r e  t h e  a s s a y  was c a r r i e d  o u t  f o r  

30  m in u t e s  a t  3 7 ° .  P o ly  dG:dC was used  a s  t h e  t e m p l a t e  

w i t h  t h e  enzymes from b o th  o r g a n i s m s .  The r e s u l t s  a r e  

shown i n  T ab le  3°

I t  can  be s e e n  t h a t  p r e - i n c u b a t i o n  o f  t h e  enzyme a lo n e  

r e s u l t s  i n  co m p le te  l o s s  o f  a c t i v i t y  f o r  B. l i c h e n i f o r m i s  

and 95% l o s s  f o r  B. s t e a r o t h e r m o p h i l u s . T h is  would i n d i c a t e  

t h a t  DNA p o ly m e ra s e  from th e  t h e r m o p h i l e  i s  more h e a t -  

s t a b l e  t h a n  t h a t  o f  t h e  m e s o p h i l e .  T h is  a g r e e s  w i t h  

f i n d i n g s  made i n  t h e  p a s t  c o n c e r n i n g  t h i s  and o t h e r  th e rm o ­

p h i l i c  enzymes ( 1 9 , 2 1 ) .

The i n c u b a t i o n  o f  t h e  t e m p l a t e  c a u s e s  a  l o s s  o f  a b o u t  

60 % o f  t h e  a c t i v i t y ,  i n d i c a t i n g  p a r t i a l  b u t  n o t  com ple te  

d e n a t u r a t i o n  a n d / o r  d e g r a d a t i o n .  The i n c u b a t i o n  o f  t h e  

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

i n d i c a t i n g  no h y d r o l y s i s  o f  t h e  p h o s p h a t e  g ro u p s  o c c u r s .

When t h e  enzyme i s  i n c u b a t e d  w i t h  t h e  t e m p l a t e  t h e r e  i s  

co m p le te  l o s s  o f  a c t i v i t y  a s  e x p e c t e d .  When th e  enzyme i s  

i n c u b a t e d  w i t h  dGTP* t h e r e  i s  r e t e n t i o n  o f  35 % o f  t h e  

a c t i v i t y  w i t h  t h e  t h e r m o p h i l e  b u t  none w i t h  t h e  m e s o p h i l e .  

Thus t h e  s u b s t r a t e  p r o v i d e s  a  p r o t e c t i v e  a c t i o n  f o r  t h e  

enzyme, a t  l e a s t  i n  t h e  c a se  o f  B. s t e a r o t h e r m o p h i l u s .

T h is  s u g g e s t s  t h a t  t h e  d e o x y n u c l e o s id e  t r i p h o s p h a t e  b i n d s
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Tab le  5: H eat  L a b i l i t y  o f  I n c u b a t i o n  Components

L ab e l P r e i n c u b a t i o n B. l i c h e n i f o r m i s B. s t e a r o t h e r m o p h i l u s

dGTP* None ^ 0 ,0 0 0 4390

dGTP* Enzyme 76 233

dGTP* Templa te 19 ,000 1930

dGTP* dGTP* 4 1 ,300 4110

dGTP* Templa te  + Enzyme 43 42

dGTP* dGTP* + Enzyme 134 1380

dCTP* None 9780 129

dCTP* Enzyme 160 __**

dCTP* Templa te 3480 7

dCTP* dCTP* 9170 72

dCTP* Tem pla te  + Enzyme 31 —

dCTP* dCTP* + Enzyme — —

V alu es  e x p r e s s e d  a s  dpm

* L a b e le d  w i t h  t r i t i u m  (^H)
** L es s  t h a n  c o n t r o l  v a lu e

-p-
VJI



t o  t h e  enzyme i n  t h e  a b s e n c e  o f  t h e  t e m p l a t e .  With dCTP* 

t h e  l e v e l s  o f  i n c o r p o r a t i o n  a r e  t o o  low to  a l l o w  a c c u r a t e  

m easurement  and  no s t a t e m e n t  can  be made a b o u t  i t s  p o s s i b l e  

p r o t e c t i v e  r o l e .
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SUMMARY

DNA p o ly m e ra s e  from B a c i l l u s  l i c h e n i f o r m i s , a  m e s o p h i l e ,  

and B a c i l l u s  s t e a r o t h e r m o p h i l u s , a  t h e r m o p h i l e ,  was u se d  to  

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

i n t o  t h e  s y n t h e t i c  p o l y n u c l e o t i d e s  p o l y  dAT and  p o l y  dG:dC 

a s  a. f u n c t i o n  o f  t e m p e r a t u r e .

M i s i n c o r p o r a t i o n  was a p p a r e n t  w i t h  b o t h  p o l y n u c l e o t i d e s  

and b o t h  enzymes and i n  t h e  p r e s e n c e  o f  o n e ,  two o r  t h r e e  

u n l a b e l e d  d e o x y n u c l e o s id e  t r i p h o s p h a t e s .  A s t u d y  o f  t h e  

ty p e  o f  m i s i n c o r p o r a t i o n  showed t h a t  dGTP m i s i n c o r p o r a t i o n  

i n t o  p o l y  dAT o c c u r r e d  more o f t e n  th a n  any o t h e r  t y p e  o f  

m i s i n c o r p o r a t i o n .  T h ere  was de novo s y n t h e s i s  o f  p o l y  dG 

and p o l y  dAT which a c c o u n te d  f o r  from 25 t o  50 % o f  th e  

t o t a l  m i s i n c o r p o r a t i o n .  T r i t i u m  exchange b e tw ee n  deoxy­

n u c l e o s i d e  t r i p h o s p h a t e s  was shown t o  be o f  n e g l i g i b l e  

i m p o r t a n c e .

A k i n e t i c s  s t u d y  showed t h a t  th e  r e p l i c a t i o n  o f  dGTP 

was r a t e  l i m i t i n g  and  t h a t  a t  55° t h e  B. s t e a r o t h e r m o p h i l u s  

sy s te m  was r e l a t i v e l y  more e f f i c i e n t  t h a n  t h e  B. l i c h e n i -  

formi s  sy s te m  i n  r e p l i c a t i n g  dGTP.

B oth  t h e  enzyme and  t h e  t e m p l a t e ,  p a r t i c u l a r l y  t h e  

former,  were  shown t o  be h e a t  l a b i l e .  The t h e r m o p h i l i c  

enzyme c o u ld  be p a r t i a l l y  s t a b i l i z e d  by t h e  a d d i t i o n  o f  

dGTP.

b 7
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