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ABSTRACT

THE PURIFICATION AND CHARACTERIZATION OF THE X-RAY 

ENDONUCLEASE OF ESCHERICHIA COLI 

by

H a r o l d  La wrence  K a t c h e r  

Dr .  S us an  S.  W a l l a c e ,  A d v i s o r

T h i s  work c o n c e r n s  t h e  p u r i f i c a t i o n  and 

c h a r a c t e r i z a t i o n  o f  t h e  X - ra y  e n d o n u c l e a s e  o f  _E. c o l i .

The X - ra y  e n d o n u c l e a s e  was f i r s t  d e t e c t e d  a s  an a c t i v i t y  

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

X - i r r a d i a t e d  UNA i n  a d o s e - d e p e n d e n t  manner  ( S t r n i s t e  and 

W a l l a c e ,  1 9 7 5 ) .  The X - r a y  e n d o n u c l e a s e  was p u r i f i e d  by 

c h r o m a t o g r a p h y  on DNA- aga r ose ,  .Sephadex g e l  f i l t r a t i o n ,  

h y d r o x y l a p a t i t e  c h r o m a t o g r a p h y ,  and p h o s p h o c e l l u l o s e  

c h r o m a t o g r a p h y .  S e v e r a l  t h o u s a n d  f o l d  p u r i f i c a t i o n  was 

o b t a i n e d .  P a r a l l e l  a s s a y s  on m o d i f i e d  DNA and 

o l i g o n u c l e o t i d e  s u b s t r a t e s  e s t a b l i s h e d  t h a t  t h e  X - ra y  

e n d o n u c l e a s e  was a c t i v e  on DNA c o n t a i n i n g  a p u r i n i c  and 

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

u n d e f i n e d  l e s i o n s  p r o d u c e d  by UV and X r a d i a t i o n .

C h a r a c t e r i z a t i o n  o f  t h e  X - ra y  e n d o n u c l e a s e  by g e l  

f i l t r a t i o n  ga ve  a m o l e c u l a r  w e i g h t  o f  a b o u t  2 5 , 0 0 0  d a l t o n  

w h i l e  S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  o f  t h e  most  

p u r i f i e d  p r e p a r a t i o n s  showed a s i n g l e  band c o r r e s p o n d i n g  to  

a m o l e c u l a r  w e i g h t  o f  a b o u t  1 3 , 0 0 0  d a l t o n s .  G l y c e r o l



iv

g r a d i e n t  c e n t r i f u g a t i o n  showed two p e a k s  o f  a c t i v i t y  a t  

p o s i t i o n s  c o r r e s p o n d i n g  t o  2 5 , 0 0 0  d a l t o n s  and 1 3 , 0 0 0  

d a l  t o n s  whi ch  i n d i c a t e d  t h a t  t h e  X - r a y  e n d o n u c l e a s e  may be 

composed o f  two s i m i l a r  o r  i d e n t i c a l  s u b u n i t s .

A n a l y s i s  o f  DNA s u b s t r a t e s  f o l l o w i n g  X - r a y  e n d o n u c l e a s e  

t r e a t m e n t  showed t h a t  t h e  X - r a y  e n d o n u c l e a s e  n i c k e d  a t  t h e  

3* s i d e  o f  a b a s e  l e s i o n  t o  y i e l d  3 ’ 0H and 5 ’ P0 t e r m i n i .  

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

d i g e s t i o n  o f  s p e c i f i c a l l y  m o d i f i e d  s y n t h e t i c  p o l y  dT:dA by 

t h e  X - r a y  e n d o n u c l e a s e  showed t h i s  enzyme t o  have  

D N A - g l y c o s y l a s e  a c t i v i t i e s  t h a t  r e l e a s e d  b o t h  t h y m i n e  

g l y c o l  and u r e a  r e s i d u e s  f rom DNA.

I n h i b i t o r  s t u d i e s  showed t h e  t h y m i n e - g l y c o l  

e n d o n u c l e a s e  a c t i v i t y  was i n h i b i t e d  by NEM w h i l e  t h e  AP 

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

t h y m i n e  g lvco l -DNA g l y c o s y l a s e  a c t i v i t y  was NEM s e n s i t i v e .  

MEM was a l s o  shown t o  i n h i b i t  e n d o n u c l e a s e  a c t i v i t y  on 

I J V - i r r a d i a t e d  DMA, X - i r r a d i a t e d  DNA, and u r e a - c o n t a i n i n g  

DNA.
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PREFACE

The a b i l i t y  o f  b a c t e r i a  and t h e i r  v i r u s e s  t o  r e p a i r  

r a d i a t i o n  damage had been  s u g g e s t e d  by e x p e r i m e n t a t i o n  

o c c u r i n g  a s  f a r  b a c k  a s  t h e  n i n e t e e n  t h i r t i e s  ( H o l l a e n d e r ,  

1 9 3 5 ) .  I n  t h e  l a t e  f o r t i e s  and e a r l y  f i f t i e s ,  i t  was shown 

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

(UV) c o u l d  be r e a c t i v a t e d  by v i s i b l e  l i g h t  d u r i n g  a 

p o s t - i r r a d i a t i o n  p e r i o d  ( K e l n e r ,  1949;  D u l b e c c o ,  1 9 5 0 ) .  In  

t h e  e a r l y  n i n t e e n  f i f t i e s ,  v a r i o u s  e x p e r i m e n t s  showed t h a t ,  

even  i n  t h e  d a r k ,  b a c t e r i a l  r e c o v e r y  f rom r a d i a t i o n  damage 

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

g r o w t h  ( l i q u i d  h o l d i n g  r e c o v e r y ) ,  and t h a t  U V - i n a c t i v a t e d  

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

c e l l  r e a c t i v a t i o n ) ( W a c k e r , 1 9 6 3 ) .  I t  was t h e  i s o l a t i o n  o f  a 

r a d i o s e n s i t i v e  m u t a n t  o f  E s c h e r i c h i a  c o l i , E . c o l i  B g_^ 

( H i l l ,  1 9 5 8 ) ,  t h a t  showed t h e  e x t e n t  o f  t h e  a c t i v e  

p a r t i c i p a t i o n  o f  t h e  o r g a n i s m  i n  i t s  r e c o v e r y  f rom 

r a d i a t i o n  damage .  E.  c o l i  B g_-̂  was f u l l y  two o r d e r s  o f  

m a g n i t u d e  more s e n s i t i v e  t o  u l t r a v i o l e t  l i g h t  t h a n  t h e  w i l d  

t y p e .

Wi th  an e a s y  a s s a y  f o r  t h e  c y c l o b u t a n e - t y p e  p y r i m i d i n e  

d i m e r s ,  t h e  m a j o r  U V - p h o t o p r o d u c t s  i n  DNA ( B e u k e r s  and 

B e r e n d s ,  1960;  Wang, 1 9 6 1 ) ,  t h e  mechani sm f o r  t h i s  r e c o v e r y  

was e s t a b l i s h e d .  I t  was d e t e r m i n e d  t h a t  i n  E_. c o l i  

p y r i m i d i n e  d i m e r s  wer e  p r o d u c e d  i n  DNA i n  p r o p o r t i o n  t o  

d o s e  and t h a t  t h e s e 1 p h o t o p r o d u c t s  were  removed f rom DNA o f



w i l d - t y p e  b a c t e r i a ,  b u t  wer e  n o t  removed  by t h e  

U V - s e n s i t i v e  m u t a n t  Bg _^ and t h e  K12 d e r i v a t i v e  AB1886 

( S e t l o w  and C a r r i e r ,  1964;  Boyce and H o w a r d - F l a n d e r s , 1964;  

R i k l i s , 1 9 6 5 ) .

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

e x c i s e d  f rom DNA i n  t h e  form o f  s h o r t  ( a c i d  s o l u b l e )  

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

t h e  o r i g i n a l  e x c i s i o n  r e p a i r  s c h e me ,  t h e  f o l l o w i n g  e v e n t s  

were  p o s t u l a t e d ;

1 . r e c o g n i t i o n  o f  a l e s i o n  by a r e p a i r  e n d o n u c l e a s e  

wh ich  c l e a v e s  a t  o r  n e a r  i t ;

2 . e x c i s i o n  o f  t h e  damage by an e x o n u c l e a s e  a c t i v i t y ;

3 .  p o l y m e r i z a t i o n  o p p o s i t e  t h e  i n t a c t  s t r a n d ;  and

4 .  l i g a t i o n  o f  t h e  n a s c e n t  s t r a n d  s e g me n t  t o  t h e  

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

The a b i l i t y  o f  v i s i b l e  l i g h t  t o  e f f e c t  t h e  

d i s a p p e a r a n c e  o f  p y r i m i d i n e  d i m e r s  f rom DNA a l s o  y i e l d e d  t o  

g e n e t i c  and e n z y m o l o g i c a l  i n v e s t i g a t i o n ,  r e s u l t i n g  i n  a 

r a t h e r  c o m p l e t e  p i c t u r e  o f  e n z y m a t i c  p h o t o r e a c t i v a t i o n ,  

( S u t h e r l a n d ,  1 9 7 8 ) .  Wh i le  t h e s e  two p r o c e s s e s ,  e x c i s i o n  

r e p a i r  and p h o t o r e a c t i v a t i o n ,  a c c o u n t  f o r  t h e  m a j o r i t y  o f  

t h e  U V- i nd uc ed  DNA l e s i o n s  r e p a i r e d ,  some l e s i o n s  a r e  n o t  

r e p a i r e d  p r i o r  t o  DNA r e p l i c a t i o n .  I f  a l e s i o n  i s  

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

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

c o n t a i n s  e i t h e r  a gap o r  a m i s i n c o r p o r a t e d  n u c l e o t i d e .  In  

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



an e r r o r - f r e e  r e c o r a b i n a t i o n a l  mechani sm f o r  gap f i l l i n g ,  

and i n  t h e  s e c o n d ,  an  S O S - r e p a i r  s y s t e m  may p r o v i d e  

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

S e c t i o n ! .  INTRODUCTION

I . E x c i s i o n  R e p a i r

The f o u r  s t e p s  o f  t h e  e x c i s i o n  r e p a i r  scheme were  

c o n s i d e r e d  s u f f i c i e n t  t o  a c c o u n t  f o r  e x c i s i o n  r e p a i r .  As 

t h e  e nzymology  o f  t h e  e x c i s i o n  r e p a i r  p r o c e s s  was r e v e a l e d ,  

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

i t  was shown t h a t  DNA p o l y m e r a s e  I  c o u l d ,  iji v i t r o  b o t h  

e x c i s e  p y r i m i d i n e  d i m e r s  and e f f e c t  r e s y n t h e s i s  o f  t h e  

e x c i s e d  s t r a n d  s e g m e n t ,  i t  c o u l d  be a r g u e d  w h e t h e r  jln v i v o  

s y n t h e s i s  p r e c e d e d  e x c i s i o n  o r  v i s a  v e r s a  ( ’’p a t c h  and c u t ” 

v s . " c u t  and p a t c h ” ) .  The f i n d i n g  o f  DNA g l y c o s y l a s e s , 

enzymes  t h a t  remove m o d i f i e d  b a s e s  f rom DNA w i t h o u t  

c o n c o m m i t a n t  s t r a n d  b r e a k a g e ,  f o r c e d  some m o d i f i c a t i o n s  o f  

t h e  o r i g i n a l  e x c i s i o n  r e p a i r  h y p o t h e s i s .  B e f o r e  t h e  

d i s c o v e r y  o f  t h e  DNA g l y c o s y l a s e s ,  i t  was a s sumed  t h a t  t h e  

i n c i s i o n  s t e p  o f  e x c i s i o n  r e p a i r  was c a t a l y s e d  by 

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

c l a s s e s  o f  da m a ge s .  S i n c e  g e n e t i c  ev i den ce ,  showed t h a t  

r e p a i r  o f  X - r a y  and a l k y l a t i n g - a g e n t  damage p r o c e d e d  by



d i f f e r e n t  p a t h w a y s  f rom UV damage r e p a i r ,  i t  was p r o p o s e d  

t h a t  two c o r r e c t i o n a l  e n d o n u c l e a s e s  e x i s t :  a t y p e  I

c o r r e c t i o n a l  e n d o n u c l e a s e  t h a t  would a c t  a t  mo noadd uc t  b a s e  

damages  ( s u c h  a s  a l k y l a t i o n s  and h y d r a t i o n s ) ,  and a t y p e  I I  

c o r r e c t i o n a l  e n d o n u c l e a s e  t h a t  would i n c i s e  a t  b u l k y  

d i a d d u c t  damages  i n v o l v i n g  more t h a n  one b a s e  r e s i d u e  ( s u c h  

a s  p y r i m i d i n e  d i m e r s )  ( G r o s s m a n ,  1 9 7 4 ) .

Wh i l e  t h e  u v r  s y s t e m  o f  E_. c o l i  K12 was c e r t a i n l y  

i n v o l v e d  i n  t h e  r e p a i r  o f  " b u l k y ” b a s e  a d d u c t s  and 

d i a d d u c t s ,  s e v e r a l  e n d o n u c l e a s e s  have  been  f ou n d  i n  E. c o l i  

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

e n d o n u c l e a s e .  A l s o ,  s e v e r a l  damage s p e c i f i c  e n d o n u c l e a s e s  

h ave  been  c h a r a c t e r i z e d .  As f a r  a s  t y p e  I I  c o r r e c t i o n a l  

e n d o n u c l e a s e s  a r e  c o n c e r n e d ,  t h e  uvr  s y s t e m  o f  E_. c o l i , 

n e c e s s a r y  f o r  t h e  r e m o v a l  o f  b u l k y  d amag es ,  r e q u i r e s  t h e  

p r o d u c t s  o f  a t  l e a s t  t h r e e  g e n e s ,  u v r  A uvrB and u vrC ♦ The 

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

a p p a r e n t l y  s i m p l e  U V - e n d o n u c l e a s e s , s p e c i f i c  f o r  p y r i m i d i n e  

d i m e r s ,  have  been  i s o l a t e d  f rom T4 i n f e c t e d  c e l l s  and f rom 

M i c r o c o c c u s  l u t e u s  . Even t h e s e  enzymes  have  a mode o f  

a c t i o n  more c ompl ex  t h a n  o r i g i n a l l y  s u p p o s e d .  The 

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

a d d i t i o n  t o  t h e  c l a s i c a l  e x c i s i o n  r e p a i r  scheme ( n u c l e o t i d e  

e x c i s i o n  r e p a i r )  o f  a b a s e  e x c i s i o n  r e p a i r  s c he me .



A. R e c o g n i t i o n  by e n d o n u c l e a s e s  and DNA g l y c o s y l a s e s

The f i r s t  s t e p  i n  t h e  r e p a i r  o f  DNA damage r e q u i r e s  t h e  

r e c o g n i t i o n  o f  a damage by an e n d o n u c l e a s e  wh ich  a c t s  a t  o r  

n e a r  t h e  damage t o  p r o d u c e  a s t r a n d  b r e a k  ( n i c k ) .  Such a 

n i c k  c a n  a p p p e a r  on e i t h e r  s i d e  ( 3 '  o r  5 ' )  o f  a damaged 

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

y i e l d i n g  e i t h e r  a 3 ' 0 H  o r  a 3 ' P O ^ .  A l l  known r e p a i r  

e n d o n u c l e a s e s  l e a v e  a 3 ' 0 H .  The f o l l o w i n g  e n d o n u c l e a s e s  

w i l l  be c l a s s i f i e d  a s  t o  t h e  t y p e ( s )  o f  damage r e c o g n i z e d  

and t h e  n a t u r e  o f  t h e  n i c k  p r o d u c e d .

1.  E n d o n u c l e a s e s  i n v o l v e d  i n  t h e  r e p a i r  o f  b u l k y  DNA 

a d d u c t s

a .  t h e  u v r  A, u v r B , uvrC g ene  p r o d u c t s  o f  IS. c o l i

The e n d o n u c l e a s e  a c t i v i t y  d e r i v e d  f rom t h e  combined  

a c t i o n  o f  t h e  u v r  A, uvrB and uvrC gene  p r o d u c t s  o f  JS. c o l i  

r e s u l t s  i n  t h e  r e c o g n i t i o n  o f  and i n c i s i o n  a t  UV- induced  

c y c l o b u t a n e - t y p e  p y r i m i d i n e  d i m e r s  and o t h e r  l e s i o n s  whi ch  

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

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

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

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

i n t e r a c t i o n  o f  DNA w i t h  b i f u n c t i o n a l  a l k y l a t i n g  a g e n t s ,  

a l s o  p r o d u c t i v e  o f  c r o s s l i n k s .  I n  a d d i t i o n ,  t h i s  s y s t e m



a c t s  i n  t h e  r e p a i r  o f  t h e  i n t e r -  and i n t r a s t r a n d  c r o s s l i n k s  

p r o d u c e d  by p s o r a l e n  i n  t h e  p r e s e n c e  o f  n e a r  UV ( C o l e  et  ̂

a l . ,  1 9 7 6 ) ,  by m i t o m y c i n  C, and by t h e  b u l k y  a d d u c t s  formed 

i n  l»NA by a c e t y l a m i n o f l u o r e n e  and b e n z o ( a ) p y r e n e  

( T h i e l m a n n ,  1 9 7 6 ) .

Whi l e  e a r l y  e f f o r t s  were  hampered  by t h e  i n a b i l i t y  t o  

f i n d  d i f f e r e n t i a l  U V - e n d o n u c l e a s e  a c t i v i t y  i n  c r u d e  

e x t r a c t s  o f  w i l d - t y p e  v e r s u s  u v r A / u v r B  m u t a n t s ,  p a r t i a l  

p u r i f i c a t i o n  o f  enzyme f rom w i l d - t y p e  o r  uvrC m u t a n t s  

y i e l d e d  an e n d o n u c l e a s e  a b s e n t  f rom uvrA and uvrB c e l l s  

( B r a u n  and Gr os s ma n ,  1 9 7 4 ) .  The a b i l i t y  t o  i n c i s e  a t  UV 

damages  i n  p e r m e a b i l i z e d  c e l l s  r e q u i r e s  t h e  a d d i t i o n  o f  ATP 

( W a l d s t e i n  e_t a l . f 1 9 7 4 ) .  The p u r i f i c a t i o n  o f  t h e  u v r  A, 

uvrB and uvrC g ene  p r o d u c t s  was a c h i e v e d  by t h e  u s e  o f  a 

c o m p l e m e n t a t i o n  a s s a y .  I t  was d e m o n s t r a t e d  t h a t  none o f  

t h e s e  c o m p l e m e n t i n g  e x t r a c t s  had any e n d o n u c l e a s e  a c t i v i t y  

a l o n e .  When combi ned  and a s s a y e d  i n  t h e  p r e s e n c e  o f  ATP 

and 1 0 - 2 0  mM Mg++, t h e s e  e x t r a c t s  showed a U V - d ep en de n t  

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

U V - e n d o n u c l e a s e  o f  M. l u t e u s  ( S e e b e r g  e t  al^. , 1 9 7 6 ) .  The 

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

A T P - d e p e n d e n t  e n d o n u c l e a s e  ( S e e b e r g ,  1 9 7 8 ) ,  w h i l e  a 

u v r A / u v r B  e n d o n u c l e a s e  d i d  n o t  seem t o  r e q u i r e  ATP 

( S e e b e r g , 1 9 7 6 ) .

The r e p a i r  o f  i n t e r s t r a n d  c r o s s l i n k s  r e q u i r e d  t h e  gene  

p r o d u c t s  o f  u v r A , uvrB and uvrC a s  w e l l  a s  t h e  uvrD gene  

p r o d u c t  and polA ( DNA-pol ymerase  I )  i n  a t w o - s t e p  p r o c e s s .



The f i r s t  s t e p  o f  t h i s  p r o c e s s  i s  t h e  i n c i s i o n  on t h e  5 '  

s i d e  o f  a c r o s s l i n k  by t h e  uvrABC e n d o n u c l e a s e  i n  t h e  

p r e s e n c e  o f  ATP t o  c r e a t e  a 3 ' 0 H .  T h i s  i s  f o l l o w e d  by t h e  

u v r D - m e d i a t e d  e x c i s i o n  by t h e  S ' S '  e x o n u c l e a s e  f u n c t i o n  o f  

DNA p o l y m e r a s e  I  ( C o l e  e t  a_l. ,  1976;  Yoakum and C o l e ,

1 9 7 7 ) .  The mechan i sm o f  a c t i o n  o f  t h e  uvrABC s y s t e m  i s  n o t  

known,  t h o u g h  t h e  uvrA p r o t e i n  b i n d s  s i n g l e  s t r a n d e d  DNA 

and h a s  no a f f i n i t y  f o r  damaged n u c l e o t i d e s  p e r  s e . T h i s  

h a s  been  t a k e n  a s  e v i d e n c e  t h a t  r e c o g n i t i o n  r e l i e s  on t h e  

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

( S e e b e r g , 1 9 8 1 ) .

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

l u t e u s  and b a c t e r i o p h a g e  T4.

When e x t r a c t s  o f  l u t e u s  a r e  c h r o m a t o g r a p h e d  on 

p h o s p h o c e l l u l o s e , f i v e  p e a k s  o f  U V - e n d o n u c l e a s e  a r e  

d e t e c t e d ,  two o f  wh i ch  a r e  s p e c i f i c  f o r  p y r i m i d i n e  d i m e r s  

( R i a z u d d i n  and G r os s ma n ,  1 9 7 8 ) .  Both  p y r i m i d i n e  d i mer  

e n d o n u c l e a s e s  p r o d u c e  a n i c k  on t h e  5 '  s i d e  o f  a d i me r  

l e a v i n g  3 ' 0H and 5 ' PO^ t e r m i n i  whi ch  may p r o v i d e  s i t e s  f o r  

DNA-polymerase  I  a t t a c h m e n t .  The enzymes  p r o d u c e  t e r m i n i  

t h a t  d i f f e r  i n  t h e i r  s e n s i t i v i t y  t o  b a c t e r i a l  a l k a l i n e  

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

enzymes  d i f f e r  i n  s e c o n d a r y  s t r u c t u r e  (Nay a l ama  e_t a 1 .  t 

1971)  .

The U V - e n d o n u c l e a s e  e n c o d e d  by t h e  denV gene  o f



c o l i p h a g e  T4 i s  s i m i l a r  t o  t h e  U V - e n d o n u c l e a s e  o f  M. l u t e u s  

i n  t h a t  i t  i s  s p e c i f i c  f o r  p y r i m i d i n e  d i m e r s  ( P a t e r s o n ,

1978)  and a p u r i n i c  / a p y r i m i d i n i c  s i t e s ,  (AP s i t e s ) ,  h a s  no 

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

o f  EDTA, and h a s  a r e l a t i v e l y  low m o l e c u l a r  w e i g h t  ( s e e  

T a b l e  I ) .  The mos t  i n t e r e s t i n g  s i m i l a r i t y  b e t w e e n  t h e s e  

enzymes  i s  i n  t h e i r  mechani sm o f  a c t i o n .  Grossman and 

c o w o r k e r s  (Gros sman  e t  a l . ,  1978)  i n v e s t i g a t e d  t h e  a c t i o n  

o f  t h e  M. l u t e u s  U V - e n d o n u c l e a s e  on a U V - i r r a d i a t e d  

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

known.  A n a l y s i s  o f  t h e  r e s u l t i n g  f r a g m e n t s  on a s e q u e n c i n g  

g e l  showed t h a t  t h e  n i c k  p r o d u c e d  seemed t o  be w i t h i n  t h e  

d i m e r  i t s e l f .  I f  t h i s  f r a g m e n t  was h e a t e d  t o  lOOoC o r  

t r e a t e d  w i t h  a l k a l i  p r i o r  t o  s e q u e n c i n g ,  t h e  n i c k  a p p e a r e d  

i m m e d i a t e l y  5 '  t o  t h e  d i m e r .  T h i s  was e x p l a i n e d  by 

p o s t u l a t i n g  a t w o - s t e p  p r o c e s s  b a s e d  on two s e p a r a t e  

a c t i v i t i e s  o f  t h i s  enzyme:  ( 1 ) d i m e r  s p e c i f i c

D N A - g l y c o s y l a s e  t h a t  c l i p s  t h e  g l y c o s y l i c  bond b e t w e e n  t h e  

s u g a r  and t h e  5 '  t h y m i n e  co mponen t  o f  t h e  d i m e r ;  ( 2 )  c l a s s  

I AP e n d o n u c l e a s e  t h a t  n i c k s  a t  t h e  3 ‘ s i d e  o f  t h e  

a p y r i m i d i n i c  s i t e  c r e a t e d  by t h e  f i r s t  s t e p .  T h i s  p r o c e s s  

l e a v e s  a n i c k  w i t h  a d e o x y r i b o s e  m o i e t y  on i t s  5 '  s i d e  and 

a p y r i m i d i n e  d i m e r  a t t a c h e d  by a s i n g l e  g l y c o s y l i c  bond on 

i t s  3 1 s i d e .

Us in g  t h e  f a c t  t h a t  U V - i r r a d i a t i o n  w i l l  c l e a v e  d i m e r s  

a s  w e l l  a s  form t h e m ,  Radany and F r i e d b e r g  ( 1 9 8 0 )  

d e m o n s t r a t e d  t h e  U V- me d i a te d  r e l e a s e  o f  t h y m i n e  f rom



U V - i r r a d i a t e d  d i m e r - c o n t a i n i n g  DNA o n l y  a f t e r  t r e a t m e n t  

w i t h  t h e  denV gene  p r o d u c t  o f  T4.  T h i s  d e m o n s t r a t e d  t h a t  

t h e  T4 UV-dimer  e n d o n u c l e a s e  worked by t h e  same mechani sm 

a s  t h e  M. l u t e u s  enzyme .  S i n c e  t h e  d i m e r  i s  a t t a c h e d  by a 

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

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

2.  A p u r i n i c / a p y r i m i d i n i c  e n d o n u c l e a s e s

One o f  t h e  most  common DNA l e s i o n s  o c c u r i n g  ijn v i v o  i s  

t h e  a p u r i n i c / a p y r i m i d i n i c  s i t e  (AP s i t e ) .  T h i s  s i t e  i s  

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

N - g l y c o s y l  bond b e t w e e n  b a s e  and d e o x y r i b o s e  i s  b r o k e n ,  and 

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

f o r m .  The f o r m a t i o n  o f  AP s i t e s  c an  o c c u r  t h r o u g h  s e v e r a l  

m e c h a n i s m s ;  s p o n t a n e o u s  h y d r o l y s i s  o f  p u r i n e s ,  wh i ch  o c c u r s  

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

( L i n d a h l  and N y b e r g ,  1 9 7 2 ) ;  l a b i l i z a t i o n  o f  p u r i n e  b a s e s  by 

a l k y l a t i o n ;  d e p u r i n a t i o n  and d e p y r i m i d i n i z a t i o n  by i o n i z i n g  

r a d i a t i o n  (Ducolomb e_t a l . , 1 9 7 4 ) ;  and t h r o u g h  t h e  a c t i o n  

o f  DNA g l y c o s y l a s e s .

A l t h o u g h  t h e r e  i s  e v i d e n c e  ( t o  be d i s c u s s e d ) , t h a t  s u ch  

AP s i t e s  may be f i l l e d  by " b a s e - i n s e r t a s e s " , i t  i s  

g e n e r a l l y  s u p p o s e d  t h a t  AP l e s i o n s  a r e  removed by t h e  

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

s u p p o s e d  t o  be i n v o l v e d  i n  e x c i s i o n  r e p a i r  ( e n d o n u c l e a s e s  

I I I ,  IV,  V, VI and V I I )  a l s o  a c t  a t  AP s i t e s ,  e x c e p t  f o r



t h e  uvrABC e n d o n u c l e a s e .  A s i m p l e  t r i p e p t i d e ,  

l y s y l t r y p t o p h a n y l  l y s i n e ,  a c t s  a s  an  AP e n d o n u c l e a s e  t h a t  

b i n d s  a t  and n i c k s  AP s i t e s  (Beh moar us  e t  aJL. , 1 9 8 1 ) .  AP 

e n d o n u c l e a s e s  may be c l a s s i f i e d  by t h e  p o s i t i o n  o f  t h e  n i c k  

t h e y  i m p a r t  r e l a t i v e  t o  t h e  AP s i t e .  C l a s s  I  e n d o n u c l e a s e s  

n i c k  a t  t h e  3 1 s i d e  o f  an AP r e s i d u e  w h i l e  t h e  c l a s s  I I  AP 

e n d o n u c l e a s e s  n i c k  a t  t h e  5* s i d e .  Both  c l a s s e s  p r o d u c e  

3 ' 0H and 5 ’ PO^ t e r m i n i .  The AP t e r m i n u s  l e f t  by t h e  

a c t i v i t y  o f  a C l a s s  I  AP e n d o n u c l e a s e  a c t s  a s  a s u b s t r a t e  

f o r  a C l a s s  I I  AP e n d o n u c l e a s e  ( Mos sbaugh  and L i n n , 1981)  

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

p r o v i d i n g  a b i n d i n g  s i t e  f o r  DNA-pol ymerase  I .  The 

f o l l o w i n g  i s  a d e s c r i p t i o n  o f  t h o s e  E.  c o l i  enzymes  t h a t  

a r e  s p e c i f i c  f o r  AP s i t e s .

a .  e n d o n u c l e a s e  VI

The h i s t o r y  o f  e n d o n u c l e a s e  VI h a s  f o l l o w e d  a t o r t u o u s  

p a t h .  I t  xvas f i r s t  c a l l e d  e n d o n u c l e a s e  I I  ( H a d i  and 

G o l d t h w a i t ,  1 9 7 1 ) .  E n d o n u c l e a s e  I I  was c h a r a c t e r i z e d  a s  an 

e n d o n u c l e a s e ,  a c t i v e  on a l k y l a t e d  DNA, wh i ch  p o s s e s s e d  a 

DNA g l y c o s y l a s e  a c t i v i t y  a s  w e l l .  S e v e r a l  a l k y l a t e d  b a s e s  

were  r e p o r t e d  t o  be r e l e a s e d  by t h o u s a n d - f o l d  p u r i f i e d  

enzyme,  b u t  t h i s  r e s u l t  was n o t  r e p r o d u c i b l e .  An 

e n d o n u c l e a s e  a c t i n g  on a p u r i n i c  DNA was p u r i f i e d  by V e r l y  

( V e r l y  and  P a q u e t e ,  1 9 7 2 ) ,  f o l l o w i n g  t h e  i d e n t i c a l  

p u r i f i c a t i o n  p r o c e d u r e  u s ed  by G o l d t h w a i t ,  and was shown t o



be a c t i v e  o n l y  on DNA c o n t a i n i n g  AP s i t e s .  V e r l y  showed 

t h a t  a l k y l a t e d  p u r i n e  b a s e s  wer e  s p o n t a n e o u s l y  r e l e a s e d  

f rom DNA l e a v i n g  a p u r i n i c  s i t e s .  T h e s e  r e s u l t s  e x p l a i n e d ,  

i n  p a r t ,  t h e  r e s u l t s  o f  G o l d t h w a i t  ( V e r l y  e t  a l . ,  1 9 7 3 ) .  

T h i s  enzyme was p u r i f i e d  t o  h o m o g e n e i t y  and shown t o  be t h e  

m a j o r  AP e n d o n u c l e a s e  o f  E_. c o l i  ( V e r l y  and R a s s a r t ,  1 9 7 5 ) .

S t u d i e s  o f  JE. c o l i  m u t a n t s  d e f e c t i v e  i n  b o t h  

e x o n u c l e a s e  I I I  and t h e  m a j o r  AP e n d o n u c l e a s e  l e d  t o  t h e  

r e c o g n i t i o n  t h a t  e n d o n u c l e a s e  VI and e x o n u c l e a s e  I I I  were  

a c t i v i t i e s  o f  t h e  same enzyme.  E x o n u c l e a s e  

I l l / e n d o n u c l e a s e  VI i s  a s m a l l  p r o t e i n  ( 2 8 , 0 0 0  d)  t h a t  h a s  

f o u r  known a c t i v i t i e s :

1.  a 3 ' - 5 '  e x o n u c l e a s e

2.  an AP e n d o n u c l e a s e

3.  an RNase-H a c t i v i t y

4.  a DNA p h o s p h a t a s e

In s p i t e  o f  i t s  m u l t i p l e  f u n c t i o n s ,  m u t a n t s  l a c k i n g  

e n d o n u c l e a s e  V l / e x o n u c l e a s e  I I I ,  ( x t h ) , show n o r m a l  g r o w t h  

r a t e s  and n o r m a l  U V - s e n s i t i v i t y , b u t  t h e y  a r e  s l i g h t l y  

s e n s i t i v e  t o  t h e  a l k y l a t i n g  a g e n t ,  m e t h y l  m e t h a n e s u l f o n a t e  

(MMS) ( L j u n g q u i s t  e t  a j . .  , 1 9 7 7 ) .

b .  e n d o n u c l e a s e  IV.

Under  c o n d i t i o n s  i n  wh i ch  t h e  m a j o r  AP e n d o n u c l e a s e  

a c t i v i t y  o f  E. c o l i  was a b s e n t ,  i e . , i n  an x t h  m u t a n t ,  t h e  

r e s i d u a l  AP e n d o n u c l e a s e  a c t i v i t y  ( a b o u t  10 p e r c e n t  o f  t h e



o r i g i n a l  a c t i v i t y )  was a s c r i b e d  t o  an AP e n d o n u c l e a s e  

( L j u n g q u i s t  e t  a l . , 1 9 7 7 ) .  P u r i f i e d  by L j u n g q u i s t ' s  g r o u p  

and c a l l e d  e n d o n u c l e a s e  IV,  t h i s  enzyme d i f f e r s  f rom 

e n d o n u c l e a s e  VI i n  s e v e r a l  r e s p e c t s ,  i n c l u d i n g  g r e a t e r  h e a t
l - |f

s t a b i l i t y ,  l a c k  o f  a r e q u i r e m e n t  f o r  Mg , and l a c k  of  

s e n s i t i v i t y  t o  EDTA ( L j u n g q u i s t ,  1 9 7 7 ) .  E n d o n u c l e a s e  IV 

h a s  n e i t h e r  g l y c o s y l a s e  n o r  e x o n u c l e a s e  a c t i v i t y .  I t s  

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

m u t a n t s .

c .  e n d o n u c l e a s e  VII

AP e n d o n u c l e a s e  VI I  d i f f e r s  f rom t h o s e  d e s c r i b e d  a bo ve  

i n  b e i n g  s p e c i f i c  f o r  AP s i t e s  on s i n g l e  s t r a n d e d  DNA. The 

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

r o l e  i n  r e p a i r  i s  n o t  known and m u t a n t s  have  n o t  been  

i s o l a t e d  ( F r i e d b e r g  e_t a l . , 1 9 8 1 ) .

3 .  E n d o n u c l e a s e s  t h a t  r e c o g n i z e  m u l t i p l e  l e s i o n s

The enzymes  c o n s t i t u t i n g  t h i s  c a t e g o r y  a p p e a r  t o  

r e c o g n i z e  a l t e r e d  and u n u s u a l  b a s e s  a s  w e l l  a s  AP s i t e s .

The two enzymes  t o  be d i s c u s s e d  h e r e ,  e n d o n u c l e a s e s  V and 

I I I ,  have  b een  h i g h l y  p u r i f i e d  and c h a r a c t e r i z e d .

I n  a d d i t i o n  t o  t h e s e  f a i r l y  w e l l - c h a r a c t e r i z e d  e nzym es ,  

e n d o n u c l e a s e s  s p e c i f i c  f o r  X- and gamma-ray  damage i n  

i r r a d i a t e d  DNA h av e  been  r e p o r t e d  i n  M. l u t e u s  ( P a t e f s o n



and S e t l o w ,  1972)  and  E. c o l i  ( S t r n i s t e  and W a l l a c e ,  1 9 7 5 ) .  

The iM. l u t e u s  p r e p a r a t i o n  r e m a i n s  u n p u r i f i e d  ( Shon-Bopp  e t  

a l . ,  1 9 7 7 ) .  T h i s  t h e s i s  i s  c o n c e r n e d  w i t h  t h e  p u r i f i c a t i o n  

and c h a r a c t e r i z a t i o n  o f  t h e  X - r a y  e n d o n u c l e a s e  o f  E_. c o l i .

a .  e n d o n u c l e a s e  V

The s m a l l  m o l e c u l e ,  e n d o n u c l e a s e  V ( T a b l e  I ) ,  n i c k s  

u n t r e a t e d  s i n g l e - s t r a n d e d  DNA. I t  a l s o  n i c k s  u n t r e a t e d  

n a t i v e  DNA, e i t h e r  s u p e r c o i l e d  o r  r e l a x e d ,  a t  10 p e r c e n t  of  

t h e  r a t e  o f  s i n g l e - s t r a n d e d  DNA. When d u p l e x  DNA i s  

d e p u r i n a t e d  by h e a t / a c i d ,  U V - i r r a d i a t e d , t r e a t e d  w i t h  OsO^ 

o r  X - r a y s ,  t h e  r a t e  o f  c l e a v a g e  i n c r e a s e s  s e v e r a l  f o l d .

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

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

s t i m u l a t o r y  ( G a t e s  and L i n n ,  1 9 7 7 ) .  T h i s  enzyme i s  

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

r e s i d u e s ,  s u c h  a s  t h a t  i s o l a t e d  f rom t h e  B a c i l l u s  s u b t i l i s  

p h a g e ,  PBS-2 .  I n  E_. c o l i , u r a c i l  r e s i d u e s  a r e  t h o u g h t  t o  

a r i s e  t h r o u g h  two d i f f e r e n t  m e c h a n i s m s :  s p o n t a n e o u s

d e a m i n a t i o n  o f  c y t o s i n e  r e s i d u e s  ( S h a p i r o  and K l e i n ,  1 9 6 6 ) ,  

o r  m i s i n c o r p o r a t i o n  o f  dUMP r e s i d u e s  (Tye  e t  a l . ,  1 9 7 7 ) .

' S i n c e  u r a c i l  c o d e s  a s  t h y m i n e ,  t h e  d e a m i n a t e d  c y t o s i n e  

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

n e c e s s a r y  t o  m a i n t a i n  g e n e t i c  i n t e r g r i t y .  A n a l y s i s  o f  ung 

( u r a c i l - D N A  g l y c o s y l a s e  ) ,  m u t a n t s  showed t h a t  mos t  u r a c i l  

r e s i d u e s  a r e  removed  by u r a c i l - D N A  g l y c o s y l a s e  (Duncan and
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W a r n e r ,  1 9 7 8 ) ,  b u t  i t  may be t h a t  e n d o n u c l e a s e  V r e p r e s e n t s  

p a r t  o f  an a l t e r n a t i v e  pa t h wa y  f o r  t h e  r e m o v a l  o f  u r a c i l  

r e s i d u e s .

b .  e n d o n u c l e a s e  I I I

E n d o n u c l e a s e  I I I  was f i r s t  i s o l a t e d  on t h e  b a s i s  o f  i t s  

a c t i v i t y  t o w a r d  h e a v i l y  U V - i r r a d i a t e d  DNA ( Radman, 1 9 7 6 )  . A 

s i m i l a r  a c t i v i t y  i s o l a t e d  by L i nn  ( G a t e s  and L i n n ,  1977b)  

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

shown t o  a c t  on d u p l e x  DNA damaged by OsO^ , h e a t / a c i d ,  UV 

and X - r a y s  was a s sumed  t o  be t h e  same enzyme.  But  u n l i k e  

e n d o n u c l e a s e  V, t h i s  enzyme d o e s  n o t  n i c k  undamaged DNA
- | - f -

e i t h e r  d u p l e x  o r  s i n g l e  s t r a n d e d ,  d o e s  n o t  r e q u i r e  M g . t ,  

and d o e s  n o t  n i c k  a t  u r a c i l  r e s i d u e s .

T h i s  enzyme,  t h o u g h  n o t  ho mo ge ne ou s ,  i s  now b e l i e v e d  t o  

c o n s i s t  o f  two a c t i v i t i e s ;  a C l a s s  I AP e n d o n u c l e a s e  and a 

t h y m i n e  g lyco l -DNA g l y c o s y l a s e .  Wh i le  i t  i s  n o t  c l e a r  how 

t h e s e  a c t i v i t i e s  r e l a t e  t o  a c t i v e  s i t e s ,  i t  h a s  b een  n o t e d  

t h a t  t h e  i n d o l e ,  ha r r a an e ,  i n h i b i t s  b o t h  t h e  AP e n d o n u c l e a s e  

and t h e  DNA g l y c o s y l a s e  a c t i v i t i e s  o f  t h i s  enzyme ( Wa rne r  

e t  a l . ,  1 9 8 1 ) .  T h i s  d a t a  i m p l i e s  t h a t  t h e  two a c t i v i t i e s  

s h a r e  an a c t i v e  s i t e .  The a s s o c i a t e d  DNA g l y c o s y l a s e  h a s  

b ee n  shown t o  r emove a t  l e a s t  two t h y m i n e  r i n g - s a t u r a t i o n  

p r o d u c t s ,  5 , 6  d i h y d r o , d i h y d r o x y t h y m i n e  and d i h y d r o t h y m i n e .  

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

o f  t h e  t r i t i u m - l a b e l e d  DNA a s  i t s  o c c u r e n c e  i n  DNA was
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i n d e p e n d e n t  o f  t h e  OsO^ d o s e .  K i n e t i c  s t u d i e s  i n d i c a t e  

t h a t  t h e  number  o f  t h y m i n e  g l y c o l  r e s i d u e s  removed f rom 

O s O ^ - t r e a t e d  DNA a t  any t i m e  wer e  e q u a l  t o  o r  s l i g h t l y  

g r e a t e r  t h a n  t h e  number  o f  n i c k s  p r o d u c e d  by t h i s  enzyme a t  

t h a t  t i m e ,  t h u s  s u p p o r t i n g  t h e  h y p o t h e s i s  o f  a mechani sm 

i n v o l v i n g  t h e  s e q u e n t i a l  a c t i o n  o f  t h e  t h y m i n e  g lyco l -DNA 

g l y c o s y l a s e  and t h e  AP e n d o n u c l e a s e  a c t i v i t i e s .

4 .  R e c o g n i t i o n  by DNA g l y c o s y l a s e s

I n  a d e t a i l e d  i n v e s t i g a t i o n  o f  t h e  d e g r a d a t i o n  o f  

u r a c i l - c o n t a i n i n g  DNA by IS. c o l i  e x t r a c t s ,  i t  was f ou n d  

t h a t  u r a c i l  was r e l e a s e d  f rom DNA a s  a f r e e  b a s e  l e a v i n g  

t h e  DNA u n a l t e r e d  i n  c h a i n  l e n g t h ,  b u t  c o n t a i n i n g  

a p y r i m i d i n i c  s i t e s  ( L i n d a h l ,  1 9 7 4 ) .  The enzymes 

r e s p o n s i b l e  f o r  c l e a v i n g  t h e  N g l y c o s y l  bond j o i n i n g  b a s e  

t o  s u g a r  wer e  c a l l e d  DNA g l y c o s y l a s e s .  I n  p a r t i c u l a r ,  t h e  

enzyme r e s p o n s i b l e  f o r  r e m o v i n g  u r a c i l  r e s i d u e s  f rom DNA 

was c a l l e d  u r a c i l - D N A  g l y c o s y l a s e .  At p r e s e n t ,  s e v e r a l  of  

t h e s e  enzymes  a r e  known i n  b a c t e r i a  ( T a b l e  I ) .

Ur ac i l -DNA g l y c o s y l a s e  was f i r s t  e x t e n s i v e l y  p u r i f i e d  

and c h a r a c t e r i z e d  f rom JE. c o l i  ( L i n d a h l  e_t a_l. ,  1977)  and 

f rom B a c i l l u s  s u b t i l i s  (Cone £ t  a l . ,  1 9 7 7 ) .  Bot h  enzymes  

ha ve  b een  p u r i f i e d  t o  n e a r  h o m o g e n e i t y .  Such u r a c i l - D N A  

g l y c o s y l a s e s  h ave  b e e n  f o u n d  i n  many s p e c i e s  i n c l u d i n g  man.  

I n  s p i t e  o f  i t s  u n i v e r s a l  o c c u r e n c e ,  E_. c o l i  m u t a n t s  

l a c k i n g  t h i s  enzyme ( u n g ) (Duncan e_t . aJL_., 1978;  R i a z u d d i n



and L i n d a h l ,  1978)  a r e  n o r m a l l y  r e s i s t a n t  t o  t h e  e f f e c t s  o f  

UV, MMS, m i t o m y c i n  C and n a l a d i x i c  a c i d ,  b u t  t h e y  a r e  

s e n s i t i v e  t o  b i s u l f i t e  ( F r i e d b e r g ,  1978)  and n i t r o u s  a c i d  

(DaRoza e t  _a_l. , 1 9 7 7 ) .  S i n c e  E_. c o l i  d e f i c i e n t  i n  dUTPase 

( d u t ) a l l o w  t h e  m i s i n c o r p o r a t i o n  o f  dUMP i n t o  DNA, ( i n  

p l a c e  o f  dTMP),  d u t  ung d o u b l e  m u t a n t s  s h o u l d  and do 

a c c u m u l a t e  dUMP r e s i d u e s  i n  t h e i r  DNA (Duncan e_t a l . ,

1 9 7 8 ) .  The f a c t  t h a t  t h e s e  m u t a n t s  grow o n l y  s l i g h t l y  l e s s  

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

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

by t h e  d e a m i n a t i o n  o f  c y t o s i n e  r a t h e r  t h a n  by 

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

O t h e r  DNA g l y c o s y l a s e s  t h a t  h a ve  b een  p u r i f i e d  and 

c h a r a c t e r i z e d  i n c l u d e  h y p o xa n t h i n e - D NA  g l y c o s y l a s e ,

3 - m e t h y l a d e n i n e - D N A  g l y c o s y l a s e  and f o r m a m i d o p y r i m i d i n e -  

DNA g l y c o s y l a s e .  The f i r s t  o f  t h e s e  enzymes  a c t s  on t h e  

d e a m i n a t i o n  p r o d u c t  o f  a d e n i n e  ( K a r r a n  and L i n d a h l ,  1 9 7 8 ) ,  

t h e  s e c o n d  on an a l k y l a t i o n  p r o d u c t  o f  a d e n i n e  ( R i a z u d d i n  

and L i n d a h l ,  1 9 7 8 ) ,  and t h e  t h i r d  on f o r m a m i d o p y r i m i d i n e , 

an a l k y l a t i o n  p r o d u c t  o f  a d e n i n e  ( C h e t s a n g a ,  1 9 8 1 ) .

A l l  t h r e e  o f  t h e s e  DNA g l y c o s y l a s e s  a r e  h i g h l y  

s p e c i f i c :  t h e  u r a c i l - D N A  g l y c o s y l a s e  d o e s  n o t  r e c o g n i z e

d e a m i n a t e d  h y d r o x y m e t h y 1 - u r a c i l ; hy po xa n t h in e - DNA 

g l y c o s y l a s e  d o e s  n o t  r e c o g n i z e  d e a m i n a t e d  g u a n i n e  r e s i d u e s  

and  3 - m e t h y l a d e n i n e - D N A  g l y c o s y l a s e  d o e s  n o t  r e c o g n i z e  

7 - a l k y l g u a n i n e  r e s i d u e s  ( L i n d a h l ,  1 9 8 1 ) .  O t h e r  DNA 

g l y c o s y l a s e s  i n  T a b l e  I I  h ave  n o t  y e t  been  p u r i f i e d  and
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a w a i t  t h i s  s t e p  p r i o r  t o  c h a r a c t e r i z a t i o n .  Of t h e  

r e m a i n i n g  DNA g l y c o s y l a s e s ,  o n l y  t h e  3 - m e t h y l a d e n i n e - D N A  

g l y c o s y l a s e  h a s  a known m u t a n t  l a c k i n g  i n  t h i s  f u n c t i o n ,  

t a g  (Bachmann e t  aJL. , 1 9 7 6 ) .  Tag m u t a n t s  a r e  s e n s i t i v e  t o  

a l k y l a t i n g  a g e n t s  b u t  do n o t  h av e  an i n c r e a s e d  m u t a t i o n  

f r e q u e n c y .  As can  be s e e n  f rom T a b l e  I I ,  a l l  o f  t h e  known 

DNA g l y c o s y l a s e s  h a ve  s i m i l a r  m o l e c u l a r  w e i g h t s  

( 2 0 , 0 0 0 - 3 0 , 0 0 0  d a l t o n s )  and have  no r e q u i r e m e n t  f o r  

d i v a l e n t  c a t i o n s .  T h e s e  enzymes  a l s o  i n c l u d e  t h o s e  DNA 

g l y c o s y l a s e  a c t i v i t i e s  w i t h  a s s o c i a t e d  e n d o n u c l e a s e  

a c t i v i t i e s .

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

u r a c i l - D N A  g l y c o s y l a s e ,  t h e  DNA g l y c o s y l a s e s  w i t h o u t  

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

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

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

f a c t  t h a t  t h e r e  may be enzymes  c a l l e d  p u r i n e  i n s e r t a s e s  

which  c o u l d  c o m p l e t e  DNA r e p a i r  i m m e d i a t e l y  a f t e r  DNA 

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

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

as sumed t h a t  t h e  AP s i t e s  l e f t  by t h e  a c t i o n  o f  a DNA 

g l y c o s y l a s e  a r e  s u b s t r a t e s  f o r  one o f  t h e  s e v e r a l  AP 

e n d o n u c l e a s e s .  I n  t h e  c a s e  o f  t h e  u r a c i l - D N A  g l y c o s y l a s e ,  

t h e  i n v o l v e m e n t  o f  t h e  m a j o r  AP e n d o n u c l e a s e  o f  IS. c o l i  

( e n d o n u c l e a s e  VI)  i n  t h e  r e p a i r  o f  u r a c i l  r e s i d u e s  h a s  been  

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

dUTPase and e n d o n u c l e a s e  VI ( d u t  x t h ) grow p o o r l y ,  And
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f i l a m e n t o u s l y  and a r e  i n v i a b l e  a t  t e m p e r a t u r e s  a b o ve  3 0 ° C f 

a n o r m a l  p h e n o t y p e  i s  e x h i b i t e d  by a ( d u t  ung x t h )  t r i p l e  

m u t a n t  ( L i n d a h l ,  1 9 8 1 ) .  Wh i l e  t h e r e  a r e  s e v e r a l  b a s e  

a l k y l a t i o n  p r o d u c t s  known t o  be e n z y m a t i c a l l y  r e l e a s e d  f rom 

DNA, DNA g l y c o s y l a s e s  f o r  t h e s e  enzymes  h ave  n o t  been  

i s o l a t e d .  I t  h a s  n o t  been  d e m o n s t r a t e d  t h a t  some o f  t h e  

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

a c t u a l l y  a c t  a s  s u c h  i n  v i v o . I n  o r d e r  t o  d e m o n s t r a t e  

t h i s ,  we mus t  a w a i t  t h e  i s o l a t i o n  o f  m u t a n t s  d e f i c i e n t  i n  

t h e s e  e nz y me s .  I n  t h e  c a s e  o f  t h e  p o s t - i n c i s i o n a l  p r o c e s s e s  

( s t e p s  2 - 4 )  many m u t a n t s  o f  t h e  enzymes  i n v o l v e d  h ave  been  

c l e a r l y  shown t o  be s e n s i t i v e  t o  DNA damaging  t r e a t m e n t s .

B. E x c i s i o n ,  r e p o l y m e r i z a t i o n  and l i g a t i o n

The f u r t h e r  p r o c e s s i n g  i n  t h e  r e p a i r  o f  l e s i o n s  wh i ch  

r e m a i n  c o v a l e n t l y  bound t o  DNA d e p e n d s  on t h e  n a t u r e  o f  t h e  

l e s i o n ,  t h e  n a t u r e  and l o c a t i o n  o f  t h e  n i c k  r e l a t i v e  t o  t h e  

l e s i o n ,  and t h e  s e c o n d a r y  s t r u c t u r e  o f  t h e  DNA. T h e r e  a r e  

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

i n c i s i o n a l  s t e p s :  a l t e r e d  b a s e s ,  AP s i t e s ,  and c r o s s l i n k s .

1.  Removal  o f  damages

In  t h e  f i r s t  d e m o n s t r a t i o n s  o f  e x c i s i o n  r e p a i r ,  w o r k e r s  

showed t h a t  U V - p h o t o p r o d u c t s  were  e x c i s e d  f rom DNA a s  s m a l l  

o l i g o n u c l e o t i d e s  ( Bo yce  and H o w a r d - F l a n d e r s , 1964;  C a r r i e r
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and S e t l o w ,  1964 and  R i k l i s ,  1 9 6 5 ) .  Wh i le  t h e  T4 and t h e  M_. 

l u t e u s  enzymes  a r e  known t o  l e a v e  a d e o x y r i b o s e  m o i e t y  on 

t h e  5 '  s i d e  o f  a b r e a k ,  t h e  n a t u r e  o f  t h e  b r e a k  p r o d u c e d  by 

t h e  E.  c o l i  uvrABC e n d o n u c l e a s e  jin v i v o  i s  unknown 

( K a c i n s k i  jet a l . , 1 9 8 1 ) .  E v i d e n c e  i n d i c a t e d  t h a t  t h e  d i m e r  

r e m o v a l  by Ê . c o l i  r e q u i r e d  t h e  p a r t i c i p a t i o n  o f  DNA 

p o l y m e r a s e  I .  T h i s ,  t o g e t h e r  w i t h  t h e  f a c t  t h a t  d i m e r s  a r e  

removed i n  s h o r t  o l i g o n u c l e o t i d e s ,  i n d i c a t e d  t h a t  t h e  n i c k  

i s  l o c a t e d  on t h e  5 '  s i d e  o f  t h e  d i m e r  ( B r a u n  £ t  a l . .

1 9 7 6 ) .  However ,  t h e  uvrABC e n d o n u c l e a s e  h a s  b een  shown t o  

n i c k  on b o t h  s i d e s  o f  a p y r i m i d i n e  d i m e r  iji v i t r o  ( Rupp,  

p e r s o n a l  c o m m u n i c a t i o n ) .

2.  The i n v o l v e m e n t  o f  b a c t e r i a l  DNA p o l y m e r a s e s ,

a .  DNA p o l y m e r a s e  I ,  E.  c o l i

DNA p o l y m e r a s e  I  o f  IS. c o l i  ( P o l  I )  i s  a 

m u l t i f u n c t i o n a l  enzyme p o s s e s s i n g  a D N A - d i r e c t e d  DNA 

p o l y m e r a s e ,  a 3 ' - 5 '  e x o n u c l e a s e  and a S ' - S '  e x o n u c l e a s e .

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

and p y r o p h o s p h o r y l y s i s  ( K e l l y  e t  a l . ,  1 9 7 0 ) .  T h i s  enzyme 

h a s  been  shown t o  e x c i s e  p y r i m i d i n e  d i m e r s  f rom DNA and 

e f f e c t  r e p a i r  r e p l i c a t i o n  ij i  v i t r o  ( H e i j n e k e r  e t  a l . ,

1 9 7 1 ) .



I n  o r d e r  t o  a s s e s s  t h e  r o l e  o f  t h e  enzyme and i t s

f u n c t i o n s  i n  v i v o , a s e r i e s  o f  p o l y m e r a s e  I  m u t a n t s  were

i s o l a t e d  ( po lA)  and t h e s e  o r g a n i s m s  a s s a y e d  f o r  t h e i r

s e n s i t i v i t y  t o  UV r a d i a t i o n .  Wh i l e  polA m u t a n t s  wer e  more

s e n s i t i v e ,  no s i n g l e  m u t a t i o n  c o m p l e t e l y  i n h i b i t e d  e x c i s i o n

o nce  i n c i s i o n  had o c c u r e d  ( H a n a w a l t  e t  a_l. , 1 9 8 1 ) .  I t  ha s

been  f o un d  t h a t  a polA m u t a n t  t h a t  l a c k s  t h e  p o l y m e r a s e  b u t

r e t a i n s  t h e  S ' - S *  e x o n u c l e a s e  a c t i v i t y  i s  more s e n s i t i v e  t o

UV r a d i a t i o n  t h e n  w i l d  t y p e  b u t  l e s s  so  t h a n  a uvrA m u t a n t

( K a n n e r  and H a n a w a l t ,  1 9 7 0 ) .  I n  s u c h  s t r a i n s ,  t h e  r a t e  o f

e x c i s i o n  i s  l o w e r  t h a n  w i l d  t y p e  and t h e  b r e a k s  p e r s i s t

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

w i l d  t y p e  ( B o y l e  «y; a l . , 1970;  Cooper  and H u n t ,  1 9 7 8 ) .  I t

was o r i g i n a l l y  a s su med  t h a t  t h e  5 ' - 3 ' e x o n u c l e a s e  was

n e c e s s a r y  t o  t h e  p o l y m e r i z a t i o n - d r i v e n  e x c i s i o n  p r o c e s s .

But  e x p e r i m e n t s  w i t h  po lAex  m u t a n t s  t h a t  h ave  t h e  DNA

p o l y m e r a s e  f u n c t i o n  b u t  l a c k  t h e  5 f - 3 '  e x o n u c l e a s e  a c t i v i t y

show t h e s e  m u t a n t s  t o  be more U V - s e n s i t i v e  t h a n  w i l d  t y p e ,

b u t  l e s s  t h a n  p o l Al  m u t a n t s  ( C o o p e r ,  1 9 7 7 ) .  At d o s e s  l o w er  
2

t h a n  AO J /m , d i m e r  e x c i s i o n  i n  polA m u t a n t s  i s  a b o u t  a s  

f a s t  a s  i n  w i l d  t y p e  ( C h a s e  and M a s k e r ,  1977,  1 9 7 9 ) .  T h i s  

i m p l i e s  t h a t  t h e  p o l y m e r i z a t i o n  a c t i v i t y  o f  DNA p o l y m e r a s e  

I i s  more i m p o r t a n t  t o  t h e  e x c i s i o n  o f  t h e  p h o t o d i m e r s  t h a n  

t h e  S ' - S 1 e x o n u c l e a s e  a c t i v i t y .  T h i s  s u r p r i s i n g  f a c t  can  

be e x p l a i n e d  by a me ch an i s m i n v o l v i n g  d i s p l a c e m e n t  o f  t h e  

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

s i n g l e - s t r a n d e d  DNA s e g m e n t  by a s i n g l e - s t r a n d - s p e c i f i c



e n d o n u c l e a s e  o r  by an  e x o n u c l e a s e  s u c h  a s  e x o n u c l e a s e  V I I .

b .  DNA p o l y m e r a s e  I I ,  E.  c o l i

The DNA p o l y m e r a s e  I I  enzyme h a s  a DNA p o l y m e r a s e  

a c t i v i t y  s i m i l a r  t o  t h a t  o f  DNA p o l y m e r a s e  I ,  b u t  l a c k s  a 

5 ' - 3 '  e x o n u c l e a s e  a c t i v i t y  ( K n i p p e r s ,  1 9 7 0 ) .  M u t a n t s  

l a c k i n g  t h i s  enzyme ( p o l B ) a r e  no more s e n s i t i v e  t o  UV t h a n  

w i l d  t y p e  ( C a m p b e l l  e t  a l . j  1972;  H i r o t a  e_t al . . . ,  1 9 7 2 ) .

T h i s  enzyme a p p e a r s  r e s p o n s i b l e  f o r  t h e  r e s i d u a l  r e p a i r  o f  

a ( polA p o l C t s ) d o u b l e  m u t a n t ,  a s  t h e  t r i p l e  m u t a n t ,  ( p o l A , 

p o l B , p o l C t s ) l a c k e d  t h i s  r e s i d i u m  ( S t r i k e ,  1 9 7 7 ) .

c .  DNA p o l y m e r a s e  I I I ,  E.  c o l i

DNA p o l y m e r a s e  I I I  p r o v i d e s  t h e  p o l y m e r a s e  a c t i v i t y  f o r  

t h e  Ê . c o l i  " r e p l i c a t i o n  c om p l e x "  ( G e f t e r  e_t a l . ,  1971;  

H i r o t a  e t  a l . ,  1 9 7 1 ) .  T h i s  enzyme i s  s i m i l a r  t o  DNA 

p o l y m e r a s e  I  i n  t h a t  i t  h a s  b o t h  3 ' - 5 '  and 5 ' - 3 '  

e x o n u c l e a s e  a c t i v i t i e s .  A l t h o u g h  t h e  5 ' - 3  1 e x o n u c l e a s e  o f  

DNA p o l y m e r a s e  I I I  i s  n o t  a s  a c t i v e  a s  t h a t  o f  DNA 

p o l y m e r a s e  I ( L i v i n g s t o n e  and R i c h a r d s o n ,  1 9 7 6 ) ,  t h i s  

enzyme i s  c a p a b l e  o f  e x c i s i n g  p y r i m i d i n e  d i m e r s  i ji  v i t r o .

I n  v i v o  i t  h a s  been  shown t h a t  i n  polA m u t a n t s  wh ic h  r e j o i n  

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

e ven  f u r t h e r  by an a d d i t i o n a l  polC m u t a t i o n .



I t  s h o u l d  be n o t e d  t h a t  t h e  r a t e  o f  e x c i s i o n  i n  a ( polA 

p o l C ) d o u b l e  m u t a n t  i s  n o t  much l o w e r  t h a n  w i l d  t y p e  

( C o o p e r  and H u n t ,  1 9 7 8 ) .  More t o  t h e  p o i n t ,  i t  was shown 

t h a t  t h e  ( polA p o l C ) d o u b l e  m u t a n t s  a r e  more UV s e n s i t i v e  

t h a n  a polA m u t a n t  a l o n e  (Youngs  and S m i t h ,  1 9 7 3 ) .  I n  t h e  

a b s e n s e  o f  DNA p o l y m e r a s e  I ,  i t  would  a p p e a r  t h a t  DNA 

p o l y m e r a s e  I I I  i s  r e s p o n s i b l e  f o r  b a s e  e x c i s i o n  and r e p a i r  

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

3 .  E x o n u c l e a s e s

E x o n u c l e a s e s  c a n  be n a t u r a l l y  d i v i d e d  i n t o  t h o s e  t h a t  

r e c o g n i z e  a 3 '  t e r m i n u s  and t h o s e  t h a t  r e c o g n i z e  a 5 '  

t e r m i n u s  ( 3 ' - 5 '  e x o n u c l e a s e s  v e r s u s  5 * —3 1 e x o n u c l e a s e s ) .  

T h e r e  a r e  two 5 ’ - 3 f e x o n u c l e a s e s  o f  E_. c o l i . a p a r t  f rom t h e  

e x o n u c l e a s e  a c t i v i t i e s  o f  t h e  DNA p o l y m e r a s e s ;  e x o n u c l e a s e  

V, ( t h e  recBC gene  p r o d u c t )  and e x o n u c l e a s e  V I I ,  ( t h e  x s e  

g en e  p r o d u c t ) .  S i n c e ,  i n  t h e  c l a s s i c a l  e x c i s i o n  r e p a i r  

h y p o t h e s i s ,  t h e  i n c i s i o n  o c c u r e d  on t h e  5 '  s i d e  o f  t h e  

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

r e p a i r  e n z y m e s .  The recBC e x o n u c l e a s e ,  wh i ch  f u n c t i o n s  i n  

r e c o m b i n a t i o n ,  h a s  b o t h  S ' - S 1 and S ' S 1 e x o n u c l e a s e  

a c t i v i t i e s  and  a c t s  a s  an  A T P - d e p e n d e n t  e n d o n u c l e a s e  on 

s i n g l e - s t r a n d e d  DNA. T h i s  enzyme h a s  n o t  been  shown t o  be 

e f f e c t i v e  i n  e x c i s i o n  r e p a i r  ( S h a e s ,  1 9 7 2 ) .  E x o n u c l e a s e  

V I I ,  w h i ch  may a c t  b o t h  a s  a S ’ -S* e x o n u c l e a s e  and a s  a 

S ' - S ’ e x o n u c l e a s e ,  h a s  be en  shown t o  remove p y r i m i d i n e
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d i m e r s  f rom U V - i r r a d i a t e d  DNA s u b s t r a t e  t h a t  had been

p r e v i o u s l y  n i c k e d  by a U V - e n d o n u c l e a s e  ( C h a s e  and

R i c h a r d s o n ,  1 9 7 4 ) .  M u t a n t s  l a c k i n g  t h i s  enzyme,  x s e A , a r e

n o t  UV s e n s i t i v e  ( C h a s e  and R i c h a r d s o n ,  1 9 7 7 ) ,  n o r  i s  t h e

r a t e  o f  UV d i m e r  e x c i s i o n  d i m i n i s h e d  i n  v i v o  i n  t h e s e

m u t a n t s .  I n  a recBC b a c k g r o u n d , t h e  ( p o lA  xs e A7)  d o u b l e
  ------ex  ---------

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

t h a n  polA s i n g l e  m u t a n t s  ( C h a s e  e t  a l . ,  1 9 7 9 ) .  I t  h a s  
 e x  —

been  d e t e r m i n e d  t h a t  t h e  DNA p o l y m e r a s e  a s s o c i a t e d  S ' - S 1 

e x o n u c l e a s e s  a r e  t h e  p r i m a r y  r e p a i r  e x o n u c l e a s e s  (Ro t hman ,

1 9 8 0 ) .  The e l u c i d a t i o n  o f  t h e

D N A - g l y c o s y l a s e / A P - e n d o n u c l e a s e - m e d i a t e d  b a s e - e x c i s i o n  

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

n i c k  on t h e  3 '  s i d e  o f  an AP s i t e ,  so  t h a t  a 3 '  d e o x y r i b o s e  

m o i e t y  i s  l e f t  on one  s i d e  o f  t h e  b r e a k .  I n  o r d e r  t o  

e x c i s e  t h i s  l e s i o n ,  a 3 1- 5 1 e x o n u c l e a s e  o r  a c l a s s  I I  

A P - e n d o n u c l e a s e  i s  r e q u i r e d .

4 .  R e p a i r  o f  AP t e r m i n i

AP e n d o n u c l e a s e s  may be c l a s s i f i e d  by w h e t h e r  t h e y  n i c k  

on t h e  3* s i d e  o f  an AP s i t e  ( c l a s s  I )  o r  on t h e  5 '  s i d e  

( c l a s s  I I ) .  Among t h e  c l a s s  I  e n d o n u c l e a s e s  a r e  t h e  AP 

a c t i v i t i e s  o f  t h e  denV ge ne  p r o d u c t  o f  T4,  t h e  UV 

e n d o n u c l e a s e s  o f  M. l u t e u s  and e n d o n u c l e a s e  I I I  o f  E. c o l i .

The s i t e s  l e f t  by t h e  c l a s s  I AP e n d o n u c l e a s e s  do n o t



s e r v e  a s  p r i m e r  t e r m i n i  f o r  DNA p o l y m e r a s e  I  and mus t  be 

removed p r i o r  t o  r e p a i r  r e p l i c a t i o n .  T h e se  r e s i d u e s  were  

removed i n  v i t r o  by c l a s s  I I  AP e n d o n u c l e a s e s  (Mosbaugh and 

L i n n ,  1 9 8 2 ) .  I n d i r e c t  e v i d e n c e  o f  t h i s  iji  v i v o  i s  g i v e n  by 

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

( x t h ) ,  t h o u g h  n o t  m a r k e d l y  s e n s i t i v e  t o  UV o r  gamma 

r a d i a t i o n ,  a r e  s e n s i t i v e  t o  a l k y l a t i o n  damage ( Y a j k o  and 

W e i s s ,  1 9 7 5 ) .  S i n c e  i t  i s  known t h a t  AP s i t e s  a r e

i n t e r m e d i a t e s  i n  t h e  r e p a i r  o f  a l k y l a t e d  DNA, i t  woul d  seem

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

s i t e s  i n  v i v o  ( W e i s s  e_t a_l. > 1 9 7 8 ) .  I t  i s  n o t  known i f  

e n d o n u c l e a s e  IV h a s  a r o l e  i n  t h e  r e p a i r  o f  5* AP t e r m i n i .

5 .  L i g a t i o n

F o l l o w i n g  r e p a i r  r e p l i c a t i o n ,  t h e  j o i n i n g  o f  t h e  3 ' OH 

o f  t h e  n a s c e n t  s t r a n d  t o  t h e  5 1PO^ o f  t h e  r e m a i n i n g  s t r a n d  

s e gme n t  i s  t h e  f u n c t i o n  o f  DNA l i g a s e .  Whi le  e s s e n t i a l  f o r  

v i a b i l i t y ,  t e m p e r a t u r e - s e n s i t i v e  l i g a s e  m u t a n t s  a r e  found  

t o  be s e n s i t i v e  t o  UV i f  h e l d  a t  n o n - p e r m i s s i v e  

t e m p e r a t u r e s  f o r  two h o u r s  b e f o r e  p l a t i n g  ( P a u l i n g  and 

Harm, 1 9 6 8 ) .  A l s o ,  i n  t o l u e n i z e d  c e l l s ,  t h e  p r e s e n c e  o f  a

l i g a s e  m u t a t i o n  o r  t h e  l i g a s e  i n h i b i t o r ,  n i c o t i n a m i d e

m o n o n u c l e o t i d e  (NMN), a l l o w s  f o r  c o n t i n u e d  r e p a i r  

r e p l i c a t i o n .  B e c a u s e  DNA p o l y m e r a s e  I  and DNA l i g a s e  a r e  

known t o  c o mp e t e  f o r  t h e  same s u b s t r a t e ,  a n i c k  w i t h  a 

3 ' 0 H ,  5 f P04  t e r m i n u s ,  t h e  e f f e c t  o f  NMN on r e p a i r  s y n t h e s i s



may be e x p l a i n e d  by a s s u m i n g  t h a t  t h e  a b s e n s e  o f  f u n c t i o n a l  

l i g a s e  a l l o w s  t h e  DNA p o l y m e r a s e  t o  r e a t t a c h  a t  a n i c k  and 

t o  r e i n i t i a t e  p o l y m e r i z a t i o n .  I n  t h e  a b s e n s e  o f  l i g a s e  t h e  

c y c l e s  o f  p o l y m e r a s e  a t t a c h m e n t  t o  a n i c k ,  f o l l o w e d  by n i c k  

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

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

t o  a n i c k ,  " n i c k  t r a n s l a t e ” p r o c e s s i v e l y , and t h e n  d e t a c h  

e x p l a i n s  why t h e  DNA p o l y m e r a s e  I d e p e n d e n t  " s h o r t  p a t c h e s "  

a r e  a b o u t  20 n u c l e o t i d e s  l o n g ,  s i n c e  t h e  a v e r a g e  

p r o c e s s i v i t y  o f  DNA p o l y m e r a s e  I  i n  v i t r o  i s  a b o u t  20 

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

an a l t e r e d  DNA p o l y m e r a s e  I ,  polA , t h a t  h a s  a p r o c e s s i v i t y  

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

o f  a b o u t  5 n u c l e o t i d e s  j j i  v i v o  ( M a t s o n ,  1 9 7 8 ) .

6 . Long p a t c h  r e p a i r

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

r e s u l t  i n  t h e  e x c i s i o n  o f  a b o u t  20 n u c l e o t i d e s  f o r  e a c h  

damage ( B e n - I s h a i  and S h a r o n ,  1978;  Co o pe r  and H a n a w a l t ,  

1971;  S e t l o w  and C a r r i e r ,  1 9 6 4 ) ,  t h e r e  i s  a n o t h e r  t y p e  o f  

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

b u t  r e q u i r e s  b o t h  t h e  p r e s e n c e  o f  a f u n c t i o n a l  r ecA g en e  

p r o d u c t  and p r o t e i n  s y n t h e s i s  ( C o o p e r  and  H a n a w a l t ,  1972;  

Cooper  and H u n t ,  1 9 7 8 ) .  T h i s  p r o c e s s  i s  c o m p l e t e l y  

d e p e n d e n t  on polB i n  a polA b a c k g r o u n d  and r e s u l t s  i n  p a t c h  

s i z e s  o f  s e v e r a l  h u n d r e d  n u c l e o t i d e s  ( H a n a w a l t  e_t a l . ,
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1 9 7 9 ) .  S i n c e  polB m u t a n t s  i n  t h i s  b a c k g r o u n d ,  d i d  n o t  show 

d i f f e r e n t i a l  UV s e n s i t i v i t y ,  i t  may be c o n c l u d e d  t h a t  " l o n g  

p a t c h "  r e p a i r  i s  n o t  b i o l o g i c a l l y  i m p o r t a n t .  I t  i s  known 

t h a t  l e s s  t h a n  10 p e r c e n t  o f  damaged s i t e s  a r e  r e p a i r e d  by 

t h i s  mode ( C a m p b e l l  e t  a l . , 1 9 7 2 ) .  S i n c e  t h e  i n v o l v e m e n t  o f  

b o t h  t h e  recA gene  p r o d u c t  and p r o t e i n  s y n t h e s i s  a r e  

r e q u i r e d ,  t h i s  p r o c e s s  may be p a r t  o f  t h e  S O S - r e p a i r  

s y s t e m .

C. P o s t - r e p l i c a t i o n  r e p a i r

I f  a n o n - i n s t r u c t i o n a l  l e s i o n  r e m a i n s  i n  DNA a t  t h e  

t i m e  DNA r e p l i c a t i o n  i s  t o  o c c u r ,  p o l y m e r i z a t i o n  would 

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

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

r e i n i t i a t i o n  w i t h  an " O k a z a k i  p i e c e " ,  and a gapped  s t r a n d  

i s  fo rmed  (Rupp and H o w a r d - F l a n d e r s , 1 9 6 8 ) .  Such " g a p p e d "  

m o l e c u l e s  h ave  b een  o b s e r v e d  i n d i r e c t l y  by c o m p a r i n g  t h e  

m o l e c u l a r  w e i g h t  o f  g enomi c  DNA o b t a i n e d  u s i n g  n e u t r a l  

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

o b t a i n e d  u s i n g  a l k a l i n e  s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n  

a n a l y s i s .  I n  U V - i r r a d i a t e d  b a c t e r i a  d e f i c i e n t  i n  e x c i s i o n  

r e p a i r  and " p o s t - r e p l i c a t i o n "  r e p a i r  ( uvrA r e c A ) , t h e  s i z e  

o f  t h e  DNA s y n t h e s i z e d  on t h e  s t r a n d  o p p o s i t e  t h e  

d i m e r - c o n t a i n i n g  s t r a n d  was a p p r o x i m a t e l y  e q u a l  t o  t h e  

i n t e r - d i m e r  d i s t a n c e  ( S e d w i c k ,  1 9 7 5 ) .  The UV s u r v i v a l  o f  

E.  c o l i  w i t h  u n e x c i s e d  d i m e r s  i n v o l v e s  t h e  p a r t i c i p a t i o n  o f



t h e  recA p r o t e i n .  T h i s  p r o t e i n  i s  i n v o l v e d  i n  a t  l e a s t  

two g a p - f i l l i n g  p a t h w a y s ,  one  e r r o r - f r e e  and t h e  o t h e r  

e r r o r - p r o n e  ( m u t a g e n i c ) .

1.  The recA p r o t e i n

The recA p r o t e i n  i s  e s s e n t i a l  f o r  g e n e t i c  

r e c o m b i n a t i o n ,  r e c o m b i n a t i o n a l  r e p a i r  and DNA 

d a m a g e - i n d u c i b l e  S O S - r e p a i r  ( L a r k  and L a r k ,  1 9 7 8 ) .  The 

recA g ene  p r o d u c t ,  w h i ch  h a s  a m o l e c u l a r  w e i g h t  o f  3 7 , 0 0 0  

d a l t o n s ,  a c t s  a s  a DNA t o p o i s o m e r a s e  by u n w i n d i n g  a d u p l e x  

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

ATP, dATP o r  ATP(Tf)S. T h i s  p r o m o t e s  t h e  i n s e r t i o n  o f  a 

h om ol og ous  s i n g l e - s t r a n d e d  DNA m o l e c u l e  i n t o  a d u p l e x ,  

c a u s i n g  D l o o p  f o r m a t i o n .  The enzyme a l s o  h a s  a 

DNA-dependent  ATPase a c t i v i t y  (Cunningham £ t  a l . ,  1979)  and 

a v e r y  s p e c i f i c  p r o t e a s e  a c t i v i t y  t h a t  w i l l  c l e a v e  t h e  

r e p r e s s o r  o f  t h e  d a m a g e - i n d u c i b l e  f u n c t i o n s ,  t h e  l exA gene  

p r o d u c t ,  a s  w e l l  a s  t h e  phage  l ambda Cl r e p r e s s o r .  The 

lexA p r o t e i n  a l s o  r e p r e s s e s  t h e  s y n t h e s i s  o f  r ecA p r o t e i n .  

Bot h  t h e  D N A - d e n a t u r i n g  and p r o t e a s e  a c t i v i t i e s  r e q u i r e  

Mg , dATP o r  ATP( )S and a p o l y n u c l e o t i d e  c o - f a c t o r  ( C r a i g  

and R o b e r t s ,  1981;  P h i z i c k y  and R o b e r t s ,  1 9 8 1 ) .  T h e s e  two 

a c t i v i t i e s ,  p r o t e a s e  and DNA t o p o i s o m e r a s e ,  a r e  i n v o l v e d  i n  

t h e  two g a p - f i l l i n g  p a t h w a y s .  The " r e c o m b i n a s e "  a b i l i t y  o f  

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

h om ol og ous  DNA i n t o  d u p l e x  m o l e c u l e s  i s  l i k e l y  t o  be
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i n v o l v e d  i n  t h e  d a u g h t e r - s t r a n d  g a p - f i l l i n g  

" p o s t - r e p l i c a t i o n  r e p a i r " ,  w h i l e  t h e  r e p r e s s o r - s p e c i f i c  

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

SOS p a t h w a y .

2.  D a u g h t e r - s t r a n d  r e p a i r

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

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

d a u g h t e r - s t r a n d  DNA. D e n s i t y  l a b e l  e x p e r i m e n t s  showed t h a t  

d a u g h t e r - s t r a n d  DNA was o f  low m o l e c u l a r  w e i g h t  when t h e  

p a r e n t a l  o r g a n i s m s  wer e  i r r a d i a t e d .  When t h e s e  i r r a d i a t e d  

o r g a n i s m s  wer e  e i t h e r  p h o t o - r e a c t i v a t e d  o r  a l l o w e d  t o  

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

s t r a n d s  were  o f  h i g h e r  m o l e c u l a r  w e i g h t  ( S m i t h  and Meun,

1 9 7 0 ) .  O t h e r  s t u d i e s  w i t h  d e n s i t y - l a b e l e d  DNA showed t h a t  

p a r e n t a l  DNA, i n  l e n g t h s  o f  a b o u t  1000 n u c l e o t i d e s ,  becomes  

c o v a l e n t l y  a t t a c h e d  t o  DNA u n d e r  c o n d i t i o n s  whi ch  p e r m i t  

d a u g h t e r - s t r a n d  gap  f i l l i n g  r e p a i r  (Rupp e t  a l . ,  1 9 7 1 ) .

T h i s  v a l u e ,  1000 n u c l e o t i d e  i n s e r t s ,  c o m p a r e s  f a v o r a b l y  

w i t h  t h e  e s t i m a t e s  o f  gap s i z e s  i n  d a u g h t e r  DNA, e s t i m a t e s  

wh ic h  r a n g e  i n  s i z e  f rom 1000 n u c l e o t i d e s  ( I y e r  and Rupp,

1971)  t o  1 , 5 0 0 - 4 0 , 0 0 0  n u c l e o t i d e s  ( J o h n s o n  and M c N e i l l ,  

1 9 7 8 ) .  S i n c e  DNA s y n t h e s i s  may a l s o  t a k e  p l a c e ,  t h e  

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

m i g r a t i o n  o f  s i n g l e - s t r a n d e d  i n s e r t s  o c c u r s ,  t h e y  may be 

e ven  l o n g e r  t h a n  t h e  g a p .  The g e n e s  n ee de d  f o r  t h i s  t y p e
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o f  r e c o m b i n a t i o n a l  r e p a i r  i n c l u d e ;  l exA ( G a n e s a n  and 

S e a w a l l ,  1 9 7 5 ) ;  recBC (Youngs  and S m i t h ,  1 9 7 6 ) ;  uvrD 

(Youngs  and S m i t h ,  1 9 7 6 ) ;  r e c A , ( S m i t h  and Meun, 1 9 7 0 ) ;  

r e c F  (Ro t hman ,  1975)  and t h e  p r e s e n c e  o f  e i t h e r  an a c t i v e  

DNA p o l y m e r a s e  I  o r  DNA p o l y m e r a s e  I I I  ( J o h n s o n ,  1 9 7 8 ) .

The a c t u a l  f u n c t i o n s  o f  e a c h  o f  t h e s e  enzymes  i n  t h e  

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

m o l e c u l a r  l e v e l .

3 .  S O S - r e p a i r .

I n  1953,  i t  was f i r s t  r e p o r t e d  t h a t  U V - i r r a d i a t e d  phage  

were  more l i k e l y  t o  s u r v i v e  i f  p l a t e d  on a lawn o f  b a c t e r i a  

t h a t  had t h e m s e v e s  been  i r r a d i a t e d  w i t h  low d o s e s  o f  UV 

r a d i a t i o n  p r i p r  t o  i n f e c t i o n  ( W e i g l e ,  1 9 5 3 ) .  T he se  

s u r v i v i n g  phage  we r e  h e a v i l y  m u t a t e d  ( K e l l e n b e r g e r  and 

W e i g l e ,  1 9 5 8 ) .  T h i s  i n d u c i b l e  phenomenon was known a s  

W e i g l e - r e a c t i v a t i o n . I t  was shown t o  be i n d u c e d  e v e n  by 

t h e  c o n j u g a l  t r a n s f e r  o f  UV damaged DNA ( D e v o r e t  and 

Radman,  1 9 7 4 ) .  The i n d u c e d  e f f i c i e n c y  o f  phage  

r e a c t i v a t i o n  b egan  t o  d e c l i n e  30 m i n u t e s  a f t e r  i n d u c t i o n  

( D e f a i s  e_t _ a l . ,  1 9 7 6 ) .  T h i s  i n d u c i b l e  r e p a i r ,  t o g e t h e r  

w i t h  e v i d e n c e  t h a t  U V - m u t a g e n e s i s  i n  E_. c o l i  c o u l d  be 

mimicked  by a t e m p e r a t u r e  s e n s i t i v e  m u t a t i o n  i n  t h e  lexA 

g ene  ( t i f ) whi ch  c a u s e d  m u t a g e n e s i s ,  phage  r e a c t i v a t i o n  and 

f i l a m e n t  f o r m a t i o n  w i t h o u t  U V - i r r a d i a t i o n  ( C a s t e l l a z z i  e_t 

a l .  , 1 9 7 2 ) ,  l e d  t o  t h e  S O S - r e p a i r  h y p o t h e s i s ,  t h a t  i s ,  t h a t
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DNA damage i n d u c e s  an e r r o r - p r o n e  r e p a i r  s y s t e m  t h a t  n o t  

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

g e n e t i c  f l e x i b l i l i t y .  i n  d e a l i n g  w i t h  an a l t e r e d  e n v i r o n m e n t  

by c a u s i n g  a h i g h  m u t a t i o n  r a t e  (Radman,  1 9 7 5 ) .  T h i s  

c o n c e p t  was e x t e n d e d  by W i t k i n  t o  i n c l u d e  t h e  o t h e r  

c e l l u l a r  f u n c t i o n s  i n d u c e d  by DNA damage ( W i t k i n , 1 9 7 6 ) .  At 

p r e s e n t ,  a t  l e a s t  11 g e n e s  i n  E.  c o l i  a r e  known t o  code  f o r  

d a m a g e - i n d u c i b l e  f u n c t i o n s  ( L i t t l e  and Mount ,  1 9 8 2 ) .

The SOS s y s t e m ,  c o n s i s t i n g  o f  t h e  g e n e s  r e p r e s s e d  by 

t h e  lexA p r o t e i n ,  may be i n  e i t h e r  an " o n ” o r  an " o f f "  

s t a t e .  T y p i c a l l y ,  t h e  s y s t e m  i s  " o f f "  b e c a u s e  t h e  

s y n t h e s i s  o f  t h e  r ecA p r o t e i n  i s  i n h i b i t e d  by t h e  p r e s e n c e  

o f  i t s  r e p r e s s o r ,  t h e  lexA p r o t e i n .  When DNA damage 

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

p r o d u c t  o r  e ven  gap pe d  DNA ( i t  i s  n o t  known w h i c h ) ,  

t o g e t h e r  w i t h  dATP, a c t i v a t e s  t h e  p r o t e a s e  a c t i v i t y  o f  t h e  

r ecA p r o t e i n ,  o f  wh i c h  a few m o l e c u l e s  a r e  a v a i l a b l e  even  

i n  t h e  u n i n d u c e d  c e l l .  The recA p r o t e a s e ,  so i n d u c e d ,  

p r o c e e d s  t o  c l e a v e  t h e  l exA r e p r e s s o r  ( a n d  t h e  Cl r e p r e s s o r  

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

d e r e p r e s s i o n  o f  r e c A ,  l exA ( w h i c h  i s  a u t o - r e g u l a t e d )  and 

t h e  o t h e r  p r o t e i n s  coded  f o r  by t h e  so c a l l e d  d i n  (damage 

i n d u c i b l e )  g e n e s .

At t h i s  p o i n t ,  r ecA p r o t e i n  l e v e l s  r i s e  p r e c i p i t o u s l y  

so t h a t  t h i s  p r o t e i n  may a c c o u n t  f o r  up t o  3 p e r c e n t  o f  t h e  

t o t a l  c e l l u l a r  p r o t e i n .  I n  t h i s  s t a t e ,  DNA s y n t h e s i s  may 

p r o c e e d  p a s t  d i m e r s ,  p o s s i b l y  a s  a r e s u l t  o f  t h e  umuC g ene
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p r o d u c t  ( B r i d g e s  and  Lehman,  1 9 8 2 ) .  As r e p a i r  p r o g r e s s e s ,  

t h e  lexA g ene  p r o d u c t  a c c u m u l a t e s  t o  a l e v e l  a t  which  

r e p r e s s i o n  o f  t h e  recA gene  o c c u r s  a g a i n .

T h e r e  i s  some e v i d e n c e  t h a t  " l o n g  p a t c h  r e p a i r "  i s  an 

a s p e c t  o f  SOS r e p a i r ,  i n  t h a t  t h e  same c o n d i t i o n s ,  

e n v i r o n m e n t a l  and g e n e t i c ,  a r e  n e e d e d  f o r  b o t h  ( W i t k i n ,  

1976;  B r i d g e s  and M o t t e r s h e a d ,  1 9 7 8 ) .  I t  i s  n o t  known i f  

t h e  11 d i n  g e n e s  a r e  t h e  t o t a l i t y  o f  g e n e s  r e p r e s s e d  by t h e  

lexA p r o t e i n  and k n o w l e g e  a t  t h e  m o l e c u l a r  l e v e l  o f  a l l  b u t  

t h e  r e c A , l exA and u v r  g e n e s  i s  l a c k i n g .

4.  The a d a p t i v e  r e s p o n s e

The a d a p t i v e  r e s p o n s e  t o  a l k y l a t i n g  a g e n t s  i s  an 

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

lexA p r o t e i n .  I t  was fo und  t h a t  b a c t e r i a  e x p o s e d  t o  low 

l e v e l s  o f  t h e  mu t ag en  N - m e t h y l - N ' - n i t r o - N - n i t r o s o g u a n i d i n e  

(MNNG) f o r  30 m i n u t e s  became r e f r a c t o r y  t o  f u r t h e r  

m u t a g e n e s i s  (Samson and C a i r n s ,  1 9 7 7 ) .  A p p a r e n t l y  two 

c l a s s e s  o f  l e s i o n s  a r e  p r o d u c e d  by MNNG t r e a t m e n t ,  one 

l e t h a l  and t h e  o t h e r  m u t a g e n i c  ( C a i r n s  e t  a l . , 1 9 8 1 ) .  The 

n a t u r e  o f  t h e  l e t h a l  l e s i o n  i s  unknown b u t  t h e  m u t a g e n i c  

l e s i o n  i s  known t o  be  O ^ - m e t h y l g u a n i n e  whi ch  i n  iji v i t r o  

s y s t e m s  h a s  b een  shown t o  c o de  a s  t h o u g h  i t  were  a d e n i n e  

( A b b o t t  and S a f f h i l l ,  1 9 7 9 ) .  A n a l y s i s  o f  t h e  DNA o f  b o t h  

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

showed t h e  same l e v e l s  o f  two n o n - m u t a g e n i c  m e t h y l  a d d u c t s ,
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7 - r a e t h y l g u a n i n e  and 3 - m e t h y l a d e n i n e , b u t  t h e r e  was

6c o n s i d e r a b l y  l e s s  0 - m e t h y l g u a n i n e  i n  t h e  DNA o f  t h e  

i n d u c e d  o r g a n i s m s .  I n  a d d i t i o n ,  i t  was shown t h a t  m u t a n t s

d e f e c t i v e  i n  t h e  a d a p t i v e  r e s p o n s e  ( a d a ) d i d  n o t  remove
£

0 - m e t h y l g u a n i n e  f rom DNA. O l s s o n  and L i n d a h l  ( 1 9 8 0 )

i s o l a t e d  a p r o t e i n  f rom an E_. c o l i  s t r a i n  t h a t

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

i t  t o  be a m e t h y l  t r a n s f e r a s e  whose s u b s t r a t e  i s  a m e t h y l

g r o u p  on t h e  0 p o s i t i o n  o f  g u a n i n e .  T h e s e  m e t h y l  g r o u p s

a r e  c o v a l e n t l y  boundXt o  c y s t e i n e  g r o u p s  o f  p r o t e i n s  a s

S - m e t h y l  c y s t e i n e  ( F o o t e  £ t  a l . , 1 9 8 0 ) .  I t  i s  n o t  known

w h e t h e r  t h e  m e t h y l  t r a n s f e r a s e  i s  a l s o  t h e  m e t h y l  a c c e p t o r ,

b u t  t h e  f a c t  t h a t  t h e  a d a p t i v e  r e s p o n s e  h a s  a l i m i t e d
6c a p a c i t y  f o r  t h e  r e m o v a l  o f  t h e  0 - m e t h y l  g r o u p s ,  w i t h  o n l y  

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

c o n s i s t e n t  w i t h  t h e  f a c t  t h a t  t h e  i n d u c e d  d e m e t h y l a t i n g  

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

r e s i d u e  and t h e n  l o s e s  a c t i v i t y  ( F r i e d b e r g  e_t a_l. , 1 9 8 1 ) .

I I .  IONIZING RADIATION AND DNA

X - r a y  p h o t o n s  a r e  much more e n e r g e t i c  t h a n  u l t r a v i o l e t  

p h o t o n s  and much l e s s  s e l e c t i v e  i n  t h e i r  e f f e c t s .  The 

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

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

p r o p o r t i o n  o f  X - r a y  e n e r g y  a b s o r b e d  by any c o n s t i t u e n t  o f  a 

m i x t u r e  i s  p r o p o r t i o n a l  t o  t h e  mass  r a t i o  o f  t h a t
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c o n s t i t u e n t  ( K l o t s ,  1 9 6 8 ) .  I n  t h e  l i v i n g  c e l l ,  w he r e  w a t e r  

c o n s t i t u t e s  a p p r o x i m a t e l y  75 p e r c e n t  o f  t h e  c e l l u l a r  m a s s ,  

w a t e r  would  a b s o r b  a b o u t  75 p e r c e n t  o f  t h e  t o t a l  X - r a y  

e n e r g y  a b s o r b e d  w h i l e  DNA would r e c e i v e  l e s s  t h a n  one 

p e r c e n t .  S i n c e  t h e  number  o f  s p e c i e s  p r o d u c e d  by t h e  

r a d i o l y s i s  o f  c e l l u l a r  w a t e r  and i t s  o r g a n i c  s o l u t e s  a r e  

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

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

DNA damage .  Where t h e  G v a l u e  i s  t h e  number  o f  m o l e c u l e s  

o f  p r o d u c t  fo rmed  f o r  e a c h  100 eV o f  e n e r g y  a b s o r b e d ,  t h e  

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

p r o d u c t  G v a l u e

OH 2 . 7

H 0 . 5 5

e " ( a q )  2 . 7

H30+ 2 . 7

H 0 . 4 5

H20 2 0 . 7

( H u t t e r m a n  e_t a l . , 1 9 7 8 ) .

The v a l u e s  l i s t e d  a b o ve  a r e  f o r  n e u t r a l  w a t e r .  I n  

g e n e r a l ,  t h e s e  v a l u e s  d ep end  on t h e  pH b e c a u s e  o f  s e c o n d a r y  

p r o c e s s e s  i n v o l v i n g  Hg0~*" and OH i o n s .  For  e x a m p l e ,  t h e  

p r e s e n c e  o f  a c i d s  c o n v e r t s  a q u e o u s  e l e c t r o n s ,  e ( a q ) ,  t o  

h y d r o g e n  a t o ms  ( e  - ( a q )  + Ĥ 0"*" H + H2 O),  and a l k a l i n e  

c o n d i t i o n s  l e a d  t o  t h e  o p p o s i t e  s i t u a t i o n ,
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( H + OH -*► e ( a q )  + H^O).

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

( s u p e r o x i d e  r a d i c a l )  and t h e  p e r h y d r o x y  r a d i c a l  a n i o n  a r e  

f o r m e d :  H + 02  HO2 ( p e r h y d r o x y  r a d i c a l ) ,  and

e ” ( a q )  + O2 ( s u p e r o x i d e  r a d i c a l  a n i o n ) .  S i n g l e t

oxygen  i s  a l s o  p r o d u c e d  a t  a low y i e l d  ( S i n g h ,  1 9 7 8 ) .

A l s o ,  O2 " f i x e s "  o r g a n i c  r a d i c a l s  fo rmed  by r e m o v i n g  t h e  

s p e c i e s  n e c e s s a r y  f o r  t h e i r  r e g e n e r a t i o n .  T h i s  " f i x i n g "  

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

R'R + 0 9 R 1 RC>2 ‘and  t h e  s c a v e n g i n g  o f  e ( a q )  by 

e ( a q ) . +  O2 —»  O2 • The o r g a n i c  p e r o x y  r a d i c a l  fo rmed  may 

r e s u l t  i n  an o r g a n i c  h y d r o p e r o x i d e  (ROOH). The b i o l o g i c a l  

c o n s e q u e n c e  o f  t h e  p r e s e n c e  o f  o xygen  i s  a t h r e e  t i m e s  

g r e a t e r  r a t e  o f  r a d i a t i o n - i n d u c e d  i n a c t i v a t i o n  o f  c e l l  

p r o l i f e r a t i o n  t h e n  when i r r a d i a t i o n  i s  a n o x i c  ( von  

S o n n t a g , 1 9 8 1 ) .

A. R e a c t i o n s  o f  r e a c t i v e  s p e c i e s  g e n e r a t e d  by t h e  

X - i r r a d i a t i o n  o f  DNA i n  a q u e o u s  s o l u t i o n

B e c a u s e  o f  t h e  c o m p l e x i t y  o f  DNA and t h e  d i f f i c u l t y  o f  

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

s t u d i e s  o f  t h e  r a d i o l y s i s  o f  DNA w er e  done on model  

compounds ,  e g . f r e e  s u g a r s ,  f r e e  b a s e s ,  n u c l e o s i d e s  and 

n u c l e o t i d e s .  In  g e n e r a l  OH*, 0* and H* r e a c t  w i t h  

o r g a n i c  s o l u t e s  by a d d i t i o n  t o  an u n s a t u r a t e d  c e n t e r  o r  by 

a h y d r o g e n  a b s t r a c t i o n  r e a c t i o n .  The a q u e o u s  e l e c t r o n  a c t s
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a s  a s t r o n g  n u c l e o p h i l e  and w i l l  add t o  o r g a n i c  m o l e c u l e s  

g e n e r a t i n g  an a n i o n  r a d i c a l  which  can  be p r o t o n a t e d  

( S c h o l e s ,  1 9 7 8 ) .  The s u p e r o x i d e  r a d i c a l  a n i o n  i s ,  h o w ev er ,  

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

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

h y d r o g e n a t i o n  o f  p e r o x y  r a d i c a l s  ( B o r s  e t  a l ^ , 1 9 7 4 ) .

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

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

compounds .  I t  a l s o  r e a c t s  w i t h  q u i n o n e s  t o  p r o d u c e  

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

damaging  r e a c t i o n s .  S u p e r o x i d e  r a d i c a l s  a l s o  r e g e n e r a t e  t h e  

f e r r o u s  i o n ,  l e a d i n g  t o  an i n c r e a s e  i n  h y d r o x y l  r a d i c a l s  by
J  L. [ | I

t h e  F e n t o n  r e a c t i o n  ( Fe  + -a* Fe + *0H + 0H-)

( P r y o r ,  1978;  Bor s  e t  a l . ,  1 9 7 9 ) .  I t  s h o u l d  be n o t e d  t h a t  

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

x a n t h i n e  o x i d a s e  c a u s e s  DNA b a s e  damage ,  and t h a t  H2 O2 a l s o  

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

t h e  r e a c t i o n  was i n h i b i t e d  by c a t a l a s e  ( F e l d b e r g  and Carew,

1 9 8 1 ) .  A l s o ,  r e c e n t  e v i d e n c e  i n d i c a t e s  t h a t  H2O2 c a u s e s  

b a s e  damages  i n  DNA t h a t  a r e  r e c o g n i z e d  by e n d o n u c l e a s e  I I I  

( L i n n  e t  a l . ,  1 9 8 2 ) .

B. F i n a l  p r o d u c t s  o f  r a d i o l y s i s  o f  DNA

1. S t r a n d  b r e a k s

Upon i r r a d i a t i o n  o f  DNA i n  a q u e o u s  s o l u t i o n ,  t h e



f r e q u e n c y  o f  s i n g l e - s t r a n d  b r e a k s  i n c r e a s e s  l i n e a r l y  w i t h  

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

s q u a r e  o f  t h e  d o s e .  Hagen showed t h a t  i_n v i t r o , 

d o u b l e - s t r a n d  b r e a k s  a r e  fo rmed  by t h e  c o i n c i d e n c e  o f  two 

s i n g l e - s t r a n d  b r e a k s .  The maximum d i s t a n c e  b e t w e e n  t h e  

s t r a n d  b r e a k s  t h a t  w i l l  a l l o w  t h e  d o u b l e - s t r a n d e d  m o l e c u l e  

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

medium ( H a g en ,  1 9 6 7 ) ,  s u c h  t h a t  t h e  number  o f  d o u b l e - s t r a n d  

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

s t r e n g t h  o f  t h e  s o l u t i o n  ( F r e i f e l d e r  and Tr umbo , 1 9 6 9 ) .  In  

v i v o , h o w e v e r ,  d o u b l e - s t r a n d  b r e a k s  a r i s e  l i n e a r l y  w i t h  

d o s e ,  i n d i c a t i n g  t h a t  d o u b l e - s t r a n d  b r e a k s  o r i g i n a t e  f rom a 

s i n g l e  e v e n t  (Bohne  £ t  a l ^ ,  1 9 7 0 ) .

When a s s a y i n g  f o r  t h e  p r e s e n c e  o f  s i n g l e - s t r a n d  b r e a k s ,  

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

T h i s  s e p a r a t i o n  i s  u s u a l l y  done by means o f  a l k a l i  

d e n a t u r a t i o n . However ,  t h i s  m e a s u r e m e n t  i n c l u d e s  damages  

t h a t  a r e  l a b i l e  i n  a l k a l i ,  damages  t h a t  a r e  p r o d u c e d  a t  

a b o u t  one f o r  e v e r y  two s i n g l e - s t r a n d  b r e a k s  r e s u l t i n g  f rom 

t h e  X - i r r a d i a t i o n  o f  DNA i n  a q u e o u s  a e r a t e d  s o l u t i o n  (Achey 

e t  a l . ,  1971;  Bopp and Hagen ,  1 9 7 0 ) .  A n a l y s i s  o f  t h e  e n d s  

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

DNA r e v e a l s  t h a t  t h e  s t r a n d  b r e a k s  a r e  l a r g e l y  t h e  r e s u l t  

o f  t h e  h y d r o l y s i s  o f  t h e  C-3* p h o s p h o d i e s t e r  bon d .  I t  h a s  

b een  c o n c l u d e d  t h a t  r a d i a t i o n - i n d u c e d  s t r a n d  b r e a k s  r e s u l t  

f rom damage t o  t h e  d e o x y r i b o s e  m o i e t y ,  c a u s i n g  t h e  c l e a v a g e  

o f  t h e  C3'  p h o s p h o d i e s t e r  bond ( von  S o n n t a g  e t  a l . ,  1 9 8 1 ) .
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I n  v i t r o , DNA damage o c c u r s  m a i n l y  t h r o u g h  t h e  a c t i o n  

o f  h y d r o x y l  r a d i c a l s .  Whi l e  80 p e r c e n t  o f  h y d r o x y l  

r a d i c a l s  r e a c t  w i t h  b a s e s ,  a p p r o x i m a t e l y  20 p e r c e n t  

a b s t r a c t  h y d r o g e n  a t o ms  f rom s u g a r s  ( S c h o l e s  e_t a_l. , 1 9 6 9 ) .  

Wi th  t h e  a b s t r a c t i o n  o f  h y d r o g e n  f rom t h e  2 - d e o x y r i b o s e  

r e s i d u e s ,  a t  l e a s t  f i v e  d i f f e r e n t  s u g a r  r a d i c a l s  may be 

f ormed  ( t h a t  i s  h y d r o g e n s  may be a b s t r a c t e d  f rom any  o f  t h e  

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

n o n - s e l e c t i v e  (Schuchmann and von S o n n t a g ,  1 9 7 7 ) .  I f  t h e  

r a d i c a l  o c c u r s  a t  C - 4 ' ,  t h a t  i s  b e t a  t o  b o t h  t h e  p h o s p h o r y l  

g r o u p s  a t  C - 3 '  and C - 5 ' , p h o s p h a t e  w i l l  be e l i m i n a t e d  

( B e h r e n s  ejt a l . ,  1 9 7 8 ) .  T h r e e  s u g a r s  i s o l a t e d  f rom 

a n o x i c a l l y - i r r a d i a t e d  DNA w h e t h e r  t h e y  a r e  i n  t h e  f r e e  form 

o r  s t i l l  bound t o  DNA, show a r e d u c t i o n  a t  t h e  C - 4 ' 

p o s i t i o n ,  and t h e  C - 4 ' y l  r a d i c a l  i s  p r o b a b l y  t h e i r  

p r e c u r s o r .  I n  t h e  p r e s e n c e  o f  o x y g e n ,  some o f  t h e s e  

p r o d u c t s  a r e  s u p p r e s s e d ,  and a t  l e a s t  one new s u g a r  damage 

i s  f o r m e d .  I n  v i t r o , oxygen  c a u s e s  a d o u b l i n g  o f  t h e  

number  o f  s t r a n d  b r e a k s ,  ( d o u b l e -  and s i n g l e - s t r a n d  b r e a k s ,  

i e . , t h e  oxygen  e n h a n c e m e n t  r a t i o  (OER) i s  2 ) ,  w h i l e  i n  

v i v o . d o u b l e - s t r a n d  b r e a k s  have  an OER o f  4 . 9  and 

s i n g l e - s t r a n d  b r e a k s  h ave  an OER o f  3 . 6  ( L e n a r t z  e_t a l .  , 

1 9 7 5 ) .

I n  g e n e r a l  two t y p e s  o f  f r a n k  s t r a n d  b r e a k s  a r e  f o r m e d :

1.  s t r a n d  b r e a k s  w i t h  a p h o s p h a t e  end g r o u p  on b o t h
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t h e  3 '  and  5* t e r m i n i  w i t h  a s m a l l  gap i n  

b e t w e e n  t h e m,  and

2.  t h o s e  w i t h  an a l t e r e d  s u g a r  a t  t h e  3 '  end 

w i t h  a 5* p h o s p h a t e  end g r o u p

( von  S o n n t a g  e t  a l_ . ,  1 9 8 1 ) .

T h i s  i s  i n  a c c o r d  w i t h  t h e  o b s e r v a t i o n  t h a t  a 

r a d i a t i o n - i n d u c e d  s t r a n d  b r e a k  i s  n o t  a s u b s t r a t e  f o r  DNA 

p o l y m e r a s e  I ( L a n d b e c k  and Hagen,  1 9 7 3 ) .  I t  i s  i n t e r e s t i n g  

t o  n o t e  t h a t  3 0 - 4 0  p e r c e n t  o f  r a d i a t i o n - i n d u c e d  

s t r a n d - b r e a k s  a r e  a m e n a b l e  t o  l i g a t i o n  by DNA l i g a s e  

( J a c o b s  £ t  al . .  , 1 9 7 2 ) .  The i m p l i c a t i o n  o f  t h i s  f i n d i n g  i s  

t h a t  t h e  s t r a n d  b r e a k s  o f  t y p e  2 a r e  l i g a t a b l e  t h e r e f o r e  

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

2.  A l k a l i - l a b i l e  l e s i o n s

A l k a l i - l a b i l e  l e s i o n s  a r e  t h e  r e s u l t  o f  s u g a r  damage 

a n d / o r  b a s e  r e l e a s e .  T h e s e  s i t e s  a r e  e x p e c t e d  t o  have  f r e e  

OH g r o u p s  a t  p o s i t i o n s  C - l ' ,  C - 2 ' o r  C - 4 ' ,  a s  do AP s i t e s  

( C - 4 ' )  o r  RNA ( C - 2 f ) (Brown e t  a l . , 1 9 5 3 ) .  Two d i f f e r e n t  

a l k a l i - l a b i l e  s i t e s  h ave  been  c h a r a c t e r i z e d  i n  

g a m m a - i r r a d i a t e d  DNA. One i s  a l a c t o n e  w h i c h  i s  a r e s u l t  

o f  b a s e  r e l e a s e  and c o n v e r t s  t o  an a c i d  i n  an a l k a l i n e  

e n v i r o n m e n t ,  and t h e  s e c o n d  r e s u l t s  f rom t h e  l o s s  o f  c a r b o n  

C - l 1 ( D i z d a r o g l u  e £  a l . ,  1 9 7 7 ) .  T h e s e  a l k a l i - l a b i l e  s i t e s  

may a l s o  be fo rmed  by d e p u r i n a t i o n  o r  d e p y r i m i d i n a t i o n  

f o l l o w i n g  b a s e  damage (Lehmann,  1 9 7 8 ) .



3.  Damage t o  b a s e s

I n  e a r l y  s t u d i e s  w i t h  t h e  d o u b l e - s t r a n d e d  r e p l i c a t i v e  

form o f  phage  X174,  wh er e  i r r a d i a t e d  DNA w i t h o u t  s t r a n d  

b r e a k s  can  be s e p a r a t e d  and compar ed  w i t h  r e s p e c t  t o  

b i o l o g i c a l  a c t i v i t y  t o  m o l e c u l e s  w i t h  s t r a n d  b r e a k s ,  i t  was 

d e t e r m i n e d  t h a t  85 p e r c e n t  o f  t h e  r a d i a t i o n  i n d u c e d  

b i o l o g i c a l  i n a c t i v a t i o n  was due t o  b a s e  damage ( T a y l o r  and 

G i n o z a ,  1 9 6 7 ) .  F u r t h e r  s t u d i e s  w i t h  PM2 b a c t e r i o p h a g e  DNA 

showed t h a t  w h i l e  o n l y  2 p e r c e n t  o f  s t r a n d  b r e a k s  were  

l e t h a l ,  87 p e r c e n t  o f  l e t h a l  e v e n t s  were  due t o  b a s e  

damages  (Van Der S c h a n s  e_t a_l. , 1 9 7 3 ) .

Of t h e  e n e r g e t i c  s p e c i e s  fo rmed  by t h e  r a d i o l y s i s  o f  

w a t e r  -  ^ H , . e “ ( a q )  and ‘ OH - a l l  t h r e e  w i l l  c ombine  w i t h  t h e  

h e t e r o c y c l i c  b a s e s  o f  DNA. I n  o r d e r  t o  d e t e r m i n e  t h e  

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

X - i r r a d i a t i o n  o f  n a t i v e  DNA, t h e  a l t e r e d  b a s e s  mus t  be 

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

fo rmed  by U V - i r r a d i a t i o n  was e a s i l y  a c c o m p l i s h e d  b e c a u s e  

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

h y d r o l y s i s  n e c e s s a r y  t o  r e l e a s e  them f rom DNA. However ,  

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

c o n d i t i o n s .  I n  o r d e r  t o  a s c e r t a i n  what  t h e s e  p r o d u c t s  a r e ,  

i r r a d i a t i o n  o f  mode l  compounds  was p e r f o r m e d .  S t u d i e s  o f  

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

c o n d i t i o n s  have  b e e n  u n d e r t a k e n .  The se  s t u d i e s  s h o w ' t h a t
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t h e  mos t  r a d i o s e n s i t i v e  o f  t h e  b a s e s  i s  t h y m i n e ,  f o l l o w e d  

by c y t o s i n e ,  a d e n i n e  and g u a n i n e  (Myers  e t  a l . ,  1965a ;

Myers  e t  a l . ,  1 9 6 5 b ) .  The e x t e n t  o f  b a s e  d e g r a d a t i o n  i s  

h i g h e s t  i n  t h e  f r e e  b a s e ,  l e s s  i n  t h e  n u c l e o s i d e ,  and even  

l e s s  i n  t h e  n u c l e o t i d e  ( T e o u l e  and C a d e t ,  1 9 7 8 ) .

In  t h i s  s e c t i o n  t h e  i n d i v i d u a l  b a s e  m o i e t i e s  w i l l  be 

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

t h e i r  r a d i o l y s i s ,  t h e i r  mechani sm o f  f o r m a t i o n  and t h e i r  

u l t i m a t e  p r o d u c t s  ( w h i c h  may d i f f e r  f rom t h e  i n i t i a l  

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

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

t h y m i n e

When t h y m i n e  i s  i r r a d i a t e d  i n  a q u e o u s  o x y g e n a t e d  

s o l u t i o n ,  30 d i f f e r e n t  p r o d u c t s  a r e  f ormed t h a t  can  be 

s e p a r a t e d  by t w o - d i m e n s i o n a l  t h i n - l a y e r  c h r o m a t o g r a p h y  

( T e o u l e  and C a d e t ,  1 9 7 1 ) .  The m a j o r  s i t e  o f  a t t a c k  i n  t h i s  

m o i e t y  i s  t h e  s i t e  o f  u n s a t u r a t i o n ,  t h e  5 , 6  d o u b l e  bond .

A l l  o f  t h e  p r i m a r y  s p e c i e s  o f  t h e  r a d i o l y s i s  o f  w a t e r  r e a c t  

w i t h  t h i s  b a s e .  The r e a c t i o n  r a t e s  o f  t h e  p r i m a r y  s p e c i e s  

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

i n  t h e  o r d e r ;  e ( a q ) >  °0H> • H. I n  t h e  n u c l e o t i d e s ,  

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

l o w e r s  t h e  r e a c t i o n  r a t e  o f  e “ ( a q )  t o  l e s s  t h a n  t h a t  o f  

OH.
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i .  r e a c t i o n  w i t h  t h e  h y d r o x y l  r a d i c a l

The C5-C6 bond i s  t h e  m a j o r  s i t e  o f  a t t a c k  by t h e  

h y d r o x y l  r a d i c a l ,  and  t h e  i n i t i a l  (OH) a d d u c t s  s h o u l d  have  

t h i s  g r o u p  on C5 o r  C6 w i t h  u n p a i r e d  s p i n  on t h e  r e m a i n i n g  

c a r b o n .

i i .  r e a c t i o n  w i t h  h y d r o g e n  a toms

The y i e l d  o f  t h e s e  a t oms  i n  t h e  r a d i o l y s i s  o f  w a t e r  

a c c o u n t s  f o r  o n l y  a b o u t  10 p e r c e n t  o f  t h e  e n e r g e t i c  s p e c i e s  

p r o d u c e d  (G o f  H = 0 , 5 5 )  and t h e  p r o d u c t s  f ormed by 

r e a c t i o n  w i t h  i t  a r e  r e l a t i v e l y  m i n o r .  I n  a c i d  s o l u t i o n s ,  

h o w e v e r ,  wher e  t h e r e  i s  a c o n v e r s i o n  o f  e ( a q )  t o  *H, t h e r e  

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

p r o d u c t  i s  t h e  5 - y l  r a d i c a l  (Holmes  e t  a_l. » 1 9 6 7 ) .

i i i .  r e a c t i o n  w i t h  t h e  a q u e o u s  e l e c t r o n

The e f f e c t s  o f  t h i s  s p e c i e s  can  b e s t  be o b s e r v e d  i n  

d e a e r a t e d  s o l u t i o n s  c o n t a i n i n g  an e x c e s s  o f  a l c o h o l  whi ch  

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

( S c h o l e s , 1 9 6 8 ) .  The e f f i c i e n c y  o f  i n a c t i v a t i o n  o f  er ( a q )  

on b a c t e r i o p h a g e  i s  s m a l l ,  a b o u t  8 p e r c e n t  (Van R i j n  and 

L a f l e u r ,  1 9 7 6 ) .  The h y d r a t e d  e l e c t r o n  i s  a n u c l e o p h i l e  

wh ich  a d d s  t o  o r g a n i c  m o l e c u l e s  t o  p r o d u c e  r a d i c a l  a n i o n s  

wh ich  s u b s e q u e n t l y  p r o t o n a t e  ( S c h o l e s ,  1 9 7 8 ) .  I t  i s



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

me ch an i sm,  and i t  i s  s u g g e s t e d  t h a t  t h e  a q u e o u s  e l e c t r o n  

a t t a c k s  t h e  c a r b o n y l  f u n c t i o n  on C4.  R e c e n t  i j i  v i v o  

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

wh ich  a r e  n o t  known,  r a r e l y  r e s u l t  i n  b i o l o g i c a l  

i n a c t i v a t i o n  o f  b a c t e r i o p h a g e  DNA (Nabben ejt al^. , 1 9 8 2 ) .

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

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

a r e  t h e  c i s  and t r a n s  i s o m e r s  o f  5 , 6  d i h y d r o x y - 5 , 6  

d i h y d r o t h y m i n e  and 5 - h y d r o x y m e t h y 1 u r a c i l  ( E k e r t s ,  1 9 6 2 ) .  

T he se  p r o d u c t s  p r e d o m i n a t e  w h e t h e r  i r r a d i a t i o n  t a k e s  p l a c e  

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

r e s u l t  f rom e l e c t r o n  t r a n s f e r  b e t w e e n  two h y d r o p y r i m i d i n y 1 

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

l e a d s  t o  d i h y d r o t h y m i n e ,  w h i l e  s o l v o l y s i s  l e a d s  t o  t h e  

v a r i o u s  t h y m i n e  h y d r a t e s .  S o l v o l y s i s  o f  t h e  p o s i t i v e  i o n  

d e r i v e d  f rom 5 ( 6 ) - h y d r o x y - 5 , 6 - d i h y d r o t h y m i n y 1 - 5  o r  - 6  

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

5 , 6 - d i h y d r o x y - 5 , 6 - d i h y d r o t h y m i n e  ( t h y m i n e  g l y c o l ) .  I n  t h e  

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

m e n t i o n e d  e a r l i e r  and

5 ( 6 ) h y d r o p e r o x y - 6 ( 5 ) h y d r o x y - 5 , 6 - d i h y d r o t h y m i n e  i s o m e r s  a r e  

t h u s  g e n e r a t e d  ( C a d e t  and T e o u l e ,  1 9 7 1 ) .  The r e l a t i v e  

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

( C a d e t  and T e o u l e ,  1 9 7 4 ) .
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c .  f i n a l  p r o d u c t s  o f  t h y m i n e  r a d i o l y s i s

Th e rm al  d e c o m p o s i t i o n  o f  h y d r o p e r o x i d e s  g e n e r a t e s  more 

s t a b l e  compounds  by t h r e e  main r o u t e s :

1.  t h e  h y d r o l y t i c  d e g r a d a t i o n  o f  t h y m i n e  

d i h y d r o x y - h y d r o p e r o x i d e s  y i e l d s  c i s  and 

t r a n s  5 , 6  d i h y d r o x y - 5 , 6  d i h y d r o t h y m i n e ,  

t h e  m a j o r  r e l a t i v e l y  s t a b l e  r a d i o l y s i s  

p r o d u c t  o f  t h y m i n e  p r o d u c e d  by gamma 

- i r r a d i a t i o n  i n  s o l u t i o n

2.  t h e  l o s s  o f  w a t e r  by t h e  d e g r a d a t i o n  o f  t h e  

c i s  o r  t r a n s  i s o m e r s  o f  6 ( 5 ) - h y r o p e r o x y - 5 ( 6 )

- h y d r o x y - 5 , 6 - d i h y d r o t h y m i n e  i s  a m a j o r  p r o c e s s  

( 1 5 - 2 0  p e r c e n t )  g e n e r a t i n g  5 - h y d r o x y

-=•5 m e t h y l b a r b i t u r i c  a c i d ;  and

3 .  t h e  h y d r o l y t i c  o p e n i n g  of. t h e  5 , 6  bond o f  

t h y m i n e  h y d r o x y h y d r o p e r o x i d e s  p r o d u c e s  N’ - f o r m y l  

- N 2 - p y r u v y l u r e a  o r  i t s  c y c l i c  h y d a n t o i n  form

( T e o u l e  and C a d e t ,  1971 ,  1 9 7 8 ) .  

The f o r m a t i o n  o f  o t h e r  5 , 6  h y d r o x y t h y m i n e  compounds  r e s u l t s  

f rom t h e  h y d r o l y s i s  o f  t h e i r  c o r r e s p o n d i n g  h y d r o p e r o x i d e s .  

The s t u d y  o f  t h e  t h y m i n e  compounds  fo rmed  i n  X - i r r a d i a t e d  

DNA showed t h a t  a v a r i e t y  o f  b a s e  damages  r e s u l t e d .  Some 

o f  t h e  m o d i f i e d  b a s e s  r e m a i n  bound t o  DNA w h i l e  o t h e r s  a r e  

e l i m i n a t e d .  The h y d r o x y h y d r o p e r o x y  d e r i v a t i v e s  have  been  

shown t o  be a t t a c h e d  t o  DNA. D e t e r m i n a t i o n  o f  t h e  e x t e n t  

o f  t h e  p r e s e n c e  o f  p e r o x i d e s ,  d i o l s  and " h y d r a t e s "  can  be



a c c o m p l i s h e d  by t h e  " r e d u c t i v e "  a s s a y  u s i n g  sod ium 

b o r o h y d r i d e .  T h i s  r e d u c i n g  a g e n t  w i l l  n o t  r e a c t  w i t h  

undamaged DNA b u t  w i l l  r e a c t  w i t h  t h e  r a d i o l y s i s  p r o d u c t s  

m e n t i o n e d  a b o ve  t o  r e l e a s e  s m a l l  c a r b o n  compounds  f rom 

t h e s e  m o d i f i e d  r e s i d u e s  ( H a r i h a r a n  and C e r u t t i ,  1 9 7 2 ) .  An 

a s s a y  f o r  t h e  5 , 6 - d i h y d r o x y - 5 ,6  d i h y d r o t h y m i n e - t y p e  l e s i o n  

i n  g a m m a - i r r a d i a t e d  DNA h a s  been  d e v e l o p e d .  T h i s  a s s a y  

p r o c e d u r e  r e l i e s  on t h e  f a c t  t h a t  a c e t o l  i s  fo rmed  by t h e  

a l k a l i n e  h y d r o l y s i s  o f  t h y m i n e  g l y c o l s  and r e l a t e d  

c ompounds .  A p a r t i a l  c h a r a c t e r i z a t i o n  o f  t h e  m o d i f i c a t i o n s  

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

a e r a t e d  a q u e o u s  s o l u t i o n  was o b t a i n e d  by C a d e t  e t  a l . ,  

( 1 9 7 8 ) ,  wh er e  i t  was shown t h a t  v a r i o u s  low m o l e c u l a r  

w e i g h t  compounds  i n c l u d i n g  f o r m a m i d e ,  u r e a  and 

N - s u b s t i t u t e d  . u rea  compounds  r e m a i n  bound t o  DNA f o l l o w i n g  

r a d i o l y s i s .

d .  c y t o s i n e

Compared t o  t h y m i n e ,  much l e s s  i s  known a b o u t  t h e  

r a d i o c h e m i s t r y  o f  c y t o s i n e  r e s i d u e s .  At n e u t r a l ,  pH b o t h  

t h e  a q u e o u s  e l e c t r o n  and t h e  h y d r o x y l  r a d i c a l  r e a c t  w i t h  

c y t o s i n e  t o  y i e l d  t h e  h y d r o p y r i m i d y 1 r a d i c a l  and t h e  

h y d r o x y p y r i m i d y l  r a d i c a l  ( . c y t H  and . c y t O H ) .  S e c o n d a r y  

r e a c t i o n s  l e a d  t o :

1.  r e g e n e r a t i o n  o f  c y t o s i n e ;  and

2.  d i h y d r o c y t o s i n e  d e r i v a t i v e s  whi ch  d e a m i n a t e  t o
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form u r a c i l  ( a n d  ammonia)  and 5 , 6  d i h y d r o  

- u r a c i l .

I n  t h e  p r e s e n c e  o f  o x y g e n ,  c y t o s i n e  h y d r o p e r o x i d e s  

s h o u l d  be f o r m e d ,  b u t  t h e s e  a r e  u n s t a b l e  and h a r d  t o  

i s o l a t e  ( S c h o l e s ,  1 9 7 8 ) .  The p r e s e n c e  o f  t h e s e  d e g r a d a t i o n  

p r o d u c t s  i n  DNA h a s  n o t  b een  d e t e r m i n e d .

e .  t h e  p u r i n e s

The m a j o r  compound p r o d u c e d  by t h e  i r r a d i a t i o n  o f  

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

c o n d i t i o n s  i s  8 - h y d r o x y a d e n i n e  (Van Hemmen and B l e i c h r o d t ,  

1 9 7 1 ) .  T h i s  i m p l i e s  t h a t  t h e  p r i m a r y  e v e n t  i s  t h e  a t t a c k  

on t h e  N7-C8 d o u b l e  bond by an h y d r o x y l  r a d i c a l .  O t h e r  

p r o d u c t s  a r e  4 , 6 - d i a m i n o - 5 - f o r m a m i d o - p y r i m i d i n e  ( F a P y ) ,  

wh ic h  d oe s  n o t  r e q u i r e  a q u e o u s  e l e c t r o n s  f o r  i t s  f o r m a t i o n ,  

and 6 - a m i n o - 8 - h y d r o x y - 7 , 8 - d i h y d r o p u r i n e  wh i ch  d o e s  r e q u i r e  

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

(Van Hemmen and B l e i c h r o d t ,  1971)

No r e s u l t s  a r e  a v a i l a b l e  f o r  g u a n i n e  a s  a f r e e  b a s e ,  

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

n u c l e o t i d e s  h a s  b een  f o un d  by S c h o l e s  and Wei ss  ( 1 9 5 2 ) .

T h i s  i m i d a z o l e  r i n g  o p e n i n g  o c c c u r s  v i a  an h y d r o x y l  r a d i c a l  

a d d u c t  f o r m i n g  a t  t h e  N7-C8 d o u b l e  bond and s h o u l d  r e s u l t  

i n  t h e  f o r m a t i o n  o f  a 4 - a m i n o - 5 - f o r m a m i d o p y r i m i d i n e  

d e o x y r i b o s e  m o i e t y .



4 .  R a d i a t i o n - i n d u c e d  c r o s s l i n k s

Two k i n d s  o f  i o n i z i n g  r a d i a t i o n - i n d u c e d  c r o s s l i n k s  have  

been  n o t e d —  DNA-DNA c r o s s l i n k s  and D N A - p r o t e i n  c r o s s l i n k s .  

The c h e m i c a l  n a t u r e  o f  t h e s e  l e s i o n s  a r e  s t i l l  l a r g e l y  

unknown,  and t h e  b i o l o g i c a l  r e l e v e n c e  o f  t h e s e  l e s i o n s  

r e m a i n s  t o  be d e t e r m i n e .  A g a i n ,  s t u d i e s  have  had t o  r e s o r t  

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

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

o f  DNA a r e  i r r a d i a t e d  a t  h i g h  d o s e s  DNA-DNA c r o s s l i n k i n g  i s  

o b s e r v e d  and i n s o l u b l e  g e l s  a r e  f o r m e d .  DNA-DNA o r

D N A - p r o t e i n  c r o s s l i n k s  a r e  a l s o  fo rmed  i n  phag e  T1

i r r a d i a t e d  a t  150 k i l o r a d  ( C o q u e r e l l e  and Hagen ,  1 9 7 8 ) .  

S t u d i e s  on c h r o m a t i n  i r r a d i a t e d  i n  v i t r o  o r  ij} v i v o  showed 

t h a t  t h e  h y d r o x y l  r a d i c a l  p l a y s  a m a j o r  r o l e  i n  t h e  

f o r m a t i o n  o f  D N A - p r o t e i n  c r o s s l i n k s  (Mee and A d e l s t e i n ,  

1 9 7 9 ) .  C o q u e r e l l  and Hagen showed a l m o s t  t w i c e  a s  many 

DNA-DNA c r o s s l i n k s  a s  D N A - p r o t e i n  c r o s s l i n k s ,  w h i l e  

Yamamoto n o t e d  a c o n s i d e r a b l y  h i g h e r  r a t e  o f  c r o s s l i n k i n g  

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

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

n u c l e i c  a c i d s  was p a r t i c u l a r l y  h i g h  (Yamamoto,  1 9 7 5 ) .  I t  

h a s  a l s o  b een  p o s t u l a t e d  t h a t  DNA-DNA c r o s s l i n k s  r e s u l t  

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

o f  t h e  r a d i o l y s i s  o f  t h e  s u g a r  p a r t s  o f  DNA and t h e  b a s e  

amino g r o u p s  ( R a e v a ,  1 9 8 1 ) .



I I I .  REPAIR OF IONIZING RADIATION DAMAGE TO DNA

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

DNA by i o n i z i n g  r a d i a t i o n ,  p a r t i c u l a r l y  b a s e  and s u g a r  

d a ma ge s ,  h a s  l a r g e l y  b een  d e t e r m i n e d  by s t u d i e s  u s i n g  model  

compounds  o r  by i r r a d i a t i n g  DNA a t  e x t r e m e l y  h i g h  d o s e s  

( T e o u l e  and C a d e t ,  1 9 7 8 ) .  In  t h e  c a s e  o f  b a s e  o r  s u g a r  

damage,  k no wl ed ge  o f  t h e  p o s s i b l e  s t r u c t u r e s  o f  t h e s e  

l e s i o n s  h a s  been  o b t a i n e d ,  b u t  t h e  a c t u a l  o c c u r e n c e  of  

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

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

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

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

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

b r e a k s  ( von  S o n n t a g  e_t a_l. , 1 9 7 8 ) .  The a n a l y s i s  o f  t h e  

r e m a i n i n g  r a d i a t i o n - a l t e r e d  b a s e s  i n  DNA i s  c o m p l i c a t e d  by 

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

m e a n i n g f u l  c o n d i t i o n s  o f  i r r a d i a t i o n .  M e a s u r e m e n t s  o f  

t h e i r  p r e s e n c e  and r e m o v a l  depend  on i n d i r e c t  m e t h o d s  or  

upon t h e  a n a l y s i s  o f  t h o s e  p r o d u c t s  wh i ch  a r e  r e l a t i v e l y  

s t a b l e .  I n c l u d e d  i n  t h e  i o n i z i n g  r a d i a t i o n  damages  t o  be 

d i s c u s s e d  a r e  f r a n k  s t r a n d  b r e a k s ,  b o t h  d o u b l e -  s t r a n d  and 

s i n g l e - s t r a n d  b r e a k s ,  a l k a l i - l a b i l e  l e s i o n s ,  a s  w e l l  a s  

X - r a y  s p e c i f i c  b a s e  da m a ge s ,  t h e  r a d i o l y s i s  p r o d u c t s  o f  

p u r i n e  and p y r i m i d i n e  b a s e s .  I t  must  be n o t e d  h e r e  t h a t ,  

t h o u g h  o t h e r  t r e a t m e n t s  i n t r o d u c e  s t r a n d - b r e a k s , e g . 

e n d o n u c l e a s e  t r e a t m e n t ,  t h e  s t r a n d - b r e a k s  p r o d u c e d  by



X - i r r a d i a t i o n  d i f f e r  i n  t e r m s  o f  t h e  e n d s  p r o d u c e d .  A l s o ,  

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

h y d r o l y z e d  by b e t a  e l i m i n a t i o n  i n  a l k a l i n e  e n v i r o n m e n t s ,  

t h e  a l k a l i - l a b i l e  s i t e s  p r o d u c e d  by X - i r r a d i a t i o n  d i f f e r  i n  

c o n f o r m a t i o n  and s t a b i l i t y  f rom AP s i t e s .  I t  s h o u l d  be 

n o t e d  t h a t  b a s e  damages  known t o  be i n d u c e d  by X - r a y s  may 

a l s o  be p r o d u c e d  by s e v e r a l  o t h e r  t r e a t m e n t s ,  e g . t h y m i n e  

g l y c o l s  may be i n d u c e d  by t r e a t m e n t  w i t h  X - r a y s ,  U V - l i g h t ,  

0 s0 4  o r  p e r m a n g a n a t e .

A. S i n g l e - s t r a n d  b r e a k s

The p r i n c i p a l  i n n o v a t i o n  t h a t  l e d  t o  k n o wl ed ge  o f  t h e  

b i o l o g i c a l  r e p a i r  o f  r a d i a t i o n - i n d u c e d  s t r a n d - b r e a k s  was 

t h e  t e c h n i q u e  o f  McGrath  and W i l l i a m s  ( 1 9 6 6 )  t h a t  a l l o w e d  

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

by a l k a l i n e  s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n .  U s i ng  g e n t l e  

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

s i n g l e - s t r a n d e d  DNA was d e t e r m i n e d  t o  be a b o u t  one s i x t h  

t h e  l e n g t h  o f  t h e  i n t a c t  b a c t e r i a l  ch r omosome.  I t  was 

n o t e d  t h a t  i m m e d i a t e l y  a f t e r  X - i r r a d i a t i o n  t h e r e  was a 

d e c l i n e  i n  t h e  m o l e c u l a r  w e i g h t  o f  t h e  s i n g l e - s t r a n d e d  DNA. 

Wi th  c o n t i n u i n g  i n c u b a t i o n  t h e  m o l e c u l a r  w e i g h t  g r a d u a l l y  

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

c o n t r o l  was r e a c h e d .  I t  a p p e a r e d  t h a t  t h e r e  were  t h r e e  

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

p r o c e s s  (Towne £ t  aJL. , 1 9 7 4 ) .  Towne d e f i n e d  t h e s e  a s  a
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Type I  s t r a n d - b r e a k  r e p a i r  wh i ch  a c t s  i m m e d i a t e l y ,  a Type 

I I  s t r a n d - b r e a k  r e p a i r  s y s t e m  whi ch  h a s  a h a l f - l i f e  o f  1-2 

m i n u t e s ,  and a Type I I I  s t r a n d - b r e a k  r e p a i r  which  r e q u i r e s  

4 0 - 6 0  m i n u t e s  f o r  c o m p l e t i o n .

1.  Type I r e p a i r

The t y p e  I  r e p a i r  s y s t e m  r e j o i n s  up t o  75 p e r c e n t  o f  

t h e  s t r a n d - b r e a k s  p r o d u c e d  by a n o x i c  X - i r r a d i a t i o n  and 

a b o u t  25 p e r c e n t  o f  t h o s e  b r e a k s  p r o d u c e d  a e r o b i c a l l y .  The 

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

p o l y m e r a s e  I and d o e s  n o t  depend  on r e c A .  I t  a p p e a r e d  t o  

be i n h i b i t e d  by h e a t i n g ,  c o l d  s h o c k  and n i a c i n  d e p r i v a t i o n .  

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

i n v o l v e m e n t  o f  DNA l i g a s e ,  a s  t h i s  enzyme i s  c o l d - s e n s i t i v e  

and r e q u i r e s  NAD a s  a c o - f a c t o r .  NAD would be d e p l e t e d  i n

t h e  a b s e n s e  o f  n i a c i n  (Towne e_t a l . , 1 9 7 2 ) .

The p r e s e n t  s t a t u s  o f  t h i s  p u t a t i v e  r e p a i r  s y s t e m  i s  

a m b i g u o u s ;  e v i d e n c e  i n d i c a t e s  t h a t  i f  i t  d o es  e x i s t ,  i t  

mus t  a c t  i n  l e s s  t h a n  100 m i l l i s e c o n d s  ( J o h n s o n ,  1 9 7 5 ) .

2.  Type I I  r e p a i r

Type I I  r e p a i r  i s  DNA p o l y m e r a s e  I d e p e n d e n t  and recA 

i n d e p e n d e n t .  I t  o p e r a t e s  v e r y  q u i c k l y ,  1 -2  m i n u t e s  a t  37 C 

and 10 m i n u t e s  a t  0 C, and r e p a i r s  a p p r o x i m a t e l y  90 p e r c e n t  

o f  t h e  X - r a y - i n d u c e d  s i n g l e - s t r a n d  b r e a k s  (Towne ejt a l . ,
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1 9 7 3 ) .  The Type I I  r e p a i r  s y s t e m  seems t o  be t h e  c l a s s i c a l  

e x c i s i o n  r e p a i r  pa t hway  d i s c u s s e d  e a r l i e r ,  t h o u g h  i t  l a c k s  

t h e  r a t e - l i m i t i n g  f i r s t  s t e p  ( i n c i s i o n ) .  Wh i l e  DNA 

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

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

I I  o r  I I I  can  r e p l a c e  i t  ( w i t h  a b o u t  25 p e r c e n t  t h e  

e f f i c i e n c y )  (Youngs  e t  al^. , 1 9 7 4 ) .

3 .  Type I I I  r e p a i r

T h i s  s y s t e m  r e q u i r e s  c o m p l e t e  g r o w t h  med ia  and t h e  

r e c A , r e c B , l e x A , u v r D , l i g  and polC g e n e - p r o d u c t s . I t  i s  

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

1500 n u c l e o t i d e s )  ( S m i t h ,  1 9 7 7 ) .  The s y s t e m  i s  r ecA 

i n d u c e d  (SOS) and i s  i r r e v e r s i b l y  i n h i b i t e d  by a 90 m i n u t e  

p r e - t r e a t m e n t  w i t h  c h l o r a m p h e n i c o l  (Youngs  ejt al_. , 1974)  o r  

d i n i t r o p h e n o l  b o t h  o f  whi ch  s e l e c t i v e l y  b l o c k  lexA 

d e p e n d e n t  r e p a i r  f u n c t i o n s  ( v a n  d e r  S c h u e r e n  and S m i t h ,

1 9 7 4 ) .

B. D o u b l e - s t r a n d  b r e a k s

DNA i r r a d i a t e d  i n  t h e  d r y  s t a t e  o r  jln v i v o  shows a 

l i n e a r  r e l a t i o n s h i p  b e t we en  d o s e  and d o u b l e - s t r a n d  b r e a k s .  

The mechani sm o f  f o r m a t i o n  and t h e  c o m p o s i t i o n  o f  t h e  

t e r m i n i  o f  t h e s e  d o u b l e - s t r a n d  b r e a k s  i s  unknown.  An e a r l y  

a t t e m p t  t o  m e a s u r e  t h e  r e p a i r  o f  d o u b l e - s t r a n d  b r e a k s  i n  E_.



c o l i  by K a p l a n  ( 1 9 6 6 )  i n d i c a t e d  t h a t  no r e p a i r  t o o k  p l a c e .  

Bonura  ( 1 9 7 5 )  u s e d  c o l i  t o  ex ami ne  t h e  p r o d u c t i o n  o f  

d o u b l e - s t r a n d  b r e a k s  i n  b o t h  oxygen  and n i t r o g e n  

a t m o s p h e r e s  and c o u l d  f i n d  no e v i d e n c e  o f  r e p a i r .

H u t c h i n s o n  ( 1 9 7 3 )  d i d  h owev er  p r e s e n t  e v i d e n c e  i n d i c a t i n g  

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

t a k e  p l a c e  i n  E_. c o l i .

In  c o n t r a s t  t o  E_. c o l i  t i t  h a s  been  e s t a b l i s h e d  t h a t  

r a d i o - r e s i s t a n t  b a c t e r i u m ,  M i c r o c o c c u s  r a d i o d u r a n s , i s  a b l e  

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

whi ch  c r e a t e  a b o u t  100 d o u b l e - s t r a n d  b r e a k s / g e n o m e  

( K i t a y a m a  and M a t s u y a m a , 1968)  . A l s o ,  work w i t h  B_. s u b t i l i s  

showed t h a t  t h r e e  d o u b l e - s t r a n d  b r e a k s  were  p r o d u c e d  f o r  

e a c h  l e t h a l  h i t ,  wh i ch  i m p l i e d  t h a t  a l i m i t e d  r e j o i n i n g  i s  

p o s s i b l e  f o r  t h i s  o r g a n i s m  ( H u t c h i n s o n ,  1 9 7 3 ) .  The r e p a i r  

o f  t h e s e  d o u b l e - s t r a n d  b r e a k s  was f ou nd  t o  c o r r e l a t e  w e l l  

w i t h  s u r v i v a l  ( H a r i h a r a n  and H u t c h i n s o n ,  1 9 7 3 ) .

C. A l k a l i - l a b i l e  l e s i o n s

The o r i g i n a l  e x p e r i m e n t s  o f  McGrath  and W i l l i a m s  

m e a s u r e d  DNA s i n g l e - s t r a n d  l e n g t h s  on a l k a l i n e  s u c r o s e  

g r a d i e n t s  w i t h o u t  t a k i n g  i n t o  a c c o u n t  t h a t  t h e r e  a r e  s i t e s  

p r o d u c e d  by i o n i z i n g  r a d i a t i o n  wh ich  a r e  c o n v e r t e d  by 

a l k a l i  i n t o  f r a n k  s t r a n d - b r e a k s .  The a l k a l i - l a b i l e  l e s i o n s  

i n c l u d e  s u g a r  damages  a s  w e l l  a s  a p u r i n i c  and a p y r i m i d i n i c  

s i t e s .  I t  s h o u l d  be n o t e d  t h a t  t h e  damaged s u g a r  r e s i d u e s



b e l i e v e d  t o  r e s u l t  i n  a l k a l i - l a b i l e  s i t e s  a r e  a l l  a p u r i n i c  

o r  a p y r i m i d i n i c  and t h u s  t e c h n i c a l l y  AP s i t e s  ( von  S o n n t a g ,  

1 9 7 8 ) .  I t  was f o u n d  t h a t  t h e s e  s i t e s  a c c o u n t e d  f o r  2 0 -3 4  

p e r c e n t  o f  a l l  b r e a k s  a s  m e a s u r e d  on a l k a l i n e  s u c r o s e  

g r a d i e n t s  ( P a t e r s o n  e t  a l . , 1 9 7 3 ) .  In  t h e  m i n i c e l l  s y s t e m  

u s e d  by P a t e r s o n ,  t r u e  s t r a n d  b r e a k s  were  r e p a i r e d  w i t h i n  

10 m i n u t e s ,  w h i l e  a l k a l i - l a b i l e  l e s i o n s  p e r s i s t e d .  However ,  

u s i n g  w i l d - t y p e  E_. c o l i , T o w n e ' s  g r o u p  f oun d  t h a t  a f t e r  

m o d e r a t e  d o s e s  a l l  m e a s u r e d  s t r a n d - b r e a k s ,  f r a n k  

s t r a n d - b r e a k s  and a l k a l i - l a b i l e  l e s i o n s  were  r e p a i r e d  

(Towne £ t  a_l. , 1 9 7 3 ) .  More r e c e n t l y  i t  h a s  been  shown 

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

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

c h l o r a m p h e n i c o l  ( K i t a y a m a  et^ al_. t 1 9 8 1 ) .  A g a i n ,  i t  mus t  be 

n o t e d  t h a t  t h e s e  X - r a y - i n d u c e d  a l k a l i - l a b i l e  s i t e s  a r e  n o t  

t h e  AP s i t e s  i n d u c e d  by h e a t / a c i d  t r e a t m e n t  o r  t h o s e  t h a t  

a r i s e  t h r o u g h  t h e  a c t i o n  o f  DNA g l y c o s y l a s e s . The r a t e  

c o n s t a n t  o f  t h e  a l k a l i - m e d i a t e d  c o n v e r s i o n  t o  f r a n k  

s t r a n d - b r e a k s  i s  much g r e a t e r  f o r  r a d i a t i o n - i n d u c e d  

a l k a l i - l a b i l e  s i t e s  t h a n  f o r  c l a s s i c a l  AP s i t e s  ( W o l d h u i s  

and Loman, 1 9 8 1 ) .

Wh i l e  s e v e r a l  _E. c o l i  e n d o n u c l e a s e s  a r e  known t o  a c t  a t  

AP s i t e s ,  ( e n d o n u c l e a s e s  I I I ,  IV,  V, VI and V I I ) ,  i t  i s  n o t  

known i f  a l l  w i l l  a c t  a t  X - r a y - i n d u c e d  a l k a l i - l a b i l e  

l e s i o n s .  As w i l l  be s e e n  i n  S e c t i o n  I I I  (RESULTS),  t h e  

X - r a y  e n d o n u c l e a s e  ( p r o b a b l y  e n d o n u c l e a s e  I I I )  d o e s  n o t  

r e c o g n i z e  X - r a y - i n d u c e d  a l k a l i - l a b i l e  l e s i o n s  t h o u g h  i t



q u a n t i t a t i v e l y  c o n v e r t s  c l a s s i c a l  AP s i t e s  t o  

s t r a n d - b r e a k s .

D. R e p a i r  o f  b a s e  damage

The d i f f i c u l t y  o f  a s s e s s i n g  t h e  amount  o f  b a s e  damage 

i n  DNA ha s  been  m e n t i o n e d  s e v e r a l  t i m e s .  A s s e s s m e n t  o f  t h e  

r e p a i r  o f  b a s e  damage i s  p l a g u e d  by t h e  same d i f f i c u l t i e s .  

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

X - r a y  e n d o n u c l e a s e  was t o  f i n d  a r e l i a b l e  i n d i c a t o r  o f  

i o n i z i n g  r a d i a t i o n - i n d u c e d  b a s e  damage .  As m e n t i o n e d  

e a r l i e r ,  t h e  i n d i r e c t  m e th o ds  o f  H a r i h a r a n  and C e r u t t i  may 

be us e d  t o  q u a n t i t a t e  damages  o f  t h e  5 ( 6 )  

h y d r o p e r o x y - 6 ( 5 ) h y d r o x y - 5 ,6  d i h y d r o t h y m i n e - t y p e  by t h e  

d e g r a d a t i v e  r e d u c t i o n  o f  DNA t h a t  had been  l a b e l e d  on t h e  5 

m e t h y l  c a r b o n  o f  t h y m i n e  by sod ium b o r o h y d r i d e  t r e a t m e n t .

By q u a n t i t a t i o n  o f  r a d i o - l a b e l  on t h e  3 and A c a r b o n  

f r a g m e n t s  r e l e a s e d ,  H a r i h a r a n  and C e r u t t i  showed t h a t  

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

t h e  medium f o l l o w i n g  i r r a d i a t i o n  ( H a r i h a r a n  and C e r u t t i ,  

1 9 7 1 ) .

A s i m i l a r  t h o u g h  s i m p l e r  method was d e v e l o p e d  by t h e s e  

a u t h o r s ,  u s i n g  t h e  known a l k a l i - l a b i l i t y  o f  r i n g - s a t u r a t e d  

t h y m i n e  r e s i d u e s  o f  t h e  5 , 6  d i h y d o x y - d i h y d r o t h y m i n e - t y p e  

( t h y m i n e  g l y c o l s ) .  I n c u b a t i o n  w i t h  a l k a l i  (0 .2M KOH f o r

1 . 5  h o u r s )  q u a n t i t a t i v e l y  f r a g m e n t s  t h e s e  g l y c o l s  i n t o  f r e e  

a c e t o l  ( c a r r y i n g  any l a b e l  a t t a c h e d  t o  t h e  5 c a r b o n  o f  t h e
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g l y c o l ) ,  w h i l e  u r e a  and N - c o n j u g a t e d  u r e a  r e s i d u e s  r e m a i n  

a t t a c h e d  t o  DNA ( R o t i  R o t i  and  C e r u t t i ,  1 9 7 4 ) .  U s i ng  t h i s  

s y s t e m  H a r i h a r a n  and C e r u t t i  ( 1 9 7 4 a )  f o u n d  t h a t  r e s i d u e s  o f  

t h e  t h y m i n e  g l y c o l - t y p e  a r e  removed f rom X - i r r a d i a t e d  DNA 

o r  0 s 0 4 - t r e a t e d  p o l y ( d A - d T )  by e x t r a c t s  o f  E_. c o l i . H e r e ,

8 t o  16 undamaged t h y m i n e s  a r e  removed f o r  e a c h  damaged 

r e s i d u e .  The p r o c e s s  seems t o  i n v o l v e  t h e  DNA p o l y m e r a s e  I 

e x o n u c l e a s e  f u n c t i o n s .  A method r e l a t e d  t o  t h o s e  above  

i n v o l v e s  t h e  r e a c t i o n  o f  i r r a d i a t e d  DNA w i t h  

t r i t i u m - l a b e l e d  s o d iu m b o r o h y d r i d e .  I t  h a s  been  shown t h a t  

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

2 , 3 - d i h y d r o x y - 2 - m e t h y l p r o p a n o i c  a c i d  wh i ch  can  be r e s o l v e d  

by t h i n  l a y e r  c h r o m a t o g r a p h y  on c e l l u l o s e  ( S c h e l l e n b e r g  e_t 

a l . ,  1 9 8 1 ) .

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

r a d i a t i o n - i n d u c e d  b a s e  damage d e v e l o p e d  by T e o u l e  and 

c o w o r k e r s  r e l i e s  on t h e  f a c t  t h a t  r e l a t i v e l y  mi l d  

h y d r o l y s i s  i n  f o r m i c  a c i d  l a b i l i z e s  t h e  N - g l y c o s y l i c  bond 

j o i n i n g  s a t u r a t e d  t h y m i n e  r e s i d u e s  t o  DNA. Thus  t h y m i n e  

g l y c o l s  a r e  l i b e r a t e d  a f t e r  16 h o u r s  o f  i n c u b a t i o n  i n  98 

p e r c e n t  f o r m i c  a c i d  a t  90 C, w h i l e  5 , 6 - d i h y d r o t h y m i n e  and 

5 , h y d r o x y - 5 , 6  d i h y d r o t h y m i n e  a r e  r e l e a s e d  a t  l o w e r  

t e m p e r a t u r e s  ( T e o u l e  e t  al_. j  1 9 7 7 ) .  A l t h o u g h  t h i s  method 

may a l s o  be u s e d  t o  q u a n t i t a t e  5 - h y d r o x y - 5 - m e t h y l  

h y d a n t o i n ,  f o r m y l  u r e a ,  u r e a  and N- fo rm ami de  r e s i d u e s  

a t t a c h e d  t o  DNA, i t  h a s  n o t  y e t  been  u s e d  i n  r e p a i r  

s t u d i e s .



The l a s t  method t o  be c o n s i d e r e d  i n  t h e  q u a n t i t a t i o n  o f  

DNA b a s e  damage i n t r o d u c e d  by i o n i z i n g  r a d i a t i o n  i n v o l v e s  

t h e  u s e  o f  enzyme p r o b e s  s p e c i f i c  f o r  t h e s e  da m a ge s .  In  

t h i s  c a s e ,  DNA d a m a g e - s p e c i f i c  e n d o n u c l e a s e s  a r e  u s ed  and 

t h e  number  o f  a d d i t i o n a l  n i c k s  i n t r o d u c e d  i n  i r r a d i a t e d  DNA 

by an e n d o n u c l e a s e  g i v e s  a m e a s u r e  o f  b a s e  damage .  U n t i l  

now o n l y  t h e  l e s i o n - s p e c i f i c  e n d o n u c l e a s e s  o f  M_. l u t e u s  

h av e  b een  u s e d .  As m e n t i o n e d  e a r l i e r ,  t h i s  o r g a n i s m  

c o n t a i n s  two d i m e r - s p e c i f i c  e n d o n u c l e a s e s ;  t h e  o t h e r  

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

( G r o s s m a n ,  1 9 7 4 ) .  M i n i c e l l s  c o n t a i n i n g  p l a s m i d  lambda  dv 

DNA were  i r r a d i a t e d  a n o x i c a l l y  and i n c u b a t e d  f o r  v a r y i n g  

p e r i o d s  w i t h  c r u d e  M_. l u t e u s  e x t r a c t s  t o  q u a n t i t a t e  t h e  

number  o f  f r a n k  s t r a n d  b r e a k s  and e n d o n u c l e a s e - s u s c e p t i b l e  

s i t e s .  Under  t h e s e  c o n d i t i o n s ,  a p p r o x i m a t e l y  e q u a l  numbers  

o f  e a c h  were  p r o d u c e d  and b o t h  t y p e s  wer e  r e p a i r e d  w i t h i n  

10 m i n u t e s  ( P a t e r s o n  and S e t l o w ,  1 9 7 2 ) .  S i m i l a r  t e c h n i q u e s  

h av e  b een  a p p l i e d  t o  who le  c e l l  l y s a t e s  t o  d e m o n s t r a t e  t h i s  

p r o c e s s  i n  b a c t e r i a l  DNA. Such e x p e r i m e n t s  showed,  i n  

a g r e e m e n t  w i t h  P a t e r s o n  and S e t l o w ,  t h a t  t h e  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  were  removed f rom DNA w i t h i n  

10 m i n u t e s  ( W i l k i n s ,  1 9 7 3 ) .  The M_. l u t e u s  enzyme h a s  been  

shown t o  a c t  on b o t h  a l k a l i - l a b i l e  and t h e  a l k a l i - s t a b l e  

X - r a y - i n d u c e d  s i t e s .  A c t i v i t y  on t h e  a l k a l i - s t a b l e  b u t  n o t  

on a l k a l i - l a b i l e  s i t e s  r e q u i r e d  Mg++ (Hagen e t  a l . ,  1 9 7 8 ) .



1.  The X - r a y  e n d o n u c l e a s e  o f  Ê . c o l i .

An e n d o n u c l e a s e  a c t i v i t y  was r e p o r t e d  i n  e x t r a c t s  o f  

IS. c o l i  t h a t  a c t e d  on X - r a y - i n d u c e d  s i t e s ,  and named t h e  

X - r a y  e n d o n u c l e a s e  o f  E_. c o l i  ( S t r n i s t e  and W a l l a c e ,  1 9 7 5 ) .  

The c r u d e  enzyme p r e p a r a t i o n s  a l s o  n i c k e d  b o t h  O s O ^ - t r e a t e d  

and d e p u r i n a t e d  DNA. The r e m a i n d e r  o f  t h i s  work c o n c e r n s  

t h e  p u r i f i c a t i o n  and c h a r a c t e r i z a t i o n  o f  t h i s  enzyme.



S e c t i o n  I I .  MATERIALS AND METHODS

I • B a c t e r i a l  and B a c t e r i o p h a g e  S t r a i n s

A. E s c h e r i c i a  c o l i

E s c h e r i c h i a  c o l i  AB3027,  t h r - 1 , l e u B 6 , t h i - 1 t p r o A 2 , 

a r g E 3 , h i s - 4  t x t h A 1 4 , p o l A 2 0 , l a c Y l , g a l K 2 , m t l - 1 . x y 1 -5  t 

a r a - 1 4 , r h a - 6 , s t r A31 , t s r - 3 3 , l a m b d a - ,  supE44 o b t a i n e d  

f rom t h e  E. c o l i  G e n e t i c  S t o c k  C e n t e r ,  Ya le  was u s e d  f o r

a l l  enzyme p r e p a r a t i o n s .  The b a c t e r i a  were  grown i n  a

f e r m e n t o r  i n  m o d i f i e d  Z u b a y ' s  medium (Zubay  e_t al^. . 1970)  

s u p p l e m e n t e d  w i t h  Cas ami no  a c i d s  and s t r e p t o m y c i n  s u l f a t e  

( 50  mg/ml)  t o  l a t e  l o g  p h a s e ,  c o l l e c t e d  by c e n t r i f u g a t i o n

and s t o r e d  a t  - 2 0 o C .

B. A l t e r o m o n a s  e s p e j i a n a  and i t s  b a c t e r i o p h a g e

A_. e s p e  j i a n a  B a l  31 and _A. e s p e  j i a n a  Ba l  3 1 - 1 4  ( a  

t h y m i d i n e  r e q u i r i n g  a u x o t r o p h )  and t h e  a l t e r o m o n o p h a g e  PM2 

we r e  o b t a i n e d  f rom H.B.  G r e y ,  J r .

I I . N u c l e i c  A c i d s ,  Enzymes and O t h e r  R e a g e n t s

A. Enzymes

DNA p o l y m e r a s e  I  (jS. c o l i ) , was p u r i f i e d  by t h e  method
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o f  J o v i n  e t  a l . , ( 1 9 6 9 )  t h r o u g h  f r a c t i o n  V I I .  E x o n u c l e a s e  

I I I  (13. c o l i ) ,  was p u r c h a s e d  f rom M i l e s  L a b o r a t o r i e s ;  

p h o s p h o d i e s t e r a s e  I I  ( b o v i n e  s p l e e n )  and a l k a l i n e  

p h o s p h a t a s e  ( E .  c o l i ) we r e  p u r c h a s e d  f rom P-L B i o c h e m i c a l s .  

U r a c i l  DNA g l y c o s y l a s e  ( E .  c o l i ) was g e n e r o u s l y  p r o v i d e d  by

E. F r i e d b e r g .

B. O t h e r  r e a g e n t s

A g a r o s e ,  t y p e  A, and s t r e p t o m y c i n  s u l f a t e ,  g r a d e  b,  

were  p u r c h a s e d  f rom C a l b i o c h e m - B e h r i n g . A c r y l a m i d e  and 

N , N ' - b i s  a c r y l a m i d e ,  TEMED and 2 - m e r c a p t o e t h a n o l  were  

p u r c h a s e d  f rom t h e  Sigma C he m i c a l  Co.  D i t h i o t h r e i t o l  and 

N* , e t h y l m a l e i m i d e  wer e  p r o d u c t s  o f  t h e  Ea s t man  Kodak Co. 

P h o s p h o c e l l u l o s e  P l l ,  D E A E - c e l l u l o s e  DE52 and 3MM 

c h r o m a t o g r a p h y  p a p e r  a r e  were  b o u g h t  f rom Whatman L t d .  

P o l y g r a m  Cel  300 PEI/UV254 and P o l y gr am  Cel  300/UV254MN, 

wer e  p u r c h a s e d  f rom Br i nkman  I n s t r u m e n t s  I n c .  Sep h ad ex  

G75,  G100,  CM-Sephadex and DEAE-Sephadex were  b o u g h t  f rom 

P h a r m a c i a  F i n e  C h e m i c a l s .  Ag 50WX8 c a t i o n  e x c h a n g e  r e s i n  

and AG 1-X8 a n i o n  e x c h a n g e  r e s i n ,  a s  w e l l  a s  

h y d r o x y l a p a t i t e  ( B i o - G e l  HTP) and t h e  p r o t e i n  m o l e c u l a r  

w e i g h t  s t a n d a r d s  (Low M o l e c u l a r  Wei gh t  Gel  F i l t r a t i o n  K i t )  

wer e  p u r c h a s e d  f rom B i o - R a d .



C. N u c l e i c  a c i d s  and  d e r i v a t i v e s

1.  P r e p a r a t i o n  o f  PM2 DNA

A l t e r o m o n a s  e s p e  j i a n a  Bal  31 was grown a t  28°C w i t h
Q

a e r a t i o n  t o  a c e l l  d e n s i t y  o f  5 x 10 b a c t e r i a / m l  i n  e i t h e r  

Bal  b r o t h  o r  AMS-4, a t  wh ich  t i m e  b a c t e r i o p h a g e  PM2 was 

a dded  a t  a m u l t i p l i c i t y  o f  i n f e c t i o n  (MOI) o f  5 .  A e r a t i o n  

was c o n t i n u e d  f o r  4 h o u r s .  The c u l t u r e  f l a s k  was t h e n  

i n c u b a t e d  a t  4°C o v e r n i g h t  t o  c o m p l e t e  l y s i s .  The l y s a t e
3

was t r e a t e d  a s  i n  t h e  p r e p a r a t i o n  o f  H l a b e l e d  DNA ( s e e  

b e l o w)  t o  t h e  s t e p  wh er e  t h e  v i r a l  p e l l e t  was r e s u s p e n d e d .  

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

p r e p a r a t i o n  o f  ®.H l a b e l e d  PM2 DNA.

l a b e l e d  PM2 DNA was p r e p a r e d  a s  d e s c r i b e d  by 

S t r n i s t e  and W a l l a c e  ( 1 9 7 5 ) .  Bal  31.-14 ( 2 0 0m l )  was grown 

w i t h  a e r a t i o n  t o  a c o n c e n t r a t i o n  o f  5 x 10® b a c t e r i a / m l ;

PM2 b a c t e r i o p h a g e  wer e  a dd ed  a t  an MOI o f  5,  and 10 m i n u t e s  

a f t e r  i n f e c t i o n ,  1 mCi o f  H - t h y m i d i n e  (82  C i / mm o l e )  was 

added  w i t h  c o n s t a n t  a e r a t i o n .  A f t e r  30 m i n u t e s ,  an
O

a d d i t i o n a l  1 mCi o f  H - t h y m i d i n e  was a d d e d ,  and t h e  c u l t u r e  

was a l l o w e d  t o  i n c u b a t e  w i t h  v i g o r o u s  a e r a t i o n  f o r  4 h o u r s .  

The c u l t u r e  f l a s k  was t h e n  removed f rom t h e  w a t e r - b a t h  and 

a l l o w e d  t o  i n c u b a t e  a t  4°C o v e r n i g h t .  The l y s a t e  was 

d i v i d e d  amoung s i x  c e n t r i f u g e  t u b e s  and c e n t r i f u g e d  i n  a 

S o r v a l l  SS-34  r o t o r  a t  8 , 0 0 0  rpm ( 7 7 1 0  x g)  f o r  10 m i n u t e s .  

The s u p e r n a t a n t  was c e n t r i f u g e d  i n  s i x  t u b e s  i n  t h e  SS-34



r o t o r  a t  1 6 , 5 0 0  rpm ( 3 2 , 8 0 0  x g) f o r  t h r e e  h o u r s  and t h e

s u p e r n a t a n t  was d i s c a r d e d .  The v i r a l  p e l l e t s  were

r e s u s p e n d e d  o v e r n i g h t  w i t h  1 , 0  ml o f  2M NaCl ,  0 , 0 2  M T r i s

pH 8 . 0 ,  l.OmM EDTA. Thos e  e l u a t e s  were  d i v i d e d  i n t o  t h r e e

30 ml s u c r o s e  g r a d i e n t s  (5-20%)  c o n t a i n i n g  2 M NaCl ,  0 . 0 5  M

T r i s  pH 8 . 0  and 1 mM EDTA. The g r a d i e n t s  were  p r e p a r e d  i n

a B u c h l e r  t r i p l e  o u t l e t  m i x e r  ( 2 - 5 0 5 4 )  u s i n g  a B u c h l e r

2-5070A S t i r r e r  Assembl y  and an LKB M u l t i p e r p e x  2115

p e r i s t a l t i c  pump. B a c t e r i o p h a g e ,  a p p e a r i n g  a s  an

i r r i d e s c e n t  b l u e  b a n d ,  were  removed w i t h  a c a p i l l a r y  t u b e

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

phage  p r e p a r a t i o n  was d i a l y z e d  o v e r n i g h t  a g a i n s t  2ml o f  1 M

NaCl ,  0 . 0 2  M T r i s  pH 8 . 0 ,  1 mM EDTA a f t e r  wh i ch  S a r k o s y l

NL-30 ( CI BA- Ge i gy)  was added  t o  a f i n a l  c o n c e n t r a t i o n  o f

0 . 5  p e r c e n t .  To t h i s  was added  an e q u a l  volume o f  f r e s h l y

d i s t i l l e d  p h e n o l  wh ic h  had been  e q u i l i b r a t e d  w i t h  0 . 1  M

NaCl ,  0 . 0 2  M T r i s  pH 8 . 0 ,  1 mM EDTA (pH > 6 ) . The m i x t u r e

was s h a k e n  f o r  10 m i n u t e s ,  and t h e  f i r s t  a q u e o u s  l a y e r  was

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

s m a l l  volume ( a p p r o x i m a t e l y  3 ml)  o f  0 . 1  M NaCl ,  0.02oM

T r i s  pH 8 . 0 ,  3 mM EDTA. The r e s u l t a n t  a q u e o u s  l a y e r  was

d i a l y z e d  a g a i n s t  f o u r  1 - l i t e r  c h a n g e s  o f  0 . 0 1  M T r i s  pH
o8 . 0 ,  1 mM EDTA, and t h e n  q u i c k  f r o z e n  and s t o r e d  a t  - 7 0  C. 

The DNA p r e p a r a t i o n s  c o n t a i n e d  8 t o  10 ug o f  DNA a t  a 

s p e c i f i c  a c t i v i t y  o f  3 0 , 0 0 0 - 5 0 , 0 0 0  c pm /u g ,  w i t h  more t h a n  

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

f o rm .



An a l t e r n a t i v e  p u r i f i c a t i o n  p r o c e d u r e  u s e d  a d i r e c t  

e x t a c t i o n  o f  t h e  s u c r o s e - p u r i f i e d  p h ag e  w i t h  a 3 : 1  m i x t u r e  

o f  c h l o r o f o r m : b u t a n o l . The c o l l e c t e d  band s  o f  

s u c r o s e - p u r i f i e d  p hage  were  mixed w i t h  an e q u a l  volume o f  a 

3 :1  c h l o r o f o r m : b u t a n o l  m i x t u r e  on a G en ie  V o r t e x  a t  h a l f  

s p e e d  f o r  30 s e c o n d s  and t h e n  s e p a r a t e d  by 2 m i n u t e s  o f  

s p i n n i n g  on a t a b l e - t o p  c e n t r i f u g e .  The u p p e r ,  a q u e o u s  

l a y e r  was e x t r a c t e d  an a d d i t i o n a l  f i v e  t i m e s  and d i a l y z e d  

a g a i n s t  0 . 0 2  M T r i s  pH 8 . 0  and s t o r e d  a s  a b o v e .

To p r e p a r e  h e a v i l y  l a b e l e d  PM2 DNA, ( > 5 0 0 , 0 0 0  cpm/ug 

DNA) t h e  p r o c e d u r e s  a b o ve  were  u t i l i z e d ,  e x c e p t  t h a t  once  

t h e  b a c t e r i a  were  grown t o  t h e  p r o p e r  o p t i c a l  d e n s i t y  ( 0 . 1 2  

on a Colman J r .  s p e c t r o p h o t o m e t e r  s e t  a t  600 nm) t h e  

s u s p e n s i o n  was spun  down i n  a S o r v a l l  SS-34 r o t o r  f o r  10 

m i n u t e s  a t  6 , 0 0 0  rpm and t h e  b a c t e r i a l  p e l l e t  was 

r e s u s p e n d e d  i n  AMS-4 medium p r e p a r e d  w i t h o u t  t h e  a d d i t i o n  

o f  c o l d  t h y m i d i n e .  L a b e l i n g  and f u r t h e r  p r e p a r a t i o n  was as  

a b o v e .

2.  O t h e r  n u c l e i c  a c i d s  and d e r i v a t i v e s

( 2 - po l y  d T ( N a ) , ( 2 . 7 5  C i / m M o l e ) ,  was p u r c h a s e d  f rom 

P-L B i o c h e m i c a l s  a s  was p o l y  dA. 3 H - m e th y l -d T TP ( 58  

C i / m M o l e ) ,  was p u r c h a s e d  f rom S c h w a r z - M a n n . ^ H- me t hy l  dT, 

(63  Ci /mM),  was b o u g h t  f rom ICN P h a r m a c e u t i c a l s .  E. c o l i  

t-RNA was o b t a i n e d  f rom B o e h r i n g e r  Mannheim.  Thymine 

g l y c o l  and t h y m i d i n e  g l y c o l  m o n o p h o s p h a t e ,  p r e p a r e d  by t h e



method  o f  B a u d i s c h  and D a v i d s o n  ( 1 9 2 5 ) ,  was a g i f t  o f  B. 

E r l a n g e r  and c i s - t h y m i n e  g l y c o l  was a g i f t  o f  J .  C a d e t .

I I I .  P r e p a r a t i o n  o f  S u b s t r a t e s

A. X - i r r a d i a t e d  DNA

An X - i r r a d i a t e d  DNA s u b s t r a t e  was p r e p a r e d  by
3

i r r a d i a t i n g  s m a l l  v o l u m e s  ( 3 3 - 1 0 0  u l )  o f  H PM2 DNA i n  0 . 0 1  

M T r i s  pH 8 . 0 ,  1 mM EDTA and 50 mM KI i n  a i r  a t  room 

t e m p e r a t u r e  w i t h  a P i c k e r  X - r a y  s o u r c e  r u n  a t  60 kVp and

2 . 5  mA. The d o s e  r a t e  was 2 7 . 6  k r a d / m i n  a s  i n i t i a l l y  

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

d o s i m e t e r .  L a t e r  d e t e r m i n a t i o n s  o f  d o s e  were  b a s e d  on t h e  

c o n v e r s i o n  o f  PM2 Type I t o  Type I I  DNA' a s  t h i s  c o r r e l a t e d  

t o  t h e  d o s e  r a t e  a s  f i r s t  d e t e r m i n e d .

B. A p u r i n i c  DNA

A p u r i n i c  DNA was p r e p a r e d  a c c o r d i n g  t o  t h e  p r o c e d u r e  o f  

L i n d a h l  and A n d e r s s o n  ( 1 9 7 2 ) .  PM2 DNA was d i a l y z e d  

o v e r n i g h t  a g a i n s t  0 . 1  M NaCl ,  0 . 0 1  M s od i um c i t r a t e  pH 5 . 0 ,  

and t h e n  h e a t e d  a t  7 0 ° C f o r  10 m i n u t e s .  A f t e r  h e a t i n g ,  t h e  

s o l u t i o n  was n e u t r a l i z e d  by t h e  a d d i t i o n  o f  5 p e r c e n t  (by 

vo lume)  o f  1 M T r i s  b u f f e r  pH 8 . 0  and  d i a l y z e d  a g a i n s t  10 

mM T r i s  pH 8 . 0 ,  1 mM EDTA. T h i s  p r o d u c e d  f rom one t o  t h r e e  

a l k a l i  l a b i l e  s i t e s / P M 2  DNA m o l e c u l e .



C. O s O ^ - t r e a t e d  DNA

1.  H ea t  d e n a t u r a t i o n

PM2 DNA ( 1 - 2  ml )  i n  0 . 0 1  M T r i s  pH 8 . 0 ,  1 mM EDTA was 

made 0 . 0 2  p e r c e n t  w i t h  r e s p e c t  t o  OsO^ ( E a s t m a n  Kodak)  and 

h e a t e d  f o r  5 m i n u t e s  a t  70°C.  The s o l u t i o n s  were  t h e n  

e x t r a c t e d  w i t h  two v o l um e s  o f  d i e t h y l  e t h e r  f o u r  t i m e s  and 

d i a l y z e d  a g a i n s t  0 . 0 1  M T r i s  pH 8 . 0 ,  1 mM EDTA u n t i l  no 

e t h e r  s m e l l  r e m a i n e d .  T h i s  p r o d u c e d  1 . 5  t o  3 

e n z y m e - s u s c e p t i b l e  s i t e s / P M 2  DNA m o l e c u l e .

2.  A l k a l i n e  d e n a t u r a t i o n

F o l l o w i n g  t h e  method  o f  G a t e s  and L i n n  ( 1 9 7 8 a ) ,  one 

volume o f  PM2 DNA i n  0 . 0 1  M T r i s  p H. 8 . 0 ,  1 mM EDTA was 

p a r t i a l l y  d e n a t u r e d  w i t h  f o u r  vo l umes  o f  0 . 3  M p o t a s s i u m  

p h o s p h a t e  b u f f e r  pH 1 2 . 3 ,  a t  room t e m p e r a t u r e ,  f o r  30 

m i n u t e s .  F o l l o w i n g  t h i s ,  two vo lumes  o f  5 M NaCl and t h r e e  

vo l umes  o f  1 M p o t a s s i u m  p h o s p h a t e  b u f f e r  pH 4 . 0  were  added  

and t h e  DNA d i a l y s e d  a g a i n s t  0 . 0 1  M T r i s  pH 8 . 0 ,  1 mM EDTA. 

DNA p r o d u c e d  by t h i s  method was us e d  d u r i n g  s e v e r a l  enzyme 

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

method 1.  was u s e d .  When i t  was r e a l i z e d  t h a t  t h y m i n e  

g l y c o l s  wer e  u n s t a b l e  i n  a l k a l i n e  s o l u t i o n  i t s  u s e  a s  a 

t h y m i n e  g l y c o l  s u b s t r a t e  was d i s c o n t i n u e d .
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D. A p y r i m i d i n i c  DNA

One volume o f  a s o l u t i o n  o f  2 . 0  M NaHSOg ( 1 . 0  M 

Na2 S20g ) .  0 . 5  M Na a c e t a t e  was a d j u s t e d  t o  pH 5 . 9  w i t h  NaOH 

and a d d ed  t o  H - l a b e l e d  PM2 DNA ( o f  a c o n c e n t r a t i o n  o f  16 

u g / m l )  and i n c u b a t e d  a t  37°C f o r  9 h o u r s .  The DNA was 

d i a l y z e d  o v e r n i g h t  a g a i n s t  0 . 0 5  M Hepes  b u f f e r  pH 8 . 0 ,  1 mM 

EDTA. T h i s  t r e a t m e n t  c o n v e r t s  a p o r t i o n  o f  t h e  c y t o s i n e s  

t o  u r a c i l  and p r o d u c e s  e s s e n t i a l l y  no a p u r i n i c  s i t e s ,  as  

d e t e r m i n e d  by t h e  method  o f  p r o l o n g e d  a l k a l i  i n c u b a t i o n  

d e s c r i b e d  b e l o w .  U r a c i l  b a s e s  were  removed by i n c u b a t i o n  

a t  37°C f o r  1 h o u r  w i t h  a s a t u r a t i n g  amount,  o f  u r a c i l - D N A  

g l y c o s y l a s e  ( s u p p l i e d  by E .C .  F r i e d b e r g ) .  T h i s  

a p y r i m i d i n i c  DNA was u se d  i n  r e a c t i o n s  whi ch  were  a n a l y s e d  

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

f o l l o w i n g  p r o l o n g e d  a l k a l i n e  i n c u b a t i o n  ( s e e  b e l o w ) .

E.  O s O ^ - t r e a t e d  p o l y  dT

P o l y  dT ( 2 . 7 5  mCi /mmole)  a t  1 u C i / m l  was b r o u g h t  t o  0 . 4  

p e r c e n t  0 s 0 4  and i n c u b a t e d  a t  55°C f o r  20 m i n u t e s .  The 

s o l u t i o n  was c o o l e d  t o  room t e m p e r a t u r e  and t h e  0 s0^  

e x t r a c t e d  w i t h  two v o l u me s  o f  e t h e r  f o u r  t i m e s .

F.  U r e a - c o n t a i n i n g  p o l y  dT

A p p r o x i m a t e l y  h a l f  (1 ml)  o f  t h e  p o l y  dT t r e a t e d ' w i t h
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OsO^ a s  a b o ve  was p r e c i p i t a t e d  by a d d i n g  Na a c e t a t e  ( f r o m  a 

3 M s t o c k )  t o  a f i n a l  c o n c e n t r a t i o n  o f  0 . 3  M and t h e n  

a d d i n g  3 v o l um es  o f  p u n c t i l l i o u s  a l c o h o l .  T h e s e  s a m p l e s  

were  a l l o w e d  t o  s t a n d  on i c e  f o r  30 m i n u t e s  and t h e n  spun  

f o r  10 m i n u t e s  a t  1 0 , 0 0 0  rpm i n  a SS-34  r o t o r .  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  c e n t r i f u g e  t u b e  washed 

o nce  w i t h  c o l d  e t h a n o l  and  d r i e d  u n d e r  vacuum.  The 

p r e c i p i t a t e  was r e s u s p e n d e d  i n  0 . 2  M K0H ( 0 . 5  m l ) ,  and l e f t  

a t  room t e m p e r a t u r e  f o r  two h o u r s  b e f o r e  i t  was n e u t r a l i z e d  

w i t h  1 M HC1. T h i s  m o d i f i e d  p o l y n u c l e o t i d e  was t h e n  

p r e c i p i t a t e d  a s  a b o v e ,  d r i e d  u n d e r  vacuum and r e s u s p e n d e d  

i n  10 mM T r i s  b u f f e r  pH 8 . 0  c o n t a i n i n g  10 p e r c e n t  g l y c e r o l  

and 1 mM EDTA and 1 mM m e r c a p t o e t h a n o l  ( R e a c t i o n  b u f f e r ) .

G. U l t r a v i o l e t - i r r a d i a t e d  DNA

A s o l u t i o n  o f  % - l a b e l e d  PM2 DNA i n  TE b u f f e r  a t  a 

c o n c e n t r a t i o n  o f  10 u g / m l  was i r r a d i a t e d  i n  0 . 1  ml a l i q u o t s  

i n  a w a t ch  g l a s s  p l a c e d  a b o u t  15 cm f rom a G e n e r a l  E l e c t r i c
ry

g e r m i c i d a l  lamp ( t h e  UV f l u e n c e  was 4 . 4  J /m ) .  I r r a d i a t i o n  

was f rom 0 t o  10 m i n u t e s  a t  a r a t e  o f  a b o u t  one X - ra y  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e  f o r  e a c h  10 m i n u t e s  o f  

i r r a d i a t i o n .

H. " t r e a t e d "  p o l y  d T r p o l y  dA.

750 u l  o f  ( 2 - l ^ C )  p o l y  dT t h a t  had been  t r e a t e d  w i t h



OsO^ and s u b s e q u e n t l y  t r e a t e d  w i t h  a l k a l i  o r  n o t ,  was

r e d i s s o l v e d  i n  0 . 5  ml o f  r e a c t i o n  b u f f e r  t o g e t h e r  w i t h  an

e q u i m o l a r  amount  o f  p o l y  dA. The s o l u t i o n  was p l a c e d  i n  a
o

c o n s t a n t  t e m p e r a t u r e  w a t e r - b a t h  a t  55 C f o r  1 m i n u t e  and 

t h e  w a t e r  b a t h  was t u r n e d  o f f  and t h e  s o l u t i o n  s low c o o l e d .

I V . A s s a y s  f o r  Enzyme A c t i v i t i e s

A. E n d o n u c l e a s e  a s s a y

E n d o n u c l e a s e  a s s a y  r e a c t i o n  m i x es  c o n t a i n e d  1 0 0- 5 0 0  ng 

o f  PM2 DNA ( 5 0 , 0 0 0 - 1 0 0 , 0 0 0  cpm/ug o f  DNA) i n  r e a c t i o n  

b u f f e r  b r o u g h t  t o  1 mM m e r c a p t o e t h a n o l  i n  a volume o f  f rom 

4 5 - 9 5  u l .  To t h i s  was add ed  5 u l  o f  enzyme ( u s u a l l y  a t  1 M 

KC1) and t h e  s o l u t i o n  a d j u s t e d  t o  0 . 1  M KC1. The r e a c t i o n s  

were  i n c u b a t e d  f o r  10 m i n u t e s  a t  37$C and s t o p p e d  by one of  

t h r e e  m e t h o d s ,  d e p e n d i n g  on t h e  n a t u r e  o f  f u r t h e r  a n a l y s i s .  

For  a g a r o s e  g e l  e l e c t r o p h o r e s i s ,  15 u l  o f  s t o p p i n g  s o l u t i o n  

was added  t o  e a c h  50 u l  r e a c t i o n .  The s t o p p i n g  s o l u t i o n  

c o n s i s t e d  o f  an a q u e o u s  s o l u t i o n  o f  5 p e r c e n t  s od ium 

d o d e c y l  s u l f a t e ,  30 p e r c e n t  g l y c e r o l ,  0 . 1  M EDTA and 0 . 0 5  

p e r c e n t  b r om op h en o l  b l u e .  I f  a n a l y s i s  was t o  d e t e r m i n e  t h e  

t o t a l  number  o f  s t r a n d  b r e a k s  and a l k a l i - l a b i l e  s i t e s ,  t h e  

r e a c t i o n s  wer e  s t o p p e d  by t h e  a d d i t i o n  o f  an e q u a l  volume 

o f  1 M g l y c in e - N aO H pH 1 3 . 1  b u f f e r  and a l l o w e d  t o  s i t  a t  

room t e m p e r a t u r e  f o r  4 h o u r s  p r i o r  t o  a n a l y s i s  by a l k a l i n e
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s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n .  D i l u t i o n  o f  t h e s e  

r e a c t i o n s  w i t h  t h e  a d d i t i o n  o f  50 p e r c e n t  o f  t h e i r  volume 

o f  w a t e r  was r e q u i r e d  t o  p r e v e n t  t h e  o v e r l a y  f rom s i n k i n g  

i n t o  t h e  g r a d i e n t s .  S t o p p i n g  t h e  r e a c t i o n s  by t h e  a d d i t i o n  

o f  0 . 3 3 3  r e a c t i o n  v o l um e s  o f  4 H KC1 was us e d  when n e u t r a l  

s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n  a n a l y s i s  was t o  be 

p e r f o r m e d .

B. DNA g l y c o s y l a s e / A P  e n d o n u c l e a s e  a s s a y

T h i s  a s s a y  r e l i e s  on a t r e a t m e n t  d e s i g n e d  t o  

q u a n t i t a t i v e l y  c o n v e r t  AP s i t e s  t o  f r a n k  s t r a n d  b r e a k s  

f o l l o w e d  by t h e  d e t e r m i n a t i o n  o f  s t r a n d  b r e a k s  by a l k a l i n e  

s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n  a n a l y s i s ,  a s  d e s c r i b e d  i n  

t h e  s e c t i o n  on d e t e r m i n a t i o n  o f  t h e  number  o f  s t r a n d - b r e a k s  

i n  PM2 DNA. R e a c t i o n s  were  s t o p p e d  by t h e  a d d i t i o n  o f  an 

e q u a l  volume o f  1 M g l y c i n e - N a O H b u f f e r  pH 13 . 1  and k e p t  a t  

room t e m p e r a t u r e  f o r  4 h o u r s .  F o l l o w i n g  t h i s ,  t h e  

s o l u t i o n s  wer e  d i l u t e d  w i t h  50 p e r c e n t  o f  t h e i r  vo lume w i t h  

w a t e r  and l a y e r e d  on p r e c o o l e d  a l k a l i n e  s u c r o s e  g r a d i e n t s  

wh ich  wer e  t h e n  spun  a t  4 5 , 0 0 0  rpm i n  an SW 5 0 . 1  r o t o r  f o r  

100 m i n u t e s .  C o n t r o l  DNA w i t h o u t  enzyme t r e a t m e n t  was r un  

t o g e t h e r  w i t h  e x p e r i m e n t a l  p o i n t s .  The d i f f e r e n c e  i n  t h e  

number  o f  s t r a n d - b r e a k s  b e t w e e n  c o n t r o l  and e x p e r i m e n t a l  

r e a c t i o n s  gave  t h e  number  o f  e i t h e r  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  o r  DNA 

g l y c o s y l a s e - s u s c e p t i b l e  s i t e s .  D u p l i c a t e  r e a c t i o n s
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a n a l y s e d  i n  p a r a l l e l  u n d e r  n e u t r a l  c o n d i t i o n s  made i t  

p o s s i b l e  t o  d e c i d e  w h e t h e r  a DNA g l y c o s y l a s e  o r  

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

e n d o n u c l e a s e  c o u l d  n o t  be d e t e c t e d  by t h i s  m e t h o d .

C. The u n i t  o f  a c t i v i t y

One u n i t  o f  e n d o n u c l e a s e  a c t i v i t y  i s  d e f i n e d  a s  t h e  

c o n v e r s i o n  o f  one f e m t o m o l e  o f  s i t e s  i n t o  s t r a n d - b r e a k s  

d u r i n g  a 1 0 - m i n u t e  r e a c t i o n  u n d e r  t h e  r e a c t i o n  c o n d i t i o n s  

u s e d .  One u n i t  o f  DNA g l y c o s y l a s e  a c t i v i t y  i s  d e f i n e d  a s  

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

when t h e  DNA g l y c o s y l a s e / A P  s i t e  a s s a y  was u s e d  t o  

d e t e r m i n e  t h e  number  o f  s t r a n d  b r e a k s .

V. D e t e r m i n a t i o n  o f  t h e  Number o f  S t r a n d  Breaks / PM2 DNA 

M o l e c u l e

A. N e u t r a l  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n

R e a c t i o n s  o f  5 0 - 3 0 0  u l  c o n t a i n i n g  1 0 0 - 3 0 0  ug o f  DNA 

wer e  g e n t l y  l a y e r e d  o n t o  5 ml 5 - 2 0  p e r c e n t  l i n e a r  n e u t r a l  

s u c r o s e  g r a d i e n t s  c o n t a i n i n g  10 mM T r i s  pH 8 . 0  and 1 mM 

EDTA. The g r a d i e n t s  were  spun  i n  a SW 5 0 . 1  r o t o r  i n  a 

Beckman u l t r a c e n t r i f u g e  a t  4 5 , 0 0 0  rpm f o r  205 m i n u t e s .  The 

g r a d i e n t s  were  t h e n  c o l l e c t e d  by pumping f rom t h e  b o t t o m s  

o f  t h e  t u b e s  u s i n g  a p e r i s t a l t i c  pump (LKB M u l t i p e r p e x )  r u n
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a t  a r a t e  o f  0 . 1 8  m l / 1 2  s e c o n d s .  S a mp l es  wer e  d i s t r i b u t e d  

s e q u e n t i a l l y  i n t o  33 m i n i v i a l s .  L i q u i s c i n t  p l u s  w a t e r  2 . 5  

m l ,  ( 218  ml o f  w a t e r  wer e  a d d ed  t o  a g a l l o n  o f  L i q u i s c i n t )  

were  add ed  t o  e a c h  v i a l  and t h e  s e r i e s  o f  v i a l s  were  

c o u n t e d  i n  o r d e r .  The r e s u l t i n g  c o u n t s  ( c p m / v i a l )  were  

p l o t t e d  a g a i n s t  f r a c t i o n  number  t y p i c a l l y  showed two p e a k s  

o f  r a d i o a c t i v i t y .  The f i r s t  peak  o f  r a d i o a c t i v i t y ,  c l o s e s t  

t o  t h e  b o t t o m  o f  t h e  g r a d i e n t  ( 2 9 s ) ,  r e p r e s e n t e d  Type I DNA 

( c o v a l e n t l y  c l o s e d  and s u p e r c o i l e d ) ;  t h e  s e c o n d  peak  

r e p r e s e n t e d  Type I I  DNA ( n i c k e d  2 1 - 2 3 s ) .  A r e a s  ( a b o v e  a 

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

d e t e r m i n e  t h e  r a t i o  o f  Type I  DNA t o  t o t a l  (Type I + Type

I I )  DNA. S i n c e  n i c k i n g  o c c u r s  r a n d o m ly  by a P o i s s o n

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

-  In  (Type. I / ( T y p e  I + Type I I  DNA)) = B,

wh er e  B i s  e q u a l  t o  t h e  a v e r a g e  number  o f  b r e a k s / m o l e c u l e .

B. A l k a l i n e  s u c r o s e  g r a d i e n t  c e n t r i f u g a t i o n

T h i s  p r o c e d u r e  i s  much t h e  same a s  f o r  n e u t r a l  s u c r o s e  

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

a l k a l i - d e n a t u r e d  p r i o r  t o  l a y e r i n g  o n t o  5 t o  20 p e r c e n t  

s u c r o s e  i n  a s o l u t i o n  c o n t a i n i n g  0 . 1  M NaOH, 1 M NaCl and 

1 mM EDTA. T h e se  a l k a l i  g r a d i e n t s  were  spun  a t  4 5 , 0 0 0  rpm 

f o r  100 m i n u t e s ,  c o l l e c t e d ,  c o u n t e d  and a n a l y s e d  f o r  s t r a n d  

b r e a k s  a s  a b o v e .
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C. Ag a r o s e  g e l  e l e c t r o p h o r e s i s

DNA s a m p l e s  o f  1 5 0 - 2 0 0  ng c o n t a i n e d  i n  5 0 - 6 5  u l  o f  

r e a c t i o n  b u f f e r  t o  whi ch  15 m l i t e r s  o f  s t o p p i n g  s o l u t i o n  

had been a dded  were  l o a d e d  i n t o  t h e  w e l l s  o f  a 2 . 5  mm t h i c k  

o n e - p e r c e n t  a g a r o s e  g e l  c o n t a i n i n g  2 x TEB b u f f e r .  These  

g e l s  wer e  r un  i n  a r u n n i n g  b u f f e r  c o n s i s t i n g  o f  1 x TEB 

b u f f e r  a t  a c o n s t a n t  c u r r e n t  o f  3 5 - 5 0  mA f o r  e a c h  g e l  r u n .  

A f t e r  t h r e e  h o u r s ,  t h e  g e l s  wer e  r emoved f rom t h e i r  

s u p p o r t s  and p l a c e d  i n  TEB b u f f e r  c o n t a i n i n g  one  ug of  

e t h i d i u m  b r o mi d e  i n  200 ml o f  b u f f e r  and a l l o w e d  t o  s t a i n  

f o r  one h o u r .  F o l l o w i n g  s t a i n i n g ,  t h e  g e l s  wer e  r emoved 

o n t o  Whatman #1 f i l t e r  p a p e r s  and i l l u m i n a t e d  w i t h  U V - l i g h t  

( M i n e r a l a m p ) . Two DNA b a n d s  were  v i s i b l e  c o r r e s p o n d i n g  t o  

e a c h  l a n e ;  t h e  band f a r t h e s t  f r om t h e  o r i g i n  was Type I DNA 

and t h e  band a b o u t  one  cm a bove  i t  was Type I I  DNA ( Type 

I I I ,  l i n e a r  DNA m i g r a t e s  f a s t e r  t h a n  Type I u n d e r  t h e  

c o n d i t i o n s  u s e d ) .  The b a n d s  wer e  c u t  o u t  o f  t h e  g e l s ,  

mi xed w i t h  0 . 1  ml o f  1 M HC1 and a u t o c l a v e d  f o r  5 m i n u t e s .  

L i q u i s c i n t  s c i n t i l l a t i o n  c o c k t a i l  was a dded  t o  e a c h  v i a l  

( 2 . 5  ml )  and t h e  v i a l s  c o u n t e d  i n  a s c i n t i l l a t i o n  c o u n t e r .  

As a b o v e ,  t h e  r a t i o  o f  r a d i o a c t i v i t y  i n  t h e  Type I  band t o  

t h e  t o t a l  r a d i o a c t i v i t y  was c a l c u l a t e d  and  t h e  a v e r a g e  

number  o f  s t r a n d - b r e a k s / P M 2  DNA m o l e c u l e  was c a l c u l a t e d  

f rom t h i s  by a s s u mi n g  a P o i s s o n  d i s t r i b u t i o n .



V I . P r e p a r a t i o n  o f  C h r o ma t o g r a p h y  M a t e r i a l s

A. DNA- agar ose

DNA- agar ose  was p r e p a r e d  by t h e  met hod o f  S c h a l l e r  e_t_ 

a l . ( 19 7 2 )  e x c e p t  t h a t  4 p e r c e n t  a g a r o s e  was u s ed  i n s t e a d  

o f  t h e  8 p e r c e n t  c a l l e d  f o r  i n  t h e  o r i g i n a l  p r o c e d u r e .

C a l f  t hymus  DNA was d i s s o l v e d  i n  0 . 0 2  M NaOH t o  a 

c o n c e n t r a t i o n  o f  15 mg/ml  and h e a t e d  t o  5 0 . C. A 4 p e r c e n t  

( w/ v )  m i x t u r e  o f  a g a r o s e  and w a t e r  was b r o u g h t  i n t o  

s o l u t i o n  by h e a t i n g  and t h e n  a l l o w e d  t o  e q u i l i b r a t e  i n  a 

c o n s t a n t  t e m p e r a t u r e  w a t e r - b a t h  a t  50 C i n  whi ch  t h e  DNA 

was a l s o  k e p t .  When t h e  two s o l u t i o n s  had e q u i l i b r a t e d  

t h e y  wer e  mixed t h o r o u g h l y  and p o u r e d  i n t o  a l a r g e  b e a k e r  

s e t  on i c e .  The g e l  was c u t  i n t o  p i e c e s  and p a s s e d  t w i c e  

t h r o u g h  a food  s t r a i n e r .  The r e s u l t i n g  m a t e r i a l  was 

s u s p e n d e d  i n  1 . 0  M NaCl ,  10 mM T r i s  pH 7 . 5 ,  ImM EDTA.

A f t e r  a l l o w i n g  t h e  f r a g m e n t e d  DNA- agar ose  t o  s e t t l e ,  t h e  

f i n e s  were  r emoved f rom t h e  s u p e r n a t a n t  by s i p h o n i n g .  T h i s  

was r e p e a t e d  t h r e e  t i m e s .  P r i o r  t o  u s e ,  t h e  DNA- agar ose  

was packed  i n t o  a col umn and a t  l e a s t  10 col umn v o l umes  of

0 . 2 5  M KC1 i n  b u f f e r  A were  r u n  t h r o u g h  i t  a t  a r a t e  no 

g r e a t e r  t h a n  2 col umn v o l u m e s / h r .  Ab s o r b a n c e  o f  t h e  e l u a t e  

was r e a d  a t  260 nm u n t i l  t h e  UV a b s o r b i n g  m a t e r i a l  e l u t i n g  

f rom t h e  col umn r e a c h e d  a s t e a d y  s t a t e  minimum v a l u e .  The 

column was washed w i t h  0 . 2  M KC1 i n  b u f f e r  A p r i o r  t o  

s a mpl e  a p p l i c a t i o n .



B. H y d r o x y l a p a t i t e

One p a r t  o f  h y d r o x y l a p a t i t e ,  B i o - G e l  HTP, was added  t o  

s i x  p a r t s  o f  0 . 5  M KC1 i n  b u f f e r  A w i t h  g e n t l e  s w i r l i n g .

The g e l  was a l l o w e d  t o  s e t t l e  f o r  10 m i n u t e s  and t h e  f i n e  

p a r t i c l e s  i n  t h e  c l o u d y  u p p e r  l a y e r  wer e  d e c a n t e d .  More 

b u f f e r  was added  t o  t h e  s e t t l e d h y d r o x y l a p a t i t e  whi ch  was 

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

The d e f i n e d  a d s o r b t i o n  m a t r i x  was t h e n  r e a d y  t o  be po u r e d  

i n t o  a co l umn .  The bed vol ume o f  t h e  col umn was d e t e r m i n e d  

on t h e  b a s i s  t h a t  1 ml of  h y d r o x y l a p a t i t e  b i n d s  0 . 5  mg of  

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

C. Se pha dex  G75 o r  G100.

Sephade x  G75 o r  G100 was h y d r a t e d  by b o i l i n g  f o r  3 

h o u r s  (G75)  o r  5 h o u r s  (G100)  i n  a b o u t  t h r e e  t i m e s  t h e  

e x p e c t e d  s e t t l e d  bed vol ume o f  t h e  r e s i n  o f  d i s t i l l e d  

d e i o n i z e d  w a t e r .  The f i n a l  s e t t l e d  bed vol ume was ba s e d  on 

w a t e r  r e g a i n ;  Se p h a d e x  G75 y i e l d e d  12- 15  ml o f  f i n a l  

vol ume/ gm of  d r y  b e a d s  w h i l e  Sepha dex  G100 y i e l d e d  15- 20  

m l / g .  The h y d r a t e d  Se p ha de x  was " d e f i n e d "  by p l a c i n g  t h e  

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

t h r e e  t i m e s  t h e  s e t t l e d  bed volume and a l l o w i n g  t h e  b e a d s  

t o  s e t t l e  t o  an a p p a r e n t  vol ume 10 p e r c e n t  g r e a t e r  t h a n  

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



above  t h e  b e a d s  a s  w e l l  a s  t h e  t o p  10 p e r c e n t  o f  t h e  

p a r t i a l l y  s e t t l e d  b e d .  The s e t t l e d  Se p ha de x  was 

r e s u s p e n d e d  i n  1 . 0  M KC1 i n  b u f f e r  A and a l l o w e d  t o  

e q u i l i b r a t e  t o  4°C.  A l l  Sepha dex  co l umns  wer e  po u r e d  a t  

t h e  t e m p e r a t u r e  ( 4° C)  a t  whi ch  t h e y  wer e  r u n .  A col umn was 

p o u r e d  i n  a s i n g l e  a t t e m p t .  Se phade x  o f  known bed volume 

c o v e r e d  w i t h  50 p e r c e n t  o f  t h a t  vol ume o f  1 . 0  M KC1 i n  

b u f f e r  A was s w i r l e d  t o  make a t h i c k  s l u r r y  and po u r e d  a t  

once  down a g l a s s  r od  i n t o  t h e  c o l umn .  Column e x t e n s i o n s  

were  added  t o  c o n t a i n  t h e  a d d i t i o n a l  vol ume o f  t h e  b u f f e r .  

The Sephade x  was a l i o w e d  t o  s e t t l e  f o r  15 m i n u t e s  b e f o r e  

t h e  f l o w was s t a r t e d .  A Sephadex  column was e q u i l i b r a t e d  

w i t h  a t  l e a s t  two vo l u me s  o f  r u n n i n g  b u f f e r  b e f o r e  u s e .

D. P h o s p h o c e l l u l o s e

P h o s p h o c e l l u l o s e  (Whatman P l l )  was p r e p a r e d  a c c o r d i n g  

t h e  t h e  m a n u f a c t u r e r ' s  d i r e c t i o n s .  For  e v e r y  gram dry  

w e i g h t  o f  p h o s p h o c e l l u l o s e ,  15 ml o f  0 . 5  M NaOH was u s e d .  

The i o n  e x c h a n g e r  was s t i r r e d  i n t o  t h e  NaOH and l e f t  f o r  

one h o u r .  A f t e r  t h i s  t h e  p h o s p h o c e l l u l o s e  was washed by 

d e c a n t a t i o n  u n t i l  t h e  pH r e a c h e d  8.  The l i q u i d  was po u r e d  

o f f  and t h e  same vo l ume  o f  0 . 5  M HC1 was a d d e d .  A f t e r  one 

h o u r  a t  room t e m p e r a t u r e ,  wa s h i n g  was r e p e a t e d  u n t i l  t h e  pH 

r e a c h e d  a p p r o x i m a t e l y  7.  The r e s u l t i n g  c a t i o n  e x c h a n g e r  

was r e s u s p e n d e d  i n  b u f f e r  B, a l l o w e d  t o  s e t t l e  and t h e  

c l o u d y  s u s p e n s i o n  a b o v e  t h e  s e t t l e d  p h o s p h o c e l l u l o s e  was



r emoved by s y p h o n i n g  and t h e  s o l u t i o n  b r o u g h t  t o  0 . 0 2  

p e r c e n t  w i t h  s od i um a z i d e .

E.  C M - c e l l u l o s e  and CM-Sephadex

Th e s e  m a t r i c e s  wer e  p r e p a r e d  i n  t h e  same manner  as  

p h o s p h o c e l l u l o s e .  DEAE-Sephadex and D E A E - c e l l u l o s e  were  

p r e p a r e d  i n  a s i m i l a r  ma n n e r ,  e x c e p t  t h a c  t h e  ba s e  and a c i d  

wa s h i n g  s t e p s  were  r e v e r s e d .

V I I .  Met hods  Used i n  t h e  P u r i f i c a t i o n  o f  t h e  X-Ray 

E n d o n u c l e a s e

A. Grov/ th o f  El. c o l i  AB3027

_E. c o l i  AB3027 was grown f rom a s t a b  c u l t u r e  o v e r n i g h t  

w i t h  v i g o r o u s  a e r a t i o n  i n  30 ml m o d i f i e d  Z u b a y ’ s medium t o  

whi ch  s t r e p t o m y c i n  s u l f a t e  ( g r a d e  B) had been  added  t o  a 

f i n a l  c o n c e n t r a t i o n  o f  50 u g / m l .  MMS s e n s i t i v i t y  o f  t h e  

c u l t u r e  was t e s t e d  by p l a t i n g  5 u l  on a P e t r i  d i s h  w i t h  a 

d i s k  c o n t a i n i n g  5 u l  o f  MMS. The z o n e s  o f  i n h i b i t i o n  were  

compar ed  t o  w i l d - t y p e  E_. c o l i  B and t o  t h e  polA s t r a i n ,  

AB1157.  The zone  o f  i n h i b i t i o n  o f  AB3027 was 50 p e r c e n t  

l a r g e r  ( d i a m e t e r )  t h a n  t h a t  o f  t h e  w i l d  t y p e .  The 

o v e r n i g h t  was used  a s  an i n o c u l u m f o r  a 1 - l i t e r  o v e r n i g h t  

c u l t u r e .  A f t e r  t h i s  c u l t u r e  had been  a n a l y s e d  a s  a b o v e ,  i t  

was us ed  t o  i n o c u l a t e  t h e  t h r e e  1 0 - l i t e r  v e s s e l s  o f  a



f e r m e n t o r  ( o r  t h r e e  1 2 - l i t e r  F l o r e n c e  f l a s k s  f i l l e d  w i t h  10 

l i t e r s  o f  m o d i f i e d  Z u b a y ' s  medium i n  a warm room)  and t h e  

b a c t e r i a  grown t o  l a t e  l o g  ( 0DgQQ=0. 4) .

B. B r e a k i n g  open c e l l s

T h r e e  vo l umes  o f  El. c o l i  c e l l s  we r e  mixed w i t h  one 

vol ume o f  4 M KC1 i n  b u f f e r  A. The c e l l s  were  t h e n  mixed 

w i t h  an e q u a l  volume o f  g l a s s  b e a d s  ( N o . 1 6 - 2 2 0 ,  V i r t u s  Co . )  

and g r o u n d  f o r  2 m i n u t e s  w i t h  CO2 c o o l i n g  i n  a Braun 

Ho moge n i z e r  MSK ( a p p r o x i m a t e l y  25 g o f  c e l l s / 2  m i n u t e  

c y c l e ) .  The l y s a t e  was c l e a r e d  by c e n t r i f u g a t i o n  a t  1 2 , 0 0 0  

x g f o r  15 m i n u t e s  and t h e  p e l l e t  d i s c a r d e d .  S m a l l e r  

q u a n t i t i e s  o f  c e l l s  ( l e s s  t h a n  10 g)  wer e  g r ound  w i t h  an 

e q u a l  volume,  o f  g l a s s  be a d s  i n  a S o r v a l l  Omni mi xe r ,  w i t h  5 

c y c l e s  of  g r i n d i n g .  Each c y c l e  c o n s i s t e d  o f  3 m i n u t e s  of  

g r i n d i n g  a t  maximum o u t p u t  f o l i o w e d  by 2 m i n u t e s  o f  c o o l i n g  

( t h e  s t a i n l e s s  s t e e l  g r i n d i n g  v e s s e l  was e n t i r e l y  i mmersed 

i n  an i c e - w a t e r  m i x t u r e  d u r i n g  t h e  p r o c e d u r e ) .

C. Removal  o f  n u c l e i c  a c i d s

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

( F r a c t i o n  I )  was f r e e d  o f  n u c l e i c  a c i d s  by p r e c i p i t a t i o n  

w i t h  t h e  p o l y e t h e l e n e  g l y c o l  (PEG 6 0 0 0 ) .  F r a c t i o n  I was 

mixed w i t h  h a l f  i t s  vol ume o f  a s o l u t i o n  o f  30 p e r c e n t  PEG 

6000 ,  1 M KC1, 10 p e r c e n t  g l y c e r o l  ( v / v )  1 mM EDTA, a’nd 1



mM ME and s t i r r e d  f o r  30 m i n u t e s  ( a t  4 ° C ) .  The s o l u t i o n  

was t h e n  c e n t r i f u g e d  a t  4°C a t  1 2 , 0 0 0  rpm i n  an SS-34  

r o t o r .  The p e l l e t  ( 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  and t h e  s u p e r n a t a n t  was c a l l e d  F r a c t i o n  I I .

D. DNA- agar ose  c h r o m a t o g r a p h y

F r a c t i o n  I I  was d i l u t e d  t o  0 . 2 5  M KC1 w i t h  t h r e e  

vo l umes  o f  c o l d  b u f f e r  A and a p p l i e d  t o  a DNA- aga r ose  

col umn a t  a r a t e  o f  2 col umn v o l u m e s / h o u r .  The DNA- aga r ose  

column was c o n s t r u c t e d  so t h a t  t h e  r a t i o  o f  l e n g t h  t o  

d i a m e t e r  was a p p r o x i m a t e l y  2 : 1  and t h e  bed vol ume was e q u a l  

( i n  mi s )  t o  h a l f  t h e  w e i g h t  o f  b a c t e r i a  u s e d  ( i n  gms ) .  

T h e r e f o r e ,  200 g o f  b a c t e r i a  r e q u i r e d  a DNA- aga r ose  bed o f  

100 ml .  A f t e r  t h e  co l umn was l o a d e d ,  i t  was washed w i t h  

t h r e e  column vo l umes  o f  0 . 3  M KC1 i n  b u f f e r  A. The 

a c t i v i t y  was e l u t e d  w i t h  2 . 5  column v o l ume s  o f  1 . 0  M KC1 i n  

b u f f e r  A. Bot h wa s h i n g  and e l u t i o n  o f  a c t i v i t y  t o o k  p l a c e  

a t  f l o w r a t e s  of  1 co l umn v o l u m e / h o u r .  The 1 . 0  M KC1 

e l u a t e  was c a l l e d  F r a c t i o n  I I I .  T h i s  f r a c t i o n  c o u l d  be 

mi xed w i t h  an e q u a l  vol ume o f  c o l d  a n h y d r o u s  g l y c e r o l  and 

s t o r e d  a t  - 20° C f o r  up t o  one y e a r  w i t h o u t  l o s s  o f  

a c t i v i t y .

E.  H y d r o x y l a p a t i t e  c h r o m a t o g r a p h y

F r a c t i o n  I I I  was d i r e c t l y  a p p l i e d  t o  a h y d r o x y l a p a t i t e



col umn c o n s t r u c t e d  s u c h  t h a t  e a c h  ml o f  bed vol ume c o u l d  

r e t a i n  0 . 5  mg o f  t h e  p r o t e i n  c o n t a i n e d  i n  F r a c t i o n  I I I .  I f  

F r a c t i o n  I I I  had been  s t o r e d  i n  50 p e r c e n t  g l y c e r o l ,  i t  was 

f i r s t  mixed w i t h  1 M KC1 i n  b u f f e r  A. The l o a d e d  column 

( l o a d e d  a t  a b o u t  2 co l umn v o l u m e s / h o u r )  was washed w i t h  3 

col umn vo l umes  o f  0 . 1  M b u f f e r  B and t h e  a c t i v i t y ,  F r a c t i o n  

IV,  e l u t e d  w i t h  2 . 5  col umn vo l umes  o f  0 . 3  M b u f f e r  B. 

F r a c t i o n  IV was c o n c e n t r a t e d  by d i a l y s i s  a g a i n s t  30 p e r c e n t  

PEG 2 0 , 0 0 0  ( w/ v )  i n  1 . 0  M KC1 i n  b u f f e r  A. A f t e r  a b o u t  5 

h o u r s  o f  d i a l y s i s ,  t h e  vol ume o f  F r a c t i o n  IV was h a l v e d .

The vol ume d e s i r e d  d e p e n d e d  on t h e  c o n d i t i o n s  f o r  t h e  n e x t  

s t e p  i n  p u r i f i c a t i o n .

F.  Sephade x  c h r o m a t o g r a p h y

The vol ume o f  F r a c t i o n  IV l o a d e d  o n t o  a col umn o f  

Sephade x  G100 o r  G75 was e q u a l  t o  b e t we e n  2 and 10 p e r c e n t  

o f  t h e  col umn bed v o l u me .  P r i o r  t o  u s e ,  t h e  column was 

e q u i l i b r a t e d  w i t h  a t  l e a s t  2 col umn vol umes  o f  1 M KC1 i n  

b u f f e r  A p l u s  2 mM d i t h i o t h r e i t o l  i n s t e a d  o f  1 mM 

m e r c a p t o e t h a n o l . The co l u mn s  were  r un  i n  t h e  a s c e n d i n g  

mode i n  t h e  c a s e  o f  t h e  one me t e r  ( i  . d . = 2 . 6  cm) a d v a n c e d  

P h a r m a c i a  col umn ( r o u t i n e l y  u s e d ) ,  or  i n  t h e  d e s c e n d i n g  

mode i n  t h e  c a s e  o f  s i m p l e  c o l u mn s .  When Se p hade x  G100 was 

u s e d ,  a 95-cm h y d r o s t a t i c  p r e s u r e  head  was m a i n t a i n e d  w i t h  

t h e  u s e  o f  a M a r r i o t  f l a s k ;  i f  Sephade x  G75 was u s e d ,  t h e  

p r e s s u r e  head was i n c r e a s e d  t o  a b o u t  1 . 5  m. Columns were
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c a l i b r a t e d  u s i n g  Bl ue  D e x t r a n  and t h e  Bi o - Ra d  Low M o l e c u l a r  

Wei gh t  P r o t e i n  S t a n d a r d s  made f o r  t h i s  p u r p o s e .  A c t i v e  

f r a c t i o n s  wer e  p o o l e d ;  t h e  combi ned  a c t i v e  e l u a t e  was 

c a l l e d  F r a c t i o n  V. T h i s  f r a c t i o n  c o u l d  be s t o r e d  i n  50 

p e r c e n t  g l y c e r o l  a t  - 20° C o r  k e p t  on wet  i c e  f o r  s e v e r a l  

weeks  w i t h o u t  l o s s  o f  a c t i v i t y .

G. P h o s p h o c e l l u l o s e  c h r o m a t o g r a p h y

A 1 ml col umn made f rom a t u b e r c u l l i n  s y r i n g e  was used 

a t  t h i s  s t e p .  F r a c t i o n  V was d i l u t e d  t o  0 . 2 5  M KC1 w i t h  

b u f f e r  A or  b u f f e r  C and a p p l i e d  t o  t h e  col umn u s i n g  a 

P h a r a m a c i a  p e r i s t a l t i c  pump s e t  a t  a b o u t  10 m l / h o u r .  A f t e r  

t h e  s a mp l e  was l o a d e d ,  t h e  col umn was c o n n e c t e d  t o  a l i n e a r  

KC1 g r a d i e n t  i n  e i t h e r  b u f f e r  A or  b u f f e r  C ( f r o m 0 . 2 5  M 

KC1- 0 . 60  M KC1) and e l u t e d  a t  t h e  same r a t e  a s  i t  was 

a p p l i e d .  The a c t i v e  f r a c t i o n ,  F r a c t i o n  VI ,  e l u t e d  be t we e n

0 . 4  M KC1 and 0 . 5  M KC1. F r a c t i o n  VI was v e r y  u n s t a b l e  and 

d e c a y e d  r a p i d l y  w h e t h e r  k e p t  on i c e  o r  f r o z e n .  When mixed 

w i t h  50 p e r c e n t  g l y c e r o l ,  a l m o s t  a l l  a c t i v i t y  was l o s t  

i m m e d i a t e l y .  I n  t h i s  v e r y  d i l u t e  s t a t e  ( l e s s  t h a n  2 ug o f  

p r o t e i n / m l ) ,  t h e  a d d i t i o n  o f  g l y c e r o l  seemed t o  d e s t a b i l i z e  

t h e  enzyme.

H. O t h e r  c h r o m a t o g r a p h i e s

In  some p r o c e d u r e s  D E A E - c e l l u l o s e  c h r o m a t o g r a p h y  was



us ed  p r i o r  t o  p h o s p h o c e l l u l o s e .  T h i s  p r o c e d u r e  was 

d i s c o n t i n u e d  due t o  t h e  e x t r e m e  l o s s  o f  a c t i v i t y  

e n c o u n t e r e d .  The X- r a y  e n d o n u c l e a s e  e l u t e d  f rom t h i s  

m a t r i x  a t  an i o n i c  s t r e n g t h  o f  l e s s  t h a n  0 . 2  M KC1. 

C M - c e l l u l o s e  was a l s o  t r i e d ,  b u t  d i s c o n t i n u e d  due t o  poor  

y i e l d s  and p u r i f i c a t i o n ;  t h e  enzyme e l u t e d  f rom t h i s  m a t r i x  

a t  a b o u t  0 . 1  M KC1.

V I I I .  A n a l y s i s  o f  P r o t e i n  M o l e c u l a r  Wei gh t  and P u r i t y

A. G l y c e r o l  g r a d i e n t s

For  d e t e r m i n a t i o n  o f  t h e  s e d i m e n t a t i o n  c o e f f i c i e n t  of  

t h e  e n d o n u c l e a s e  a c t i v i t i e s ,  a 50 u l  s amp l e  o f  F r a c t i o n  V, 

s t o r e d  i n  50 p e r c e n t  g l y c e r o l ,  was d i l u t e d  w i t h  150 u l  o f  

1 M KC1, 10 mM T r i s  pH 8 . 0 ,  1 mM ME, lomM EDTA. Sampl es  of  

175 u l  wer e  l a y e r e d  o n t o  5 ml 2 0 - 4 0  p e r c e n t  g l y c e r o l  

g r a d i e n t s  c o n t a i n i n g  0 . 0 2  M p o t a s s i u m  p h o s p h a t e  b u f f e r  pH

8 . 0 ,  lomM ME, lomM EDTA. The g r a d i e n t s  wer e  c e n t r i f u g e d  i n  

a Beckman SW 5 0 . 1  r o t o r  a t  4 6 , 0 0 0  rpm f o r  48 h o u r s  a t  2°C.  

F r a c t i o n s  wer e  c o l l e c t e d  u s i n g  t h e  same t e c h n i q u e s  a s  f o r  

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

g r a d i e n t  was c o l l e c t e d  a t  a t i m e ,  and t h e  c o l l e c t i o n  was 

done  i n  t h e  c o l d  room a t  4°C.  F i v e  u l  o f  e a c h  f r a c t i o n  

were  a s s a y e d  on b o t h  AP DNA and O s O ^ - t r e a t e d  DNA. The 

d i s t a n c e  b e t we e n  t h e  t o p  o f  t h e  g r a d i e n t  t u b e  and t h e  peak 

o f  a c t i v i t y  was d e t e r m i n e d  and t h e  m o l e c u l a r  w e i g h t  o f  t h e



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

g r a d i e n t  r e l a t i v e  t o  t h e  p o s i t i o n s  o f  ma r k e r  p r o t e i n s  r un  

i n  d i f f e r e n t  g r a d i e n t  t u b e s  a t  t h e  same t i m e .  Bov i ne  se rum 

a l b u m i n ,  c h y m o t r y p s i n o g e n  and r i b o n u c l e a s e  A were  us ed  a s  

s t a n d a r d s .  M o l e c u l a r  w e i g h t  c a l c u l a t i o n s  wer e  made 

a c c c o r d i n g  t o  t h e  r e l a t i o n s h i p  d e r i v e d  by M a r t i n  and Ames 

( 1 9 6 1 ) ,  a c c o r d i n g  t o  wh i c h  t h e  d i s t a n c e  t r a v e l e d  by t h e  

unknown p r o t e i n ,  D(x)  and d i s t a n c e  t r a v e l l e d  f rom t h e  

m e n i s c u s  by t h e  s t a n d a r d  p r o t e i n ,  D ( s ) ,  a r e  r e l a t e d  t o  t h e  

m o l e c u l a r  w e i g h t  o f  t h e  unknown p r o t e i n ,  MW(x) and t h e  

m o l e c u l a r  w e i g h t  o f  s t a n d a r d  p r o t e i n  by t h e  e q u a t i o n :

D ( x ) / D ( s )  = ( MW( x ) /MW( s ) 3 ̂  2 .

T h i s  e q u a t i o n  a s s u me s  t h a t  b o t h  p r o t e i n s  a r e  s p h e r i c a l .

B. S DS- Po l y a . c r y l a mi d e  g e l  e l e c t r o p h o r e s i s

For  S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  a 

m o d i f i c a t i o n  o f  t h e  met hod o f  L a e m l l i  ( 1 9 7 0 )  was u s e d .  

P r o t e i n  s o l u t i o n s  wer e  d i a l y s e d  a g a i n s t  d r y  Se p ha de x  G200 

u n t i l  d r y n e s s .  The d i a l y s i s  t u b e s  were  washed w i t h  t h r e e  25

u l  a l i q u o t s  o f  TGS b u f f e r  and t h i s  s o l u t i o n  was b r o u g h t  t o

10 p e r c e n t  g l y c e r o l ,  5 p e r c e n t  m e r c a p t o e t h a n o l , 2 p e r c e n t  

SDS and 0 . 0 0 2 5  p e r c e n t  b r o mo p h e n o l  b l u e .

A d i s c o n t i n o u s  e l e c t r o p h o r e s i s  s y s t e m  was u s e d ;  t h e

u p p e r  s t a c k i n g  g e l  was 3 p e r c e n t  a c r y l a m i d e  ( f r o m a 30

p e r c e n t  s t o c k  o f  3 0 : 1  a e r y l a m i d e : b i s  a c r y l a m i d e ) ,  0 . 1 2 5  M 

T r i s - H C l  pH 6 . 8  and 0 . 1  p e r c e n t  SDS, and t h e  l owe r
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s e p a r a t i n g  g e l  was 1 2 . 5  p e r c e n t  a c r y l a m i d e  ( 3 0 : 1  a s  b e f o r e )  

c o n t a i n i n g  0 . 3 7 5  M T r i s - H C l  pH 8 . 8  and 0 . 1  p e r c e n t  SDS. 

Th e s e  s o l u t i o n s  ( 20  ml o f  s t a c k i n g  and 40 ml o f  s e p a r a t i n g  

g e l  s o l u t i o n s  f o r  e a c h  g e l  c a s t )  were  d e a e r a t e d  f o r  2 

m i n u t e s  p r i o r  t o  t h e  a d d i t i o n  o f  SDS. To p o l y m e r i z e  t h e s e  

g e l s ,  200 u l  o f  f r e s h  10 p e r c e n t  ammonium p e r s u l f a t e  and 20 

u l  o f  TEMED wer e  a dded  t o  t h e  40 ml o f  t h e  s e p a r a t i n g  g e l  

s o l u t i o n  and 100 u l  o f  f r e s h  ammonium p e r s u l f a t e  and 10 u l  

o f  TEMED were  a dded  t o  t h e  20 ml o f  t h e  s t a c k i n g  g e l .

TGS b u f f e r  was u s ed  i n  b o t h  u p p e r  and l o we r  c h a m b e r s .

To e l e c t r o p h o r e s e , a c o n s t a n t  c u r r e n t  o f  50 mA was 

m a i n t a i n e d  u n t i l  t h e  b r o mo p h e n o l  b l u e  dye ma r k e r  r e a c h e d  

t h e  b o t t o m of  t h e  g e l  ( a b o u t  7 h o u r s ) .  The g e l  was t h e n  

f i x e d  and s t a i n e d  by s u b m e r s i o n  o v e r n i g h t  i n  a s o l u t i o n  of

0 . 1  p e r c e n t  Commass i e  B r i l l i a n t e  B l u e ,  50 p e r c e n t  m e t h a n o l  

and 7 . 5  p e r c e n t  a c e t i c  a c i d .  T h i s  was f o l l o w e d  by 2 h o u r s  

o f  d e s t a i n i n g  i n  50 p e r c e n t  m e t h a n o l ,  7 . 5  p e r c e n t  a c e t i c  

a c i d  f o l l o w e d  by s e v e r a l  c h a n g e s  o f  a s o l u t i o n  o f  5 p e r c e n t  

m e t h a n o l ,  7 . 5  p e r c e n t  a c e t i c  a c i d  u n t i l  p r o t e i n  b ands  were  

e a s i l y  v i s i b l e .  M o l e c u l a r  w e i g h t  s t a n d a r d s  ( B i o - Ra d  

m o l e c u l a r  w e i g h t  s t a n d a r d s  f o r  SDS-PAGE) wer e  r un  i n  

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

d e t e r m i n e d  by p l o t t i n g  t h e  d i s t a n c e  o f  ma r k e r  p r o t e i n s  f rom 

t h e  s t a r t  o f  t h e  s e p a r a t i n g  g e l  a g a i n s t  t h e  l o g a r i t h m  of  

t h e  m o l e c u l a r  w e i g h t  ( s e m i - l o g ) ,  and c o mp a r i n g  t h e  d i s t a n c e  

t r a v e l e d  by t h e  unknown p r o t e i n s  t o  t h e  s t r a i g h t  l i n e  

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



C. Se p ha dex  g e l  f i l t r a t i o n  c h r o m a t o g r a p h y

Se p ha de x  g e l  f i l t r a t i o n  c h r o m a t o g r a p h y  was p e r f o r m e d  a s  

i n  t h e  p r e p a r a t i v e  s t e p  d i s c u s s e d  a b o v e ,  b u t  t h e  P h a r m a c i a  

col umn (1 m x 2 . 6  cm i d . )  was c a l i b r a t e d  w i t h  t h r e e  

d i f f e r e n t  p r o t e i n s  (BSA, r i b o n u c l e a s e  A and o v a l b u m i n ) ,  a s  

w e l l  a s  Bl ue  D e x t r a n .  A l s o ,  f o r  t h e  p u r p o s e  o f  m o l e c u l a r  

w e i g h t  d e t e r m i n a t i o n ,  t h e  vol ume o f  t h e  s a mp l e  was 2 

p e r c e n t  o f  t h e  t o t a l  Se p h a d e x  bed v o l u me .  The Kav o f  e a c h  

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

Kav= ( V e - V o ) / ( V t - V O ) ; 

wher e  Ve i s  t h e  e l u t i o n  v o l u me ,  VO t h e  v o i d  v o l ume ,  and Vt 

i s  t h e  t o t a l  bed vol ume o f  t h e  c o l u mn .  When t h e  Kav o f  t h e  

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

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

m o l e c u l a r  w e i g h t  o f  t h e  X- r a y  e n d o n u c l e a s e .

TX. D e t e r m i n a t i o n  o f  t h e  N a t u r e  o f  t h e  T e r m i n i  L e f t  by 

t h e  E n d o n u c l e a s e  A c t i v i t y  o f  t h e  X- r a y  E n d o n u c l e a s e

A. The DNA p o l y m e r a s e  I a s s a y

1.  P r e p a r a t i o n  o f  t h e  DNA p o l y m e r a s e  I s u b s t r a t e s

A l i q u o t s  o f  u n l a b e l e d  PM2 DNA were  t r e a t e d  w i t h  e i t h e r  

OsO or  a c i d / h e a t  t o  p r o d u c e  2 - 3  enzyme s u s c e p t i b l e



s i t e s / m o l e c u l e  and d i a l y s e d  a g a i n s t  10 mM T r i s  pH 8 . 0 ,  1 mM 

EDTA o v e r n i g h t .  Each r e a c t i o n  us ed  15 u l  o f  DNA a t  25 

u l / m l ,  and t h e  r e a c t i o n s  wer e  b r o u g h t  t o  90 u l  w i t h  25 mM 

T r i s  pH 7 . 5 .  A l i q u o t s  o f  t h e  t h r e e  s u b s t r a t e s -  u n t r e a t e d ,  

h e a t / a c i d - t r e a t e d  and O s O ^ - t r e a t e d  PM2 DNA-- ; e r e  e a ch  

e xami ned  i n  t h e  f o l l o w i n g  f o u r  ways :

1.  a 10 u l  a l i q u o t  o f  1 M KC1 was a dded  and t h e  

r e a c t i o n s  wer e  i n c u b a t e d  a t  37°C f o r  20 m i n u t e s  

and t h e n  i n c u b a t e d  a t  70°C f o r  3 m i n u t e s  

f o l l o w e d  by t h e  a d d i t i o n  o f  3 u l  o f

0 . 0 4  M MgC12 .

2.  S e v e r a l  f o l d  s a t u r a t i n g  X- r ay  e n d o n u c l e a s e  v/as 

a dded  and t h e  r e a c t i o n s  i n c u b a t e d  f o r  20 

m i n u t e s  a t  37°C;  a f t e r  t h e  r e a c t i o n s  wer e  

i n c u b a t e d  f o r  3 m i n u t e s  a t  70°C,  3 u l  of

0 . 4  M MgCl2 was a d d e d .

3.  E x a c t l y  10 u l  of  1 M KC1 v/as added and t h e
o

r e a c t i o n s  i n c u b a t e d  10 m i n u t e s  a t  37 C.

A f t e r  i n c u b a t i o n ,  3 u l  o f  0 . 4  M MgCl2 and two 

u n i t s  o f  e x o n u c l e a s e  I I I  were  a d d e d ,  and t h e  

r e a c t i o n s  i n c u b a t e d  a t  37°C f o r  an a d d i t i o n a l  

10 m i n u t e s .  F o l l o w i n g  t h i s  t h e  r e a c t i o n s  wer e  

p l a c e d  i n  a 70°C w a t e r b a t h  f o r  3 m i n u t e s .

4 .  R e a c t i o n s  wer e  i n c u b a t e d  f o r  10 m i n u t e s  i n  a 

s e v e r a l  f o l d  e x c e s s  o f  X- r a y  e n d o n u c l e a s e ,  

and 3 u l  o f  0 . 4  M KC1 added  t o  e a c h  r e a c t i o n .  

Then two u n i t s  o f  e x o n u c l e a s e  I I I  were  added



and i n c u b a t i o n  a t  37 C c o n t i n u e d  f o r  10 

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

70°C w a t e r b a t h  f o r  3 m i n u t e s  t h e n  c o o l e d  i n  

an i c e  b a t h .

2.  DNA p o l y m e r a s e  I  r e a c t i o n s

To e a c h  o f  t h e  a b o v e  r e a c t i o n s  was a d d e d :  20 nmol e s  

e a c h  o f  dATP, dGTP, dCTP ( c a .  10 u l  o f  e a c h )  and 0 . 8  nMoles  

o f  dTTP,  t o g e t h e r  w i t h  2 . 5  mCi (5 u l )  o f  ^ H - ( m e t h y l )  dTTP 

a t  a s p e c i f i c  a c t i v i t y  of  5 8 C i / mmo l e ,  and 25 u l  o f  1 M 

KC1. One u n i t  o f  DNA p o l y m e r a s e  I (1 u l )  was t h e n  added  t o  

e a c h  r e a c t i o n .  Wh i l e  s t i l l  on i c e ,  25 u l  o f  r e a c t i o n  mix 

was r emoved f rom e a c h  v e s s e l  and s p o t t e d  o n t o  a Whatman 

GF/A f i l t e r  p r e s o a k e d  w i t h  i c e - c o l d  0.2M s odi um 

p y r o p h o s p h a t e .  Th e s e  f i l t e r s  were  p l a c e d  on a f i l t e r i n g  

a p p a r t a t u s  t o  whi ch  a vacuum was a p p l i e d  and t h e y  were  

washed w i t h  a 10 p e r c e n t  TCA s o l u t i o n  f o r  30 s e c o n d s .

A f t e r  an a d d i t i o n a l  1 0 - s e c o n d  wash v/ i th i c e - c o l d  95 p e r c e n t  

e t h a n o l ,  t h e  f i l t e r s  wer e  s p r e a d  on a s h e e t  o f  a l umi num 

f o i l  and a l l o w e d  t o  d r y  a t  room t e m p e r a t u r e .  The r e a c t i o n s  

wer e  t h e n  p l a c e d  i n  a 3 7 °C w a t e r b a t h  and a l i q u o t s  were  

drawn e v e r y  30 m i n u t e s  and t r e a t e d  a s  a b o v e .  The d r i e d  

f i l t e r s  wer e  p l a c e d  i n  m i n i v i a l s  and 3 . 5  ml o f  L i q u i s c i n t  

s c i n t i l l a t i o n  c o c k t a i l  was added  t o  e a c h  m i n i v i a l .



B. Calf spleen phosphodiesterase sensitivity

1.  T r e a t m e n t  w i t h  b a c t e r i a l  a l k a l i n e  p h o s p h a t a s e  (BALP)

O s O ^ - t r e a t e d  PM2 DNA (2 ug a t  5 0 , 0 0 0  cpm/ ug)  was 

t r e a t e d  w i t h  X- r ay  e n d o n u c l e a s e  a s  i n  s t e p s  A and B o f  t h e  

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

s o l u t i o n  was d i v i d e d  e q u a l l y  i n t o  two a l i q u o t s  and p l a c e d  

i n  a 65°C w a t e r b a t h .  A f t e r  2 m i n u t e s  o f  i n c u b a t i o n ,  one 

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

o f  t h e  D N A - c o n t a i n i n g  t u b e s  and b o t h  t u b e s  wer e  a l l o w e d  t o  

i n c u b a t e  a t  65°C f o r  30 m i n u t e s .  The s o l u t i o n s  p l a c e d  i n  a 

37°C w a t e r  b a t h  and a l l o w e d  5 m i n u t e s  t o  come t o  

e q u i l i b r i u m .

2.  T r e a t m e n t  w i t h  c a l f  s p l e e n  p h o s p h o d i e s t e r a s e

Each t u b e  o f  DNA i n  t h e  p r o c e d u r e  a bove  was d i v i d e d  

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

0 . 1  m i l l i u n i t s  o f  c a l f  s p l e e n  p h o s p h o d i e s t e r a s e  and t h e  

r e a c t i o n  were  i n c u b a t e d  f o r  30 m i n u t e s .  F o l l o w i n g  t h i s  1 

ug o f  tRNA was a dded  t o  e a c h  r e a c t i o n  and enough  100 

p e r c e n t  TCA t o  b r i n g  t h e  f i n a l  s o l u t i o n  t o  10 p e r c e n t .  The 

r e a c t i o n s  wer e  p l a c e d  on i c e .  A f t e r  30 m i n u t e s  t h e  

r e a c t i o n s  were  spun down f o r  2 m i n u t e s  i n  an F. ppendor f  

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

d i r e c t l y  i n t o  s c i n t i l l a t i o n  c o c k t a i l  and t h e  p r e c i p i t a t e



was washed once  w i t h  c o l d  10 p e r c e n t  TCA, r e s u s p e n d e d  i n  10 

mM T r i s  b u f f e r  pH 8 . 0 ,  and p l a c e d  i n  s c i n t i l l a t i o n  f l u i d .  

A l l  s a m p l e s  wer e  c o u n t e d ,  and t r i p l i c a t e d  s a m p l e s  were  

f ound  t o  d i f f e r  by l e s s  t h a n  5 p e r c e n t .

X. A n a l y s i s  o f  t h e  P r o d u c t s  o f  D i g e s t i o n  of  

P o l y n u c l e o t i d e s  w i t h  X-Ray E n d o n u c l e a s e

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

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

For  t h e  a n a l y s i s  o f  t h e  ( 2 - ^ C )  p o l y  dT: dA,  a v a r i a t i o n  

o f  t h e  met hod o f  M a n i a t i s  £ t  a_l. , ( 1 9 7 5 )  was f o l l o w e d .

S l a b  g e l s  ( 2 . 5  mm t h i c k  x 9 cm l o n g )  c o n t a i n i n g  5 p e r c e n t  

a c r y l a m i d e ,  ( a e r y l a m i d e : N, N' - b i s  a c r y l a m i d e ,  3 0 : 1 )  were  

p o l y m e r i z e d  i n  TEB b u f f e r  c o n t a i n i n g  7 M u r e a  and r un  i n  a 

v e r t i c a l  g e l  e l e c t r o p h o r e s i s  a p p a r a t u s ,  t h e  r e s e r v o i r s  of  

wh i ch  were  f i l l e d  w i t h  20 mM s odi um p h o s p h a t e  pH 7 . 5 .  The 

s a m p l e s  c o n t a i n i n g  o l i g o n u c l e o t i d e  were  e t h a n o l  

p r e c i p i t a t e d ,  d r i e d  u n d e r  vacuum,  r e d i s s o l v e d  i n  98 p e r c e n t  

d e i o n i z e d  f o r ma mi d e ,  and h e a t e d  i n  a b o i l i n g  w a t e r b a t h  f o r  

2 m i n u t e s .  The d e n a t u r e d  o l i g o n u c l e o t i d e  s o l u t i o n s  were  

t h e n  b r o u g h t  t o  0 . 0 2 5  p e r c e n t  b r omophe no l  b l u e  and l o a d e d  

i n t o  t h e  p r e c a s t  s l o t s  i n  t h e  g e l  (12 t o o t h  comb) .  The g e l  

was r un  a t  a c o n s t a n t  v o l t a g e  o f  10 v/cm ( 90 v o l t s )  u n t i l  

t h e  dye ma r k e r  r e a c h e d  t h e  b o t t o m of  t h e  g e l .  Under  t h e s e  

c o n d i t i o n s  t h e  dye ma r k e r  s h o u l d  m i g r a t e  w i t h



o l i g o n u c l e o t i d e s  l e s s  t h a n  o r  e q u a l  t o  20 n u c l e o t i d e s  i n  

l e n g t h .  A f t e r  e l e c t r o p h o r e s i s ,  g e l s  wer e  s l i c e d  so t h a t  

e a c h  l a n e  was c u t  i n t o  1-cm s e g m e n t s ,  l e f t  i n  s c i n t i l l a t i o n  

c o c k t a i l  o v e r n i g h t  and t h e n  c o u n t e d .

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

d i g e s t i o n  o f  O s O ^ - t r e a t e d  o r  t h e  O s O ^ / a l k a l i - t r e a t e d  

( 2 - 1 4 C) p o l y  dT

1.  P a p e r  c h r o m a t o g r a p h y

O n e - me t e r  s q u a r e s  o f  Whatman 3MM p a p e r  were  marked i n t o  

l a n e s  1 . 5  i n c h e s  w i d e .  Sampl es  i n  5 u l  a l i q u o t s  were  

s p o t t e d  o n t o  t h e  c e n t e r s  o f  e a c h  l a n e  4 i n c h e s  f rom t h e  t o p  

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

The s u p e r n a t a n t  o f  t h e  a l c o h o l  p r e c i p i t a t i o n  was b r o u g h t  t o  

d r y n e s s  on an Evapomi x and r e d i s s o l v e d  i n  t h e  minimum 

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

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

wer e  l y o p h i l i z e d  t o  d r y n e s s  and r e d i s s o l v e d  i n  a s  l i t t l e  

w a t e r  a s  p o s s i b l e .  Thymi ne ,  t h y m i d i n e ,  TMP, e l s  t h y mi n e  

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

mo n o p h o s p h a t e  and u r e a  were  us ed  a s  m a r k e r s  and r un  i n  

p a r a l l e l  i n  o t h e r  l a n e s .  A l l  o r  an a p p r o p r i a t e  s e l e c t i o n  

o f  t h e s e  were  r un  s i m u l t a i n e o u s l y  w i t h  unknowns .

A f t e r  s a mp l e  s p o t s  were  d r y ,  t h e  l o a d e d  s h e e t s  were  

p l a c e d  i n  g l a s s  c h r o m a t o g r a p h y  c h a mb e r s  p r e - e q u i l i b r a  t e d



w i t h  s o l v e n t  and c h r o m a t o g r a p h y  was i n i t i a t e d  by t h e  

a d d i t i o n  o f  s o l v e n t  t o  a t r o u g h  a t  t h e  t o p  o f  t h e  t a n k .

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

o f  f o u r  p a r t s  o f  e t h y l  a c e t a t e ,  whi ch  was mixed w i t h  one 

p a r t  o f  1 - p r o p y l  a l c o h o l  and two p a r t s  o f  w a t e r .  

Ch r o ma t o g r a p h y  was s t o p p e d  a f t e r  9 h o u r s  and t h e  

c h r o ma t o g r a ms  wer e  d r i e d  a t  room t e m p e r a t u r e .

2.  Th i n  l a y e r  c h r o m a t o g r a p h y  (TLC)

a .  c e l l u l o s e  TLC

Us i ng  a #2 p e n c i l ,  e a c h  p l a s t i c - b a c l c e d  p l a t e  was 

s e p a r a t e d  i n t o  l a n e s  1 . 5  i n c h e s  wi de  ( 6 / p l a t e ) ,  and a l i g h t  

p e n c i l  l i n e  was drawn p e r p e n d i c u l a r  t o  "the l a n e s  2 cm f rom 

t h e  b o t t om of  t h e  p l a t e .  A TLC c h r o m a t o g r a p h y  t a n k  was 

p r e - e q u i l i b r a t e d  w i t h  s o l v e n t  ( p r o p a n o l : w a t e r ,  3 : 1 )  p l a c e d  

a s  a 1 cm l a y e r  a t  t h e  b o t t o m of  t h e  t a n k  and c o v e r i n g  i t .  

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

a p p r o p r i a t e  m a r k e r s  wer e  s p o t t e d  o n t o  t h e  c e n t e r  o f  e ac h  

l a n e  2 cm f rom t h e  b o t t o m i n  2 u l  a l i q u o t s  ( a  h a i r  d r y e r  

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

wer e  t h e n  c a r e f u l l y  p l a c e d  i n  t h e  c h r o m a t o g r a p h y  t a n k ,  t h e  

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

s o l v e n t  f r o n t  was 1-2  cm f rom t h e  t o p  o f  t h e  p l a t e .



b.  p o l y e t h y l e n e i m i n e  ( P E I ) - c e l l u l o s e  t h i n  l a y e r  

c h r o m a t o g r a p h y

TLC u s i n g  t h i s  m a t r i x  was p e r f o r m e d  a s  a b o v e ,  e x c e p t  

t h a t  w a t e r  was u s ed  a s  t h e  s o l v e n t .  P o l y p h o s p h a t e s  

r e ma i n e d  a t  t h e  o r i g i n .

3.  V i s u a l i z a t i o n  o f  m a r k e r s

For  t h e  v i s u a l i z a t i o n  o f  t h y m i n e ,  t h y m i d i n e  and dTMP 

m a r k e r s  t h e  c h r o m a t o g r a m s  were  v i ewed  u n d e r  UV l i g h t .  Urea  

was v i s u a l i z e d  by s p r a y i n g  t h e  c h r o ma t o g r a m w i t h  W a r n e r ' s  

r e a g e n t ,  a s o l u t i o n  o f  10 p e r c e n t

p - d i m e t h y l - a m i n o b e n z a l d e h y d e  i n  c o n c e n t r a t e d  HC1, whi c h  was 

mixed w i t h  k. vo l umes  o f  a c e t o n e  i m m e d e a t e l y  b e f o r e  use  

( E k e r t ,  1 9 6 2 ) .  Thymi ne  g l y c o l  and d e r i v a t i v e s ,  t h y m i d i n e  

g l y c o l  and t h e  mo n o p h o s p h a t e  were  v i s u a l i z e d  by a 

m o d i f i c a t i o n  o f  t h e  t e c h n i q u e  o f  F i n k  e t  a l . ,  ( 1 9 5 6 ) .  The 

c h r o ma t o g r a ms  were  f i r s t  s p r a y e d  w i t h  1 M m e t h a n o l i c  HC1, 

d r i e d  and t h e n  s p r a y e d  w i t h  W a r n e r ' s  r e a g e n t .  The t h y mi n e  

g l y c o l  d e r i v a t i v e s  wer e  c h a r a c t e r i z e d  by a y e l l o w  s p o t  

whi ch  o v e r  t i me  became p i n k ,  b l u e  and y e l l o w .



XI. Determination of Reaction Optima and Inhibitors

A. S a l t

A 4 M s o l u t i o n  o f  KC1 i n  r e a c t i o n  b u f f e r  o r  a 5 M 

s o l u t i o n  o f  NaCl i n  r e a c t i o n  b u f f e r  was d i l u t e d  

a p p r o p r i a t e l y  i n t o  t h e  r e a c t i o n  mi x e s  p r i o r  t o  t h e  a d d i t i o n  

o f  5 u l  o f  t h e  X- r a y  e n d o n u c l e a s e  ( F r a c t i o n  V I ) ,  d i l u t e d  so 

t h a t  a p p r o x i m a t e l y  3 0 - 4 0  p e r c e n t  o f  X- r a y  e n d o n u c l e a s e  

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

i n c u b a t i o n  i n  r e a c t i o n  b u f f e r  a t  0.1M KC1. The m o l a r i t y  of  

KC1 added  w i t h  t h e  d i l u t e d  enzyme was t a k e n  i n t o  

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

B. pH

S o l u t i o n s  o f  200 mM T r i s  b a s e  were  b r o u g h t  t o  t h e  

d e s i r e d  pH by t h e  a d d i t i o n  o f  HC1 and d i l u t e d  t o  100 mM; 

t h e  pH was me a s u r e d  on a R a d i o m e t e r  pH m e t e r .  The s e  

s o l u t i o n s  were  b r o u g h t  t o  1 mM DTT and p l a c e d  i n  t h e  c o l d  

room.  A l i q u o t s  o f  PM2 DNA i n  10 mM T r i s  pH 8 . 0 ,  1 mM EDTA 

(1 ml )  were  p l a c e d  i n  n a r r o w  ( 0 . 2 5  i n c h )  d i a l y s i s  t u b i n g  

and t h e  t u b e s  a l l o w e d  t o  d i a l y z e  a g a i n s t  t h e  100 mM T r i s  

s o l u t i o n s  o v e r n i g h t .  A f t e r  d i a l y s i s  ( wh i c h  p r e v i o u s  

s t u d i e s  had shown t o  be a t  e q u i l i b r i u m  a f t e r  5 h o u r s  u n d e r  

t h e s e  c o n d i t i o n s ) ,  t h e  d i a l y s i s  t u b e s  wer e  r emoved and t h e  

d i a l y s i s  s o l u t i o n s  h e a t e d  t o  37 C, a t  wh i ch  t i me  t h e ' p H  was



r e a d .  The DNA was a s s a y e d  i m m e d i a t e l y  u s i n g  s a t u r a t i n g  

a moun t s  o f  t h e  X- r a y  e n d o n u c l e a s e .  For  t h e  d e t e r m i n a t i o n  

of  t h e  i n h i b i t i o n  by N, e t h y l m a l e i m i d e  (NEM),  a 0 . 2  M 

s o l u t i o n  o f  t h i s  s u b s t a n c e  was made up i n  r e a c t i o n  b u f f e r  

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

a d d i t i o n  o f  enzyme.

C. Hea t  i n a c t i v a t i o n

A 2-ml  a l i q u o t  o f  b u f f e r  A c o n t a i n i n g  1 . 0  M KC1 was 

p l a c e d  i n  a Wasser mann t u b e  and h e a t e d  i n  a 

c o n s t a n t - t e m p e r a t u r e  w a t e r  b a t h  f o r  5 m i n u t e s  b e f o r e  

a d d i t i o n  o f  a 1 0 0 - u l  a l i q u o t  o f  a p r e p a r a t i o n  o f  t h e  

Sephade x  e l u a t e ,  F r a c t i o n  V. The s o l u t i o n  was s t i r r e d  by 

f i l l i n g  and e m p t y i n g  t h e  p i p e t  t i p .  A 100 u l  a l i q u o t  was 

t a k e n  and p l a c e d  i n  a t u b e  embedded i n  i c e .  T h i s  p r o c e s s  

was r e p e a t e d  e v e r y  5 m i n u t e s  t o  a t o t a l  o f  25 m i n u t e s .

The s e  t i me d  s a m p l e s  wer e  d i s t r i b u t e d  i n  5 u l  a l i q u o t s  t o  

r e a c t i o n  t u b e s  c o n t a i n i n g  200 ng o f  e i t h e r  AP or  

X - i r r a d i a t e d  PM2 DNA. Each p o i n t  was r un  i n  t r i p l i c a t e  f o r  

e a c h  s u b s t r a t e .  F o l l o w i n g  a 1 0 - m i n u t e  i n c u b a t i o n ,  t h e  

r e a c t i o n s  wer e  s t o p p e d  and AP-DNA r e a c t i o n s  wer e  a n a l y s e d  

by n e u t r a l  s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n .  The 

X - i r r a d i a t e d  DNA r e a c t i o n s  wer e  a n a l y s e d  by a l k a l i n e  

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



S e c t i o n  I I I RESULTS

I . P u r i f i c a t i o n

A. Open i ng  c e l l s

Four  me t hods  o f  b r e a k i n g  open c e l l s  were  t r i e d ;  

g r i n d i n g  w i t h  g l a s s  b e a d s  i n  Braun Ho mo g e n i z e r ,  g r i n d i n g  

w i t h  g l a s s  b e a d s  i n  a S o r v a l l  o mn i mi x e r ,  s o n i c a t i o n  u s i n g  a 

Br a n s o n  S o n i f i e r ,  and a l ysozyme-EDTA me t h o d .  Of t h e s e  

me t hods  t h e  f i r s t  two gave  c o m p a r a b l e  r e s u l t s  w i t h  t h e  

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

b e t we e n  1 , 0 0 0  and 1 0 , 0 0 0  u n i t s / m g  b a c t e r i a l  p r o t e i n .  

T r e a t m e n t  by u s e  o f  t h e  S o n i f i e r  or  l ysozyme-EDTA gave  

y i e l d s  o f  enzyme an o r d e r  o f  m a g n i t u d e  l o we r  w h i l e  y i e l d i n g  

a s m u c ’n p r o t e i n / c e l l .

B. Removal  o f  n u c l e i c  a c i d s

The p r e c i p i t a t i o n  o f  t h e  n u c l e i c  a c i d s  w i t h  a 10 

p e r c e n t  s o l u t i o n  o f  PEG 6 , 0 0 0  ha s  s e v e r a l  d e f i n i t e  

a d v a n t a g e s  o v e r  o t h e r  me t hods  t r i e d .  \ 7h i l e  p r e c i p i t a t i o n  

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

r e mo v i n g  DNA f rom b a c t e r i a l  l y s a t e s  t h a t  had been  c l e a r e d  

o f  r i b o s o m e s  by u l t r a c e n t r i f u g a t i o n  (100  m i n u t e s  a t  2 7 , 0 0 0  

r p m) ,  t h e r e  was c o n s i d e r a b l e  l o s s  of  e n d o n u c l e a s e  a c t i v i t y .  

PEG 6 , 0 0 0  p r e c i p i t a t i o n  had two a d v a n t a g e s .  F i r s t ,  a



s e p a r a t e  u l t r a c e n t r i f u g a t i o n  s t e p  was n o t  n e e d e d ;  F r a c t i o n  

I I  was us ed  d i r e c t l y  a f t e r  a low s p e e d  s p i n  i n  an SS 34 

r o t o r  ( 10  m i n u t e s  a t  1 0 , 0 0 0  rpm) and s t i l l  gave  an 

^ 2 6 0 ^ 2 8 0  r a t i °  i n d i c a t i v e  o f  t h e  a b s e n s e  o f  n u c l e i c  a c i d s .  

The s e c o n d  a d v a n t a g e  was t h a t  t h i s  met hod r e s u l t e d  i n  some 

p u r i f i c a t i o n  w i t h  no l o s s  o f  a c t i v i t y .

C. DMA-agarose  c h r o m a t o g r a p h y

DNA a g a r o s e  p r e p a r e d  by t h e  met hod o f  S c h a l l e r  e_t al_. , 

( 19 7 2 )  i s  an a f f i n i t y  m a t r i x  f o r  p r o t e i n s  f o r  

s i n g l e - s t r a n d e d - D N A - b i n d i n g  p r o t e i n s  whi c h  S c h a l l e r  s t a t e s  

a c c o u n t  f o r  a b o u t  6 p e r c e n t  o f  a l l  E_. c o l i  p r o t e i n s .  Wi th 

t h i s  p r o c e d u r e  a b o u t  13 p e r c e n t  o f  t h e  s o l u b l e  p r o t e i n  i n  

F r a c t i o n  I I  bound .  T h i s  met hod has  d i s a d v a n t a g e s  i n  t h e  

p u r i f i c a t i o n  o f  t h e  X- r a y  e n d o n u c l e a s e .  Th e r e  was an 

a p p a r e n t  l o s s  o f  75 p e r c e n t  o f  t h e  a c t i v i t y  l o a d e d  o n t o  t h e  

c o l umn .  The col umn was c o n s t a n t l y  e l u t i n g  DNA a t  a r a t e  of

0 . 1  p e r c e n t  o f  t h e  t o t a l  DNA e l u t i n g  w i t h  e a ch  column 

volume of  p u t - t h r o u g h .  The X- r a y  e n d o n u c l e a s e  e l u t e d  in  a 

b r o a d  peak  o f  f rom 0 . 6 - 1 . 0  M KC1 when g r a d i e n t  e l u t i o n  was 

u s e d .  T h e r e  was ,  h o we v e r ,  one  a d v a n t a g e  t h a t  o u t we i g h e d  

t h e  d i s a d v a n t a g e s :  a 1 0 - 30  f o l d  p u r i f i c a t i o n  a t  t h i s  s t e p .

T a b l e  I I  shows t h e  number  o f  X- r a y  e n d o n u c l e a s e - s u s c e p t i b l e  

s i t e s / P M 2 DNA m o l e c u l e / k i l o r a d  i n  PM2 DNA X - i r r a d i a t e d  i n  

t h e  p r o s e n s e  o f  50 mM KI .  As can  be s e e n  d u r i n g  t h e  DNA 

a g a r o s e  c h r o m a t o g r a p h y  t h e r e  was an a p p a r e n t  s e p a r a t i o n  of



t h e  X- r a y  e n d o n u c l e a s e  and a n o t h e r  a c t i v i t y ,  e n d o n u c l e a s e  

o r  DNA g l y c o s y l a s e  whi ch  a c t s  on X - i r r a d i a t e d  DNA. As 

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

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

e n d o n u c l e a s e  a c t i v i t y  was r u l e d  o u t .  A l s o ,  a s  t h e  number  

o f  e n z y m e - i n d u c e d  s t r a n d  b r e a k s  was t h e  same u n d e r  bo t h  t h e  

e n d o n u c l e a s e  a s s a y  and t h e  DNA g l y c o l s y l a s e  a s s a y  we c o u l d  

be s u r e  t h a t  t h e  s i t e s  n i c k e d  by t h e s e  c r u d e  p r e p a r a t i o n s  

wer e  a l k a l i - s t a b l e .  F r a c t i o n s  I and I I  a p p e a r e d  t o  

r e c o g n i z e  a b o u t  AO p e r c e n t  more s i t e s  t h a n  t h e  f r a c t i o n s  

f o l l o w i n g  DNA- aga r ose  c h r o m a t o g r a p h y ,  i m p l y i n g  t h a t  a n o t h e r  

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

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

D. H y d r o x y l a p a t i t e  c h r o m a t o g r a p h y

The h y d r o x y l a p a t i t e  col umn was used  t o  c o n c e n t r a t e ,  

r emove g l y c e r o l  and a c h i e v e  some d e g r e e  of  p u r i f i c a t i o n  

w i t h  no l o s s  o f  a c t i v i t y  ( s e e  T a b l e  I I ) .  One i m p o r t a n t  

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

u r a c i l - D N A  g l y c o s y l a s e  whi ch  was known t o  e l u t e  f rom 

h y d r o x y l a p a t i t e  a t  an i o n i c  s t r e n g t h  o f  l e s s  t h a n  0 . 1  M 

p h o s p h a t e  ( L i n d a h l ,  1 9 7 S ) .  S i n c e  i t  i s  known t h a t  u r a c i l  

r e s i d u e s  d e r i v e d  f rom c y t o s i n e  a r e  r a d i o l y s i s  p r o d u c t s  of  

DNA, t h i s  enzyme s h o u l d  add t o  t h e  t o t a l  number  o f  

e n z y m e - s u s c e p t i b l e  s i t e s / k i l o r a d  o f  X - r a y s .  S t u d i e s  u s i n g  

g r a d i e n t  e l u t i o n  ( f r o m  0 . 1  M b u f f e r  B - 0 . 5  M b u f f e r  B)
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showed t h e  X- r a y  e n d o n u c l e a s e  a c t i v i t y  t o  e l u t e  i n  a b r o a d  

peak  f rom 0 . 2  M t o  0 . 3  M b u f f e r  B t o g e t h e r  w i t h  t h e  

m a j o r i t y  o f  p r o t e i n s  p r e s e n t  i n  F r a c t i o n  I I I .  One d i s t i n c t  

a d v a n t a g e  o f  t h i s  h y d r o x y l a p a t i t e  a s  a col umn m a t r i x  was 

t h a t  s a mp l e s  c o u l d  be l o a d e d  o n t o  t h i s  col umn w i t h  i o n i c  

s t r e n g t h s  o f  KC1 e q u a l  t o  1 m o l a r .  As w i t h  DNA- a ga r os e ,  

s t e p w i s e  e l u t i o n  p r o v e d  t o  be t h e  most  e f f i c i e n t  mode,  as  

no p u r i f i c a t i o n  i n  e x c e s s  o f  t h a t  a c h e i v e d  i n  s t e p - w i s e  

e l u t i o n  was o b t a i n e d  by g r a d i e n t  e l u t i o n ,  and t h e  l a t t e r  

p r o c e d u r e  r e s u l t e d  i n  much h i g h e r  v o l u me s .  The col umn was 

washed w i t h  2 . 5  col umn vo l umes  o f  0 . 1  M b u f f e r  B and was 

e l u t e d  w i t h  a s i m i l a r  vol ume o f  0 . 3  M b u f f e r  B. The a c t i v e  

e l u a t e  was i m m e d i a t e l y  c o n c e n t r a t e d  a g a i n s t  30 p e r c e n t  PF,G

2 0 , 0 0 0 ,  i n  1 M KC1 i n  b u f f e r  A u n t i l  i t  r e a c h e d  a vol ume 

be t we e n  2 p e r c e n t  and 10 p e r c e n t  o f  t h e  bed vol ume o f  t h e  

Se p ha dex  column (G75 or  G100)  on whi ch  i t  was 

c h r o m a t o g r a p h e d  a s  q u i c k l y  a s  p o s s i b l e .  Th e r e  was some 

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

b u t  t h i s  was n o t  a d e q u a t e l y  t e s t e d .

E.  Se p h a d ex  ( m o l e c u l a r  e x c l u s i o n )  c h r o m a t o g r a p h y

F r a c t i o n  IV,  c o n c e n t r a t e d  t o  l e s s  t h a n  10 p e r c e n t  o f  

t h e  bed vol ume o f  t h e  Se p h a d e x  co l umn ,  was a p p l i e d  t o  a 

col umn o f  e i t h e r  Se p ha de x  G75 o r  G100 u s i n g  1 M KC1 i n  

b u f f e r  A a s  t h e  r u n n i n g  b u f f e r .  Under  p r e p a r a t i v e  

c o n d i t i o n s ,  t h e  X- r a y  e n d o n u c l e a s e  a c t i v i t y  e l u t e d  wi ' th a
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Kav c o r r e s p o n d i n g  t o  a p r o t e i n  o f  m o l e c u l a r  w e i g h t  be t we en  

2 0 , 0 0 0  and 4 0 , 0 0 0  d a l t o n s .  T h e r e  was b e t t e r  t h a n  a 1 0 - f o l d  

p u r i f i c a t i o n  a t  t h i s  s t e p  ( s e e  T a b l e  4)  w i t h  l i t t l e  o r  no 

l o s s  o f  a c t i v i t y .  I f ,  a t  t h i s  s t e p ,  a r u n n i n g  b u f f e r  w i t h  

a KC1 c o n c e n t r a t i o n  o f  l e s s  t h a n  0 . 1  M was u s e d ,  t h e  

a c t i v i t y  was f ound  e x c l u s i v e l y  i n  t h e  v o i d  vol ume ( o f  

e i t h e r  a G100 o r  a G75 m a t r i x )  w i t h  a 9 0 - 9 5  p e r c e n t  l o s s  of  

a c t i v i t y .  D i a l y s i s  o f  t h i s  low i o n i c  s t r e n g t h  e l u a t e  

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

a c t i v i t y .

F.  P h o s p h o c e l l u l o s e  c h r o m a t o g r a p h y

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

and t h e  low p r o t e i n  c o n c e n t r a t i o n  o f  t h e  Se p hade x  e l u a t e  

( an  a v e r a g e  o f  50 u l / m l ) ,  a s m a l l  col umn was c o n s t r u c t e d  

u s i n g  a d i s p o s a b l e  t u b e r c u l l i n  s y r i n g e .  E a r l y  e f f o r t s  used 

g r a d i e n t  e l u t i o n  w i t h  a KCl g r a d i e n t  i n  b u f f e r  C ( b a s e d  on 

10 mM p o t a s s i u m  p h o s p h a t e  b u f f e r  pH 8 . 0 )  w h i l e  l a t t e r  

e f f o r t s  us ed  a KCl g r a d i e n t  i n  b u f f e r  A ( b a s e d  on 10 mM 

T r i s  pH 8 . 0 ) .  The s w i t c h  i n  b u f f e r s  was o r i g i n a l l y  based  

on d e v e l o p i n g  an a s s a y  i n v o l v i n g  SI  n u c l e a s e ,  whi ch  i s  

i n h i b i t e d  by t h e  p r e s e n c e  o f  p h o s p h a t e ,  and by t h e  d e s i r e  

t o  keep  t h e  same b u f f e r  s y s t e m  t h r o u g h o u t  t h e  p u r i f i c a t i o n .  

I n  e i t h e r  c a s e  t h e  X- r a y  e n d o n u c l e a s e  a c t i v i t y  e l u t e d  

b e t we e n  0 . 4  and 0 . 5  M KCl when a g r a d i e n t  o f  0 . 3  M- 0 . 6  M 

KCl was c o n t a i n e d  i n  10 col umn v o l u m e s .  The e l u a t e  f rom
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t h i s  co l umn was u n s t a b l e  and a c t i v i t y  was r a p i d l y  l o s t  i f  

a dde d  t o  g l y c e r o l  ( f i n a l  c o n c e n t r a t i o n  50 p e r c e n t )  a t  - 20° C 

o r  i f  c o n c e n t r a t e d  a g a i n s t  30 p e r c e n t  PEG 2 0 , 0 0 0  i n  1 M KCl 

i n  b u f f e r  A.

G. No t e s  on t h e  p u r i f i c a t i o n

The X- r a y  e n d o n u c l e a s e  was s t a b l e  up t o  and i n c l u d i n g  

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

T a b l e  I ( S e p h a d e x  c h r o m a t o g r a p h y ) ,  p r o v i d e d  some 

p r e c a u t i o n s  were  t a k e n .  In a t y p i c a l  p r e p a r a t i o n ,  t h e  

p u r i f i c a t i o n  was t a k e n  t o  F r a c t i o n  V a s  r a p i d l y  a s  p o s s i b l e  

and s t o r e d  a t  t h a t  s t a g e  i n  50 p e r c e n t  g l y c e r o l  a t  - 2 0 ° C 

w h i l e  a l i q u o t s  were  r emoved f o r  p h o s p h o c e l l u l o s e  

c h r o m a t o g r a p h y  a s  n e e d e d .

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

a r e  a s  f o l l o w s :  The i o n i c  s t r e n g t h  mus t  be o v e r  t h e  

e q u i v a l e n t  o f  0 . 2  M KCl a t  a l l  t i m e s .  F i g u r e  I i l l u s t r a t e s  

t h a t  w i t h  d i a l y s i s  a g a i n s t  d e c r e a s i n g  KCl c o n c e n t r a t i o n s  i n  

b u f f e r  A t h e r e  was an i n c r e a s i n g  l o s s  o f  enzyme a c t i v i t y .

I t  s h o u l d  be n o t e d  i n  t h i s  r e g a r d  t h a t  enzyme a p p e a r e d  t o  

a g g r e g a t e  a t  a low i o n i c  s t r e n g t h  ( t h e  r e s u l t s  o f  t h e  

Se p h a d e x  c h r o m a t o g r a p h y  a t  low i o n i c  s t r e n g t h ) .  F a i l u r e  t o  

i n c l u d e  g l y c e r o l  i n  any o f  t h e  b u f f e r s  r e s u l t e d  i n  

c o n s i d e r a b l e  l o s s  i n  a c t i v i t y .  F i n a l l y ,  f a i l u r e  t o  i n c l u d e  

m e r c a p t o e t h a n o l  or  d i t h i o t h r e i t o l  i n  c h r o m a t o g r a p h y  or  

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



a b i l i t y  t o  n i c k  O s O ^ - t r e a t e d  o r  X - i r r a d i a t e d  DNA s u b s t r a t e s  

w i t h o u t  a l t e r i n g  t h e  AP e n d o n u c l e a s e  a c t i v i t y .  T a b l e  4 

shows t h e  p u r i f i c a t i o n  o f  t h e  X- r a y  e n d o n u c l e a s e  o f  E . c o l i  

i n  t e r m s  o f  y i e l d s  o f  a c t i v i t y  i n  t e r m s  o f  i t s  a c t i v i t y  on 

X - i r r a d i a t e d  DNA.

I I .  S u b s t r a t e  S p e c i f i c i t y

A. X - i r r a d i a t e d  DNA

1. A l k a l i - l a b i l e  s i t e s

The X- r a y  e n d o n u c l e a s e  was p u r i f i e d  on t h e  b a s i s  o f  

e n d o n u c l e a s e  a c t i v i t y  on s i t e s  i n  DNA t h a t  a r e  t h e  r e s u l t  

o f  X - i r r a d i a t i o n . The o r i g i n a l  r e p o r t - o f  S t r n i s t e  and 

Wa l l a c e  (197 5) showed t h a t  i n  c r u d e  p r e p a r a t i o n s  b o t h  

a l k a l i - l a b i l e  and a l k a l i - s t a b l e  l e s i o n s  wer e  n i c k e d .  

A d d i t i o n a l  p u r i f i c a t i o n  b a s e d  on e n d o n u c l e a s e / DNA 

g l y c o s y l a s e  a c t i v i t y  to\ i rards DNA X - i r r a d i a t e d  i n  t h e  

p r e s e n s e  o f  50 mM KI l e d  t o  a l o s s  o f  t h e  a b i l i t y  t o  n i c k  

a t  X - r a y - i n d u c e d  a l k a l i - l a b i l e  s i t e s .  XI i s  an h y d r o x y l  

r a d i c a l  t r a p  and was used  t o  i n c r e a s e  t h e  r a t i o  of  

e n z y m e - s u s c e p t i b l e  s i t e s  t o  f r a n k  s t r a n d  b r e a k s  t h a t  a r e  

one c o n s e q u e n c e  o f  X - i r r a d i a t i o n  w i t h o u t  KI .

F i g u r e  2 shows t h e  X- r ay  dos e  r e s p o n s e  o f  s a t u r a t i n g  

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

e n d o n u c l e a s e  a s s a y  and t h e  DNA g l y c o s y l a s e  a s s a y  (+



a l k a l i ) .  As can  be r e a d i l y  c a l c u l a t e d  f rom t h e  d a t a  

p r e s e n t e d  i n  F i g u r e  2 o r  i n  T a b l e  3,  t h e  DNA g l y c o s y l a s e  

a s s a y  showed t h e  same number  o f  e n z y m e - s u s c e p t i b l e  s i t e s  a s  

t h e  e n d o n u c l e a s e  a s s a y  a t  e a c h  d o s e .  T h i s  i n d i c a t e s  t h a t  

t h e  a l k a l i - l a b i l e  s i t e s  i n  X - i r r a d i a t e d  DNA a r e  n o t  n i c k e d  

by t h e  X- r a y  e n d o n u c l e a s e .  I n  o r d e r  t o  s u b s t a n t i a t e  t h i s  

u n e x p e c t e d  r e s u l t ,  an e x p e r i m e n t  wer e  p e r f o r m e d  i n  whi ch 

a l i q o u t s  o f  X - i r r a d i a t e d  DNA were  t r e a t e d  w i t h :  s a t u r a t i n g

a mount s  of  a y e a s t  ( S a c c h a r o m y c e s  c e r e v i s a e )  c l a s s  I I  AP 

e n d o n u c l e a s e ,  a c t i v e  s o l e l y  a g a i n s t  t h e  a l k a l i - l a b i l e  s i t e s  

i n  X - i r r a d i a t e d  DNA ( P .  Armel  p e r s o n a l  c o m m u n i c a t i o n ) ;  

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

s e q u e n t i a l l y  w i t h  s a t u r a t i n g  a mo u n t s  o f  t h e  y e a s t  AP 

e n d o n u c l e a s e ,  whi ch  was s u b s e q u e n t l y  i n a c t i v a t e d  by h e a t i n g  

a t  70°C f o r .  t h r e e  m i n u t e s  and t h e  DNA was t h e n  t r e a t e d  w i t h  

s a t u r a t i n g  a moun t s  o f  t h e  X- r a y  e n d o n u c l e a s e  ( T a b l e  5 ) .  

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

p e r f o r m e d  u s i n g  t h e  ma j o r  AP e n d o n u c l e a s e  of  _E. c o l i , 

e x o n u c l e a s e  I l l / e n d o n u c l e a s e  VI i n  p l a c e  o f  t h e  y e a s t  

e n d o n u c l e a s e .  Th e s e  r e s u l t s  c o n f i r m e d  t h a t  t h e  m a j o r i t y  of  

a l k a l i - l a b i l e  s i t e s  p r o d u c e d  i n  DNA by X r a y s  i n  t h e  

p r e s e n s e  o f  50 mM KI a r e  n o t  s u s c e p t i b l e  t o  t h e  X- r a y  

e n d o n u c l e a s e .
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2.  A l k a l i - s t a b l e  X- r a y  e n d o n u c l e a s e  s u s c e p t i b l e  

s i t e s

As can be s e e n  f rom T a b l e  3,  p u r i f i c a t i o n  o f  t h e  X- r a y  

e n d o n u c l e a s e  beyond f r a c t i o n  I I  r e s u l t e d  i n  a d e f i n i t e  

number  o f  e n z y m e - s u s c e p t i b l e  s i t e s  p r o d u c e d  f o r  e a c h  

k i l o r a d  o f  X r a y s .  T h i s  number ,  0 . 0 3 5 + / - . 0 0 5  X- r a y  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s / P M 2  m o l e c u l e / k i l o r a d  o f  X 

r a y s  i n  t h e  p r e s e n s e  o f  50 mM KI ,  r e m a i n s  a c o n s t a n t  f o r  

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

and f o r  a l l  DNA p r e p a r a t i o n s .  S i n c e  i t  was known t h a t  

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

t y p e ,  an e x p e r i m e n t  was p e r f o r m e d  t o  d e t e r m i n e  t h e  

r e l a t i o n s h i p  b e t we e n  X- r a y  e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  

and t h y mi n e  g l y c o l  r e s i d u e s  p r o d u c e d  by X - i r r a d i a t i o n .  

H e a v i l y  l a b e l e d  PM2 DNA ( 5 0 0 , 0 0 0  cpm/ ug DNA) was 

X - i r r a d i a t e d  and s i m u l t a n e o u s l y  a s s a y e d  f o r  b o t h  X- r a y  

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

by us e  o f  t h e  a l k a l i n e - d e g r a d a t i v e  p r o c e d u r e  o f  H a r i h a r a n  

( 1 9 8 0 ) .  The r e s u l t s  ( F i g u r e  3) show t h a t  no more t h a n  40 

p e r c e n t  o f  t h e  e n z y m e - s u s c e p t i b l e  s i t e s  a r e  p r o v i d e d  by 

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

enzyme s u s c e p t i b l e  s i t e s  w i l l  be d i s c u s s e d  l a t e r .

B. A p u r i n i c  s i t e s

The a p u r i n i c  s i t e s  g e n e r a t e d  by h e a t / a c i d  t r e a t m e n t
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( L i n d a h l  and A n d e r s s o n ,  1972)  a r e  s u b s t r a t e s  f o r  t h e  X- r a y  

e n d o n u c l e a s e .  As shown i n  F i g u r e  A, t h e  X- r a y  e n d o n u c l e a s e  

i n c i s e d  a t  a b o u t  8 5 p e r c e n t  o f  t h e  t o t a l  s i t e s  c o n v e r t i b l e  

t o  s t r a n d  b r e a k s  a s  d e t e r m i n e d  by t h e  DNA g l y c o s y l a s e / A P  

e n d o n u c l e a s e  a s s a y .  Whe t he r  AP DNA was t r e a t e d  w i t h  X- r a y  

e n d o n u c l e a s e  o r  was n o t  t r e a t e d  p r i o r  t o  t h e  DNA 

g l y c o s y l a s e / e n d o n u c l e a s e  a s s a y ,  t h e  number  o f  a l k a l i  

i n d u c e d  s t r a n d  b r e a k s  r e ma i n e d  t h e  same .  T h i s  i n d i c a t e d  

t h a t  t h e  o n l y  s i t e s  r e c o g n i z e d  by t h e  X- r a y  e n d o n u c l e a s e  i n  

h e a t / a c i d - t r e a t e d  DNA a r e  t h e  a l k a l i - l a b i l e ,  a p u r i n i c  

s i t e s .  I t  i s  s u p p o s e d  t h a t  c o n t i n u e d  i n c u b a t i o n  w i t h  X- r a y  

e n d o n u c l e a s e  would be n e c e s s a r y  t o  c o n v e r t  a l l  AP s i t e s  t o  

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

t h i s  low s u b s t r a t e  c o n c e n t r a t i o n  a p p r o a c h e s  z e r o  

a s y m p t o t i c a l l y .

C. A p y r i m i d i n i c  DNA

S i n c e  p y r i m i d i n e s  a r e  more s e n s i t i v e  t o  i o n i z i n g  

r a d i a t i o n  t h a n  p u r i n e s  ( s e e  I n t r o d u c t i o n )  i t  was p o s s i b l e

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

X - i r r a d i a t i o n  wer e  p r i m a r i l y  a p y r i m i d i n i c .  I n  o r d e r  t o  

t e s t  w h e t h e r  t h e  X- r a y  e n d o n u c l e a s e  r e c o g n i z e d  a p y r i m i d i n i c  

s i t e s  a s  w e l l  a s  a p u r i n i c  s i t e s ,  i t  was n e c e s s a r y  t o  make 

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

a c c o m p l i s h e d  by a two s t e p  p r o c e s s :

1.  3H-PM2 DNA was i n c u b a t e d  f o r  n i n e  h o u r s  a t  37°C
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i n  2M NaHSOg t o  c a u s e  t h e  d e a m i n a t i o n  o f  

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

( L i n d a h l , 1 9 7 8 ) ;

2 . u r a c i l  r e s i d u e s  r e s u l t i n g  f rom t h e  f i r s t  s t e p

were  r emoved w i t h  E_. c o l i  u r a c i l - DMA g l y c o s y l a s e  

( k i n d l y  s u p p l i e d  by Dr .  E r r o l  C. F r i e d b e r g ) .

I t  can be s e e n  f rom T a b l e  6 t h a t ,  w h i l e  u r a c i l - c o n t a i n i n g  

DNA was n o t  a s u b s t r a t e  f o r  t h e  X- r a y  e n d o n u c l e a s e ,  

a p y r i m i d i n i c  DNA wa s .  I n c u b a t i o n  o f  t h e  a p y r i m i d i n i c  DNA 

w i t h  a l k a l i  showed t h e  p r e s e n s e  o f  0 . 2  a p y r i m i d i n i c  s i t e s ,  

wh i ch  was e q u a l  t o  t h e  number  o b t a i n e d  w i t h  X- r a y  

e n d o n u c l e a s e  d i g e s t i o n .

D. Osmium t e t r o x i d e  ( 0 s 0 4 ) - t r e a t m e n t

T r e a t m e n t  o f  DNA w i t h  0 s O4 a t  e l e v a t e d  t e m p e r a t u r e s  o r  

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

e x c l u s i v e l y  ( Be e r  e t  a 1 . ,  1966;  Bu r t o n  and R i l e y ,  1 9 6 6 ) .

The same t r e a t m e n t  a l s o  p r o d u c e s  a l k a l i - s t a b l e ,  X- r a y  

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

p r e p a r e d  PM2 DNA, t r e a t e d  f o r  v a r y i n g  t i m e s  w i t h  OsO^,  was 

a s s a y e d  f o r  X- r a y  e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  by 

i n c u b a t i n g  w i t h  X- r a y  e n d o n u c l e a s e  and a n a l y z i n g  by a g a r o s e  

g e l  e l e c t r o p h o r e s i s .  The same PM2 DNA was a l s o  a s s a y e d  f o r  

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

( 1 9 8 0 ) .  A l i n e a r  r e l a t i o n s h i p  was o b s e r v e d  b e t we e n  t h e  

number  o f  t h y mi n e  g l y c o l s  p r e s e n t  and t h e  number  o f  X- r a y
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e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  ( F i g u r e  5) w i t h  r e s p e c t  t o  

OSO4 d o s e  ( a s s u m i n g  t h a t  t h e  d o s e  was p r o p o r t i o n a l  t o  t i me  

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

s e e  F i g u r e  6 ) .  A l t h o u g h  t h e  d a t a  ( F i g u r e  5)  i n d i c a t e  t h a t  

t h e r e  a r e  a p p r o x i m a t e l y  two t h y mi n e  g l y c o l s  p r e s e n t  f o r  

e a c h  e n z y m e - s u s c e p t i b l e  s i t e ,  t h e  c h e m i c a l  a n a l y s i s  f o r  t h e  

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

u n c e r t a i n  enough  t h a t  a o n e - t o - o n e  r e l a t i o n s h i p  c a n n o t  be 

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

o f  t h e  number  o f  t h y mi n e  g l y c o l s  p r e s e n t  i n  a DNA 

p r e p a r a t i o n  by t h e  met hod o f  H a r i h a r a n  d e p e n d s  on t h e  use  

o f  an e m p i r i c a l  m u l t i p l i c a t i v e  c o n s t a n t  d e r i v e d  u n d e r  

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

E. U l t r a v i o l e t - i r r a d i a t e d  DMA

PM2 DNA i r r a d i a t e d  w i t h  u l t r a v i o l e t  r a d i a t i o n  a t  254 nn 

shov/s a d o s e - d e p e n d e n t  p r o d u c t i o n  o f  e n z y m e - s u s c e p t i b l e  

s i t e s  ( F i g u r e  7 ) .  Th e s e  s i t e s  o c c u r  a t  a r a t e  o f  a b o u t  

o n e - s e v e n t i . e t h  ( 1 / 7 0 )  o f  t h e  r a t e  a t  wh i ch  c y c l o b u t a n e - t y p e  

p y r i m i d i n e  d i m e r s  a r e  f o r me d .  F i g u r e  7 shows t h e  r e s u l t  of  

n e u t r a l  s u c r o s e  g r a d i e n t  s e d i m e n t a t i o n  a n a l y s i s  of  

U V - i r r a d i a t e d  PM2 DNA w i t h  and w i t h o u t  i n c u b a t i o n  w i t h  t h e  

X- r a y  e n d o n u c l e a s e .  The same DMA a n a l y z e d  by u s e  o f  t h e  

DNA g l y c o s y l a s e  a s s a y  showed c o m p l e t e  b r eakdown of  t h e  Type 

I DNA.
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F.  Os O^ . - t r e a t e d  p o l y  dT

14An a l i q u o t  o f  ( 2 -  C ) - l a b e l e d  p o l y  dT w i t h  a c h a i n  

l e n g t h  o f  4 0 0 - 6 0 0  n u c l e o t i d e s  ( P- L B i o c h e m i c a l s ) ,  was 

t r e a t e d  w i t h  0 s 0^ t o  p r o d u c e  s e v e r a l  t h y mi n e  g l y c o l  

r e s i d u e s  p e r  c h a i n .  X- r a y  e n d o n u c l e a s e  was r e a c t e d  w i t h  

e i t h e r  t h e  0 s 0 ^ - t r e a t e d  p o l y  dT o r  w i t h  t h e  0 s 0 ^ - t r e a t e d  

p o l y  dT t h a t  had p r e v i o u s l y  been  h y b r i d i z e d  t o  po l y  dA. 

U n t r e a t e d  Doly dT and p o l y  dT:dA w i t h  and w i t h o u t  X- r ay  

e n d o n u c l e a s e  t r e a t m e n t  were  r u n  s i m u t a n e o u s l y  a s  c o n t r o l s .  

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

of  c h a i n  l e n g t h s  ( M a n i a t i s ,  1976)  showed ( F i g u r e  8 ) t h a t  

u n t r e a t e d  p o l y  dT,  u n t r e a t e d  p o l y  dT:dA,  and Os O^ . - t r e a t e d  

po l y  dT were  s u b s t r a t e s  f o r  t h e  X- r a y  e n d o n u c l e a s e ,  

a l t h o u g h  t h e r e  d oe s  seem t o  be some d e g r a d a t i o n  o f  t h e  0 s 0 ^ 

- t r e a t e d  po l y  dT.  However ,  O s O ^ - t r e a t e d  po l y  dT:dA i s  a 

good s u b s t r a t e  f o r  t h i s  enzyme i n d i c a t i n g  t h a t  m o d i f i e d  

t h y mi n e  r e s i d u e s  a r e  s u b s t r a t e  s i t e s  f o r  t h e  X- r ay  

e n d o n u c l e a s e .  O t h e r  s t u d i e s ,  t o  be d i . s c u s s e d ,  show t h a t  

t h e s e  s i t e s  a r e  a l k a l i - s t a b l e .

G. 0 s 0 ^ / A l k a l i - t r e a t e d  ( 2 - ^ ^ C )  p o l y  dT:dA

14A l i q u o t s  o f  t h e  O s O ^ - t r e a t e d  ( 2 -  C) p o l y  dT were  

a l c o h o l  p r e c i p i t a t e d  and r e s u s p e n d e d  i n  0 . 2  M K0H. The se  

r e a c t i o n s  wer e  i n c u b a t e d  a t  room t e m p e r a t u r e  f o r  2 h o u r s  

and n e u t r a l i z e d  w i t h  HC1 . The p o l y n u c l e o t i d e  v/as t h e n
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a l c o h o l  p r e c i p i t a t e d ,  d r i e d  i n  vacuum and h y b r i d i z e d  t o  an

e q u i m o l a r  q u a n t i t y  o f  p o l y  dA. A l i q u o t s  o f  t h i s  s u b s t r a t e

\^ere t h e n  t r e a t e d  and a n a l y z e d  a s  a b o v e .  I n  F i g u r e  8 i t  can

be s e e n  t h a t  OsO - t r e a t e d ,  a l k a l i - t r e a t e d  p o l v  dT a n n e a l e d
4

t o  p o l y  dA was a good s u b s t r a t e  f o r  t h e  X- r a y  e n d o n u c l e a s e .  

In  t h i s  c a s e  t h e  enzyme a p p e a r e d  t o  r e c o g n i z e  t h y mi n e  

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

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

p o l y n u c l e o t i d e s  a n a l y s e d ,  i t  may be c o n c l u d e d  t h a t  t h e  

s i t e s  i m p a r t e d  by O s O ^ - t r e a t m e n t  wer e  a l k a l i - s t a b l e .

H. O s O , / a l k a l i - t r e a t e d  PM2 DNA
4

O s O , - t r e a t e d  PM2 DNA was i n c u b a t e d  i n  0 . 1  M NaOII f o r  12 
4

h o u r s ,  n e u t r a l i z e d  and exa mi ne d  f o r  X- r ay

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s .  As can be s e e n  f rom T a b l e  

7,  t h i s  s u b s t r a t e  was s t a b l e  t o  a l k a l i - i n c u b a t i o n  and had 

a s  many e n z y m e - s u s c e p t i b l e  s i t e s  a s  t h e  same DNA w i t h o u t  

a l k a l i  t r e a t m e n t .

I .  O t h e r  s u b s t r a t e s

S i n c e  t h e  l e s i o n s  p r o d u c e d  by t h e  Os0^ t r e a t m e n t  o f  

DMA, t h y mi n e  g l y c o l s ,  and t h e  t h y mi n e  f r a g m e n t a t i o n  

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

g l y c o l s  b o t h  a p p e a r e d  t o  be s u b s t r a t e s  f o r  t h e  X- r a y  

e n d o n u c l e a s e ,  i t  was e x p e c t e d  t h a t  o t h e r  t r e a t m e n t s  !:'nown
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t o  p r o d u c e  s i m i l a r  p r o d u c t s  i n  DNA s h o u l d  g i v e  r i s e  t h e  

e n z y m e - s u s c e p t i b l e  s i t e s .  T r e a t m e n t  o f  DNA w i t h  KMnO^ 

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

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

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

r e s i d u e s  ( l i d a  and H a y a t s u ,  1 9 7 0 ) .  PM2 DMA i n c u b a t e d  a t  

s e v e r a l  c o n c e n t r a t i o n s  o f  KMnO^ and a s s a y e d  f o r  n i c k s  

f o l l o w i n g  i n c u b a t i o n  w i t h  X- r a y  e n d o n u c l e a s e  showed t o t a l  

c o n v e r s i o n  t o  Type I I  DMA, w h i l e  non - e nz yme  t r e a t e d  

c o n t r o l s  were  e s s e n t i a l l y  Type I .  The s u b s t r a t e  s i t e s  

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

b a s e  l e s i o n s -  i n s t e a d  o f  a p u r i n i c / a p y r i m i d i n i c  

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

of  a l k a l i  ( T a b l e  6 ) .  S t u d i e s  o f  t h e  a c t i v i t y  o f  t h e  X- r a y  

e n d o n u c l e a s e  t o w a r d s  t h i s  s u b s t r a t e  i n  t h e  p r e s e n s e  of  10 

mM NEM showed i n h i b i t i o n  c o m p a r p a r a b l e  t o  t h e  i n h i b i t i o n  

e x h i b i t e d  a g a i n s t  O s O t r e a t e d  o r  X - i r r a d i a t e d  DNA, r a t h e r  

t h a n  t h e  v i r t u a l  l a c k  o f  i n h i b i t i o n  shown a g a i n s t  AP DNA. 

T h i s  may be t a k e n  a s  e v i d e n c e  t h a t  b a s e  l e s i o n s  r a t h e r  t h a n  

AP s i t e s  were  n i c k e d .  I t  s h o u l d  a l s o  be n o t e d  t h a t ,  h e r e  

a g a i n ,  s p e c i e s  o f  a l k a l i - l a b i l e  s i t e s  wer e  p r o d u c e d  t h a t  

were  n o t  a s u b s t r a t e  f o r  t h e  X- r a y  e n d o n u c l e a s e .

S i n c e  NaBH i s  known t o  f r a g m e n t  t h y mi n e  g l y c o l

r e s i d u e s  w h i l e  n o t  r e a c t i n g  w i t h  undamaged DNA, ( H a r i h a r a n

and C e r u t t i ,  1971)  PM2 DNA c o n t a i n i n g  OsO i n d u c e d  X- r a y
4

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  was i n c u b a t e d  w i t h  NaBH4 f o r  

12 o r  24 h o u r s .  The number  o f  e n z y m e - s u s c e p t i b l e  s i t e s  d i d
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n o t  d e c r e a s e ,  a s  t h e y  woul d i f  t h y mi n e  g l y c o l  f r a g m e n t s  

were  n o t  s u b s t r a t e  s i t e s  f o r  t h e  X- r a y  e n d o n u c l e a s e .  Nor 

would t h e y  r e m a i n e  t h e  same,  a s  t h e y  would i f  t h e y  were  

s u c h  s u b s t r a t e  s i t e s .  I n s t e a d  t h e  number  o f  X- r a y  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  i n c r e a s e d .  U n t r e a t e d  P: 12 

DNA s i m i l a r l y  i n c u b a t e d  showed a s i m i l a r  p r o d u c t i o n  of  

e n z y m e - s u s c e p t i b l e  s i t e s  ( T a b l e  7 ) .  The n a t u r e  o f  t h e s e  

s i t e s  i s  unknown e x c e p t  t h a t  t h e y  a r e  s t a b l e  t o  a l k a l i  

i n c u b a t i o n  ( t h e y  wer e  q u a n t i f i e d  u s i n g  t h e  DNA g l y c o s y l a s e  

a s s a y ) .  S i n c e  i t  h a s  been  shown ( L i n d a h l ,  1971)  t h a t  AP 

s i t e s  a r e  a l k a l i - s t a b l e  f o l l o w i n g  NaBH r e d u c t i o n ,  

a l k a l i - s t a b i l i t y  o f  t h e s e  e n d o n u c 2.e a s e - s u s c e p t i b l e  s i t e s  i s  

n o t  s u f f i c i e n t  t o  show t h a t  b a s e  l e s i o n s  r a t h e r  t h a n  AP 

s i t e s  a r e  n i c k e d .  S u p p o r t  f o r  t h e  c o n t e n t i o n  t h a t  i t  i s  

b a s e  l e s i o n s  whi c h  a r e  a c t e d  on i n  t h i s  s u b s t r a t e  comes 

f rom t  w o s o u r c e s :

1.  DNA was t r e a t e d  w i t h  NaBH a t  4°C a t  a h i g h  pH
4

( c a . pH 1 0 ) ;

2.  MEM c a u s e d  i n h i b i t i o n  o f  t h e  X- r a y  e n d o n u c l e a s e  

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

i n h i b i t i o n  a g a i n s t  O s O ^ - t r e a t e d  DNA.

S i n c e  i t  i s  n o t  known i f  NEM i n h i b i t s  X- r a y  e n d o n u c l e a s e  

a c t i v i t y  a g a i n s t  Na BH^- r educed  AP s i t e s ,  i t  may n o t  be 

c o n c l u d e d  t h a t  t h e  N a B H ^ - i n d u c e d - X - r a y  e n d o n u c l e a s e  

s u s c e p t i b l e  s i t e s  a r e  b a s e  d a ma g e s .
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J .  C o - e l u t i o n  of  t h e  D MA - e n d o n u c l e a s e / D N A - g l y c o s y l a s e  

a c t i v i t i e s  o f  t h e  X- r a y  e n d o n u c l e a s e  t o w a r d s  s e v e r a l  

s u b s t r a t e s

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

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

p r o c e d u r e s  were  s i m u l t a n e o u s l y  a n a l y z e d  w i t h  s e v e r a l  

d i f f e r e n t  s u b s t r a t e s .  F i g u r e  9 shows  t h e  e l u t i o n  p r o f i l e s  

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

O s O ^ - t r e a t e d  DNA u s i n g  t h e  DNA g l y c o s y l a s e  a s s a y  and 

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

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

Such s t u d i e s  wer e  done  a t  e a c h  s t a g e  o f  p u r i f i c a t i o n  w i t h  

b o t h  I J V - i r r a d i a t e d  and X - i r r a d i a t e d  DNA a s  w e l l  a s  t h e  

s u b s t r a t e s  m e n t i o n e d  a b o v e .  Doth t h e  e n d o n u c l e a s e  a s s a y  

and t h e  DNA g l y c o s y l a s e  a s s a y  were  used wher e  a p p r o p r i a t e .  

At no p o i n t  d u r i n g  p u r i f i c a t i o n  l i s t e d  d i d  a s e p a r a t i o n  of  

a c t i v i t i e s  o c c u r .  A d d i t i o n a l  s t u d i e s  u s i n g  D E A E - c e l l u l o s e  

and C M - c e l l u l o s i c  i o n  e x c h a n g e r s  f a i l e d  t o  s e p a r a t e  any o f  

t h e s e  a c t i v i t i e s  f rom e a c h  o t h e r .

I I I .  M o l e c u l a r  P r o p e r t i e s .

A. M o l e c u l a r  w e i g h t

T h r e e  means  wer e  u s ed  t o  d e t e r m i n e  t h e  m o l e c u l a r  w e i g h t  

o f  t h e  X- r a y  e n d o n u c l e a s e :  g e l  f i l t r a t i o n  c h r o m a t o g r a p h y
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w i t h  Se p ha dex  G75 and G100,  g l y c e r o l  g r a d i e n t  s e d i m e n t a t i o n  

a n a l y s i s ,  and S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s .

Sephade x  c h r o m a t o g r a p h y  on e i t h e r  G75 o r  G100 

c a l i b r a t e d  co l umns  i n  t h e  p r e s e n s e  of  1 M KC1 c o n s i s t a n t l y  

y i e l d e d  a f i g u r e  o f  2 5 , 0 0 0  d a l t o n s  + / -  10 p e r c e n t  ( F i g u r e  

1 1 ) .

G l y c e r o l  g r a d i e n t  s e d i m e n t a t i o n  a n a l y s i s  of  t h e  

Se phade x  p u r i f i e d  F r a c t i o n  V, a s s a y e d  on b o t h  AP DNA and 

O s O ^ - t r e a t e d  DNA, showed two ma j o r  pe a k s  of  a c t i v i t y  w i t h  

b o t h  s u b s t r a t e s  ( s e e  F i g u r e  1 0 ) .  The l a r g e r  peak 

c o r r e s p o n d e d  t o  an a v e r a g e  s v a l u e  o f  2 . 6 - 2 . 7 when compared 

t o  t h e  m a r k e r s  r un  a t  t h e  same t i m e .  T h i s  was e q u i v a l e n t  

t o  a m o l e c u l a r  w e i g h t  o f  2 6 , 0 0 0  d a l t o n s  + / -  20 p e r c e n t  

u s i n g  t h e  S t u d i e r  r e l a t i o n s h i p .  Assuming a s p h e r i c a l  

p r o t e i n ,  i t c a n  be d e t e r m i n e d  t h a t ;

R ( s ? / 2M(s)  = M(u)  , 

where  Rs = d i s t a n c e  t r a v e l e d  by t h e  unknown p r o t e i n / t h e  

distance traveled by the standard, and M(s) and M(u ) are 

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

r e s p e c t i v e l y .  The s m a l l e r  peak whi ch  p r e s e n t  when AP 

e n d o n u c l e a s e  o r  0 s 0^  e n d o n u c l e a s e  a c t i v i t y  was a s s a y e d  

c o r r e s p o n d e d  t o  a m o l e c u l a r  w e i g h t  of  a p p r o x i m a t e l y  1 2 , 0 0 0  

d a l t o n s  + / -  20 p e r c e n t  ( a g a i n  s e e  F i g u r e  1 0 ) .  As can be 

s e e n ,  a t h i r d  s m a l l  peak of  a c t i v i t y  was a l s o  p r e s e n t  w i t h  

0 s 0^ - t r e a t e d  DMA.

The t h i r d  met hod o f  a s s e s s i n g  m o l e c u l a r  w e i g h t  d epe nde d  

on t h e  u s e  o f  a p u r e  p r e p a r a t i o n  o f  enzyme.  The p u r i t y  of
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t h e  p r e p a r a t i o n  was ,  h o we v e r ,  d i f f i c u l t  t o  e s t i m a t e  due t o  

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

t h e  p u r i f i c a t i o n  scheme ( p h o s p h o c e l l u l o s e  c h r o m a t o g r a p h y )  

and t h e  e x t r e m e l y  low p r o t e i n  c o n c e n t r a t i o n  ( l e s s  t h a n  2 ug 

o f  p r o t e i n / m l ) .  In some c a s e s ,  t h e  r e q u i r e m e n t  f o r  5 ug of  

p r o t e i n  f o r  an a c c u r a t e  c o n c e n t r a t i o n  d e t e r m i n a t i o n  ( u s i n g  

t h e  Bi o - Rad  p r o t e i n  a s s a y  i n  i t s  " m i c r o "  f o r m)  woul d t a k e  

an e n t i r e  p r e p a r a t i o n  d e r i v e d  f rom 4 0 - 5 0  grams  o f  c e l l s .

An e n t i r e  p h o s p h o c e l l u l o s e  a c t i v e  f r a c t i o n  o f  40 gr ams  of  

c e l l s  was c o n c e n t r a t e d  a g a i n s t  d r y  Se phade x  G200 t o  d r y n e s s  

and a n a l y s e d  by t h e  L a e m l l i  p r o c e d u r e  ( M a t e r i a l s  and 

M e t h o d s ) ,  u s i n g  t h e  P h a r ma c i a  M o l e c u l a r  Wei gh t  s t a n d a r d s  

f o r  SDS-PAGE. I t  can  be s e e n  ( F i g u r e  1 1 ) ,  t h a t  F r a c t i o n  VI 

showed a s i n g l e  d a r k l y  s t a i n i n g  ba nd ,  c o r r e s p o n d i n g  t o  a 

m o l e c u l a r  w e i g h t  of  1 2 , 5 0 0  d a l t o n s .  C o n f i r m i n g  t h e s e  

r e s u l t s  were  t h e  S DS - g e l s  r un on t h e  1000 f o l d  p u r i f i e d  

F r a c t i o n  V. T h i s  f r a c t i o n ,  whi ch  s h o u l d  have  i n c l u d e d  o n l y  

p r o t e i n s  o f  a m o l e c u l a r  w e i g h t  n e a r  2 5 , 0 0 0  d a l t o n s  ( b a s e d  

on t h e  Ka v ' s  o f  t h e  e l u t e d  p r o t e i n s ) ,  showed o n l y  t h r e e  

b a n d s ,  c o r r e s p o n d i n g  t o  m o l e c u l a r  w e i g h t  o f  a b o u t  1 0 , 0 0 0  

d a l t o n s ,  1 3 , 0 0 0  d a l t o n s  and 1 5 , 0 0 0  d a l t o n s .  T h i s  r e s u l t  

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

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

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

t o t a l  p r o t e i n  i n  F r a c t i o n  V, and was m o s t l y  l o s t  by 

F r a c t i o n  VI ,  so t h a t  t h e  e v i d e n c e  p r e s e n t e d  f o r  s u b u n i t  

s t r u c t u r e  s h o u l d  n o t  be t a k e n  a s  d e f i n i t i v e .
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I V . Opt i ma  and I n h i b i t o r  S t u d i e s  

A. S a l t  and pH o p t i ma

S t u d i e s  showi ng  t h e  e f f e c t  o f  KC1 and NaCl 

c o n c e n t r a t i o n  on enzyme a c t i v i t y  wer e  u n d e r t a k e n .  Th e r e  

were  some d i f f e r e n c e s  i n  t h e  r e s p o n s e  o f  t h e  X- r a y  

e n d o n u c l e a s e  t o w a r d s  O s C ^ - t r e a t e d  and AP DNA w i t h  r e s p e c t  

t o  i o n i c  s t r e n g t h .  As can  be s e e n  f rom F i g u r e  12,  t h e  

a c t i v i t y  a g a i n s t  OsC^ s i t e s  showed opt i mum a c t i v i t y  a t  0 . 1 0  

M KC1 w i t h  50 p e r c e n t  i n h i b i t i o n  a t  0 . 0 5  M and 0 . 1 5  M KC1 

w h i l e  t h e  s a l t  opt imum a g a i n s t  AP s i t e s  was b e t we e n  0 . 0 5  

and 0 . 1 0  M KC1 w i t h  50 p e r c e n t  i n h i b i t i o n  a t  0 . 0 2  M and

0 . 1 2  M KC1. S i m i l a r  r e s u l t s  were  o b t a i n e d  w i t h  NaCl .

S t u d i e s  o f  t h e  pH d e p e n d e n c e  o f  t h e  a c t i v i t y  o f  t h e  

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

e n z y m e ' s  r e s p o n s e  t o  AP- and O s O ^ - t r e a t e d  DNA. F i g u r e  13 

shows t h e  a c t i v i t y  a g a i n s t  AP DNA t o  have  a s h a r p  pH 

opt imum a t  pH 7 . 5  w i t h  50 p e r c e n t  i n h i b i t i o n  a t  0 . 3  pH 

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

a c t i v i t y  a g a i n s t  0 s 0 ^ - t r e a t e d  DNA had a b r o a d e r  opt imum a t  

pH 7 . 0  w i t h  50 p e r c e n t  i n h i b i t i o n  a t  pH 6 . 2  and pH 8 . 1 .

B- Hea t  l a b i l i t y

S t u d i e s  a s s e s s i n g  t h e  e f f e c t  o f  h e a t  on t h e  k i n e t i c s  of
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t h e  l o s s  o f  a c t i v i t y  o f  t h e  enzyme on two s u b s t r a t e s ,  AP 

DNA and X - i r r a d i a t e d  DNA, showed t h e  a c t i v i t y  a g a i n s t  

X - i r r a d i a t e d  DNA t o  be more l a b i l e  ( F i g u r e  1 4 ) .  Wh i l e  50 

p e r c e n t  o f  t h e  a c t i v i t y  a g a i n s t  AP DNA r e ma i n e d  a f t e r  10 

m i n u t e s  o f  h e a t i n g  a t  A5°C,  t h e  same r e d u c t i o n  i n  a c t i v i t y  

o c c u r r e d  i n  o n l y  5 m i n u t e s  when X - i r r a d i a t e d  DNA was t h e  

s u b s t r a t e .  As t h i s  e x p e r i m e n t  was p e r f o r me d  w i t h  F r a c t i o n  

V, whi ch  was c l e a r l y  n o t  homogeneous ,  t h e  s i g n i f i c a n c e  of  

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

C. D i f f e r e n t i a l  s e n s i t i v i t y  t o  N’e t h y l m a l e i m i d e

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

b l o c k i n g  r e a g e n t  o f  t h e  AP- and t h e  O s O ^ - e n d o n u c l e a s e  

a c t i v i t i e s  o f  t h e  mos t  p u r i f i e d ,  p r e p a r a t i o n s  i s  q u i t e  

marked ( F i g u r e  1 5 ) .  Whi l e  t h e  a c t i v i t y  a g a i n s t  OsO^ 

- t r e a t e d  PM2 DNA was r e d u c e d  by 70 p e r c e n t  a t  a 

N' e t h y l m a l e i m i d e  c o n c e n t r a t i o n  o f  10 mM, t h e r e  was l i t t l e  

i f  any i n h i b i t i o n  o f  t h e  A P - e n d o n u c l e a s e  a c t i v i t y .  Us i ng  

t h e  mos t  p u r i f i e d  p r e p a r a t i o n s  of  t h e  X- r a y  e n d o n u c l e a s e ,  

t h e  NEM s e n s i t i v i t y  o f  t h e  enzyme t o  o t h e r  s u b s t r a t e s  was 

a s s a y e d .  I t  was f ound  t h a t  10 mM NEM r e d u c e d  enzyme 

a c t i v i t y  a g a i n s t  U V - i r r a d i a t e d  DNA ( F i g u r e  16 c ) ,  

X - i r r a d i a t e d  DNA ( F i g u r e  16,  a and b ) ,  t h y mi n e  

f r a g m e n t - c o n t a i n i n g  DNA ( T a b l e  6 ) ,  and N a B H ^ - t r e a t e d  DNA t o  

a p p r o x i m a t e l y  t h e  same e x t e n t  a s  OsO - t r e a t e d  DNA.
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D. Other inhibitors

PM2 DNA t y p e  I i s  i t s e l f  a weak i n h i b i t o r  o f  t h e  X- r a y  

e n d o n u c l e a s e  a g a i n s t  OsO^ d a ma ge s .  I t  i s  n o t  known i f  PM2 

DNA i n  i t s  r e l a x e d  f o r m,  t y p e  I I ,  i s  e q u a l l y  i n h i b i t o r y .  

S i n g l e - s t r a n d e d  DNA i s  a good i n h i b i t o r ,  c o n c e n t r a t i o n s  of  

c a l f - t h y m u s  DNA (on t h e  o r d e r  o f  50 u g / m l )  whi ch  showed no 

i n h i b i t i o n  o f  t h e  X- r a y  e n d o n u c l e a s e  a c t i v i t y ;  c o m p l e t e l y  

i n h i b i t e d  t h i s  a c t i v i t y  a f t e r  h e a t  d e n a t u r a t i o n  and q u i c k  

c o o l i n g  .

V. N a t u r e  of  t h e  Ni ck

A. P o l y m e r a s e  I a s s a y

PM2 DNA, e i t h e r  u n t r e a t e d ,  t r e a t e d  w i t h  OsO^ t o  p r o d u c e  

a b o u t  3 e n z y m e - s u s c e p t i b l e  s i t e s / m o l e c u l e ,  o r  w i t h  

h e a t / a c i d  t o  p r o d u c e  a b o u t  1 AP s i t e / m o l e c u l e  was i n c u b a t e d  

w i t h  t h e  X- r a y  e n d o n u c l e a s e  f o l l o w e d  by i n c u b a t i o n  w i t h  DNA 

p o l y m e r a s e  I (E_. c o l i ) a s  d e s c r i b e d  i n  MATERIAL AND 

METHODS. F i g u r e  17 shows t h a t  t h e  e n d o n u c l e o l y t i c  n i c k s  

i n t r o d u c e d  by t h e  X- r a y  e n d o n u c l e a s e  were  n o t  e f f e c t i v e  

s u b s t r a t e s  f o r  DNA p o l y m e r a s e  I u n l e s s  e x o n u c l e a s e  

I l l / e n d o n u c l e a s e  VI (E.  c o l i )  a c t e d  p r i o r  t o  t h e  

p o l y m e r a s e .  T h i s  e x p e r i m e n t  i n d i c a t e s  t h a t  t h e  X- r a y  

e n d o n u c l e a s e  n i c k e d  on t h e  3 '  s i d e  o f  t h e  damage ,  l e a v i n g  a 

d e o x y r i b o s e  m o i e t y  w i t h  a 3 '  OH. T h i s  m o i e t y  can be



e f f e c t i v e l y  c l e a v e d  on t h e  5 1 s i d e  by e x o n u c l e a s e  

I l l / e n d o n u c l e a s e  VI ,  t h u s  r e mo v i n g  t h e  d e o x y r i b o s e  r e s i d u e  

and p r o v i d i n g  a p o l y m e r a s e  I  p r i m e r  t e r m i n u s  s i t e  ( War ne r  

e t  a l . .  1 9 8 0 ) .  An a l t e r n a t e  p o s s i b i l i t y  h o we v e r ,  i s  t h a t  

t h e  X- r a y  e n d o n u c l e a s e  c l e a v e s  a t  t h e  5 '  s i d e  o f  t h e  damage 

l e a v i n g  a 3 ' P0^ t h a t  can  be s u b s e q u e n t l y  r emoved by t h e  3 '  

p h o s p h a t a t e  a c t i v i t y  o f  e x o n u c l e a s e  I l l / e n d o n u c l e a s e  VI 

( R i c h a r d s o n  and K o r n b e r g ,  1 9 6 4 ) ,  g e n e r a t i n g  a p o l y m e r a s e  

b i n d i n g  s i t e .

B. C a l f  s p l e e n  p h o s p h o d i e s t e r a s e  ( p h o s p h o d i e s t e r a s e  I I )  

d i g e s t i o n

P h o s p h o d i e s t e r a s e  I I  i s  a 5 ’ -  3 ’ e x o n u c l e a s e  t h a t  i s  

i n h i b i t e d  fr.om a c t i n g  by a 5* P0^  g r o u p .  OsO4- t r e a t e d  DNA 

was i n c u b a t e d  w i t h  s a t u r a t i n g  a moun t s  o f  X- r a y  e n d o n u c l e a s e  

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

o r  t r e a t e d  w i t h  BALP. Th e s e  a l i q u o t s  o f  OsO - t r e a t e d ,
4

X- r ay  e n d o n u c l e a s e - t r e a t e d  PM2 DMA w i t h  and w i t h o u t  BALP 

t r e a t m e n t  wer e  i n c u b a t e d  w i t h  p h o s p o d i e s t e r a s e  I I  and t h e  

e x t e n t  o f  s o l u b i l i z a t i o n  o f  t h e  H - l a b e l e d  DMA m e a s u r e d .

The r e s u l t s  shown i n  T a b l e  3 ,  i n d i c a t e  t h a t  t h e  PO4 g r oup  

was l e f t  a t  t h e  5* p o s i t i o n ,  meani ng  t h a t  t h e  OH g r oup  

s h o u l d  be i n  t h e  3* p o s i t i o n  and s h o u l d  be an e f f e c t i v e  

p r i m e r  t e r m i n u s  s i t e  f o r  DNA p o l y m e r a s e  I i f  t h e  b a s e  a t  

t h i s  p o s i t i o n  was i n t a c t .
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VI. DNA Glycosylase Activity

Bot h t h i n  l a y e r  c h r o m a t o g r a p h y  (TLC) and p a p e r

c h r o m a t o g r a p h i c  a n a l y s i s  ( F i g u r e s  18 and 19)  showed t h e

a c i d  s o l u b l e  p r o d u c t s  o f  e x h a u s t i v e l y  d i g e s t e d ,  h e a v i l y
3

l a b e l e d  0 sC>4 - t r e a t e d  H PM2 DNA ( 1 - 1 0  p e r c e n t  o f  t h e

t h y mi n e  r e s i d u e s  c o n v e r t e d  t o  t h y mi n e  g l y c o l )  t o  be t h y mi n e

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

w i t h  c i s - t h y mi n e  g l y c o l  and a m i x t u r e  of  c i s -  and

t r a n s - t h y mi n e  g l y c o l .  The g l y c o s y l a s e  a c t i v i t y ,  i n

a d d i t i o n  t o  c l e a v i n g  t h y mi n e  g l y c o l s ,  a l s o  r emoved u r e a

f r a g m e n t s  a s  shown i n  F i g u r e s  19 and 20.
1 4H e r e ,  O s O ^ - t r e a t e d  ( 2 -  C ) p o l y  dT a n n e a l e d  t o  p o l y  dA, 

was t r e a t e d  w i t h  a l k a l i  t o  f r a g m e n t  t h e  t h y mi n e  g l y c o l s  and 

t h e n  i nc u b a t . e d  w i t h  t h e  X- r a y  e n d o n u c l e a s e .  Bot h p a p e r  

c h r o m a t o g r a p h i c  and TLC s y s t e m s , showed t h a t  a l a b e l e d  

f r a g m e n t  was r e l e a s e d  t h a t  c o - m i g r a t e d  w i t h  u r e a .  The TCA 

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

X - i r r a d i a t e d  PM2 DNA by t h e  X- r a y  e n d o n u c l e a s e  was a n a l y z e d  

by TLC on p o l y e t h y l e n e i m i n e  ( P E I ) - c e l l u l o s e . The a n a l s i s  

showed an e n z y m e - d e p e n d e n t  r e l e a s e  o f  m a t e r i a l  t h a t  d i d  n o t  

m i g r a t e  w i t h  e i t h e r  t h y m i n e ,  t h y m i d i n e  or  TMP ( F i g u r e  2 2 ) .  

T h i s  r e l e a s e  was i n h i b i t e d  by t h e  p r e s e n s e  o f  10 mM NEM.

I n  an e x p e r i m e n t  whe r e  t h y mi n e  g l y c o l  con t a i  ning-DNA was 

i n c u b a t e d  w i t h  X- r a y  e n d o n u c l e a s e  i n  t h e  p r e s e n c e  or  

a b s e n c e  o f  10 mM NEM, i t  can  be c l e a r l y  s e e n  ( F i g u r e  22)  

t h a t  MEM i n h i b i t s  t h e  t h y mi n e  g l yco l -DNA g l y c o s y l a s e



Section IV DISCUSSION

I . P u r i f i c a t i o n

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

e n d o n u c l e a s e  was f a s t  and u n t i l  t h e  l a s t  s t e p ,  e f f i c i e n t .  

The r e s u l t  o f  t h e  p u r i f i c a t i o n  was p r o b a b l y  a homogeneous  

p r o t e i n  ( f u r t h e r  a n a l y s i s  by SDS-PAGE w i l l  be n e c e s s a r y  t o  

p r o v e  t h i s ) .  The o r d e r  o f  t h e  s t e p s  u s e d  i n  t h i s  

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

a f f i n i t y  c h r o m a t o g r a p h y  s t e p ,  DNA- agar ose  c h r o m a t o g r a p h y ,  

was t h e  f i r s t  r a t h e r  t h a n  t h e  l a s t  s t e p .  I  c h o s e  t o  do 

t h i s  i n  o r d e r  t o  a c c o m p l i s h  t h r e e  a i m s :  1 . r e d u c e  t h e  

vo l umes  o f  b u f f e r  and c h r o m a t o g r a p h i c  m a t r i x  nee d e d  i n  

s u b s e q u e n t  c h r o m a t o g r a p h i c  s t e p s ;  2 . s e p a r a t e  t h e  

s i n g l e - s t r a n d e d - D N A - b i n d i n g  p r o t e i n s  f rom p o t e n t i a l  

p r o t e a s e s  p r e s e n t  i n  c r u d e  f r a c t i o n s ;  and 3.  r emove t h e  

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

DNA- agar ose  c o l umn .  The p h o s p h o c e l l u l o s e  s t e p  o f  t h e  

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

b ounds  t i g h t l y  t o  t h i s  m a t r i x  and good s e p a r a t i o n  was 

e f f e c t e d .  N e v e r t h e l e s s ,  t h e  l a r g e  l o s s  o f  a c t i v i t y  was 

c e r t a i n l y  a d e t r i m e n t  and may be t o  some e x t e n t  a v o i d a b l e .

A. The a s s a y

T h e r e  a r e  s e v e r a l  d i f f e r e n t  me t h o d s  of  q u a n t i t a t i v e l y
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s e p a r a t i n g  Type I PM2 DNA f rom Type I I  a s i d e  f rom t h e  

t e c h n i q u e s  g i v e n  i n  MATERIALS AND METHODS. The s e  me t hods  

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

c o n s i s t i n g  o f  PEG 6 , 0 0 0  and D e x t r a n  T500,  by n i t r o c e l l u l o s e  

f i l t e r  a s s a y  and by h y d r o x y l a p a t i t e  c h r o m a t o g r a p h y .  Whi l e  

a l l  t h e s e  me t hods  ga ve  r e a s o n a b l e  e s t i m a t e s  o f  t h e  number  

o f  b r e a l c s / n o l e c u l e  c a u s e d  by known d o s e s  o f  X - r a d i a t i o n ,  

t h e y  d i d  n o t  work i n  t h e  p r e s e n c e  o f  t h e  X- r a y  

e n d o n u c l e a s e .  The h y d r o x y l a p a t i t e  c h r o m a t o g r a p h y  was s l o w,  

and b o t h  t h e  PEG- De x t r an  and t h e  f i l t e r  a s s a y  showed a 

s i g n i f i c a n t  i n c r e a s e  i n  t h e  number  o f  s t r a n d - b r e a k s / P M 2  DNA 

m o l e c u l e  when t h e  X- r a y  e n d o n u c l e a s e  was p r e s e n t ,  even  when 

t h e  DNA was u n t r e a t e d .  Under  t h e s e  c o n d i t i o n s  s u c r o s e  

g r a d i e n t  s e d e m e n t a t i o n  a n a l y s i s  showed no X- r a y  

e n d o n u c l e a s e  a c t i v i t y  a g a i n s t  u n t r e a t e d  DNA. The 

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

a s s a y  e n d o n u c l e a s e  a c t i v i t y  p r o v e d  e x t r e m e l y  v a l u a b l e .

Whi l e  o t h e r  a g a r o s e  g e l  e l e c t r o p h o r e s i s  s y s t e m s  had t o  be 

r u n  a t  low c u r r e n t s  t o  e f f e c t  a c l e a n  s e p a r a t i o n ,  and 

c o n s e q u e n t l y  t o o k  on t h e  o r d e r  o f  20 h o u r s ,  t h e  u s e  o f  a 

d i s c o n t i n u o u s  b u f f e r  s y s t e m  (2 x TEB b u f f e r  i n  t h e  g e l  and 

1 x TEB r u n n i n g  b u f f e r ;  s e e  MATERIALS AND METHODS), a l l o w e d  

c u r r e n t s  o f  3 5 - 5 0  mA/ ge l  t o  e f f e c t  an a d e q u a t e  s e p a r a t i o n  

i n  2 . 5  h o u r s .  Us i n g  t h i s  me t hod ,  a s  many a s  f o r t y  

r e a c t i o n s  c o u l d  be r u n  a t  a t i me  w i t h  s t r i c t l y  q u a n t i t a t i v e  

r e s u l t s  and e x c e l l e n t  r e p r o d u c e a b i l i t y . Thus ,  a 

t h e o r e t i c a l  maximum o f  120 r e a c t i o n s  c o u l d  be a n a l y s e d  i n
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an 8 h o u r  d ay ,  wh i c h  was a l m o s t  t e n  f o l d  t h e  number  t h a t  

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

s e d i m e n t a t i o n  me t h o d .

The DNA g l y c o s y l a s e / e n d o n u c l e a s e  a s s a y  was d e v e l o p e d  i n  

o r d e r  t o  a s c e r t a i n  w h e t h e r  t h e r e  was a s e p a r a t i o n  o f  

e n d o n u c l e a s e  f rom D N A - g l y c o s y l a s e  a c t i v i t i e s  d u r i n g  t h e  

c o u r s e  o f  p u r i f i c a t i o n .  T h i s  met hod w i l l  show s t r a n d  

b r e a k s  a t  e v e r y  a p u r i n i c / a p y r i m i d i n i c  s i t e  p r o d u c e d  e i t h e r  

c h e m i c a l l y  o r  e n z y m a t i c a l l y .  I t  w i l l  a l s o  show 

e n d o n u c l e a s e  p r o d u c e d  n i c k s  a s  s t r a n d  b r e a k s .  P a r a l l e l  

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

g e l  e l e c t r o p h o r e s i s  wer e  us ed  t o  d i s t i n q u i s h  b e t we e n  t h e s e  

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

e l e c t r o p h o r e s i s  i n  a l k a l i n e  s o l u t i o n  met  w i t h  l i t t l e  

s u c c e s s ,  t h e y  r e q u i r e d  l o n g  r u n n i n g  t i m e s  and r e s u l t e d  i n  

poor  s e p a r a t i o n s .  A t t e m p t s ,  t o  i mp r o v e  t h i s  me t hod ,  

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

s y s t e m ,  would be w o r t h  t r y i n g .

B. DNA- agar ose  c h r o m a t o g r a p h y

DNA- agar ose  c h r o m a t o g r a p h y ,  an exa mpl e  o f  a f f i n i t y  

c h r o m a t o g r a p h y ,  p r o v e d  a v e r y  p o w e r f u l  s e p a r a t o r y  s t e p  b u t  

had t h e  d i s a d v a n t a g e s  o f  l o s s  o f  a c t i v i t y  and " b l e e d i n g "  

DNA. As was me n t i o n e d  p r e v i o u s l y ,  some o f  t h e  a p p a r e n t  

l o s s  o f  a c t i v i t y  may be due t o  t h e  s e p a r a t i o n  o f  a n o t h e r  

X - i r r a d i a t e d - D N A - s p e c i f i c  e n d o n u c l e a s e  o r  DNA g l y c o s y l a s e



f rom t h e  X- r a y  e n d o n u c l e a s e .  A l t e r n a t i v e l y ,  t h e  l o s s  of  

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

s i n g l e - s t a n d e d  DNA t o  t h e  X- r a y  e n d o n u c l e a s e  wher e  i t  c o u l d  

a c t  a s  a c o m p e t i t i v e  i n h i b i t o r  b l o c k i n g  t h e  e n z y m e ’ s a c t i v e  

c e n t e r .  Th e s e  d i f f i c u l t i e s  c o u l d  be c i r c u m v e n t e d  by 

c o v a l e n t l y  l i n k i n g  t h e  s i n g l e - s t r a n d e d  DNA t o  an a g a r o s e  

( o r  S e p h a d e x )  s u p p o r t  e i t h e r  t h r o u g h  c y a n o g e n  b r o mi d e  

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

s i n g l e - s t r a n d e d  c i r c u l a r  DNA, whi ch  h a s  been shown t o  be 

t r a p p e d  by p o l y m e r i z i n g  a g a r o s e .  A w e l l - w a s h e d  column 

c o n s t r u c t e d  i n  e i t h e r  o f  t h e s e  ways s h o u l d  have  no DNA i n  

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

e l u t i o n  mode t o  i mp r o v e  b o t h  t h e  y i e l d  and p u r i t y  o f  t h e  

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

C. P h o s p h o c e l l u l o s e  chroma t o g r a p h y

Du r i n g  some p r e p a r a t i o n s  T r i s  b u f f e r  was us ed  t o  e l u t e  

t h e  X- r a y  e n d o n u c l e a s e  ( f o r  r e a s o n s  g i v e n  i n  t h e  RESULTS 

s e c t i o n )  and s a m p l e s  wer e  a p p l i e d  t o o  q u i c k l y .  T r i s  i s  

known t o  compl ex  w i t h  t h e  p h o s p h a t e  g r o u p s  o f  t h e  

p h o s p h o c e l l u l o s e  and so r e d u c e  t h e  number  o f  s i t e s  t o  whi ch  

enzyme w i l l  b i n d  a s  w e l l  a s  p r o v i d e  a h e t e r o g e n e o u s  m a t r i x  

( M a n i a t i s  e_t a_l. , 1 9 8 2 ) .  As was d e s c r i b e d  i n  MATERIALS AND 

METHODS, t h e  e n z y m e - c o n t a i n i n g  s a m p l e s  were  a p p l i e d  t o  t h e  

p h o s p h o c e l l u l o s e  co l umn a t  a r a t e  o f  a p p r o x i m a t e l y  10 

col umn v o l u m e s / h o u r .
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D. O t h e r  c h r o m a t o g r a p h i c  p r o c e d u r e s

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

p r o v e  o t h e r  t h a n  c o m p l e t e l y  homogeneous  ( i t  i s  a t  l e a s t  

s e v e r a l  t h o u s a n d - f o l d  p u r i f i e d ) ,  o t h e r  s e p a r a t i o n  

p r o c e d u r e s  may be s o u g h t .  Thos e  c h r o m a t o g r a p h y  p r o c e d u r e s  

t h a t  r e q u i r e  t h e  a p p l i c a t i o n  o r  e l u t i o n  o f  t h e  X- r a y  

e n d o n u c l e a s e  a t  low s a l t  c o n c e n t r a t i o n s  (DEAE- or  

C M - c e l l u l o s e ) s h o u l d  be a v o i d e d  i f  p o s s i b l e  a s  t h e  enzyme 

l o s e s  a c t i v i t y  a t  low s a l t  c o n c e n t r a t i o n s .  The us e  of  

a n o t h e r  a f f i n i t y  m a t r i x  s u c h  a s  h e p a r i n - S e p h a r o s e , A f f i - g e l  

B l u e ,  or  d o u b l e - s t r a n d e d  D N A - c e l l u l o s e  i n  v e r y  s m a l l  

vo l ume s  a s  a f i n a l  s t e p  ( p e r h a p s  i n  p l a c e  o f  t h e  

p h o s p h o c e l l u l o s e  s t e p )  may s e r v e  t o  g i v e  a p u r e  and s t a b l e  

p r e p a r a t i o n .  A l s o ,  i t  woul d be w o r t h w h i l e  t o  t r y  t o  

s t a b i l i z e  t h e  f i n a l  p r e p a r a t i o n  by t h e  a d d i t i o n  o f  p r o t e i n  

(BSA or  g e l a t i n  t h a t  i s  n u c l e a s e - f r e e ) .

I I . Co mp a r i s o n  t o  O t h e r  E.  c o l i  R e p a i r  Enzymes

Be c a u s e  o f  i t s  b r o a d  s p e c i f i c i t y ,  t h e  X- r a y  

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

e n d o n u c l e a s e s  IV ( L j u n g q u i s t ,  1977)  and VII  ( F r i e d b e r g  e_t 

a l . , 1 9 8 1 ) ,  a s  w e l l  a s  f rom t h e  AP e n d o n u c l e a s e s  a s s o c i a t e d  

w i t h  e x o n u c l e a s e  I l l / e n d o n u c l e a s e  VI ( V e r l y  and R a s s a r t ,  

1 9 7 5 ) .  The a b i l i t y  t o  d i s t i n q u i s h  t h e  X- r a y  e n d o n u c l e a s e
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f rom e n d o n u c l e a s e  VI was e n s u r e d  by u s i n g  b o t h  an x t h  

m u t a n t  ( W e i s s ,  1976)  f o r  t h e  s t a r t i n g  m a t e r i a l  and an a s s a y  

p r o c e d u r e  i n  whi ch  t h e  a c t i v i t y  o f  A P - s p e c i f i c  

e n d o n u c l e a s e s  woul d n o t  be o b s e r v e d , i e . ,  t h e  

D N A - g l y c o s y l a s e  a s s a y  i n  whi ch  a l k a l i - l a b i l e  l e s i o n s ,  

i n c l u d i n g  AP s i t e s ,  a r e  c o n v e r t e d  t o  s t r a n d  b r e a k s  

i n d e p e n d e n t l y  o f  t h e  p r e s e n c e  o f  A P - e n d o n u c l e a s e s . I t  

s h o u l d  a l s o  be n o t e d  t h a t ,  i n  d i s t i n c t i o n  t o  e n d o n u c l e a s e  

VI ,  t h e  X- r a y  e n d o n u c l e a s e  d o e s  n o t  i n c i s e  t h e  

a l k a l i - l a b i l e  s i t e s  p r o d u c e d  by X - r a y s  iji  v i t r o  i n  t h e  

p r e s e n c e  o f  KI .  The f a c t  t h a t  t h e  X- r a y  e n d o n u c l e a s e  d oes  

n o t  i n c i s e  u n t r e a t e d  PM2 DNA d i s t i n q u i s h e s  i t  f rom 

e n d o n u c l e a s e  I  (Lehman ej: a j  . , 1 9 6 2 ) .

E n d o n u c l e a s e s  V and I I I  h a v e  a s i m i l a r i t y  t o  t h e  X- r a y  

e n d o n u c l e a s e .  E n d o n u c l e a s e  V, i n  i t s  a b i l i t y  t o  i n c i s e  

U V - i r r a d i a t e d  DNA, 0 s 0 4 ~ t r e a t e d  DNA, and X - i r r a d i a t e d  DNA, 

i s  l i k e  t h e  X- r a y  e n d o n u c l e a s e ;  h o we v e r ,  i t  p r e f e r s  a 

s i n g l e - s t r a n d e d  s u b s t r a t e ,  n i c k s  u n t r e a t e d  s i n g l e - s t r a n d e d  

DNA, r e q u i r e s  Mg++, h a s  a pH opt i mum o f  9 . 5 ,  and a c t s  

p a r t i c u l a r l y  w e l l  on u r a c i l - c o n t a i n i n g  DNA ( G a t e s  and L i n n ,  

1 9 7 7 a ) .  S i n c e  t h e  X - r a y  e n d o n u c l e a s e  h a s  none  o f  t h e s e  

a t t r i b u t e s ,  e n d o n u c l e a s e  V i s  e l i m i n a t e d  a s  a p o s s i b i l i t y .

The X- r a y  e n d o n u c l e a s e  i s  s i m i l a r  t o  e n d o n u c l e a s e  I I I  

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

E n d o n u c l e a s e  I I I ,  o r i g i n a l l y  p u r i f i e d  by i t s  a c t i v i t y  w i t h  

h e a v i l y  U V - i r r a d i a t e d  DNA, h a s  n e a r l y  t h e  same s a l t  and pH 

o p t i m a ,  s e d i m e n t a t i o n  c o e f f i c i e n t ,  and m o l e c u l a r  w e i g h t  ( a s
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d e t e r m i n e d  by g e l  f i l t r a t i o n )  a s  t h e  X- r a y  e n d o n u c l e a s e .

I t  i s  a l s o  s e n s i t i v e  t o  i n h i b i t i o n  by s i n g l e - s t r a n d e d  DNA 

and 1 M NaCl (Radman,  1 9 7 6 ) .  An enzyme f o und  a s  a 

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

u s i n g  a h e a v i l y  U V - i r r a d i a t e d  DNA s u b s t r a t e ,  was as sumed  t o  

be e n d o n u c l e a s e  I I I  ( G a t e s  and L i n n ,  1977b)  and was shown 

t o  n i c k  AP DNA, X - i r r a d i a t e d  DNA and O s O ^ - t r e a t e d  DNA. 

However ,  i t  was n o t  d e t e r m i n e d  w h e t h e r  t h e  s i t e s  n i c k e d  i n  

t h e  X - i r r a d i a t e d  DNA wer e  s t a b l e  t o  a l k a l i .  E n d o n u c l e a s e  

I I I  was r e c e n t l y  shown t o  p o s s e s s  an a s s o c i a t e d  DNA 

g l y c o s y l a s e  s p e c i f i c  f o r  5 , 6  h y d r a t e d  t h y mi n e  m o i e t i e s  

( t h y m i n e  g l y c o l - t y p e  r e s i d u e s )  (Demple and L i n n ,  1 9 8 0 ) .  

A l t h o u g h  i t  was n o t  a c k n o w l e d g e d ,  t h i s  enzyme may a l s o  have  

a c t e d  a t  u r e a  r e s i d u e s  i n  O s O ^ - t r e a t e d  DNA s i n c e  t h e  met hod 

us ed  t o  p r o d u c e  t h e  5 , 6  h y d r a t e d  t h y mi n e  r e s i d u e s  i n  

d o u b l e - s t r a n d e d  DNA (OsO^ o x i d a t i o n  o f  a l k a l i - d e n a t u r e d  PM2 

DNA) empl oyed  a pH a t  wh i c h  t h e  g l y c o l s  p r o d u c e d  wer e  

u n s t a b l e .  The h a l f - l i f e  o f  t h y mi n e  g l y c o l s  b e i n g  l e s s  t h a n  

20 m i n u t e s  a t  pH 1 2 . 0  ( I i d a  and H a y a t s u ,  1 9 7 0 ) .  T h u s ,  a 

s i g n i f i c a n t  number  o f  g l y c o l s  s h o u l d  ha ve  been  f r a g m e n t e d  

d u r i n g  t h e  p r o c e d u r e  u s e d  i n  t h e  s t u d i e s  o f  G a t e s  and L i n n .

Of t h e  s e v e n  DNA g l y c o s y l a s e s  r e p o r t e d  t o  o c c u r  i n  E_. 

c o l i , o n l y  t h e  u r a c i l - D N A  g l y c o s y l a s e  may be d e f i n i t i v e l y  

r u l e d  o u t  a s  b e i n g  an a c t i v i t y  o f  t h e  X- r a y  e n d o n u c l e a s e ,  

a s  t h e  l a t t e r  d oes  n o t  n i c k  u r a c i l - c o n t a i n i n g  DNA ( T a b l e  

6 ) .  Bot h  t h e  5 , 6  h y d r a t e d  thymine-DNA g l y c o s y l a s e  a c t i v i t y  

o f  e n d o n u c l e a s e  I I I  and t h e  urea-DNA g l y c o s y l a s e  a c t i v i t y ,
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r e p o r t e d  i n  a 10- f o l d  p u r i f i e d  p r e p a r a t i o n  o f  E. c o l i

( Br e i r a e r  and L i n d a h l ,  1 9 8 1 ) ,  a p p e a r  t o  be c o mp o n e n t s  o f  t h e

X- r a y  e n d o n u c l e a s e .  The urea-DNA g l y c o s y l a s e ,  l i k e  t h e

X- r a y  e n d o n u c l e a s e ,  ha s  a m o l e c u l a r  w e i g h t  on t h e  o r d e r  o f
| |

2 5 , 0 0 0  d a l t o n s ,  d o e s  n o t  r e q u i r e  Mg , and h a s  a pH opt imum 

( f o r  t h e  r e l e a s e  o f  u r e a )  o f  b e t we e n  7 . 4  and 7 . 8 .  These  

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

and t h e  X- r a y  e n d o n u c l e a s e .  I f  t h e  u r a c i l - DNA g l y c o s y l a s e  

l i k e  t h e  X- r a y  e n d o n u c l e a s e ,  r e p r e s e n t  t h e  same p r o t e i n ,  

t h e n  t h e  s e p a r a t i o n  o f  t h e  urea-DNA g l y c o s y l a s e  f rom b o t h  

t h e  hy p o x a n t h i n e - DNA g l y c o s y l a s e  and t h e

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

( B r e i m e r  and L i n d a h l ,  1980)  i m p l i e s  t h a t  t h e s e  a c t i v i t i e s  

a r e  n o t  c o mp o n e n t s  o f  t h e  X- r a y  e n d o n u c l e a s e .  S i m i l a r l y ,  

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

3 - me t h y l a d e n i n e - DNA g l y c o s y l a s e  t o  r e l e a s e  f r e e  u r e a  f rom 

t h e  s u b s t r a t e  us ed  t o  d e m o n s t r a t e  t h e  urea-DNA g l y c o s y l a s e  

a c t i v i t y  i n d i c a t e s  t h a t  t h i s  a c t i v i t y  i s  d i s t i n c t  f rom t h e  

X- r a y  e n d o n u c l e a s e .  The r e l a t i o n s h i p  b e t we e n  t h e  X- r a y  

e n d o n u c l e a s e  and t h e  7 - me t h y l g u a n i n e - DNA g l y c o s y l a s e  

r e m a i n s  unknown.

I n  summary,  i t  woul d  a p p e a r  t h a t  t h e  X- r ay  e n d o n u c l e a s e  

i s  a m u l t i f u n c t i o n a l  enzyme c o n s i s t i n g  o f  a b i f u n c t i o n a l  

( a t  l e a s t )  DNA g l y c o s y l a s e  and a c l a s s  I AP e n d o n u c l e a s e  

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

e n d o n u c l e a s e  I I I  and t h e  urea-DNA g l y c o s y l a s e .
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I I I . S u b s t r a t e  S p e c i f i c i t y

The damages  p r o d u c e d  by X - i r r a d i a t i n g  DNA i n  d i l u t e  

a q u e o u s  s o l u t i o n  may be b r o a d l y  c l a s s i f i e d  a s ;  f r a n k  s t r a n d  

b r e a k s ,  a l k a l i - s t a b l e  o r  a l k a l i - l a b i l e  b a s e  a n d / o r  s u g a r  

d a ma g e s .  A l k a l i - l a b i l i t y  d e p e n d s  on w h e t h e r  i n c u b a t i o n  i n  

a l k a l i  c o n v e r t s  damages  i n t o  s t r a n d  s c i s s i o n s .  When PM2 

DNA i r r a d i a t e d  i n  a d i l u t e  a q u e o u s  s o l u t i o n  o f  KI i s  a 

s u b s t r a t e ,  t h e  X- r a y  e n d o n u c l e a s e  r e c o g n i z e s  m a i n l y  t h e  

a l k a l i - s t a b l e  b a s e  damages  -  p r e s u m a b l y  r i n g  s a t u r a t i o n  

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

DNA -  b u t  d o e s  n o t  n i c k  t h e  m a j o r i t y  o f  a l k a l i - l a b i l e  

d a ma ges .  T h i s  i s  d e m o n s t r a t e d  i n  p a r t  by t h e  o b s e r v a t i o n  

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

r e m a i n s  t h e  same w h e t h e r  o r  n o t  t h i s  number  i s  o b t a i n e d  

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

( F i g u r e  2 ) .  S u p p o r t i n g  t h i s  c o n c l u s i o n  a r e  t h e  r e s u l t s  of  

t h e  e x p e r i m e n t s  i n v o l v i n g  t h e  s e q u e n t i a l  a c t i o n s  o f  t h e  AP 

e n d o n u c l e a s e s  ( y e a s t  and  e n d o n u c l e a s e  VI)  and t h e  X- r a y  

e n d o n u c l e a s e ,  whe r e  t h e  t o t a l  number  o f  n i c k s / P M2  DNA 

m o l e c u l e  r e s u l t i n g  f rom t h e  combi ned  a c t i o n  o f  t h e s e  

enzymes  i s  e q u a l  t o  t h e  sum o f  t h e  c o n t r i b u t i o n s  o f  t h e  AP 

e n d o n u c l e a s e  and t h e  X- r a y  e n d o n u c l e a s e  a c t i n g  a l o n e .

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

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

g e n e r a t e d  by h e a t / a c i d  t r e a t m e n t  and t h e  a t  a p y r i m i d i n i c  

s i t e s  g e n e r a t e d  by t h e  a c t i o n  o f  t h e  u r a c i l - DN A  g l y c o s y l a s e
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A l k a l i - l a b i l e  s i t e s  i n  X - i r r a d i a t e d  DNA a r e  n o t  e q u i v a l e n t  

t o  t h e  " c l e a n ” AP s i t e s  r e s u l t i n g  f rom t h e  p r o c e d u r e s  

d i s c u s s e d  a b o v e ,  i n  whi c h  t h e  d e p u r i n a t e d  o r  

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

h e m i a c e t y l  f o r m.  I n s t e a d ,  t h e  X - r a y - i n d u c e d  a l k a l i - l a b i l e  

s i t e s  c o n s i s t  o f  damaged s u g a r  m o i e t i e s  l a c k i n g  b a s e  

r e s i d u e s  (von S o n n t a g  and S c h u l t e - F r o h l i n d e , 1 9 7 8 ) .  The s e  

more compl ex  a l k a l i - l a b i l e  s i t e s  a p p e a r  n o t  t o  be 

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

s u b s t r a t e s  f o r  o t h e r  AP e n d o n u c l e a s e s  (Armel  and W a l l a c e ,  

1 9 7 8 ) .  O t h e r  e v i d e n c e  ( L a f l e u r  e_t a l .  , 1981)  t h a t  t h e s e  

s i t e s  a r e  n o t  p u r e  AP s i t e s  comes f rom e x p e r i m e n t s  t h a t  

show t h a t  t h e  r a t e  c o n s t a n t  f o r  t h e  a l k a l i - m e d i a t e d  

c o n v e r s i o n  o f  X - r a y - i n d u c e d  s i t e s  t o  s t r a n d  b r e a k s  i s  

c o n s i d e r a b l y  l a r g e r  t h a n  f o r  t h e  " c l e a n "  AP s i t e s .  The 

a l k a l i - l a b l e  l e s i o n s  p r o d u c e d  by X - i r r a d i a t i o n  a r e  l e s s  

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

t r e a t m e n t  ( K a t c h e r  and W a l l a c e ,  1 9 7 8 ) .

The X- r a y  e n d o n u c l e a s e  was a l s o  shown t o  n i c k  t h e  s i t e  

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

OsO^ t r e a t m e n t ,  t h e  s i t e  o f  t h e  mi nor  p h o t o p r o d u c t s  

r e s u l t i n g  f rom U V - i r r a d i a t i o n  and t h e  r i n g  f r a g m e n t a t i o n  

p r o d u c t s  ( a p p a r e n t l y  i n c l u d i n g  u r e a  r e s i d u e s )  r e s u l t i n g  

f rom KMnO' o x i d a t i o n  and f rom t h e  a c t i o n  o f  a l k a l i - i n d u c e d  

d e g r a d a t i o n  o f  t h y mi n e  g l y c o l - t y p e  r e s i d u e s  ( F i g u r e s  6 , 7,  

8 and T a b l e  6 ) .  A n a l y s i s  o f  a compl ex  s u b s t r a t e  s u c h  a s
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t h a t  p r o d u c e d  by t h e  X - i r r a d i a t i o n  o f  DNA r e v e a l s  many more 

X- r a y  e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  t h a n  can  be a c c o u n t e d  

f o r  by p r o d u c t s  o f  t h e  5 , 6  d i h y d r o x y - d i h y d r o t h y m i n e - t y p e  

( F i g u r e  3)  a s  me a s u r e d  by t h e  a l k a l i - d e g r a d a t i v e  met hod of  

H a r i h a r a n  ( 1 9 8 0 ) .  As t h e  l e s i o n s  known t o  be r e c o g n i z e d  by 

t h e  X- r a y  e n d o n u c l e a s e ,  a p u r i n i c  s i t e s ,  a p y r i m i d i n i c  s i t e s ,  

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

o f  l e s i o n s  t h a t  c a u s e  mi no r  d i s t o r t i o n s  o f  t h e  DNA h e l i x  

( C e r u t t i ,  1 9 7 5 b ) ,  i t  would be i n t e r e s t i n g  t o  s e e  i f  o t h e r  

members  o f  t h i s  c l a s s  -  r i n g  s a t u r a t i o n ,  r i n g  c o n t r a c t i o n  

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

a l s o  s u b s t r a t e s  f o r  t h i s  enzyme.

An o t h e r  s e t  o f  r e s u l t s  t h a t  a p p e a r s  a t  f i r s t  

p a r a d o x i c a l  a r e  t h o s e  a n a l y z i n g  t h e  a c t i v i t y  o f  t h e  X- r a y  

e n d o n u c l e a s e  a g a i n s t  U V - i r r a d i a t e d  DNA: When t h e  number  of

X- r a y  e n d o n u c l e a s e  s u s c e p t i b l e  s i t e s  was compar ed  t o  t h e  UV 

d o s e ,  an a p p r o x i m a t e  l i n e a r  r e l a t i o n s h i p  was o b s e r v e d  w i t h  

a b o u t  one e n d o n u c l e a s e  s i t e  f o rmed  f o r  a d o s e  wh i c h  s h o u l d  

r e s u l t  i n  t h e  f o r m a t i o n  o f  a b o u t  70 t h y mi n e  d i m e r s .  When 

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

g l y c o s y l a s e / e n d o n u c l e a s e  a s s a y ,  t h e r e  was c o m p l e t e  

c o n v e r s i o n  o f  t h e  i r r a d i a t e d  DNA t o  i t s  n i c k e d  form even  a t  

d o s e s  t h a t  r e s u l t  i n  t h e  f o r m a t i o n  o f  l e s s  t h a n  0 . 5  X- r a y  

e n d o n u c l e a s e  s i t e s / P M 2  DNA m o l e c u l e .  S i n c e  t h e  

e n d o n u c l e a s e  a s s a y  s y s t e m  u s e d  c a n n o t  r e s o l v e  t y p e  I DNA i n  

t h e  p r e s e n c e  o f  c a l l  o r  more n i c k s / PM2  DNA m o l e c u l e ,  i t  

mus t  be a s sumed t h e s e  a l k a l i - l a b i l e  s i t e s  a r e  an o r d e r  o r
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m a g n i t u d e  more p r e v a l e n t  t h a n  t h e  e n d o n u c l e a s e  s u s c e p t i b l e  

s i t e s .  F u r t h e r m o r e ,  i t  was shown t h a t  t h e  h i g h  d e g r e e  o f  

i n h i b i t i o n  p r o v i d e d  by t h e  p r e s e n c e  o f  10 mM NEM makes  t h e  

a c t i v i t y  w i t h  t h i s  s u b s t r a t e  s i m i l a r  t o  t h e  

e n d o n u c l e a s e / g l y c o s y l a s e  a c t i v i t i e s  a g a i n s t  O s O ^ - t r e a t e d  

and X - i r r a d i a t e d  DNA, and n o t  t o  t h e  c l a s s  I AP 

e n d o n u c l e a s e  a c t i v i t y  p o s s e s s e d  by t h e  X- r a y  e n d o n u c l e a s e .  

T h i s  a p p a r e n t  d i f f i c u l t y  c an  be r e s o l v e d  by a s s u m i n g  t h a t  

t h e  a l k a l i - l a b i l e  s i t e s  p r o d u c e d  by U V - i r r a d i a t i o n  a r e  n o t  

AP s i t e s .  Re c e n t  e v i d e n c e  i n  s u p p o r t  o f  t h i s  h y p o t h e s i s  

comes f rom t h e  work o f  Rupp ( 1 9 8 3 ) ,  i n d i c a t i n g  t h e  p r e s e n c e  

o f  a newl y  n o t e d  UV- i nduc e d  DNA b a s e  l e s i o n  whi ch  i s  

a l k a l i - l a b i l e  a t  a f r e q u e n c y  o f  a p p r o x i m a t e l y  an o r d e r  o f  

m a g n i t u d e  l e s s  t h a n  p y r i m i d i n e  d i m e r s .

A l k a l i - s t a b l e  X- r a y  e n d o n u c l e a s e  s i t e s  a l s o  a p p e a r  t o  

be p r o d u c e d  by i n c u b a t i o n  o f  PM2 DNA a t  4°C w i t h  a s o l u t i o n  

o f  s od i um b o r o h y d r i d e  d i s o l v e d  i n  c a r b o n a t e  b u f f e r ,  pH 9 . 6 .  

DNA s u b j e c t e d  t o  t h i s  t r e a t m e n t ,  w h e t h e r  u n t r e a t e d  or  

t r e a t e d  w i t h  OsO^,  a p p e a r s  t o  a c q u i r e  a b o u t  1 . 5  X- r a y  

e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  f o r  e v e r y  24 h o u r s  of  

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

wer e  r e n d e r e d  a l k a l i - s t a b l e  by t h e  b o r o h y d r i d e  r e d u c t i o n  o f  

i t s  f r e e  a l d e h y d e  g r o u p  ( G o l d t h w a i t e  and H a d i ,  1972)  f o r  

two r e a s o n s :

1.  AP s i t e s  s h o u l d  n o t  form a t  t h e  low t e m p e r a t u r e  

and h i g h  pH o f  t h e  i n c u b a t i o n  c o n d i t i o n s  ; and

2.  The X- r a y  e n d o n u c l e a s e  i s  i n h i b i t e d  f rom n i c k i n g
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i n  r e s p o n s e  t o  t h e s e  l e s i o n s  by t h e  p r e s e n s e  o f  

10 mM NEM.

I t  i s  n o t  known w h e t h e r  t h e  X- r a y  e n d o n u c l e a s e  n i c k s  a t  

’’r e d u c e d "  AP s i t e s ,  o r  w h e t h e r  t h i s  r e a c t i o n  i s  i n h i b i t e d  

by NEM. Whe t he r  t h e  X- r a y  e n d o n u c l e a s e  w i l l  r e a c t  t o  

r e d u c e d  AP s i t e s  s h o u l d  be d e t e r m i n e d ,  b e c a u s e  t h e  a b i l i t y  

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

o f  AP e n d o n u c l e a s e s  (Mosbaugh and L i n n ,  1 9 8 0 ) .  A l t h o u g h  

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

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

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

shown t o  be a s u b s t r a t e  f o r  e n d o n u c l e a s e  I I I ,  h a s  been  

c o n t r a d i c t e d  ( J o h n  Ward,  p e r s o n a l  c o m m u n i c a t i o n ) .  A n a l y s i s  

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

p r e c i p i t a t i o n  o f  X- r a y  e n d o n u c l e a s e - t r e a t e d , s odi um 

b o r o h y d r i d e - t r e a t e d  DNA by h i g h  p r e s s u r e  l i q u i d  

c h r o m a t o g r a p h y  (HPLC) o r  by g a s  c h r o m a t o g r a p h y ,  f o l l o w e d  by 

mass  s p e c t r o s c o p y ,  s h o u l d  t e l l  us  much a b o u t  s u b s t r a t e  

s p e c i f i c i t y  and t h e  mechan i s m o f  a c t i o n  o f  t h i s  enzyme.

I V . The Mechani sm o f  A c t i o n  o f  t h e  X- r a y  E n d o n u c l e a s e

Whi l e  t h e  AP e n d o n u c l e a s e  a c t i v i t y  o f  t h e  X- r a y  

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

NEM ( F i g u r e  1 5 ) ,  t h e  e n d o n u c l e a s e  a c t i v i t y  on b o t h  t h y mi n e  

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

by NEM ( T a b l e  6 ) ,  a s  a r e  t h e  t h y mi n e  g l yco l - DNA g l y c o s y l a s e
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and t h e  t h y mi n e  " f r a g m e n t ” ( u r e a ? ) - DNA g l y c o s y l a s e  ( F i g u r e  

19 and T a b l e  6 ) .

Th e s e  d a t a ,  t a k e n  t o g e t h e r  w i t h  t h e  d a t a  d e r i v e d  f rom 

t h e  g l y c e r o l  g r a d i e n t  s e d i m e n t a t i o n  s t u d i e s  ( F i g u r e  10)  and 

t h e  a n a l y s i s  by S D S - p o l y a c r y l a m i d e  g e l  e l e c t r o p h o r e s i s  

( F i g u r e  11)  s u g g e s t  t h a t  t h e  X- r a y  e n d o n u c l e a s e  i s  a d i mer  

o f  s u b u n i t s  w i t h  t h e  same o r  n e a r l y  t h e  same m o l e c u l a r  

w e i g h t  and w i t h  two i n d e p e n d e n t  o r  p a r t i a l l y  i n d e p e n d e n t  

a c t i v e  c e n t e r s .  One o f  t h e s e  a c t i v e  c e n t e r s  a p p e a r s  t o  be 

a C l a s s  I AP e n d o n u c l e a s e  ( t h a t  i s  i t  c l e a v e s  on t h e  3* 

s i d e  o f  an AP s i t e ) .  The o t h e r  a c t i v e  c e n t e r ( s )  a p p e a r s  t o  

be a b a s e - d a m a g e - s p e c i f i c  DNA g l y c o s y l a s e .  The 

e n d o n u c l e a s e  a c t i v i t y  on b a s e  damaged DNA woul d t h e r e f o r e  

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

c e n t e r s .

I f  t h e  t h y m i n e - g l y c o l - D N A  g l y c o s y l a s e  a c t i v i t y  and t h e  

urea-DNA g l y c o s y l a s e  a c t i v i t y  s h a r e  t h e  same a c t i v e  c e n t e r ,  

t h i s  m u l t i s u b s t r a t e  DNA g l y c o s y l a s e  mi g h t  a l s o  r e c o g n i z e  

o t h e r  b a s e  damages  t h a t  s h a r e  c h a r a c t e r i s t i c s  o f  b o t h  t h e  

t h e  t h y mi n e  g l y c o l  and u r e a  r e s i d u e s .  Th e s e  m i g h t  i n c l u d e  

t h o s e  l e s i o n s  t h a t  c a u s e  mi n o r  d i s t o r t i o n s  o f  t h e  DNA 

h e l i x ,  o r  l a c k  a r o m a t i c i t y ,  o r  a r e  i m p r o p e r l y  b a s e - p a i r e d ,  

o r  c a n n o t  b a s e - s t a c k  p r o p e r l y .  A l t e r n a t i v e l y ,  t h e  two DNA 

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

o v e r l a p p i n g  a c t i v e  s i t e s  w i t h  u n i q u e  s p e c i f i c i t i e s .  S i n c e  

b o t h  DNA g l y c o s y l a s e  a c t i v i t i e s  a r e  N E M - i n h i b i t i b l e , t h e s e  

a l t e r n a t i v e s  r e ma i n  u n r e s o l v e d .  A n a l y s i s  o f  t h o s e  p r o d u c t s
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o f  t h e  X - i r r a d i a t i o n  o f  DNA whose r e l e a s e  i s  m e d i a t e d  by 

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

o t h e r .

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

a c t i v i t y  and t h e  d a m a g e - s p e c i f i c  DNA g l y c o s y l a s e  a c t i v i t y  

b e l o n g  t o  two t o t a l l y  i n d e p e n d e n t  enzymes  t h a t  h a p p e n  t o  

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

c h r o m a t o g r a p h i c  and o t h e r  s e p a r a t o r y  p r o c e d u r e s  and have  

t h e  same s e d i m e n t a t i o n  c h a r a c t e r i s t i c s .  T h i s  i s  e x t r e m e l y  

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

2 - f o l d  p u r i f i c a t i o n ,  t h e  p r o b a b i l i t y  i s  a b o u t  . 004  t h a t  two 

u n r e l a t e d  enzymes  woul d  r e m a i n  t o g e t h e r  a t  t h e  l a s t  s t e p .

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

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

The AP e n d o n u c l e a s e  a c t i v i t y  o f  t h e  X- r a y  e n d o n u c l e a s e  

i s  a c l a s s  I AP e n d o n u c l e a s e  and p r e s u m a b l y  a c t s  a f t e r  t h e  

DNA g l y c o s y l a s e  r e move s  t h e  b a s e  l e s i o n .  On an AP 

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

whi ch  i s  n o t  a p r i m e r  t e r m i n u s  f o r  DNA p o l y m e r a s e  I ( F i g u r e  

17)  and s h o u l d  n o t  be a s u b s t r a t e  f o r  t h e  DNA l i g a s e  o f  E_. 

c o l i . I n  c o n j u n c t i o n  w i t h  e i t h e r  a c l a s s  I I  AP 

e n d o n u c l e a s e  o r  a 3 * —5 * e x o n u c l e a s e  i t  s h o u l d  p r o d u c e  a gap 

t h a t  mus t  be f i l l e d  b e f o r e  l i g a t i o n .  I t  i s  s t i l l  p o s s i b l e ,  

h o we v e r ,  t h a t  t h e  X - r a y  e n d o n u c l e a s e  i s  a m u l t i f u n c t i o n a l  

e n d o n u c l e a s e  a s  w e l l  a s  a DNA g l y c o s y l a s e  and t h a t  t h e  

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

g l y c o s y l a s e .  A n a l y s i s  o f  t h e  X- r a y  e n d o n u c l e a s e  d i g e s t i o n
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p r o d u c t s  a s  w e l l  a s  q u a n t i t a t i v e  and k i n e t i c  s t u d i e s  a r e  

n e e d e d  t o  d i s t i n q u i s h  among t h e s e  p o s s i b i l i t i e s .

V. An E n d o n u c l e a s e  I n v o l v e d  i n  I o n i z i n g  R a d i a t i o n  R e p a i r ?

The damages  i n t o r d u c e d  i n t o  DNA by X r a y s  r e s u l t  f rom 

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

r a d i c a l s ,  h y d r a t e d  e l e c t r o n s  and p e r o x i d e s .  Th e s e  s p e c i e s  

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

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

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

s i m i l a r  t o  t h o s e  p r o d u c e d  by i o n i z i n g  r a d i a t i o n  ( H a r i h a r a n  

and C e r u t t i ,  1 9 7 7 ) .  M e t a b o l i c  p r o c e s s e s  p r o d u c e  h y d r o x y l  

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

( F r i d o v i c h ,  1978)  whi ch  woul d p r o d u c e  DNA damages  s i m i l a r  

t o  damages  p r o d u c e d  by i o n i z i n g  r a d i a t i o n  i f  t h e s e  s p e c i e s  

o c c u r  i n  t h e  v i c i n i t y  o f  DNA. R a d i a t i o n  a r r i v i n g  f rom 

s p a c e  i n  a d d i t i o n  t o  r a d i a t i o n  f rom t h e  d e c a y  of  

t e r r e s t r i a l  a t oms  g i v e  s u f f i c i e n t  r e a s o n  f o r  an o r g a n i s m  

whose g e n e t i c  i n t e g r i t y  mus t  be m a i n t a i n e d  t o  ha ve  enzymes  

t o  r e p a i r  t h e  r e s u l t a n t  l e s i o n s .  To e l a b o r a t e  a r e p a i r  

enzyme s u c h  a s  t h e  X- r a y  e n d o n u c l e a s e ,  wh i c h  i s  a b l e  t o  

p e r f o r m  t h e  f i r s t  s t e p ( s )  o f  e x c i s i o n - r e p a i r  on a v a r i e t y  

o f  s u c h  dama ge s ,  woul d  c l e a r l y  be an e c o n o m i c a l  s o l u t i o n .
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V I . D i r e c t i o n s  f o r  F u r t h e r  R e s e a r c h

The X- r a y  e n d o n u c l e a s e  i s  p r e s u me d  t o  be a r e p a i r  

e n d o n u c l e a s e  t h a t  r e c o g n i z e s  a l i m i t e d  c l a s s  o f  DNA 

d a mage s ,  some o f  wh i ch  a r e  known t o  be l e t h a l  and 

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

i o n i z i n g  r a d i a t i o n  damage and t h e  e x t e n t  o f  damage t h a t  may 

o c c u r  i n  t h e  c o u r s e  o f  n o r ma l  m e t a b o l i c  a c t i v i t y ,  b o t h  t h e  

s u b s t r a t e  s p e c i t y  o f  t h e  v a r i o u s  a c t i v i t i e s  o f  t h e  X- r a y  

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

e n d o n u c l e a s e  a c t i v i t y  ( o r  a c t i v i t i e s )  mus t  be d e t e r m i n e d .  

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

d e f i n i t i v e l y  by t h e  s t u d y  o f  m u t a n t s  l a c k i n g  t h e  DNA-damage 

s p e c i f i c  DNA g l y c o s y l a s e .

Mass s c r e e n i n g  i s o l a t e s  f o r  m u t a n t s  l a c k i n g  DNA 

g l y c o s y l a s e  a c t i v i t y  a g a i n s t  Os0 ^ - t r e a t e d  DNA h a s  a l r e a d y  

b e g u n .  The a b i l i t y  o f  t h e  X- r a y  e n d o n u c l e a s e  t o ■f u n c t i o n  

i n  t h e  a b s e n c e  o f  magnes i um and i n  t h e  p r e s e n c e  o f  5mM EDTA 

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

c y c l e s  t o  be u s e d  w i t h  b e c a u s e  t h e r e  i s  l i t t l e  o r  no 

n o n - s p e c i f i c  e n d o n u c l e a s e  a c t i v i t y .  An o t h e r  way t o  e x p l o r e  

t h e  jLjn v i t r o  f u n c t i o n  o f  t h e  X- r a y  e n d o n u c l e a s e  i s  t o  

i s o l a t e  t h e  g e n e ( s )  c o d i n g  i t  and i n t r o d u c e  i t  i n t o  

w i l d - t y p e  h o s t s  on v e c t o r s  t h a t  a l l o w  e x p r e s s i o n .  S u r v i v a l  

d a t a  on s uxh  h o s t s  v e r s u s  w i l d - t y p e  may r e v e a l  t h e  e f f e c t s  

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

Whi l e  t h e  v a l u e  o f  t h e  X- r a y  e n d o n u c l e a s e  t o  E_. c o l i
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r e m a i n s  i n  d o u b t ,  i t s  v a l u e  t o  r e s e a r c h e r s  i n t e r e s t e d  i n  

q u a n t i t a t i n g  t h e  n a t u r e ,  e x t e n t  and r e p a i r  X- r a y  damages  o r  

damages  r e s u l t i n g  f rom o t h e r  t r e a t m e n t s  known t o  be l e t h a l  

o r  m u t a g e n i c .  I t  r e m a i n s ,  h o we v e r ,  t o  c o m p l e t e l y  

c h a r a c t e r i z e  t h i s  enzyme i n  t e r m s  o f  s u b s t r a t e  s p e c i f i c i t y .  

At l e a s t  two d i f f e r e n t  b a s e  l e s i o n s ,  t h y mi n e  g l y c o l  and 

u r e a ,  a p p e a r  t o  be s u b s t r a t e s  o f  t h e  DNA g l y c o s y l a s e  

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

compl ex  s u b s t r a t e  p r o d u c e d  by X r a y s  on DNA i n d i c a t e  t h a t  

t h e r e  may be a l a r g e r  s e t  o f  l e s i o n s  r e c o g n i z e d  by t h i s  

a c t i v i t y .  Two a p p r o a c h e s  mi g h t  be u s ed  t o  d e t e r m i n e  whi ch  

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

c o n t a i n i n g  d e f i n e d  b a s e  l e s i o n s ,  and e x a m i n a t i o n  o f  t h e  

a c i d / a l c o h o l  s o u l u b l e  p r o d u c t s  l i b e r a t e d  by t h e  X- r a y  

e n d o n u c l e a s e ,  f rom X - i r r a d i a t e d  o r  U V - i r r a d i a t e d  s u b s t r a t e s .  

The s e c o n d  a p p r o a c h  c o u l d  be i mp l e me n t e d  by means  o f  

p o w e r f u l  a n a l y t i c  t e c h n i q u e s  s u c h  a s  ga s  c h r o m o t o g r a p h y  or  

h i g h  p r e s s u r e  l i q u i d  c h r o m a t o g r a p h y  (HPLC) f o l l o w e d  by mass  

s p e c t r o g r a p h i c  a n a l y s i s .  T h i s  c o m b i n a t i o n  o f  a 

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

s h o u l d  show e x a c t l y  wha t  i s  r e l e a s e d  f rom DNA.

Once t h e  X- r a y  e n d o n u c l e a s e  h a s  been  c o m p l e t e l y  

c h a r a c t e r i z e d  i n  t e r m s  o f  i t s  s u b s t r a t e  s p e c i f i t y  and mode 

o f  a c t i o n ,  i t  w i l l  be a p o w e r f u l  t o o l  f o r  t h e  q u a n t i t a t i o n  

o f  DNA damage i n  h i g h e r  o r g a n i s m s .  Coup l ed  w i t h  modern 

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

e u k a r y o t i c  genome may be exa mi ned  f o r  t h e  o c c u r e n c e  o'f
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X- r a y  e n d o n u c l e a s e - s u s c e p t i b l e  s i t e s  a t  d i f f e r e n t  t i m e s  

f o l l o w i n g  i r r a d i a t i o n  o r  mu t a g e n  t r e a t m e n t .  S t u d i e s  o f  t h e  

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

r e s p e c t  t o  age  o r  g e n o t y p e  a r e  o b v i o u s  a p p l i c a t i o n s .

F u r t h e r  a l o n g  t h e  r o a d ,  one  mi g h t  s p e c u l a t e  t h a t  t h i s  

enzyme i n  c o m b i n a t i o n  w i t h  o t h e r s ,  may be i n t r o d u c e d  i n t o  

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

c e l l s  t o  h e l p  cope  w i t h  e n v i r o n m e n t a l  s t r e s s e s  t h a t  nor ma l  

c e l l s  a r e  u n a b l e  t o  d e a l  w i t h  e f f e c t i v e l y .
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Table 1 DNA Glycosylases

NAME

3-methyladenine- 

DNA glycosylase

SOURCES

E . coll 
B_. aubtllls 
M. lu'teus

SUBSTRATES MOLECULAR WT pH OPTIMA NEM SENSITIVE Mg++?
(daltons) ,

3-methyladenine and 
3-ethyladenine in ds- 20,000 
DNA

7.2-7.8

3-methladenine- 

DNA glycosylase II 
hypoxanthine-

DNA glycosylase

E. coll

E. coll

3-me thy ladenine, 
3-methylguanine, 
7-methyladenine, 
7-methylguanine.

27,000

hypoxanthine In ds DNA 30,000 NO

uracil-

DNA glycosylase
formamidopyrimi- 
dlne-DNA glycos­
ylase

E. coll 
B_. aubtllls 
calf, human

E. coll

ring-opened 7-methyl­

guanine in ds DNA

ring-opened 7-methyl­
guanine in ds DNA

24,500

30,000

8 . 0

urea-

DNA glycosylase
E. coli urea residues In ds 

DNA
2 0 , 0 0 0 7.0 NO

thymine glycol- thymine glycol and
DNA glycosylase E. coll dihydrothvmine in 25,000 7.5 - NO

ds DNA
(endonuclease III
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Table 2. PUTATIVE ESCHERICHIA COLI REPAIR ENDONUCLEASE

NAME

Endonuclease

Endonuclease

Endonuclease

Endonuclease
(exonuclease

SUBSTRATES OTHER MOLECULAR pH OPTIMUM NEM
ACTIVITIES WEIGHT(d) SENSITIVE

CO-FACTORS

III AP DNA, UV-, and X- thymine-
irradiated ds DNA, glycol-DNA 
thymine glycol resi- glycosylase 
dues in ds DNA

25,000 7.5 NO

IV AP ds DNA NO 30,000-
33,000

8 . 0 - 8 . 5 YES NO

AP DNA, ssDNA, uracil 
containing DNA and 
UV-, and X-irradiated 
DNA

NO 2 0 , 0 0 0 9.5
absolute Mg 

requirement

VI
III) AP ds DNA

RNase,
ex6nuclease, 28,000 
phosphatase

8 . 0 - 8 . 5 Mg needed 
for exonucle­
ase activity

Endonuclease VII AP ss DNA 56,000 ? 7.0 YES NO



Table 3.

Fraction

I

II

III

IV

V

160

Enzyme-susceptible sites in X-irradiated DNA

(Strand breaks/PM2 DNA molecule) 

Endonuclease assay DNA glycosylase assay

0.057 0.053

0.053 0.057

0.037 0.035

0.042 NT

0.041 NT

0.037 0.042



Fraction
Number

I

II

III

IV

V

Table 4. Purification of the X-ray endonuclease of Escherichia coli.

Description Protein Cone, (mg/ml) Specific Activity
unit/mg protein

Y ie ld

crude extract 19 7,000 1 0 0 %

PEG 6000 supt. 13,000 1 0 0 %

DNA-agarose 
1 M KC1 eluate 0.3

320,000 25%

hydroxylapatite 0.9 780,000 23%

Sephadex G75 0.06 4 x 10 19%

phosphocellulose 0 . 0 1 single band 
on SDS gels

0.3%
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Table 5. Substrate specificity of the X-ray endonuclease 
on X-irradiated PM2 DNA.

X ray dose

0 krad

20 krad 
20 krad

20 krad

Enzymes

none

none
yeast AP 
endonuclease E
X-ray
endonuclease

breaks/mol.

0.23

0.55
0.95

1.33

enzyme-induced 
breaks/mol.

0.40 

0. 80

20 krad yeast AP endo. 1.98 1.40
+

X-ray endo.



Table 6. X-ray endonuclease substrate specificity

Enzyme-induced sites

Type of DNA 
treatment

Alkali-labile Alkali-stable NEM DNA Probable lesion
sites ? sites ? inhibition ? glycosylase ?

Acid/heat yes no no apurinic
sites

Bisulfite no yes NT uracil residues

Bisulfite,
ura-DNA
glycosylase

yes no NT apyrimidinic
sites

0 s 0 4"treatment
no yes yes yes thymine glycol 

residues

OsO^/alkali 
treatment

no yes yes yes urea- residues



Table 6. X-ray endonuclease substrate specificity (cont.)

Type of DNA Alkali-labile Alkali-stable NEM DNA Probable lesion
treatment sites ? sites ? inhibition ? glycosylase ?

X-irradiation no yes yes yes thymine ring- 
saturation and 
degradation 
products

KMnO, yes NT NT base fragment 
residues

U V - i r r a d i a t i o n yes yes NT pyrimidine
photo-hydrates

1*. NT= not tested
2. Alkali sensitivity of sites could no be tested as alkali cause complete conversion to 

type II.



Table 7. Reaction of X-ray endonuclease with degradation 
products of thymine glycol residues.

Subs t rate

OsO.-treated DNA 4
OsO.-treated DNA 4

untreated DNA 
12 hours NaBH^
2* OsO, , 0 hrs
NaBH.4
2* OsO,, 12 hrs
NaBH.4
2' OsO,, 25 hrs
NaBH.4

4* OsO,, 0 hrs
NaBH.4
4' OsO., 12 hrs
NaBH.4

breaks/PM2 DNA molecule

no enzyme

0.18

0.15

0.59

O'. 18 

0.26

0 . 1 2  

0 . 2 1

0.34

+ enzyme

1.08
0.97

2.84

1.08 

3.29

4.48

1.40

3. 10

+ enzyme, 
+ NEM

0.59
0.63

?

0.59
2 . 2 0

1.64

0.44

1. 42



Table 8. Determination of the presence of a 5 ’ PÔ . at 
an X-ray endonuclease-induced nick.

Reaction conditions % Acid soluble
radioactivity

OsO^-treated DNA + X-ray endonuclease 13

OsO.-treated DNA + X-ray endonuclease 
+ BALP 11

OsO^-treated DNA + X-ray endonuclease 
+ spleen phosphodiesterase 13

OsO.-treated DNA + X-ray endonuclease 
+ BALP + spleen phosphodiesterase 1 67
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Figure 1. Dialysis of X-ray endonuclease against buffers 
of low ionic strength,

A highly active preparation of the X-ray endonuclease 
(Fraction V) was dialysed overnight against solutions of 
buffer A with the concentrations of KC1 indicated. The 
dialysed samples were diluted 1:10 in buffer A at 1 M KC1 
and further dilutions were performed in this buffer to 
assess the endonuclease activity remaining. Concommitant 
protein concentration measurements (Bio-Rad protein assay 
"micro" procedure) showed no discernable difference between 
samples.
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Figure 2. The relationship between X-ray endonuclease 
sites, strand breaks and alkali-labile lesions in 
X-irradiated DNA.
A. ^  PM2 was X-irradiated in the presence of 50 mM KI at 
the indicated times and strand breaks measured immediately 
by neutral sucrose gradient centrifugation (A) or after 
incubation with saturating amounts of X-ray endonuclease 
(Fraction VI) (o). B. Tl PM2 DNA treated as above was 
incubated with an equal volume of 1 M glycine-NaOH buffer 
(pH 13.1) for 4 hours prior to analysis by alkaline subrose 
gradient centrifugation. As above, (A) represents no 
enzyme treatment, (o) X-ray endonuclease digestion and (o) 
X-ray endonuclease digestion in 10 mM NEM.
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Figure 3. The relationship between X-ray-induced, 
endonuclease-susceptible sites and X ray-induced thymine 
glycols.

PM2 DNA (500,000 cpm/ug DNA) was X-irradiated in 10 mM 
Tris pH 7.5, 50 mM XI and 200 ng aliquots were assayed for 
X-ray endonuclease-susceptible sites by agarose gel 
electrophoresis. Simultaneously, A ug aliquots of the same 
DNA preparations were assayed for thymine glycol content by 
the alkali-degradative procedure of Hariharan (1980).
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Figure 4. Relationship between X-ray endonuclease- 
susceptible~sites and AP sites in heat/acid treated DNA.

JH PM2 DNA (10 ug/ml) in 0.1 M NaCl, 0.01 M sodium 
citrate, pH 5.0 was heated for varying periods at 70°C and 
subsequently neutralized with 1 M Tris, pH 7.5. The 
depurinated DNA was either incubated with saturating 
amounts of X-ray endonuclease or incubated for 4 hours at 
room temperature with equal volumes of 1 M glycine-KOH 
buffer pH 13.1 and analyzed by neutral sucrose gradient 
centrifugation analysis or by alkaline sucrose gradient 
centrifugation analysis respectively as described as 
described in MATERIALS AND METHODS.
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Figure 5. The relationship between thymine glycols and 
X-ray endonuclease-susceptible sites in OsO^-treated DNA.

H PM2 DNA (500,000 cpm/ug), was treated PM2 DNA with
0.02% OSO4 at 70 C and simultaneously assayed for thymine 
glycols by the procedure of Hariharan (1980) and for X-ray 
endonuclease-susceptible sites using gel electrophoresis.
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Incubation in 0.04%  OsO^min)

Figure 6 . The relationship between incubation in OsO/, 
and the appearance of X-ray endonuclease-susceptible 
s i t e s .

PM2 DNA at 55°C was brought to 0.04% 0s0/t from a 
4% stock solution. Aliquots were removed immediately and 
at the times indicated and digested with saturating 
amounts of X-ray endonuclease. The DNA was analyzed by 
the DNA glycosylase/endonuclease assay. Neither strand 
breaks nor alkali-labile sites were generated during the 
incubation.
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Figure 7. The relationship between UV dose and the 
induction of X-ray endonuclease-susceptible sites.

3H PM2 DNA was irradiated at a fluence of 4.4 J/m for 
the durations indicated and either analysed by neutral 
sucrose gradient centrifugation analysis directly or 
following extensive X-ray endonuclease digestion.
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Figure 8 . Polyacrylamide gel electrophoresis of poly- 
dA:dT containing either thymine glycol residues or thymine 
fragment (urea) residues.

(A) and (B). Poly ( 2 - ^ C )  dT was incubated with 0.4% 
0 s0^ , extracted with diethyl ether, precipitated and 
annealed with poly dA. The duplex was either directly 
precipitated and redissolved in 98% formamide (A) or first 
digested with saturating X-ray endonuclease (B). The 
denatured polynucleotides were then analyzed by 
electrophoresis on 5% polyacrylamide gels containing 7 M 
urea. (C) and (D). OsO^-treated poly (2-*^C)dT (as above) 
was incubated in 0.2 M KOH prior to tre4atment as above. 
(C). No X-ray endonuclease treatment. (D). Following 
digestion with saturating X-ray endonuclease.
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Figure 9. Co-elution from phosphocellulose of 
endonuclease activities against AP and OsO. -treated DNA.

X-ray endonuclease (Fraction V ) w a s  applied to 0.5 x 
3 cm column and eluted with a 10 column volume gradient 
of 0.25-0.60 M KC1 in buffer A. Fractions (1 ml) were 
simultaneously assayed for DNA glycosylase/endonuclease 
activity on 0 s0 4 -treated DNA and endonuclease activity on 
AP DNA, as described in MATERIALS AND METHODS. Both 
activities co-elute between 0.4-0.5 M KC1.



176

0 .4

-3 0 .2ja>
=joJVo
<
Z
CJ
CM

v>-S£
D0>k.

CD
T30)o
Z3"D_C
0>
E>»
N
C
Ui

0

1.0

0.8

0.6

0.4

0.2

_ B. OSO4- treated DNA

A. Apurinic DNA

i f l 4 H a

n, ,n rT
10 15 2 0
Fraction Number

2 5

Figure 10. Glycerol gradient analysis of X-ray 
endonuclease.

Aliquots of Fraction V were layered onto 5 ml 20-40% 
glycerol gradients in 0.02 M potassium phosphate buffer 
containing 1 mM mercaptoethanolf 1 mM EDTA at 2°C and spun 
at 46,000 rpm for 48 hours at in an SW 50.1 rotor.
Standard proteins were run in separate gradients. X-ray 
endonuclease containing gradients were collected in 3 3  
vials in the cold and simultaneously assayed for activity 
against 0s04—treated and AP DNA. Protein standards, bovine 
serum albulmin, chymotrypsinogen, and ribonuclease A were 
assayed for protein concentration by the Bio-Rad "micro" 
assay.
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Figure 11. SDS-polyacrylamide gel electrophoresis of X-ray 
endonuclease.

Samples were prepared and run according to the 
procedure of Laemmli (1970) as described in MATERIALS AND 
METHODS. Lane A y molecular weight standard proteins 
(Bio-Rad Laboratories, low molecular weight standards for 
SDS gel electrophoresis); Lane B t phosphocellulose Fraction 
(VI); Lane C, DNA-agarose, Fraction III.
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Figure 12. The effects of KC1 on the activities of the 
X-ray endonuclease.

PM2 DNA treated either to produce AP sites (A) or 
0 s04 damages (3 ) was incubated with subsaturating amounts 
of the X-ray endonuclease (Fraction VI) at the KC1 
concentrations indicated. Strand breaks were quantitated 
by either agarose gel electrophoresis or neutral sucrose 
gradient centrifugation.
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Figure 13. The effect of pH on the activities of the X-ray 
endonuclease.

JH PM2 DNA containing either AP sites ( A)  or OSO4 
damages ( B) >  was incubated with subsaturating amounts of 
the X-ray endonuclease (Fraction VI) at the indicated pH. 
and assayed for strand breaks by either agarose gel 
electrophoresis or neutral sucrose gradient centrifugation.
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Figure 14. Heat inactivation of the activities of the 
X-ray endonuclease.

Samples (100 ul) of the X-ray endonuclease (Fraction V) 
were heated at 45°C. Aliquotes were removed immediately 
and at 5 minute intervals, diluted and simultaneously 
assayed for activity on AP DNA ( ) or X-irradiated DNA ( ) 
by neutral sucrose gradient centrifugation.
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Figure 15. Differential effects of NEM on the activities 
of the X-ray endonuclease.

3H PM2 DNA containing either AP sites, or 
OsO -induced damages was treated with subsaturating 
amounts of X-ray endonuclease (Fraction VI) at 
concentrations of NEM indicated and assayed by neutral 
sucrose gradient centrifugation analysis.
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Figure 16. Effect of NEM on the X-ray endonuclease 
activities towards X-irradiated and UV-irradiated DNA 
substrates.

3H PM2 DNA, X-irradiated in Tris buffer 0.05 M KI or 
UV-irradiated as described in MATERIALS AND METHODS was 
either analysed directly by agarose gel electrophoresis 
analysis (A and C) or by the endonuclease/DNA glycosylase 
assay (B)y (A); or was either incubated with saturating 
amounts of X-ray endonuclease without NEM (□), or incubated 
with saturating amounts of X-ray endonuclease in the 
presence of 10 mM NEM (O) prior to analysis.
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Figure 17. X-ray endonuclease-induced nicks as substrates 
for E. coli DNA polymerase I.

Unlabeled PM2 DNA, either untreated (A), containing 
apurinic sites (B), or treated with 0s04 (C), was incubated 
without enzyme (□), with exonuclease Ill/endonuclease VI
( A ) ,  with X-ray endonuclease (Fraction VI) (»), or with 
X-ray endonuclease followed by exonuclease Ill/endonuclease 
VI ( A ) .  These reactions were then heated to inactivate the 
endonucleases and added to a reaction mixture containing 
DNA polymerase I, Mg++ and all four dNTPs ( H-dTTP) as 
described in MATERIALS AND METHODS. Aliquots were removed 
initially and at 2 0 minute intervals and the acid insoluble 
radioactivity determined.
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Figure 18. Analysis of products released after incubation 
of O s O a -treated DNA with X-ray endonuclease.

PM2 DNA (>500,000 cpm/ug DNA) was extensively 
treated with OSO4 (see MATERIALS AND METHODS) and then 
incubated overnight with saturating quantities of enzyme. 
The trichloroacetic acid soluble fraction was taken to 
dryness and samples were spotted onto both:
(A) Polygram Cel 3 OO/UV2 5 4 MN thin layer plates and 
developed in propanol/water (3:1). The developed plates 
were dried and cut into 1 cm squares and counted.
(B) Whatmann 3MM chromatography paper and developed in the 
descending mode with the upper phase of a mixture of ethyl 
acetate, n,propyl alcohol, H2 O (4:2:1). The developed 
chromatograms were cut into 1 inch squares and eluted with 
water. TMP, thymine glycol monophosphate and 
polynucleotides remained at the origin in both systems.



185

^  cto-Thynjlno Glycol
•n

Or0 -  r_
to

Thfwnn®

*Thymm« Gtyco>
r— 1— 1

Ut m  Thymm.0 ■ r
10 -

1

0 -fl f ln d l rn _ l t lH i  n n n m i i.rTh..
5

-^n-rn rruT]Ti JTVh [y itc c r5 '0j  10 15 0  3
O il lone*  from Origin (cm ) O W oncf from Or.g.n (,nChe*>

Figure 19. Analysis of products released after X-ray 
endonuclease"digestion of OsO/, treated-(2-i4 C) poly dTtdA 
followed by alkaline hydrolysis.

OsO^-treated-(2-^C) poly dT:dA was incubated overnight 
at 37°C with X-ray endonuclease or without. The reactions 
were cooled in an ice bath and alcohol precipitated as in 
MATERIALS AND METHODS. The supernatants were spotted onto 
either: (A) Polygram Cel 3 OO/UV0 5 4 MN thin layer plates,
developed in propanol:water (3:1) and cut into 1 cm squares 
and counted; or, (B) Whatmann 3MM chromatography paper and 
developed with the upper phase of a mixture of ethyl 
acetate, n-propyl alcohol and water (4:1:2), cut into 
squares and counted. Authentic markers were run in 
parallel.

»
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Figure 20. PEI-cellulose chromatography of acid-soluble 
products released by X-ray endonuclease digestion of 
X-irradiated DNA.

Heavily 3H labeled PM2 DNA (>500,000 cpm/ug) was 
incubated overnight without enzyme, with saturating 
quantities of X-ray endonuclease or with saturating 
endonuclease in the presence of 10 mM NEM. The reactions 
were spotted onto PEI-cellulose thin layer chromatography 
plates and developed with water. Authentic standards were 
run in parallel lanes. After the water migrated ca. 9 cm 
the plates were dried, cut into 1 cm squares, each square 
was eluted with 1 ml of water overnight, mixed Liquiscint 
scintillation cocktail and counted.
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Figure 21. The effect of NEM on the thymine glycol-DNA 
glycosylase activity of the X-ray endonuclease.

Highly -*H labeled (500,000 cpm/ug) heavily 0 s0 4 -treated 
DNA (see MATERIALS AND METHODS) was incubated without 
enzyme (A), with saturating amounts of X-ray endonuclease
(B), or. with saturating X-ray endonuclease in the presence 
of 10 mM NEM (C). The reactions were spotted onto Polygram 
Cel 3 OO/UV2 5 4 MN cellulose thin layer plates and developed 
with propanol:water (3:1). The developed plates were cut 
into 1 cm squares and counted.



Appe nd i x  BUFFERS AND MEDIA

I .  Media  f o r  t h e  g r o w t h  o f  E.  c o l i  

A. L i q u i d  Media

1.  M o d i f i e d  Z u b a y ' s  B r o t h  

f o r  e a c h  1 . a d d :  a f t e r  a u t o c l a v i n g  a dd .

KH2P 0 4 5 . 6 g 25% g l u c o s e 40 ml
K2HP04 2 8 . 9 g 10% c a s a mi n o  a c i d s * 50 ml
y e a s t  e x t r a c t  10 Oo t h y mi n e  t o 0 . 1%
0 . 1% t h i a m i n e  1 .0  ml

* m o d i f i c a t i o n  f o r t h e g r o wt h  o f  AB3027.

2.  He r s h e y  B r o t h

f o r  e a c h  1 a dd : a f t e r  a u t o c l a v i n g  a dd :

N u t r i e n t  b r o t h  8 g 10% c a s a mi n o  a c i d s 50 ml
B a c t o - p e p t o n e  5 g 0 . 1% t h i a m i n e 0 . 2 ml
g l u c o s e  3 g
NaCl 8 g
Na c i t r a t e  2 g
H20 t o  1 1

5 o 1 i  d Media

1.  Top La y e r  Ag a r .
f o r  e a c h  l i t e r  add J a f t e r  a u t o c l a v i n g  add :

B a c t o - t r y p t o n e  10 g 0 . 1% t h i a m i n e 0 . 2 ml
B a c t o - a g a r  6 g
NaCl 8 g
Na c i t r a t e  2 g

2.  Bo t t om La y e r  Ag a r .
f o r  e a c h  l i t e r  add •• a f t e r  a u t o c l a v i n g  a dd :

B a c t o - t r y p t o n e  13 g 0 . 1% t h i a m i n e

CM•o

ml
B a c t o - a g a r  12 g
g l u c o s e  1 .2 g
NaCl 8 Oo
Na c i t r a t e  2 g



II. Media for the growth of Alteramonas espejiana

1.  Ba l  B r o t h

f o r  one l i t e r  add :

N u t r i e n t  b r o t h  8 g 
NaCl 26 g
KC1 0 . 7  g

2.  AMS-4

f o r  e a c h  l i t e r  a d d :

Na S04 
NH7C1

NaCl 26 g
T r i s  b a s e  12 g

6 . 9 2  g
•' “ i 01 1 - 1 8
Mg Cl , . 6 H9 0 0 . 9 4  g 

0 . 7  g 
850 ml 

t o  pH 7 . 3

KC1
Ho 0
HC1

B. S o l i d  Media

1.  Bal  Top L a y e r  Agar

f o r  e a c h  l i t e r  a dd :

B a c t o - t r y p t o n e  8 g
B a c t o - a g a r  5 g
KC1 0 . 7  g
NaCl 26 g
H2 0 890 ml

a f t e r  a u t o c l a v i n g  add:

7.8% MgSO, .7H2 0 
15% CaCl 2 . 2H2 0

a f t e r  a u t o c l a v i n g  add:

15% Ca Cl „ . 2 H2 0 
0.24% KH2 P0,
2.5% g l u c o s e  
0 . 1% t h y m i d i n e

a f t e r  a u t o c - l a v i n g  add:

7.8% MgS04.7H2 0 
15% CaCl 2 . 2H2 0

2.  Ba l  Bot t om L a y e r  Agar

f o r  e a c h  l i t e r  a d d :  a f t e r  a u t o c l a v i n g  add:

7.8% MgS04 . 7H2 0N u t r i e n t  B r o t h  9 g
Ba c t o  Agar  10 g
KC1 0 . 7  g
NaCl 26 g
H2 0 890 ml

/ « o / o  i i g o  u a  • / n  o v
15% CaCl 2 . 2H2 0

100 ml 
10 ml

10 ml 
10 ml 
50 ml 
25 ml

100 ml 
10 ml

100 ml 
10 ml
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I I I .  B u f f e r s  u s e d  i n  c h r o m a t o g r a p h y

1.  B u f f e r  A -  f o r  e a c h  l i t e r  a dd :

1 M T r i s  b u f f e r ,  pH 8 . 0  10 ml
200 mM EDTA 5 ml
g l y c e r o l  ( a n h y d r o u s )  100 ml
2 - m e r c a p t o e t h a n o 1 0 . 0 7  ml
KC1 t o  d e s i r e d  c o n c e n t r a t i o n
H20 t o  1 1

2.  B u f f e r  B -  f o r  e a c h  l i t e r  a dd :

1 M KP04 b u f f e r  pH 8 . 0  10 ml
200 mM EDTA 0 . 5  ml
KC1 t o  d e s i r e d  c o n c e n t r a t i o n
2 - m e r c a p t o e t h a n o 1 0 . 0 7  ml

3.  B u f f e r  C -  f o r  e a c h  100 mi s  add :

1 M KPO4 b u f f e r  pH 6 . 5  1 . 0  ml
g l y c e r o l  ( a n h y d r o u s )  10 ml
200 mM EDTA ■ 0 . 5  ml
2 - m e r c a p t o e t h a n o l  7 u l
KC1 t o  d e s i r e d  c o n c e n t r a t i o n
H2O t o  100 ml

IV.  B u f f e r s  us ed  i n  e l e c t r o p h o r e s i s

1.  20 x TEB b u f f e r

108 g
5 5 . 6 5  g

4 . 6 5  g

T r i s  ba s e  
b o r i c  a c i d  
EDTA ( d i s o d i u m )

2.  P h o s p h a t e  r u n n i n g  b u f f e r

16 ml 
84 ml 

900 ml

200 mM NaH2P 0 4 
200 mM Na2HP04 
H2O

3.  TGS B u f f e r

T r i s  b a s e  2 . 1  g
g l y c i n e  1 0 . 0 8  g
10% SDS 693 ml


