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Abstract

GENETIC CONSEQUENCES OP TRANSFORMING 

BACILLUS SUBTILIS WITH NITROGEN 

MUSTARD CROSSLINKED DNA

by
S a u l  S c h e in b a c h  

A d v iso r*  P r o f e s s o r  R ivka  Rudner

B a c i l l u s  s u b t i l i s  DNA was t r e a t e d  w i t h  n i t r o g e n  

m u s ta r d  (HNg) and  a l k a l i  d e n a t u r e d .  The r e s u l t i n g  c r o s s -  

l i n k e d  m o le c u le s  (HNg-D-DNA) w ere  u s e d  i n  t r a n s f o r m a t i o n  

a s s a y s  t o  d e te rm in e *

1 .  The a b i l i t y  o f  c r o s s l i n k e d  DNA t o  c o t r a n s f o r m  a  

se g m en t c o n t a i n i n g  t h e  trp C 2  an d  h isB 2  m a r k e r s .

2 .  The e f f e c t  o f  c r o s s l i n k s  on t h e  p r o d u c t i o n  o f  

m u ta t io n s  d u r in g  t r a n s f o r m a t i o n .

The c r o s s l i n k e d  m o le c u le s  w ere  d e t e c t e d  b y  t h e i r  

a b i l i t y  to  re m a in  d o u b le  s t r a n d e d  an d  t h e i r  a c t i v i t y  i n  

t r a n s f o r m a t i o n  a s s a y s  f o l l o w i n g  e x p o s u re  t o  d e n a t u r i n g  

c o n d i t i o n s .  T hese  m o le c u le s  w ere  s e p a r a t e d  from  s i n g l e  

s t r a n d s  by h y d r o x y a p a t i t e  c h ro m a to g ra p h y .  The s i n g l e  

m a rk e r  t r a n s f o r m i n g  a c t i v i t y  o f  HNg-D-DNA was l e s s  t h a n  

t h a t  o f  n a t i v e  b u t  h i g h e r  t h a n  t h a t  o f  r e n a t u r e d  DNA. When 

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



r e n a t u r e d  DNA c o n t r o l s ,  HNg-D-DNA e x h i b i t e d  a  g r e a t e r  d ro p  

th a n  i t s  u n d e n a tu r e d  c o u n t e r p a r t  (HNg-N-DNA), i n d i c a t i n g  

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

c o t r a n s f o r m ir ig  a b i l i t y  was n o t  a c c o m p a n ie d  b y  a n  i n c r e a s e  

i n  m u t a g e n i c i t y .  T hese  r e s u l t s  s u g g e s t e d  t h a t  HNg-D-DNA 

c o t r a n s f o r m e d  p o o r l y  due  to  c l e a v a g e  o f  c r o s s l i n k e d  

r e g i o n s  by  c o m p e te n t  c e l l s .  The p o s s i b l e  n a t u r e  o f  su c h  

a c le a v a g e  was c o n s i d e r e d  w i t h i n  t h e  fram ew ork  o f  e v e n t s  

w hich  may n o r m a l ly  o c c u r  d u r i n g  t r a n s f o r m a t i o n  i n  B. s u b t i l i s . 

A m odel was d e v e lo p e d  w h ich  p r o p o s e s  t h a t  d u r i n g  t h e  c o n v e r ­

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

c e l l s ,  c r o s s l i n k s  a r e  r e c o g n i z e d  by  a n  e n d o n u c le a s e  w hich  

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

them . The r e s u l t a n t  c l e a v a g e  o f  t h e  d o n o r  m o le c u le  

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

P r e d i c t i o n s  a r i s i n g  from  t h i s  m ode l o f  c r o s s l i n k - i n d u c e d  

s c i s s i o n s  w ere  i n  s a t i s f a c t o r y  a g re e m e n t  w i t h  t h e  o b s e r v e d  

r  a n d  s i n g l e  m a rk e r  a c t i v i t y  o f  c r o s s l i n k e d  DNA.
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INTRODUCTION

I n t e r s t r a n d  c o v a l e n t  c r o s s l i n k s  h av e  b een  fo u n d  i n  

a  m in o r  f r a c t i o n  o f  DNA m o le c u le s  w here  t h e y  p r e v e n t  com­

p l e t e  s t r a n d  s e p a r a t i o n  d u r i n g  e x p o s u re  to  d e n a t u r i n g  c o n ­

d i t i o n s ,  t h e r e b y  a l l o w i n g  t h e  s t r a n d s  to  s n a p  b a ck  upon 

re m o v a l  o f  th e  d e n a t u r a n t  ( A l b e r t s ,  1968? A l b e r t s  and  

D o ty , 1968} Rownd, e t  a l . , 19681 M u lde r  and  D oty , 1 9 6 8 ) .  

T hese  " n a t u r a l ” c r o s s l i n k s  w ere  shown to  o c c u r  o n ly  a t  one 

end o f  th e  DNA m o le c u l e s ,  w h i le  c h e m ic a l l y  in d u c e d  c r o s s ­

l i n k s  w ere  p o s i t i o n e d  ran d o m ly  a lo n g  t h e  h e l i x  ( A l b e r t s ,  

1 9 6 8 ) ,  F o l lo w in g  e x p o s u re  t o  d e n a t u r i n g  c o n d i t i o n s ,  

m o le c u le s  c o n t a i n i n g  e i t h e r  ty p e  o f  c r o s s l i n k  w ere  a c t i v e  

i n  t r a n s f o r m a t i o n ,  w h e re a s  n o n c r o s s l i n k e d  m o le c u le s  r e ­

m ained  s i n g l e  s t r a n d e d  an d  c o u ld  n o t  t r a n s f o r m  ( A l b e r t s ,  

1968} M ulde r  an d  D o ty , 1968j C h e v a l l i e r  an d  B e r n a r d i ,  1 9 6 8 ; 

Kohn and  G re en ,  1 9 6 6 ) .

D u r in g  t r a n s f o r m a t i o n ,  d o u b l e - s t r a n d e d  m o le c u le s  have  

been  shown to  be  t a k e n  up  by c o m p e te n t  B a c i l l u s  s u b t i l i s  

c e l l s  a n d  d e g ra d e d  to  s i n g l e - s t r a n d e d  f r a g m e n ts  (SSF) and  

5 '  m o n o n u c le o t id e s  a s  t h e y  p a s s  th ro u g h  t h e  c e l l  membrane 

(Dubnau a n d  C i r i g l i a n o ,  19 72a j D a v id o f f -A b e ls o n  an d  

Dubnau, 1 9 7 3 a ) .  The SSF c a n  t h e n  i n t e g r a t e  w i t h  t h e  h o s t  

genome, a  p r o c e s s  w h ich  may o c c u r  a lo n g  s i n g l e - s t r a n d e d  

gap s  p ro d u c e d  w i t h i n  t h e  r e c i p i e n t  chromosome ( H a r r i s  an d  

B a r r ,  1 9 7 1 ) .  T r a n s f o r m a t io n  w i th  c r o s s l i n k e d  m o le c u le s  

c o u ld  n o t  o c c u r  i n  t h i s  m an n e r ,  s i n c e  t h e  p r e s e n c e  o f
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c o v a l e n t  c r o s s l i n k s  p r e v e n t s  s t r a n d  s e p a r a t i o n  o f  d o n o r  DNA 

and  w ould  i n t e r f e r e  w i th  n o rm a l  SSF p r o d u c t i o n .  However, 

f o r m a t io n  o f  t h e  s i n g l e - s t r a n d e d  i n t e r m e d i a t e  m ig h t  be 

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

c r o s s l i n k s  from  th e  in co m in g  DNA. T h is  c o u ld  a r i s e  by 

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

r e g i o n  w h ich  w ould  d i s r u p t  th e  c o n t i n u i t y  o f  d o n o r  

m o le c u l e s .  A g e n e t i c  c o n se q u e n c e  o f  t h i s  e v e n t  w ould  be 

a  r e d u c t i o n  i n  g e n e t i c  l i n k a g e  b e tw een  m a r k e r s .  On th e  

o t h e r  h a n d ,  i f  c r o s s l i n k s  a r e  n o t  rem oved a t  an  e a r l y  

s t a g e ,  t h e i r  p r e s e n c e  d u r i n g  i n t e g r a t i o n  may p ro d u c e  an  

a b e r r a n t  fo rm  o f  d o n o r - r e c i p i e n t  r e c o m b in a t io n  w h ich  

c o u ld  be p o t e n t i a l l y  m u ta g e n ic .  T h is  c o u ld  o c c u r  v i a  a  

r e p a i r  m echanism  s i m i l a r  to  p o s t r e p l i c a t i o n  r e p a i r  o f  

UV damage (Rupp an d  H o w a rd -F la n d e rs ,  1968; Rupp, e t  a l . , 

1 9 7 1 ) .  T h is  r e p a i r  p r o c e s s  i s  t h o u g h t  t o  c o n t a i n  an  

e r r o r - p r o n e  com ponent w h ich  i s  r e s p o n s i b l e  f o r  UV 

m u ta g e n e s i s  ( s e e  S e c t i o n  I I ) .

T h is  s t u d y  d e a l s  w i t h  t h e  g e n e t i c  c o n s e q u e n c e s  

a r i s i n g  from  t r a n s f o r m a t i o n  w i th  n i t r o g e n  m u s ta r d -  

c r o s s l i n k e d  B. s u b t i l i s  DNA. Two p a r a m e t e r s  w ere  e x ­

am ined  to  d e te r m in e  w h e th e r  c o m p e te n t  c 6 1 1 s  e l i m i n a t e  

c r o s s l i n k s  from  d o n o r  DNA. T hese w e re t

1 )  M easu rem en t o f  t h e  l i n k a g e  b e tw ee n  two m a rk e rs

2 )  A ssay  o f  fo rw a rd  m u ta n ts  in d u c e d  by  c r o s s l i n k e d  

DNA.
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I .  PROPERTIES OF CROSSLINKED DNAt

A) N a t u r a l l y  C r o s s l i n k e d  DNAt

E a r l y  s t u d i e s  on b a c t e r i a l  t r a n s f o r m a t i o n  

showed t h a t  d e n a t u r a t i o n  o f  DNA d i d  n o t  c o m p l e t e ly  i n a c t i v a t e  

t r a n s f o r m i n g  a b i l i t y  (Marmur and  L a n e ,  I 9 6 0 ;  D o ty ,  e t  a l . , 

I960* G inoza  an d  Zimm, 1961 ; R oger an d  H o t c h k i s s ,  1 9 6 1 ) .

S in c e  s i n g l e  s t r a n d s  a r e  n o t  t a k e n  up  by  c o m p e te n t  

Pneum ococcus o r  B. s u b t i l i s  c e l l s  (Lerm an an d  Tolm ach,

1959? Rownd, e t  a l . ,  1 9 6 8 ) ,  t h e  r e s i d u a l  t r a n s f o r m i n g  

a c t i v i t y  c o u ld  be  due t o  a  DNA f r a c t i o n  w h ich  e i t h e r  does 

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

c o n d i t i o n  i s  rem o ved . Marmur an d  Lane ( i 9 6 0 ) and  

G in oza  an d  Zimm (1961 )  c o n c lu d e d  t h a t  s t r a n d  s e p a r a t i o n  

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

o f  Pneum ococcus DNA, h e a t - d e n a t u r e d  an d  f a s t - c o o l e d ,  was 

i n d e p e n d e n t  o f  DNA c o n c e n t r a t i o n .  O th e r  s t u d i e s  c o n f i rm e d  

t h i s  by u s i n g  d e n s i t y  l a b e l e d  B. s u b t i l i s  a n d  H em oph ilus  

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

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

h e a v y  an d  l i g h t  com ponen ts  f o l l o w i n g  th e r m a l  d e n a t u r a t i o n  

a n d  q u e n c h in g  (Rownd, e t  a l . ,  1968; M u ld e r  an d  D o ty ,  1 9 6 8 ) .  

The am ount o f  r e s i d u a l  t r a n s f o r m i n g  a c t i v i t y  was g e n e r a l l y  

o b s e r v e d  to  be  i n  t h e  r a n g e  o f  1 -8 #  o f  n a t i v e  DNA (G inoza  

a n d  Zimm, 1961; A l b e r t s  a n d  D o ty , 1968; Kohn an d  G re e n ,  1 9 6 6 ; 

M uld e r  an d  D o ty , 1 9 6 8 ; C h e v a l l i e r  and  B e r n a r d i ,  1 9 6 8 ) .

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

d e n a t u r a t i o n - r e s i s t a n t  f r a c t i o n  showed t h a t  i t  b e h av e d
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l i k e  n a t i v e  DNA w i th  r e s p e c t  t o  c h ro m a to g r a p h ic  b e h a v i o r ,  

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

v e l o c i t y  a n d  b o u y a n t  d e n s i t y  ( C h e v a l l i e r  a n d  B e r n a r d i ,

1968; A l b e r t s  an d  D o ty , 1 968 ; M ulde r  a n d  D o ty , 1968;

Rownd, e t  a l . , 1 9 6 8 ) .  More i m p o r t a n t l y ,  t h e  th e r m a l  

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

i s t i c  o f  n a t i v e  DNA a n d  th e  fo rm e r  r e g a i n e d  a  s u b s t a n t i a l  

d e g re e  o f  h y p o c h r o m ic i ty  upon c o o l i n g  w h ich  was n o t  

o b s e r v e d  f o r  t h e  l a t t e r  ( A l b e r t s  an d  D o ty , 1 9 6 8 ) .

T h i s ,  c o u p le d  w i th  th e  f a c t  t h a t  t h e  m o le c u l a r  w e ig h t  o f  

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

s t r a n d s  (M u lde r  a n d  D o ty , 1968; A l b e r t s  and  D o ty , 1 9 6 8 ) ,  

means t h a t  t h e s e  m o le c u le s  do unw ind b u t  n e v e r  c o m p le t e ly  

s e p a r a t e  a n d  c a n  t h e r e f o r e  s n a p  b a c k  upon re m o v a l  o f  t h e  

d e n a t u r i n g  c o n d i t i o n s .  The p r e v e n t i o n  o f  s t r a n d  s e p ­

a r a t i o n  was p o s t u l a t e d  t o  r e s u l t  from  th e  p r o d u c t i o n  o f  

c o v a l e n t  c r o s s l i n k s  d u r i n g  DNA i s o l a t i o n  ( A l b e r t s  and  

D o ty , 1 9 6 8 ) .

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

DNA, h y d r o x y a p a t i t e  c h ro m a to g ra p h y  h a s  p r o v i d e d  one o f  t h e  

b e t t e r  s e p a r a t i o n s  o f  c r o s s l i n k e d  m o le c u le s  from  t h e  b u lk  

o f  d e n a t u r e d  DNA. T h is  e n a b le d  C h e v a l l i e r  a n d  B e r n a r d i  

(1 9 6 8 ) t o  d e te r m in e  t h a t  t h e  n a t u r a l l y  c r o s s l i n k e d  

f r a c t i o n  c o m p r is e d  10# o f  t h e  t o t a l  DNA a n d  e x h i b i t e d  

a  s p e c i f i c  t r a n s f o r m i n g  a c t i v i t y  r a n g i n g  b e tw e e n  3 0 - 50# .  

T h is  r a n g e  i s  c l o s e  t o  t h e  v a l u e  o f  2 5#  o b t a i n e d  by 

p u r i f i c a t i o n  on m e t h y l a t e d  a lb u m i n - K ie s e l g u h r  (MAK)
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c o lu m n s ,  (R udner a n d  Remeza, 1973)*  N a t u r a l l y  c r o s s -  

l i n k e d  m o le c u le s  p u r i f i e d  e i t h e r  by  b a n d in g  i n  CsCl 

g r a d i e n t s  o r  p a r t i t i o n  s e p a r a t i o n  i n  d e x t r a n - p o l y e t h y l e n e  

g l y c o l  w ere  r e p o r t e d  to  e x h i b i t  s p e c i f i c  t r a n s f o r m i n g  

a c t i v i t i e s  o f  9**$ an d  81$ r e s p e c t i v e l y  (M ulder an d  D o ty , 

1968} A l b e r t s  an d  D oty , 1 9 6 8 ) ,

The o r i g i n  o f  n a t u r a l l y  c r o s s l i n k e d  B. s u b t i l i s  DNA 

m o le c u le s  was s t u d i e d  by A l b e r t s  who fo u n d  t h a t  th e  

am ount o f  c r o s s l i n k e d  DNA was i n v a r i a n t  t o  m e t a b o l i c  

a c t i v i t y  an d  r e m a in e d  u n changed  i n  n ew ly  r e p l i c a t e d  

DNA ( A l b e r t s ,  1968 ; A l b e r t s  and  D o ty ,  1 9 6 8 ) .  He c o n c lu d e d  

t h a t  n a t u r a l  c r o s s l i n k s  w ere  n o t  p ro d u c e d  i n  v i v o , and  

o c c u r r e d  ran d o m ly  b e c a u se  m a rk e r s  from  d i f f e r e n t  r e g i o n s  

o f  t h e  chromosome e x h i b i t e d  s i m i l a r  l e v e l s  o f  r e s i d u a l  

a c t i v i t y .  He a l s o  o b s e rv e d  t h a t  n i t r o u s  a c i d - c r o s s -  

l i n k e d  DNA s e d im e n te d  somewhat f a s t e r  i n  a l k a l i n e  

s u c r o s e  th a n  n a t u r a l l y  c r o s s l i n k e d  m o le c u le s  a n d  he  c o u ld  

i n d u c e  c r o s s l i n k s  by  s h e a r i n g  o f  v e r y  h ig h  m o le c u l a r  

w e ig h t  DNA (130x10^  d a l t o n s ) .  T hese  f i n d i n g s  l e d  him 

to  c o n c lu d e  t h a t  t h e  e a r l i e s t  b r e a k s  o c c u r r i n g  d u r i n g  DNA 

i s o l a t i o n  l e a d  to  t h e  f o r m a t io n  o f  a  n a t u r a l  c r o s s l i n k  a t  

one end  o f  a  m o le c u le  ( A l b e r t s ,  1 9 6 8 ) .  A l b e r t s  (1968) 

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

v e r y  l a r g e  m o le c u le s  m ig h t  c a u s e  a  r u p t u r e  o f  a  c a r b o n -  

p h o s p h a te  bond w h ich  would r e s u l t  i n  P - 0 “ and  C+ io n
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p a i r s .  Such i o n  p a i r s  c o u ld  form a  new bond c o n n e c t in g  

co m p lem en ta ry  s t r a n d s  a n d  w ould  r e s u l t  i n  a  t e r m i n a l  

c r o s s l i n k  a t  one end o f  a  n ew ly  fo rm ed  DNA f r a g m e n t .

n .p-o
'0 urn

N a t u r a l l y - o c c u r r i n g  t e r m i n a l  c r o s s l i n k s  h a v e  been  

r e p o r t e d  e l s e w h e r e .  F o r  e x am p le , a n  enzyme f r a c t i o n  

c a p a b le  o f  p r o d u c in g  t e r m i n a l  c r o s s l i n k s  h a s  b e e n  p u r i f i e d  

from  T *J~ in fec ted  E s c h e r i c h i a  c o l i  (W e is s ,  1 9 7 0 ) .  The 

p u r i f i e d  enzyme sy s te m  r e q u i r e s  ATP, Mg , a n d  T*J— 

in d u c e d  l i g a s e ,  an d  c an  c o n v e r t  t e r m i n a l  5 '  m onophos­

p h a t e s  o f  T7 DNA i n t o  a  p h o s p h a t a s e - r e s i s t a n t  fo rm , 

y i e l d i n g  d e n a t u r a t i o n - r e s i s t a n t  m o le c u l e s .  When T*J- 

DNA was u s e d  i t  was a  p o o r  s u b s t r a t e  f o r  t h i s  r e a c t i o n ,  

so  t h a t  t h e  b i o l o g i c a l  r o l e  o f  th e  enzyme i s  u n c l e a r .

As a n o t h e r  e x am p le ,  v a c c i n i a  v i r u s  DNA m o le c u le s  h ave  

b e en  fo u n d  to  be  t e r m i n a l l y  c r o s s l i n k e d .  Each l i n e a r  

d u p le x  c o n t a i n e d  a  c r o s s l i n k  a t  e a c h  end  a s  shown by 

th e  a p p e a ra n c e  o f  s i n g l e - s t r a n d e d  c i r c l e s  i n  e l e c t r o n  

m ic ro g r a p h s  o f  d e n a t u r e d  v i r a l  DNA ( G e s h e l in  a n d  B e rn s ,  

1 9 7 * 0 . S in c e  t h e  m o le c u la r  w e ig h t  o f  t h e s e  c i r c l e s  

( a b o u t  1 .2 x l O r d a l t o n s )  e q u a le d  t h a t  o f  t h e  i n t a c t  

d o u b l e - s t r a n d e d  genome ( G e s h e l in  a n d  B e rn s ,  197*0» s h e a r  

c o u ld  n o t  h av e  p ro d u c e d  t h e s e  c r o s s l i n k s .
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B) In d u c e d  C r o s s l i n k s !

A num ber o f  a g e n t s  h av e  b e e n  u s e d  t o  in d u c e  

i n t e r s t r a n d  c r o s s l i n k i n g  e i t h e r  i n  v iv o  o r  i n  v i t r o .

T hese  i n c l u d e  n i t r o u s  a c i d  (G e id u s c h e k ,  1961* B e c k e r ,  

e t  a l . , 196*1-* A l b e r t s ,  1 9 6 8 ) ,  low  pH ( F r e e s e  an d  C a s h e l ,  

1 9 6 * 0 , UV i r r a d i a t i o n  (Marmur a n d  G rossm an , 1 9 6 1 ) ,  

m ito m y c in  C ( o r  MC) ( I y e r  and  S z y b a l s k i ,  1 9 6 3 ) ,  t h e  

f u r o c o u m a r in  * J ' , 5 '» 8 , - t r i m e t h y l p s o r a l e n  ( C o le ,  1970 ; 1971) 

a s  w e l l  a s  t h e  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  w h ich  a r e  b e s t  

r e p r e s e n t e d  by d i c h l o r o e t h y l  s u l p h i d e  (m u s ta rd  g a s )  an d  

d i c h l o r o e t h y l m e t h y la m i n e  ( n i t r o g e n  m u s ta r d  o r  HNg) .  The 

r e a c t i o n  o f  th e  l a s t  two compounds w i t h  DNA h a s  b e e n  e x ­

t e n s i v e l y  s t u d i e d .  The m echanism  o f  c r o s s l i n k i n g  by  t h e s e  

tw o-arm ed  m u s ta r d  compounds was p o s t u l a t e d  by  B ro o k es  and  

Law ley  (1 961a  a n d  b )  to  i n v o lv e  a l k y l a t i o n  a t  t h e  

p o s i t i o n  o f  t h e  g u a n in e s  o f  two a d j a c e n t  G-C p a i r s  so  

a s  t o  c r e A te  a  b r i d g e  b e tw ee n  t h e  co m p lem e n ta ry  s t r a n d s .

An HNg c r o s s l i n k  i n v o l v i n g  two g u a n in e  r e s i d u e s  i s  

i l l u s t r a t e d  b e lo w .

T h is  h y p o t h e s i s  was b a s e d  on t h e  f a c t  t h a t  w h e re a s  a l l  t h e  

a l k y l a t i n g  a g e n t s  t e s t e d  y i e l d e d  7 - a l k y l . g u a n i n e s , th e
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d ig u a n y l  d e r i v a t i v e  was fo u n d  o n ly  when b i f u n c t i o n a l  a g e n t s  

w ere  u s e d .  T h is  m o ie ty  was l a t e r  shown to  be  a s s o c i a t e d  

w i th  d e n a t u r a t i o n - r e s i s t a n t  DNA and  was n o t  r e c o v e r e d  

a f t e r  r e a c t i o n  w i t h  s i n g l e - s t r a n d e d  DNA (L aw ley  and  

B ro o k e s ,  1 9 6 7 ) .  A f u r t h e r  i n d i c a t i o n  t h a t  b i f u n c t i o n ­

a l i t y  i s  r e q u i r e d  t o  form  a  c r o s s l i n k  was o b s e r v e d  

when a  m o n o f u n c t io n a l  a n a lo g u e  o f  HNg, d im e th y l  c h l o r o -  

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

w i th  t h e  DNA (Kohn, e t  a l . ,  1 9 6 6 ) .  I n  a d d i t i o n ,  t h e  

o n s e t  o f  H N g-induced  d e n a t u r a t i o n  r e s i s t a n c e  e x h i b i t e d  

a  s l i g h t  l a g  i n d i c a t i n g  t h a t  one arm m u s t  f i r s t  b i n d ,  

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

t o  fo rm  t h e  c r o s s l i n k  o r  d i a d d u c t  (Kohn and G re e n ,  1 9 6 6 ) .  

Thus c r o s s l i n k i n g  r e s u l t s  from  two s i t e s  on t h e  HN2 

m o le c u le  w h ich  c a n  form  a  c o v a l e n t  bond  w i th  g u a n in e  

r e s i d u e s  on o p p o s i t e  DNA s t r a n d s .

By u s i n g  t h r e e - d i m e n s i o n a l  m o d e ls ,  Law ley  and  

B rookes  ( 1 9 6 lb )  c o n c lu d e d  t h a t  i n  o r d e r  f o r  t h e  m u s ta rd  

c h a in  t o  e x te n d  a c r o s s '  t h e  h e l i x ,  t h e  b a s e  s e q u e n c e  

m u s t  be  5* c y to s in e - * * g u a n i n e  3 ’ on b o t h  s t r a n d s  a s  

i l l u s t r a t e d  b e lo w .

5*A________ C --------------- G --------------  C ----------------T

A ssum ing t h a t  t h e  f o u r  u s u a l  n u c l e o t i d e s  a r e  e q u a l  i n  

num ber an d  d i s t r i b u t e d  ra n d o m ly ,  t h e i r  m odel p r e d i c t s  

t h a t  one  q u a r t e r  o f  t h e  a l k y l a t e d  g u a n in e s  y i e l d s  a  

c r o s s l i n k .  T h is  was o b s e r v e d  when c a l f  thymus DNA was

T G A 5 ’
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r e a c t e d  w i th  m u s ta r d  g a s  (B roo kes  and  L aw ley , 1 9 6 l b ) .

U s in g  i s o t o p i c a l l y  l a b e l e d  HNg. Kohn, e t  a l .  (196 6 )  fo u n d  

a  c o r r e l a t i o n  b e tw een  th e  HNg w hich  was bound to  

s u b t i l i s  DNA a n d  th e  p r o p o r t i o n  o f  d e n a t u r a t i o n -  

r e s i s t a n t  m a t e r i a l .  T h e i r  r e s u l t s  i n d i c a t e d  t h a t  o n ly  

a b o u t  5% o f  t h e  a l k y l a t e d  s i t e s  y i e l d e d  a  c r o s s l i n k .

DNA r e a c t e d  i n  v i t r o  w i t h  HNg c o u ld  be  e x p o sed  to  

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

a s  b o u y a n t  d e n s i t y ,  v i s c o s i t y ,  and  h y p e r c h r o m ic i t y  

s i m i l a r  to  n a t i v e  DNA. The c r o s s l i n k e d  f r a c t i o n  p e r s i s t e d  

ev en  a f t e r  e x p o s u re  to  h ig h  t e m p e r a t u r e s  (up  t o  9 9 °C ) ,  

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

e t  a l . ,  1 9 6 6 ) .

O th e r  t h a n  HN2 » o n ly  p s o r a l e n  a n d  MC h av e  been  

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

r e a c t i o n .  R e a c t io n  w i th  p s o r a l e n  was o b s e r v e d  f o l l o w i n g  

i r r a d i a t i o n  o f  a  psora len-D N A  m ix tu r e  w i th  360nm l i g h t  

( C o le ,  1 9 7 0 ) .  The m echanism  o f  c r o s s l i n k i n g  was r e v e a l e d  

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

w h ich  showed t h a t  t h e  d ru g  was i n i t i a l l y  a s s o c i a t e d  w i th  

d e n a t u r a b l e  DNA w hich  s u b s e q u e n t ly  became d e n a t u r a t i o n  

r e s i s t a n t  (C o le ,  1 9 7 1 ) .  T h is  i n d i c a t e d  t h a t ,  a s  w i th  

HN2 , c r o s s l i n k i n g  by p s o r a l e n  o c c u r s  s u b s e q u e n t  t o  

m onoadduc t f o r m a t io n  (C o le ,  1 9 7 1 ) .  S in c e  p s o r a l e n  can  

form  two ty p e s  o f  m onoaddu c ts  w i th  p y r i m i d i n e s  (M u sajo , 

e t  a l . ,  1 9 6 7 ) ,  i t  was s u g g e s t e d  t h a t  i t s  r e a c t i o n  w i th  

p y r i m i d i n e s  on o p p o s i t e  DNA s t r a n d s  w ou ld  y i e l d  a  c r o s s -
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l i n k  ( C o le ,  1 9 7 0 ) .  The p r o b a b l e  s t r u c t u r e  o f  a  p s o r a l e n  

thym ine  c r o s s l i n k  i s  i l l u s t r a t e d  b e lo w .

C r o s s l i n k i n g  by  -MC was shown to  o c c u r  i n  v iv o  

( I y e r  and  S z y b a l s k i ,  1 9 6 3 ) w h i l e  t h e  i n  v i t r o  r e a c t i o n  

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

sodium  b o r o h y d r i d e ,  ( I y e r  a n d  S z y b a l s k i ,  1 9 6 4 a ) ,  

s u g g e s t i n g  t h a t  t h e  a n t i b i o t i c  m u s t  be a c t i v a t e d .

L ik e  HNg, r e a c t i o n  w i th  g u a n in e  i s  i n v o lv e d  i n  c r o s s ­

l i n k  f o r m a t io n  ( I y e r  an d  S z y b a l s k i ,  19 64b i L i p s e t t  and  

W e is sb a c h ,  1965)*  I y e r  a n d  S z y b a l s k i  (1964 b )  o r i g i n a l l y  

p ro p o s e d  t h a t  th e  r e d u c e d  o r  h y d r o q u i n in e  fo rm  o f  MC 

c o u ld  a c t  l i k e  a  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  r e a c t i n g  

w i t h  g u a n in e  a t  t h e  Cg o x y g e n . They p o s t u l a t e d ,  a s  

shown b e lo w , t h a t  n u c l e o p h i l i c  d i s p l a c e m e n t  o f  t h e  

a z i r i d i n e  r i n g  a t  C^ (X) an d  t h e  c a rb a m a te  g ro u p  a t  

C1Q (Y) by  g u a n in e s  on o p p o s i t e  DNA s t r a n d s  w ould  

y i e l d  a  c r o s s l i n k .  The h i g h l y  u n s t a b l e  n a t u r e  o f  t h e  

a c t i v a t e d  fo rm  o f  MC h a s  p r e v e n t e d  i t s  i s o l a t i o n !  

h o w e v e r , m ore r e c e n t  e v id e n c e  s u g g e s t e d . . t h a t  the ,: ;

CH,3
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p a r t i a l l y  r e d u c e d  se m iq u in o n e  form  may com bine w i th  DNA 

i n  a  n o n c o v a l e n t  m anner w i t h  s u b s e q u e n t  c r o s s l i n k  f o r m a t io n  

(Tom asz, e t  a l . ,  197*0 •

Reduced  MC A c t i v a t e d  form
(H y d ro q u in o n e  fo rm )

OCH

NH

Sem iqu inon e  form

I n  summary, th e  mode o f  a c t i o n  o f  t h e s e  t h r e e  c r o s s -  

l i n k i n g  a g e n t s  i n v o l v e s  r e a c t i o n  w i th  b a s e s  on o p p o s i t e  

DNA s t r a n d s  to  fo rm  t h e  i n t e r s t r a n d  d i a d d u c t  a n d  i n  two 

o f  t h e s e  c a s e s  i t  i s  g u a n in e  t h a t  i s  a t t a c k e d .

I I .  REPAIR OF CROSSLINKED DNA AND ITS POTENTIAL MUTAGENICITYt 

G e n e t ic  an d  b io c h e m ic a l  e v id e n c e  h a s  s u g g e s t e d  t h a t  

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

v i a  p a th w a y s  w h ich  a r e  s i m i l a r ,  i f  n o t  i d e n t i c a l ,  t o
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t h o s e  w h ich  a c t  t o  r e p a i r  UV dam age. The s u s c e p t i b i l i t y  

o f  b o th  t y p e s  o f  dam age, i . e .  c r o s s l i n k s  a n d  p y r im id in e  

d im e r s ,  t o  t h e  same r e p a i r  s y s te m s ,  i n d i c a t e s  t h a t  a 

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

Marmur a n d  Grossman (1 9 6 1 )  showed t h a t  U V -induced  c r o s s ­

l i n k s  i n  E . c o l i  DNA c o u ld  be  r e p a i r e d  by e x p o s u re  to  

S accha rom vces  c e r e v i s i a e  p h o t o r e a c t i v a t i n g  enzym e.

T h is  enzyme r e p a i r s  UV damage by m o n o m e riz in g  i n t r a ­

s t r a n d  th y m in e  d im e rs  i n  t h e  p r e s e n c e  o f  l i g h t  

(W u lff  a n d  R u p e r t ,  1 9 6 2 ) .  T hese  r e s u l t s  i n d i c a t e  t h a t  

i n t e r s t r a n d  d im e rs  fo rm  t h e  c r o s s l i n k s  a n d  a r e  a l s o  

m ono m erized . A n o th e r  UV r e p a i r  s y s te m ,  n am e ly  e x c i s i o n  

r e p a i r ,  o p e r a t e s  i n  t h e  d a rk  to  e x c i s e  U V -induced  d im ers  

(S e t lo w  a n d  C a r r i e r ,  1 96^ ;  Boyce a n d  H o w a rd - F la n d e r s , 

19 6*0 . I n  E . c o l i  t h e  f i r s t  s t e p  i n  t h i s  p r o c e s s  i s  

t h o u g h t  t o  be  m e d ia te d  by a n  e n d o n u c le a s e  w hich  c r e a t e s  

an  i n c i s i o n  5 '  "to a  d im e r  a n d  y i e l d s  a  3 '  OH te rm in u s  

(B raun  a n d  G rossm an, 1 9 7 ^ a ) .  The r o l e  o f  t h i s  enzyme i n  

e x c i s i o n  r e p a i r  was i n d i c a t e d  by  i t s  a b s e n c e  i n  uvrA 

a n d  uvrB  m u ta n t s  a n d  by  i t s  s p e c i f i c  b i n d i n g  to  DNA w hich  

c o n t a i n e d  d im e rs  (B raun  and  G rossm an, 197*+b). E f f i c i e n t  

r e p a i r  o f  t h e s e  i n c i s i o n  b r e a k s  r e q u i r e s  t h e  a c t i v i t y  o f  

DNA p o ly m e ra s e  I  ( P a t e r s o n ,  e t  a l . ,  1971) w hich  may a c t  

by  n i c k  t r a n s l a t i o n  t o  rem ove th e  d i m e r - c o n t a i n i n g  

r e g i o n  a n d  r e s y n t h e s i z e  t h e  c o r r e c t  s e q u e n c e  u s i n g  th e  

undamaged s t r a n d  a s  a  t e m p l a t e .  Howevdt polA  c e l l s ,  

l a c k i n g  DNA p o ly m e ra s e  I  a c t i v i t y ,  r e t a i n  some r e p a i r
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a b i l i t y  w h ich  c a n  be  e l i m i n a t e d  b y  i n c u b a t i n g  a  p o lA , 

t e m p e r a t u r e  s e n s i t i v e  dnaE d o u b le  m u ta n t  a t  t h e  n o n -  

p e r m i s s i v e  t e m p e r a t u r e  (Youngs a n d  S m ith ,  1 9 7 3 ) .  Thus a t  

l e a s t  two enzym es (DNA p o ly m e ra s e s  I  a n d  I I I )  a r e  i n v o l v e d  i n  

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

s e a l i n g  t h e  n i c k ,  w ould  be  a c c o m p l i s h e d  by p o l y n u c l e o t i d e  l i g a s e .

E x c i s i o n  r e p a i r  o f  M C -induced c r o s s l i n k s  was 

d e m o n s t r a te d  when M C - t r e a te d  E . c o l i  a n d  B. s u b t i l i s  

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

d u r i n g  p o s t - t r e a t m e n t  i n c u b a t i o n  i n  t h e  d a rk  (T e raw ak i  

a n d  G r e e n b e rg ,  19 66 ; M a h le r ,  1 9 6 6 ) .  T h is  l o s s  was n o t  

d e t e c t e d  when m u ta n t s  u n a b le  t o  p e r f o r m  e x c i s i o n  r e p a i r  

w ere  u s e d .  S i m i l a r  r e s u l t s  w ere  o b t a i n e d  f o r  E . c o l i  

t r e a t e d  w i t h  HN2 (Kohn, e t  a l . ,  1965* H a n a w a l t  a n d  H a y n es ,

1 9 6 5 ) .  I n  a d d i t i o n ,  r e p a i r  o f  t h e  c r o s s l i n k s  i n v o lv e d  

t h e  same ty p e  o f  n o n c o n s e rv e d  r e p l i c a t i o n  o b s e r v e d  

( P e t t i j o h n  and  H a n a w a l t ,  196*0 d u r i n g  e x c i s i o n  r e p a i r  

o f  U V -induced  d im e r s .  Thus c r o s s l i n k s  a s  w e l l  a s  UV- 

in d u c e d  d im e rs  c a n  be r e p a i r e d  i n  v iv o  by  two d i f f e r e n t  

p r o c e s s e s ,  p h o t o r e a c t i v a t i o n  an d  e x c i s i o n  r e p a i r .

D im ers t h a t  e s c a p e  e x c i s i o n  a r e  p r e s e n t  d u r i n g  

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

new ly  s y n t h e s i z e d  d a u g h te r  s t r a n d s .  I n  t h i s  s i t u a t i o n  a  

t h i r d  p r o c e s s ,  known a s  p o s t r e p l i c a t i o n  r e p a i r  c an  r e s t o r e  

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

d im e r s ,  by  r e c o m b in a t io n  b e tw ee n  o l d  a n d  new s i s t e r  s t r a n d s  

(Rupp a n d  H o w a r d - F la n d e r s , 1 9 6 8 ; Rupp, e t  a l . , 1 9 7 1 ) .
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L ik e  e x c i s i o n  r e p a i r ,  p o s t r e p l i c a t i o n  r e p a i r  was shown to  

be a b s e n t  i n  c e l l s  l a c k i n g  b o th  DNA p o ly m e ra s e  I  a n d  I I I  

(S edgw ick  a n d  B r i d g e s ,  1 9 7 4 ) .  H ow ever, a d d i t i o n a l  

enzym es m u st  be  in v o lv e d  i n  s t r a n d  r e j o i n i n g ,  s i n c e  th e  

p r o c e s s  was a b o l i s h e d  i n  E . c o l i  by  m u ta t io n  i n  t h e  

recA  g en e  a n d  was r e d u c e d  i n  v a r y i n g  d e g r e e s  by m u ta t io n s  

i n  t h e  r e c B , r e c F , uvrD , a n d  exrA g e n e s  (S m ith  and  Meun, 

1 9 7 0 | S e d g w ick , 1975a» Youngs a n d  S m i th ,  1 9 7 6 ) .  R e c e n t l y  

i t  was p ro p o s e d  t h a t  e a c h  o f  th e  l a t t e r  f o u r  gene  p r o d u c t s  

c o n t r o l s  an  i n d e p e n d e n t  p a th w ay  w h ich  o r i g i n a t e s  from  a  

recA  r e q u i r i n g  s t e p ,  a n d  a  f i f t h  p a th w a y ,  u n d e r  t h e  common 

c o n t r o l  o f  t h e  r e c B , u v rD . a n d  exrA g e n e s  was a l s o  p o s t u ­

l a t e d  (Youngs an d  S m ith ,  1 9 7 6 ) .  A t t h e  p r e s e n t  t im e ,  o n ly  

t h e  recB C  gene  p r o d u c t  h a s  b een  i d e n t i f i e d  (L ieb e rm an  an d

O i s h i ,  1 9 7 3 ) .

W itk in  ( 1 9 6 9 ) p ro p o s e d  t h a t  e r r o r s  i n  t h e  p r o c e s s  o f  

p o s t r e p l i c a t i o n  r e p a i r  a r e  r e s p o n s i b l e  f o r  U V -induced  

m u ta g e n e s i s .  T h is  was b a s e d  on t h e  f a c t  t h a t  exrA 

E . c o l i  c e l l s  y i e l d e d  no m u ta n ts  a , f t e r  UV i r r a d i a t i o n  

( W i tk in ,  1 9 6 7 ) .  More r e c e n t  e v id e n c e  s u g g e s t e d  t h a t  

m u ta g e n e s i s  may a r i s e  from  an  e r r o r - p r o n e  s t e p  w hich  

can  be  b lo c k e d  w h i l e  r e c o m b in a t io n  c o n t i n u e s  ( E y f j o r d ,  

e t  a l . ,  1975)*  T h is  p r o c e s s ,  u n d e r  c o n t r o l  o f  th e  recA  

an d  e x r  g e n e s ,  i s  t h o u g h t  t o  be in d u c e d  by  UV i r r a d i a t i o n  

an d  may com pete  w i th  t h e  r e c o m b in a t io n  s t e p ( s )  i n v o lv e d  

i n  s t r a n d  r e j o i n i n g  t o  f i l l  d a u g h te r  s t r a n d  gap s  o p p o s i t e  

d im e rs  i n  a  h i g h l y  i n a c c u r a t e  m anner (Radman, 1 9 7 4 ) .
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S u p p o r t  f o r  an  i n d u c i b l e  sy s te m  was o b t a i n e d  by  t h e  i s o l a t i o n  

o f  a  p r o t e i n ,  f o l l o w i n g  UV i r r a d i a t i o n ,  w h ich  was l a c k i n g  i n  

th e  i r r a d i a t e d  recA  e x r  m u ta n t  (S edg w ick , 1975U ). I t  was 

f u r t h e r  d e m o n s t r a te d  t h a t  c h lo r a m p h e n ic o l  t r e a t m e n t  p r i o r  

to  i r r a d i a t i o n  b lo c k e d  U V -induced  m u ta g e n e s i s  b u t  n o t  

s t r a n d  r e j o i n i n g  (S edg w ick , 1 9 7 5 c ) .

C o le  (1973 )  d e m o n s t r a te d  t h a t  p s o r a l e n - i n d u c e d  c r o s s l i n k s  

i n  E . c o l i  c o u ld  be rem oved by  a  form  o f  r e p a i r  w h ich  r e q u i r e d  

e x c i s i o n  f o l lo w e d  by r e c o m b in a t io n .  He o b s e r v e d  t h a t  a  uvrA 

o r  uvrB  r e q u i r i n g  s t e p  p ro d u c e d  s i n g l e - s t r a n d e d  s c i s s i o n s  i n  

c e l l s  t r e a t e d  w i t h  p s o r a l e n .  T h is  was fo l lo w e d  by a  s t r a n d -  

r e j o i n i n g  s t e p  i n v o l v i n g  r e c o m b in a t io n  be tw een  s i s t e r  s t r a n d s  

o f  hom ologous d u p le x e s ,  w h ich  was a b s e n t  i n  a  recA  m u ta n t .

To e x p l a i n  t h e s e  r e s u l t s  he  p ro p o se d  t h a t  one arm o f  a  c r o s s ­

l i n k  i s  s u b j e c t e d  t o  an  i n c i s i o n  on b o th  s i d e s ,  c r e a t i n g  a  

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

R e c o m b in a t io n  be tw een  t h e  g a p - c o n t a i n i n g  s t r a n d  and  i t s  

s i s t e r  from  a  hom ologous d u p le x  r e s t o r e s  c o n t i n u i t y ,  w h i le  

t h e  r e m a in in g  arm o f  t h e  c r o s s l i n k ,  s t i l l  a t t a c h e d  to  th e  

co m p lem en ta ry  s t r a n d ,  c an  now be rem oved by t h e  n o rm a l  

e x c i s i o n  r e p a i r  p r o c e s s .  T h is  m odel e x te n d s  t h e  f i n d i n g s  

d e s c r i b e d  e a r l i e r  (p .  1 3 ) w hich  showed t h a t  e x c i s i o n  r e p a i r  

was r e q u i r e d  f o r  rem o v a l  o f  HNg an d  M C -induced c r o s s l i n k s .

The c r o s s l i n k  r e p a i r  m odel p r e s e n t e d  by C o le  (1973) may, 

l i k e  p o s t r e p l i c a t i o n  r e p a i r ,  have  a  m u ta g e n ic  com ponen t.

The p a r t i a l  e x c i s i o n  o f  a  c r o s s l i n k  c o u ld  be f o l lo w e d  by 

a  g a p - f i l l i n g  s t e p  r a t h e r  t h a n  r e c o m b in a t io n .  T h is  

r e s y n t h e s i s  w ould  be h i g h l y  e r r o r - p r o n e ,  s i n c e  th e
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r e m a in in g  arm o f  t h e  c r o s s l i n k  w ould  p r e v e n t  t h a t  

r e g i o n  o f  t h e  co m p lem en ta ry  s t r a n d  from  s e r v i n g  a s  a  

t e m p l a t e .  I n  t h a t  c a s e ,  c r o s s l i n k s ,  l i k e  d im e rs  w ou ld  be 

m u ta g e n ic  a s  a  r e s u l t  o f  t h e i r  r e p a r a b i l i t y .  E v id e n c e  

t h a t  r e p a i r  o f  c r o s s l i n k s  i s  m u ta g e n ic  was o b t a i n e d  by 

Kondo, e t  a l .  ( 1 9 7 0 ) ,  who o b s e r v e d  t h a t  m u ta n t  p r o d u c t i o n  

due t o  MC e x p o s u re  o f  E . c o l i  d ro p p e d  t e n - f o l d  when uvrA 

o r  recA  m u ta n t s  w ere  u s e d .  They a l s o  fo u n d  t h a t  a c r i f l a v i n e ,  

w h ich  b l o c k s  e x c i s i o n  r e p a i r ,  a l s o  s u p p r e s s e d  MC m u ta g e n e s i s  

b u t  o n l y  i f  a p p l i e d  s h o r t l y  b e f o r e  t h e  f i r s t  post-MC DNA 

r e p l i c a t i o n .  They c o n c lu d e d  t h a t  r e p a i r  o f  M C-induced 

c r o s s l i n k s  v i a  e x c i s i o n  a n d  r e c o m b in a t io n  was m u ta g e n ic .

A c r o s s l i n k  r e p a i r  p r o c e s s  o p e r a t i n g  on d o n o r  DNA m ig h t  

y i e l d  m u ta n t s  d u r i n g  t r a n s f o r m a t i o n .  M u tageh ic  e v e n t s  

d u r i n g  t r a n s f o r m a t i o n  h av e  b e en  r e p o r t e d .  F o r  e x a m p le ,  

t r a n s f o r m a t i o n  o f  B. s u b t i l i s  w i t h  h e t e r o d u p l e x  DNA 

y i e l d e d  an  i n c r e a s e d  m u ta t io n  f r e q u e n c y  among th e  t r a n s ­

f o r m a n t s  (R u d n e r  a n d  Remeza, u n p u b l i s h e d ) .  I n  a d d i t i o n ,  

r e v e r s e  ( o r  b a c k )  m u ta t io n s  a l s o  i n c r e a s e d  when c o m p e te n t  

c e l l s  w ere  t r a n s f o r m e d  w i t h  hom ologous DNA (Y osh ikaw a ,

1 9 6 6 ) .  One a im  o f  th e  s t u d y  p r e s e n t e d  h e r e  i s  t o  e s t a b l i s h  

w h e th e r  e r r o r - p r o m o t i n g  r e p a i r  p r o c e s s e s  o p e r a t e  t o  rem ove 

H N g-induced  c r o s s l i n k s  d u r i n g  t r a n s f o r m a t i o n  and  y i e l d  an  

i n c r e a s e  i n  m u t a t i o n  f r e q u e n c y .

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  p ro d u c e  more mono- 

a l k y l a t i o n s  t h a n  c r o s s l i n k s  (Kohn, e t  a l . ,  1966}

B ro o k es  an d  L aw le y ,  1 9 6 1 b ) ,  b u t  o n l y  t h e  l a t t e r  w ere  shown 

t o  be  e x c i s e d  I n  v iv o  w h i l e  t h e  f o r m e r  w ere  n o t  (L aw ley



-  17 -

a n d  B ro o k e s ,  1 9 6 5 ) .  T h e r e f o r e  m o n o a l k y l a t i o n s  a r e  n o t  

e x c i s e d  by  t h e  same p a th w ay  a s  c r o s s l i n k s ,  b u t  a r e  

a t t a c k e d  by  a n o t h e r  enzym e, p r e s e n t  i n  e x t r a c t s  o f  

M ic ro c o c c u s  l v s o d e i k t i c u s  a n d  B. s u b t i l i s . w h ich  c a u s e s  

s i n g l e - s t r a n d e d  b r e a k s  i n  m e th y l  m e th an e  s u l f o n a t e  (MMS) 

t r e a t e d  DNA a t  o r  n e a r  t h e  m e t h y l a t e d  s i t e s  ( S t r a u s s  an d  

R o b b in s ,  1968 ; S t r a u s s ,  a t  a l . ,  1 9 6 8 ) .  The b r e a k s  w ere  

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

o r  f o l l o w i n g  l y s i s  o f  MMS t r e a t e d  c e l l s  w h ich  e x p o s e s  t h e  

DNA t o  t h e  n u c l e a s e .  M e t h y la t i o n  i n  v i t r o  o f  B. s u b t i l i s  

DNA h a d  no ' e f f e c t  on i t s  t r a n s f o r m i n g  a c t i v i t y .  T h is  

l a s t  r e s u l t  i n d i c a t e s  t h a t  th e  s i n g l e - s t r a n d  b r e a k s  do 

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

b r e a k s  w ere  p o s t u l a t e d  t o  be  th e  f i r s t  s t e p  i n  t h e  r e p a i r  

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

UV damage i n  t h a t  i t  i n v o l v e s  n o n c o n s e r v a t i v e  r e p l i c a t i o n  

( R e i t e r  an d  S t r a u s s ,  1 9 6 5 ) .  In  c o n c l u s i o n ,  DNA s u b j e c t e d  

t o  c e r t a i n  k i n d s  o f  damage c an  be  r e p a i r e d  by  a  num ber 

o f  p a th w a y s ,  a t  l e a s t  one o f  w h ich  i s  m u ta g e n ic .

I I I .  FATE OF TRANSFORMING DNAt

The e v e n t s  w h ich  l e a d  t o  t h e  f o r m a t io n  o f  a  s t a b l e  

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

By f o l l o w i n g  t h e  f a t e  o f  l a b e l e d  d o n o r  DNA, e v id e n c e  f o r  

a  s i n g l e - s t r a n d e d  i n t e r m e d i a t e  was fo u n d  i n  Pneum ococcus 

(L a c k s ,  1962f L ack s  an d  G re e n b e rg ,  1967* L a c k s ,  e t  a l . , 

1975) an d  more r e c e n t l y  i n  B. s u b t i l i s  (Dubnau and  

C i r i g l i a n o ,  1 9 7 2 a ) .  No s u c h  i n t e r m e d i a t e  h a s  b e e n  d e ­

t e c t e d  d u r i n g  t r a n s f o r m a t i o n  o f  H em oph ilu s  ( N o ta n i  and
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G o o d g a l ,  1 9 6 6 ) ,  a l t h o u g h  r e c i p i e n t  H em oph ilus  c e l l s  do 

c o n t a i n  s i n g l e - s t r a n d e d  DNA r e g i o n s  (L e C le rc  an d  S e t lo w ,  

1975)*  F u r t h e r  s u p p o r t  f o r  a  s i n g l e - s t r a n d e d  m odel o f  

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

s y s te m s  (P neum ococcus , H e m o p h ilu s , an d  B. s u b t i l i s ) comes 

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

d o n o r  DNA was c o v a l e n t l y  bound to  t h e  r e c i p i e n t  genome 

(Fox a n d  A l l e n ,  196*4-; Bodmer and  G a n esan ,  196*4-; N o ta n i  

an d  G oo dga l,  1 9 6 6 ; Dubnau a n d  D a v id o f f - A b e l s o n ,  1 9 7 1 ) .

I n  B. fgnH-H 1 i g t h i s  d o n o r - r e c i p i e n t  com plex  (DRC) was 

p r e c e d e d  by a  n o n c o v a l e n t  a s s o c i a t i o n  o f  d o n o r  and  

r e c i p i e n t  DNA (Dubnau and  C i r i g l i a n o ,  1 9 7 3 ) .

K i n e t i c  a n a l y s e s  showed t h a t  30 s e c o n d s  a f t e r  DNA 

a d d i t i o n  to  c o m p e te n t  c e l l s ,  d o u b l e - s t r a n d e d  f r a g m e n ts  

(DSF) o f  an  a v e r a g e  m o l e c u l a r  w e ig h t  o f  9x10^ d a l t o n s  

a p p e a r e d  w h ich  m u st  h a v e  r e s u l t e d  from  d o u b l e - s t r a n d e d  

c le a v a g e  o f  in c o m in g  m o le c u l e s .  The f r a g m e n ts  w ere  

f o l lo w e d  by t h e  c o n c o m i ta n t  a p p e a ra n c e  o f  s i n g l e ­

s t r a n d e d  f r a g m e n ts  ( S S F ) , o f  an  a v e r a g e  m o le c u l a r  

w e ig h t  o f  3 t o  5x10^ d a l t o n s  and  5 '  m o n o n u c le o t id e s  

(D a v id o f f -A b e ls o n  and  Dubnau, 1973a a n d  b ;  Dubnau an d  

C i r i g l i a n o ,  1 9 7 2 a ) .  The m o n o n u c le o t id e s  p r o b a b ly  

r e s u l t e d  from  t h e  d e g r a d a t i o n  o f  one o f  t h e  d o n o r  s t r a n d s ,  

w h i l e  t h e  r e m a in in g  s t r a n d  p a i r e d  w i t h  t h e  h o s t  genome 

to  fo rm  th e  DRC, th e  l a t t e r  c o n t a i n i n g  a  s i n g l e - s t r a n d e d  

d o n o r  seg m en t  o f  1 to  5x10^ d a l t o n s  w i t h  an  a v e r a g e  

m o le c u l a r  w e ig h t  o f  a b o u t  2 .8 x 1 0 ^  d a l t o n s  (Dubnau and  

C i r i g l i a n o ,  1973 a n d  1 9 7 2 c ) .  S e n s i t i v i t y  t o  p a n c r e a t i c
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DNase and  s h e a r  i n d i c a t e d  t h a t  t h e  DSP w ere  s t i l l  o u t s i d e  

th e  c e l l  p e r m e a b i l i t y  b a r r i e r  an d  w ere  p r o b a b l y  fo rm ed  

w i t h i n  th e  p e r i p l a s m i c  s p a c e ,  w h i l e  th e  SSF w ere  no  l o n g e r  

DNase s e n s i t i v e ,  im p ly in g  t h a t  t h e y  had  p a s s e d  th ro u g h  

th e  membrane (Dubnau and  C i r i g l i a n o ,  1972a and  b ) .

P a s s a g e  o f  t h e  SSF from  c e l l  membrane to  n u c l e a r  body  

may o c c u r  w i t h i n  m esosom es. E l e c t r o n  m ic ro g ra p h s  r e ­

v e a l e d  t h e  p r e s e n c e  o f  mesosomes w h ich  e x te n d e d  from  th e  

c y to p l a s m ic  membrane t o  t h e  n u c l e a r  b o d ie s  and  w ere  

a s s o c i a t e d  w i t h  t r a n s f o r m i n g  DNA a s  i t  a c c u m u la te d  i n  

th e  n u c l e a r  b o d i e s  (V erm uelen  an d  Venema, 19 7*0 . Thus 

much o f  t h e  p r o c e s s i n g  o f  t r a n s f o r m i n g  DNA seem s a s s o c i a t e d  

w i th  membrane s t r u c t u r e s .

The r o l e  o f  th e  r e c i p i e n t  c e l l  membrane i n  t r a n s ­

f o r m a t io n  h a s  b e en  s t u d i e d  by  e x a m in in g  a  v e s i c l e  f r a c t i o n  

p r e p a r e d  a f t e r  l y s i s  o f  B. s u b t i l i s  (K o n in g s ,  e t  a l . ,

1 9 7 3 ) .  The v e s i c l e s  w e re  c a p a b le  o f  t r a n s p o r t  a n d  

c o n ta in e d  a  c o s e d im e n t in g  e n d o n u c l e o l y t i c  enzyme a c t i v i t y  

( J o e n j e ,  e t  a l . ,  197*0* J o e n j e  an d  Venema (1 9 7 5 )  fo u n d  

t h i s  a c t i v i t y  i n  v e s i c l e  p r e p a r a t i o n s  from  b o th  c o m p e te n t  

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

n o t  r e q u i r e d  f o r  t r a n s f o r m a t i o n .  I n  c o n t r a s t ,  a n  e x -  

o n u c l e o l y t i c  a c t i v i t y ,  l o o s e l y  bound  t o  t h e  c e l l  m em brane, 

was o n l y  fo u n d  i n  v e s i c l e  p r e p a r a t i o n s  from  c o m p e te n t  

c e l l s .  M o re o v e r ,  EDTA t r e a t m e n t  b lo c k e d  t h i s  a c t i v i t y  

and i n h i b i t e d  t r a n s f o r m a t i o n .  J o e n j e  and  Venema (197 5 )
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a l s o  d e m o n s t r a te d  t h a t  t h e  exon u c l e o l y t i c  a c t i v i t y -  

a p p e a r e d  2-3: m in u te s  a f t e r  t h e  a d d i t i o n  o f  DNA to  a  

c o m p e te n t  c e l l  c u l t u r e ,  c o r r e s p o n d i n g  w i th  t h e  t im e  when 

SSF f i r s t  a p p e a r  i n  B. s u b t i l i s  l y s a t e s  (Dubnau and  

C i r i g l i a n o ,  1973)*  Thus t h e  e x o n u c le a s e  a c t i v i t y  o f  

c o m p e te n t  B. s u b t i l i s , w h ich  i s  l o o s e l y  membrane bou nd , 

ihos t  l i k e l y  p r o d u c e s  t h e  SSF, T h is  d i f f e r s  s l i g h t l y  

from  th e  s i t u a t i o n  fo u n d  i n  Pneum ococcus,. w here  an  

e n d o n u c le a s e  t h o u g h t  t o  p ro d u c e  SSF was t i g h t l y  bound to  

t h e  c e l l  membrane (L a c k s ,  e t  a l , ,  1975» L ack s  and  

N e u b e r g e r ,  1975)*

The membrane a s s o c i a t i o n  o f  t h e s e  enzym es i n d i c a t e s  

t h a t  t h e  c o n v e r s i o n  o f  SSF o c c u r s  a s  d o n o r  DNA p e n e t r a t e s  

t h e  c e l l  m em brane. S in c e  much o f  t h e  n o rm a l  p r o c e s s i n g  

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

i n  c l o s e  p r o x i m i t y  t o  i t ,  one may assum e t h a t  t h e  

v a r i o u s  DNA r e p a i r  m echanism s w ould  a l s o  o p e r a t e  t h e r e  

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

s e l f  t o  two p o s s i b i l i t i e s  c o n c e r n in g  t h e  r e p a i r  o f  . 

H N g - c r o s s l in k e d  DNA by c o m p e te n t  c e l l s j

1) D u r in g  o r  p r i o r  t o  membrane p e n e t r a t i o n ,  c r o s s ­

l i n k s  i n  t r a n s f o r m i n g  DNA may be rem oved by  a  p r o c e s s  

w h ich  b r e a k s  t h e  m o le c u le s  a n d  r e s u l t s  i n  a  l o s s  o f  

g e n e t i c  l i n k a g e .  S u p p o r t  f o r  su c h  a  p r o c e s s  comes from  

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

DNA t o  v a r i o u s  c r o s s l i n k i n g  a g e n t s  n am e ly  MC, low  pH, 

n i t r o u s  a c i d  o r  UV i r r a d i a t i o n  r e d u c e d  l i n k a g e  ( I y e r  and
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S z y b a l s k i ,  19631 S t r a c k ,  _et, a l , . , 1 9 6 4 1 Combes, 1975)*

2) I f  c r o s s l i n k s  a r e  n o t  rem oved e a r l i e r ,  t h e y  w ould 

be  p r e s e n t  d u r i n g  r e a o m b in a t io n  b e tw ee n  d o n o r  DNA and  th e  

r e c i p i e n t  genome. An e r r o r - p r o n e  r e p a i r  p r o c e s s  o p e r ­

a t i n g  a t  t h i s  s t a g e  may r e s u l t  i n  a n  i n c r e a s e d  m u ta t io n  

f r e q u e n c y  among t h e  t r a n s f o r m a n t s .

T h is  s t u d y  ex am in es  t h e s e  two p o s s i b i l i t i e s  by 

m e a s u r in g  t h e  e f f e c t  o f  H N g-induced  c r o s s l i n k s  on th e  

t rp C 2 - h isB 2  l i n k a g e  i n  B. s u b t i l i s  a n d  by  o b s e r v i n g  th e  

p r o d u c t i o n  o f  t r p ~ m u ta n ts  among t r a n s f o r m a n t s .  To 

e n s u r e  t h a t  o n l y  c r o s s l i n k e d  m o le c u le s  w ere  e x am in ed , 

p u r i f i c a t i o n  o f  c r o s s l i n k e d - d e n a t u r e d  DNA was p e r fo rm e d  

by  t h e  u s e  o f  h y d r o x y a p a t i t e  co lum ns. The c o t r a n s f o r m in g  

a b i l i t y  ( r )  o f  t h i s  f r a c t i o n  was com pared  w i t h  n o n c r o s s ­

l i n k e d  m o le c u le s  p u r i f i e d  from  DNA w hich  was r e n a t u r e d  

f o l l o w i n g  a l k a l i  d e n a t u r a t i o n .  The e f f e c t  o f  c r o s s l i n k i n g  

on m u ta t io n  f r e q u e n c y  was d e te rm in e d  by  m e a s u r in g  th e  

f r e q u e n c y  o f  t r p ~ m u ta n ts  among t r p * . h i s " r e c i p i e n t s

t h a t  w ere  t r a n s f o r m e d  to  h i s * w i th  p u r i f i e d ,  c r o s s l i n k e d  
+ +t r p  , h i s  DNA. The e v id e n c e  to  be p r e s e n t e d  i n d i c a t e s  

t h a t :

1 ) H N g -c r o s s l in k e d  DNA i s  c o r r e c t e d  d u r i n g  t r a n s ­

f o r m a t io n  a s  ju d g e d  by t h e  d ro p  i n  c o t r a n s ­

fo rm in g  a b i l i t y .

2 ) M o d i f i c a t i o n  o f  H N g -c r o s s l in k e d  DNA d u r i n g  t r a n s ­

f o r m a t io n  i s  n o t  m u ta g e n ic .
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A m odel i n v o l v i n g  c l e a v a g e  o f  H N g - c r o s s l in k e d  DNA 

d u r i n g  t r a n s f o r m a t i o n  i s  p r e s e n t e d .  I t  i s  c o n c lu d e d  

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

p e n e t r a t i o n .
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MATERIALS AND METHODS

I .  BACTERIAL STRAINS»

SB-25 (BD-55)» a  d e r i v a t i v e  o f  B. s u b t i l i s  s t r a i n  

1 6 8 , was u s e d  a s  th e  r e c i p i e n t  f o r  t r a n s f o r m a t i o n .

T h is  s t r a i n  c a r r i e s  t h e  c l o s e l y  l i n k e d  g e n e s  h i s B 2 , 

trp C 2  and  was k i n d l y  p r o v i d e d  by  D. Dubnau. The 

p r o t o t r o p h s  W23 (Sr Er Mr ) a n d  SB-25 ( t r p * .  h i s * )  

w ere  u s e d  a s  DNA s o u r c e s ,  t h e  l a t t e r  h a v in g  b e e n  made by 

t r a n s f o r m a t i o n  o f  SB-25 ( t r p C 2 , h i s B 2 ) w i th  w i l d  ty p e  DNA 

from  s t r a i n  W2 3 . S t r a i n  H3 (h i s B 2 ) was u s e d  a s  th e  

r e c i p i e n t  f o r  a s s a y s  o f  m u ta g e n e s i s  an d  was p r e p a r e d  by  

t r a n s f o r m i n g  s t r a i n  SB-25 ( t r p C 2 . h i s B 2 ) w i t h  W23 DNA.

I I .  DNA EXTRACTION AND PURIFICATIONt

DNA i s o l a t i o n  was c a r r i e d  o u t  a c c o r d i n g  t o  a  

m o d i f i c a t i o n  (R u d n e r ,  e t  a l . ,  196 7 ) o f  t h e  Marmur (1961) 

m e th o d . C e l l s  w ere  grown o v e r n i g h t  i n  v e a l  i n f u s i o n  

( D i f c o )  p l u s  0 . 5 #  y e a s t  e x t r a c t  ( D i f c o ) ,  w ashed  tw ic e  

i n  s a l i n e  -  EDTA (0.15M N aCl, 0.1M EDTA, pH 8 . 0 ) ,  and  

r e s u s p e n d e d  i n  sa line -E D T A  ( 5 .0  ml p e r  gm. w e t  w e ig h t  o f  

c e l l s ) .  L y s i s  was c a r r i e d  o u t  by  s h a k i n g  w i t h  2 .0  

mg/ml ly sozym e  (W o r th in g to n )  a t  37°C f o r  a p p r o x i m a t e ly  

90 m in u te s  i n  2 . 0 #  SLS (D uponol -  S ig m a ) .  The s u s ­

p e n s io n  was th e n  c o o le d  t o  25°C a n d  b r o u g h t  t o  1.0M 

NaClO^. F o l lo w in g  d e p r o t e i n i z a t i o n  w i t h  c h lo r o f o r m -
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i s o a m y l  a l c o h o l  ( 2 4 i l ) ,  t h e  u p p e r  a q u e o u s  p h a s e  was 

m ixed  w i t h  2 vo lum es e t h a n o l  and  t h e  r e s u l t a n t  p r e c i p i ­

t a t e  r e d i s s o l v e d  i n  1 . 0  ml O.lxSSC p e r  gm. w e t  w e ig h t  

o f  t h e  o r i g i n a l  c e l l  p e l l e t  (SSC e q u a l s  0.15M NaCI,

0 .0 1 5  Na c i t r a t e ,  pH 7) o v e r n i g h t  a t  ^ °C . I n c u b a t i o n  

a t  37°C f o r  30 m in u te s  w i th  RNase A (50 ^ ig /m l)  and  

RNase T1 (50 u /m l )  was fo l lo w e d  by  d i g e s t i o n  w i th  

p r o n a s e  (50 jug/m l) a t  3 7°C f o r  90 m in u te s  w i t h  s h a k in g .  

A f t e r  an  e x t r a c t i o n  w i t h  c h lo r o f o r m - i s o a m y l  a l c o h o l ,  t h e  

a q u e o u s  p h a se  was f u r t h e r  d e p r o t e i n i z e d  w i t h  a n  e q u a l  

volum e o f  p h e n o l  by  s h a k in g  f o r  10 m i n u t e s .  T r a c e s  o f  

p h e n o l  w ere  rem oved by  s h a k in g  f o r  20 m in u te s  w i th  a 

h a l f  vo lum e o f  e t h e r .  The b o t to m  a q u e o u s  l a y e r  was 

t h e n  s u b j e c t e d  to  f u r t h e r  d e p r o t e i n i z a t i o n  w i t h  c h l o r o ­

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

O .lxSS C . A l l  s t e p s  from  t h e  enzyme t r e a t m e n t  t o  s o l u t i o n  

i n  O.lxSSC w ere  r e p e a t e d  once  more an d  t h e  p u r i f i e d  

DNA ( a b o u t  1 m g/m l) was d i a l y z e d  a g a i n s t  l .O xSS C .

I I I .  DENATURATION AND RENATURATION»

DNA was d i l u t e d  t o  25 u g  p e r  ml i n  t r i e t h a n o l a m i n e -  

HC1 b u f f e r  (0 .025M ), pH 7 . 3 . Sam ples  w ere  d e n a t u r e d  by 

g e n t l e  a d d i t i o n  o f  l / k  volum e NaOH ( 0 .1 6 N ) ,  EDTA (0.002M ) 

t o  y i e l d  pH 1 2 . 3 . A f t e r  3 m in u te s  a t  room t e m p e r a tu r e  

w i t h o u t  s t i r r i n g ,  an  e q u a l  volum e o f  c i t r i c  a c i d  ( 0 .2 N ) ,  

T r i s  (0 .06M ) was a d d ed  to  n e u t r a l i z e  t h e  s o l u t i o n  

(pH 7 . 0 - 7 . 3 ) •  When d i l u t i o n  o f  t h e  DNA was a  c r i t i c a l
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f a c t o r ,  1 / 8  volum e .NaOH (0.32)»EDTA (O.OO^M) was n e u t r a ­

l i z e d  by  a n  e q u a l  volum e o f  c i t r i c  a c i d  (O .^ N ),  T r i s  

(0 .1 2 M ).

T herm al r e n a t u r a t i o n  o f  DNA was p e r fo rm e d  i n  2xSSC 

a t  68°C f o r  ^ - 5  h o u r s  a t  a  c o n c e n t r a t i o n  o f  a b o u t  18 

jug DNA/ml (R u d n e r ,  e t  a l . ,  1 9 6 ? ) .  Sam ples w ere  c o o le d  

by p l u n g i n g  i n  i c e .

IV . NITROGEN MUSTARD TREATMENTi

N - m e th y l - b i s  (2 c h l o r e t h y l )  am ine  HC1 (HNg), a  

b i f u n c t i o n a l  n i t r o g e n  m u s t a r d ,  d o n a te d  by M erck ,

S h a rp  an d  Dohme R e s e a rc h  L a b o r a t o r i e s ,  was h y d r a t e d  to  

400 ;uM and  u s e d  f r e s h  e x c e p t  f o r  one i n s t a n c e  w here  i t  

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

was o b s e r v e d  a f t e r  s e v e r a l  m onths s t o r a g e  a t  - 2 0 ° C ) .

C r o s s l i n k i n g  was p e r fo rm e d  a c c o r d i n g  t o  Kohn and  

G reen  ( 1 9 6 6 ) .  HNg was d i l u t e d  i n  0.025M t r i e t h a n o -  

la m in e -H C l ,  pH 7 .3  and  a l lo w e d  to  s t a n d  30 m in u te s  a t  

25°C t o  y i e l d  t h e  e thy lene im m onium  i o n .  DNA was th e n  

a d d ed  t o  y i e l d  25 ;ug DNA p e r  ml an d  10 ;uM HNg. The 

s o l u t i o n  was d e n a t u r e d  a s  d e s c r i b e d  ab ove  a n d  th e  

r e a c t i o n  t e r m i n a t e d  by  a d d i t i o n  o f  1 /2 5  volume 

NagSgO^ (1.0M ) w h ich  i n a c t i v a t e s  u n r e a c t e d  a l k y l  g r o u p s .  

U n d e n a tu re d  s a m p le s  w ere  t r e a t e d  i n  a n  i d e n t i c a l  m anner 

e x c e p t  t h a t  a l k a l i  and  a c i d  w ere  m ixed  b e f o r e  b e in g  

a d d e d .  Sam ples t o  be u s e d  f o r  t r a n s f o r m a t i o n  w ere  

ad d ed  d i r e c t l y  t o  r e c i p i e n t  c e l l s  a f t e r  b e in g  s t e r i l i z e d
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w i th  a  d ro p  o f  c h lo r o f o r m .

V. HYDROXYAPATITE PREPARATION:

H y d r o x y a p a t i t e  (HA) was p r e p a r e d  a c c o r d i n g  to  th e  m ethod 

o f  T i s i l i u s ,  e t  a l .  (1956 )  a s  m o d i f i e d  by  M iyazawa and  

Thomas ( 1 9 6 5 ) .  F o u r  h u n d re d  ml HgO was a d d e d  to  a  f o u r  

l i t e r  b e a k e r  and  two l i t e r s  e a c h  o f  0 . 5M Na2HP0^ an d  

0.5M CaCl2 w ere  s i m u l t a n e o u s l y  d ro p p e d  i n  by  m eans o f  a  

p e r i s t a l t i c  pump ( B u c h le r )  a t  a  f lo w  r a t e  o f  260 ml p e r  h o u r  

( t h e  m ix tu r e  b e in g  s t i r r e d  o v e r n i g h t ) .  The p r e c i p i t a t e d  

b r u s h i t e  (CaHP0^.2 HgO) was c o l l e c t e d  by  a l l o w i n g  i t  to  

s e d im e n t  an d  th e n  d e c a n t i n g  th e  s u p e r n a t a n t .  I t  was t h e n  

w ashed  k t im e s  i n  ^  l i t e r s  HgO a n d  th e  m ix t u r e  was b o i l e d  

f o r  1 h o u r  w i t h  s t i r r i n g  t o  c o n v e r t  b r u s h i t e  to  h y d ro x y ­

a p a t i t e .  The c r y s t a l s  w ere  w ashed  ^  t im e s  w i th  4 l i t e r s  HgO 

t o  rem ove f i n e s  and  r e s u s p e n d e d  i n  k l i t e r s  0.2M sodium  

p h o s p h a te  b u f f e r ,  (NaP) pH 6 . 8 .  T h is  m ix t u r e  was b r o u g h t  

t o  a  b o i l  w i t h  s t i r r i n g  a n d  th e  f i n e s  w e re  d e c a n te d .  The 

p r o c e s s  was r e p e a t e d  tw ic e  more w i th  t h e  l e n g t h  o f  b o i l i n g  

i n c r e a s e d  to  5 an d  t h e n  15 m in u t e s .  The HA o b t a i n e d  was 

s t o r e d  i n  an  e q u a l  volum e o f  0.001M NaP a t  ^ °C . Such 

p r e p a r a t i o n s  had  e a r l i e r  b e en  fo u n d  to  be  m ore r e l i a b l e  th a n  

c o m m erc ia l  p r e p a r a t i o n s  (R u dner  an d  Remeza, 1973)*
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V I. HYDROXYAPATITE CHROMATOGRAPHYi

Columns o f  1 . 6  cm d i a m e t e r  w e re  p a c k e d  w i t h  HA 

a t  room t e m p e r a t u r e  to  a  h e i g h t  i n  cm w hich  was g e n e r a l l y  

e q u a l  t o  t h e  t o t a l  A2gQ u n i t s  o f  DNA to  be a p p l i e d .

I f  l e s s  HA was u s e d ,  c lo g g i n g  so m e tim es  e n s u e d .  T h is  

e s p e c i a l l y  h a p p en e d  when r e n a t u r e d  sa m p le s  w ere  a p p l i e d .  

A f t e r  e q u l i b r a t i n g  th e  colum n w i t h  t h e  s t a r t i n g  b u f f e r ,  

a b o u t  10 ml o f  a  DNA sam p le  was a p p l i e d  w h ich  h a d  b e en  

d i a l y z e d  3x a g a i n s t  2 l i t e r s  0 . 05M p o ta s s iu m  p h o s p h a te  

b u f f e r  (KP) pH 6 .7  f o r  18 an d  3 h o u r s .

E l u t i o n  was p e r fo rm e d  by u s i n g  a  l i n e a r  g r a d i e n t  

(0 .0 5 -1 .0 M  KP, pH 6 . 7 ) .  The t o t a l  e l u e n t  was 300 m l.

A f lo w  r a t e  o f  3 2 -3 5  ml p e r  h o u r  was m a i n t a i n e d  by a  

p e r i s t a l t i c  pump w hich  was a l s o  u s e d  t o  p a c k  t h e  colum n 

a n d  a p p ly  t h e  s a m p le .  A t  t h i s  f a i r l y  s lo w  f lo w  r a t e  i t  

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

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

r e s e r v o i r s .  T h is  was overcom e by  u s i n g  c o n n e c t i n g  t u b i n g  

o f  1.0mm i n  d i a m e t e r  so  a s  t o  k e ep  t h e  f lo w  r a t e  s lo w  

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

G e n e r a l l y  k ml f r a c t i o n s  w ere  c o l l e c t e d .  A b so rb an c e  

o f  t h e  f r a c t i o n  was r e a d  a t  260 nm i n  t h e  a u to m a t i c  

r e c o r d i n g  s p e c t r o p h o t o m e t e r  ( G i l f o r d )  u s i n g  a n  a u t o ­

m a t i c  t r a n s f e r a t o r  ( G i l s o n ) .  Peak  f r a c t i o n s  t o  be  u s e d  

i n  t r a n s f o r m a t i o n s  w here  DNA c o n c e n t r a t i o n s  was c r i t i c a l  

w ere  a l s o  r e a d  i n d i v i d u a l l y  i n  3 ml c u v e t t e s .  The p o i n t
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a t  w h ich  h a l f  t h e  m oving  f r o n t  o f  a  p e ak  h ad  b e en  e l u t e d  

was d e te r m in e d  a s  t h e  e l u t i o n  m o l a r i t y .  T h is  was done by 

c a l c u l a t i n g  t h e  m id p o in t  be tw een  t h e  b a s e - l i n e  a n d  h i g h e s t  

peak  f r a c t i o n .

F r a c t i o n s  u s e d  f o r  t r a n s f o r m a t i o n  w ere  s t e r i l i z e d  

o v e r  c h lo r o f o r m  an d  u se d  im m e d ia te ly  o r  s t o r e d  a t  *f°C.

U nder t h e s e  c o n d i t i o n s  H A - p u r i f i e d ,  r e n a t u r e d  DNA showed a  

l o s s  i n  t r a n s f o r m i n g  a c t i v i t y  o f  a b o u t  30$  a f t e r  t h r e e  

w e e k s .

V I I .  PREPARATION OF FROZEN COMPETENT CELLSt

C om peten t c e l l s  w ere  p r e p a r e d  by  a  m o d i f i c a t i o n  

(R u d n e r ,  e t  a l . ,  1967) o f  t h e  two s t e p  g ro w th  c y c l e  

(A n a g n o s to p o u lo s  a n d  S p i z i z e n ,  1 9 6 1 ) .  A c o lo n y  from  a  

T r y p to s e  B lood  A gar Base (D ifc o )  p l a t e  was grown a t  37°C 

i n  t h e  r o l l e r  s h a k e r  d u r i n g  t h e  day  i n  5 ml o f  a n t i b i o t i c  

medium #3  (D i f c o )  s u p p le m e n te d  w i th  50 jug p e r  ml o f  th e  

r e q u i r e d  am ino a c i d s .  One ml o f  a  l i lO O  d i l u t i o n  o f  t h i s  

day c u l t u r e  was a d d e d  to  10 ml o f  s u p p le m e n te d  a n t i b i o t i c  

medium #3  a n d  grown o v e r n i g h t .  The c e l l s  w ere  t h e n  c o l l e c t e d .

One h u n d re d  ml o f  medium I  was i n o c u l a t e d  to  a  K l e t t

r e a d i n g  o f  2 0 -2 5  u n i t s  (K le t t -S u m m erso n  c o l o r i m e t e r ,  r e d

f i l t e r  # 6 6 ) .  Medium I  c o n s i s t s  o f  m in im a l  medium (A n a g n o s to p o u lo s

and  S p i z i z e n ,  1961) c o n t a i n i n g  0 .5 $  g l u c o s e ,  0 .0 2 $  v i t a m i n

f r e e  ca sa m in o  a c i d s  ( D i f c o ) ,  0 .1 0 $  y e a s t  e x t r a c t  ( D i f c o ) ,

0 .8 $  L - a r g i n i n e ,  a n d  100 jug p e r  ml o f  e ac h  amino a c i d  

r e q u i r e d  by t h e  a u x o t r o p h .
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A f t e r  i n c u b a t i o n  w i t h  a e r a t i o n  a t  3 7°C f o r  ^-4-. 5 

h o u r s  i n  t h e  m e ta b o ly t e  s h a k e r  (New B ru n s w ic k ) ,  t h e  c u l t u r e  

h a d  grown to  a b o u t  200 K l e t t  u n i t s .  I t  was t h e n  d i l u t e d  

I t  10 i n t o  a  l i t e r  o f  medium I I  c o n s i s t i n g  o f  m in im a l  

medium p l u s  0,5?o g l u c o s e ,  0 .0 1 $  v i t a m i n  f r e e  c asam in o  

a c i d s ,  0 . 05$  y e a s t  e x t r a c t ,  2 .5 x 1 0 " ^  M MgClg* 1x10“ %  CaCl2 » 

5 .0 x 1 0  M sp e rm in e  t e t r a h y d r o c h l o r i d e  an d  50 jag p e r  ml 

o f  e a c h  o f  th e  r e q u i r e d  amino a c i d s .  T h is  was d i v i d e d  i n t o  

f o u r  e q u a l  p o r t i o n s  a n d  i n c u b a t e d  a t  37°C f o r  90 m in u te s  

w i th  a e r a t i o n  i n  t h e  NBS G y r o r o t a r y  s h a k e r  (New B ru n s w ic k ) .  

A t t h i s  t im e  t h e  c u l t u r e  h a d  r e a c h e d  maximum com pe tency  

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

p r e p a r e d  f o r  f r e e z i n g  w h i l e  a  s m a l l  p o r t i o n  was u s e d  to  

a s s a y  t h e  t r a n s f o r m a b i l i t y  o f  f r e s h  c e l l s .  The c e l l s  w ere  

c o l l e c t e d  by  c e n t r i f u g a t i o n  i n  a  S o r v a l l  RC2-B a t  7 ,0 0 0  RPM 

f o r  5 m i n u t e s .  They w ere  r e s u s p e n d e d  to  a  20x c o n c e n t r a t i o n  

i n  t h e  o r i g i n a l  s u p e r n a t a n t  c o n t a i n i n g  10$  g l y c e r o l ,  q u i c k l y  

f r o z e n  o v e r  d ry  i c e - a c e t o n e ,  and  s t o r e d  a t  - ? 0 ° F  i n  a  

Revco d e e p  f r e e z e .  The u s e  o f  a  common b a t c h  o f  f r o z e n  

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

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

a l l o w e d  f o r  c o m p a r is o n s  b e tw een  e x p e r i m e n t s .  F iv e  b a t c h e s  

o f  c e l l s  w ere  p r e p a r e d  i n  t h i s  m anner and  T a b le  I  p r e s e n t s  

t r a n s f o r m a t i o n  a s s a y s  o b t a i n e d  d u r in g  th e  u s e  o f  one 

b a t c h .  As shown i n  T a b le  I ,  f r e e z i n g  c a u s e d  a  d ro p  i n  

v i a b i l i t y  by  a b o u t  50$  a n d  com pe tency  d ro p p e d  an  a d d i t i o n a l  

50$  a s  com pared w i t h  f r e s h  c e l l s .  No s u b s e q u e n t  l o s s e s
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w ere  o b s e r v e d  d u r i n g  t h e  f i v e  week p e r i o d  t h a t  t h i s  b a tc h  

was u s e d .

V I I I .  TRANSFORMATION ASSAYSt

F ro z e n  c e l l s  w ere  th aw ed , d i l u t e d  t e n - f o l d  i n  medium 

I I  a n d  0 . 9  ml was i n c u b a t e d  w i th  0 . 1  ml t r a n s f o r m i n g  DNA 

f o r  30 m in u te s  a t  3 7°C . The p r o c e s s  was t e r m i n a t e d  by 

a d d i t i o n  o f  10 jug p e r  ml p a n c r e a t i c  DNase (W o r th in g to n )  

i n  0.2M MgSO^ w i t h  10 m in u te s  f u r t h e r  i n c u b a t i o n .  Sam ples 

w ere  s t o r e d  on i c e  u n t i l  p l a t e d .  P l a t e s  c o n t a i n e d  m in im al 

medium (A n a g n o s to p o u lo s  a n d  S p i z i z e n ,  1961) 1 .5 $  B a c to  

A gar ( D i f c o ) ,  a n d  50 jug/m l L - t r y p t o p h a n  a n d / o r  

50 jug/ml L - h i s t i d i n e ,

IX . DETERMINATION OF COTRANSFORMATION INDEX>

The c o t r a n s f o r m a t i o n  in d e x  ( r ) ,  i s  a  m ea su re  o f  t h e  

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

m a r k e r s  d u r i n g  t r a n s f o r m a t i o n  a s  com pared  t o  t h e  t o t a l  

num ber o f  t r a n s f o r m a n t s  o f  a n y  t y p e .  I f  d o n o r  m a rk e r s  

a r e  d e s i g n a t e d  "1" a n d  r e c i p i e n t  " 0 " ,  t h e n  r  = 1 1 / ( 1 0  +

01 + 11 )  ( N e s t e r  an d  L e d e r b e r g ,  1 9 6 l i  N e s t e r ,  e t  a l . , 

1 9 6 3 ) .  I n  t h e s e  e x p e r im e n t s  r  was o b t a i n e d  i n  one o f  

two ways 1

a )  D i r e c t  p l a t i n g -

T ra n s f o r m a n t s  w ere  p l a t e d  an d  i n c u b a t e d  a t  37°C 

f o r  48 h o u r s  so  a s  t o  s e l e c t  f o r  t h e  d o u b le  t r a n s f o r m a n t
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c l a s s  and  e i t h e r  s i n g l e  t r a n s f o r m a n t  c l a s s .  S in c e  i n  t h i s
• "i*s t r a i n  t h e  num ber o f  h i s  a lw a y s  e q u a l e d  t h e  num ber o f

t r p  t r a n s f o r m a n t s ,  ( i . e .  01 = 1 0 ) i t  was u n n e c e s s a r y

to  s e l e c t  f o r  b o th  s i n g l e  c l a s s e s .  The s e l e c t i o n  m ethod

d i d  n o t  d i s t i n g u i s h  d o u b le  t r a n s f o r m a n t s  from  among t h e

s i n g l e s ;  t h e r e f o r e ,  a  sum o f  t h e  two s i n g l e  c l a s s e s  w ould

a l s o  i n c l u d e  tw ic e  th e  num ber o f  d o u b le  t r a n s f o r m a n t s .

F o r  t h i s  r e a s o n  t h e  d o u b le s  h a d  t o  be s u b t r a c t e d  a n d

r  = t r p * h i s * / ( ~ 2 ( t r p * o r  h i s *) -  t r p * h i s * ^ ] .

I n  p r a c t i c e ,  i f  u n su p p le m e n te d  p l a t e s  y i e l d e d  h a l f  t h e

c o l o n i e s  o f  th e  s i n g l y  s u p p le m e n te d  p l a t e s ,  t h e n  r  = O .3 3 .

b )  R e p l i c a  p l a t i n g -
•j*

T ra n s fo r m a n t s  w ere  s e l e c t e d  f o r  e i t h e r  t r p  o r  

h i s *  on p l a t e s .  A f t e r  4-8 h o u r s  a t  37°C p l a t e s  c o n t a i n i n g  

50 -1 5 0  w e l l  s p r e a d  c o l o n i e s  w ere  r e p l i c a  p l a t e d  to  a  

s e l e c t i v e  medium so  a s  t o  d i r e c t l y  d e te r m in e  t h e  f r a c t i o n  

o f  d o u b le  t r a n s f o r m a n t s  among t h e  s i n g l e s .  I n  some i n ­

s t a n c e s  r e p l i c a  p l a t i n g  was p e r fo rm e d  by  t r a n s f e r r i n g  a t  

l e a s t  100 c o l o n i e s  t o  n u t r i e n t  a g a r  ( D i f c o )  w i th  s t e r i l e  

t o o t h p i c k s .  S in c e  t h i s  m ethod  d i s t i n g u i s h e s  b e tw een  

d o u b le  a n d  s i n g l e  t r a n s f o r m a n t s

r  = t r p * h i s +/  r 2 ( t r p *  o r  h i s * )  + t r p * h i s +^ |  .

X. MUTAGENESIS ASSAYt

F ro z e n  c o m p e te n t  H3 c e l l s  w ere  t r a n s f o r m e d  w i t h
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+ +c r o s s l m k e d  o r  r e n a t u r e d  t r p  , h i s  DNA a n d  p l a t e d  on 

m in im a l  medium c o n t a i n i n g  2 .5  p g  p e r  ml L - t r y p t o p h a n  and  

250 pg  p e r  ml h i s t i d i n e  a s s a y  ( D i f c o ) .  On t h i s  medium, 

m u ta t io n s  i n  t h e  t r p D , F o r  C r e g i o n s  o f  t h e  t r p  o p e ro n  

w h ich  r e s p e c t i v e l y  b lo c k  c o n v e r s io n  o f  a n t h r a n i l i c  a c i d ,  

p h o s p h o r i b o s y l a n t h r a n l i c  a c i d  and  Amadory compound.

(1  (O -c a rb o x y p h e n y la m in e )  1 - d e o x y r i b u l o s e  5-PO ^) to  

i n d o l e g l y c e r o l  3-PO ^, w i l l  y i e l d  c e l l s  w h ich  a c c u m u la te  

t h e s e  f l u o r e s c e n t  i n t e r m e d i a t e s  a n d  c a n  th u s  be  d e t e c t e d  

(A n a g n o s to p o u lo s  an d  C ra w fo rd ,  1961? H e r r i o t t ,  1971? 

F r e e s e  and  S t r a c k ,  1 9 6 2 ) .  S in c e  f l u o r e s c e n t  c o l o n i e s  

w ere  r a r e ,  s a m p le s  w ere  g e n e r a l l y  p l a t e d  so  a s  t o  o b t a i n  

2 0 0 -^ 0 0  c o l o n i e s / p l a t e .  F l u o r e s c e n t  c o l o n i e s  among t h e  

t r a n s f o r m a n t s  w ere  s c o r e d  a s  m u ta n ts  a f t e r  ^0  h o u r s  i n ­

c u b a t i o n  a t  37°C by  v i e w in g  th e  p l a t e s  u n d e r  a  UV lamp 

a t  25^ nm.
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RESULTS AND DISCUSSION

I .  CROSSLINKING TREATMENT!

When DNA i s  c r o s s l i n k e d  by  HN2 a n d  t h e n  d e n a t u r e d ,  th e  

m o le c u le s  w i l l  s n a p  b a c k  t o  t h e  d o u b l e - s t r a n d e d  s t a t e  upon 

re m o v a l  o f  t h e  d e n a t u r i n g  c o n d i t i o n .  S in c e  s i n g l e  s t r a n d s  

do n o t  n o r m a l ly  t r a n s f o r m  (Lerman an d  T olm ach , 1959)»  th e  

e x t e n t  o f  c r o s s l i n k i n g  a s  a  f u n c t i o n  o f  HN2 t r e a t m e n t  can  

be  f o l lo w e d  by  m e a s u r in g  t h e  i n c r e a s e  i n  s i n g l e  m a rk e r  

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

I n  t h e  p r e s e n t  s t u d y  e x p e r im e n t s  w ere  f i r s t  p e r fo rm e d  

t o  d e te r m in e  t h e  HN2 d o se  w h ich  w ould  y i e l d  t h e  h i g h e s t  

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

a l k a l i .  DNA sa m p le s  w ere  e x p o se d  to  i n c r e a s i n g  c o n c e n t r a ­

t i o n s  o f  HNg f o r  two h o u r s .  F o l lo w in g  t r e a t m e n t ,  h a l f  

o f  e a c h  sa m p le  was d e n a t u r e d  f o r  t h r e e  m in u te s  w i t h  a l k a l i  

a n d  n e u t r a l i z e d  (HNg-D-DNA), w h i l e  t h e  o t h e r  h a l f  re m a in e d  

u n d e n a tu r e d  (HNg-N-DNA). T ra n s f o r m in g  a c t i v i t i e s  o f  t h e  

sa m p le s  w ere  com pared  t o  t h e  n a t i v e  sa m p le  a t  z e r o  t im e .  

F ig u r e  1 shows t h a t  HNg-N-DNA e x h i b i t e d  a  c o n t i n u o u s  d ro p  

i n  t r a n s f o r m i n g  a c t i v i t y  a s  a  f u n c t i o n  o f  HN2 c o n c e n t r a t i o n  

and  d e c l i n e d  t o  6,2% a f t e r  e x p o s u re  t o  50 jM  HNg. The 

p a t t e r n  e x h i b i t e d  by  HN2 -D-DNA i n  F ig u r e  1 was q u i t e  

d i f f e r e n t .  The DNA t r e a t e d  o n ly  w i th  a l k a l i  r e t a i n e d  

1,5% o f  t h e  o r i g i n a l  t r a n s f o r m i n g  a c t i v i t y  w h ich  r e ­

p r e s e n t s  t h e  n a t u r a l l y  c r o s s l i n k e d  f r a c t i o n .  E x p o su re
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t o  low  HN2 c o n c e n t r a t i o n s ,  f o l lo w e d  by  a l k a l i  t r e a t m e n t ,  

c a u s e d  th e  t r a n s f o r m i n g  a c t i v i t y  t o  r i s e  t o  2 2$  a t  10 juM HN2 , 

r e p r e s e n t i n g  a  f i f t e e n - f o l d  i n c r e a s e .  H ig h e r  HN2 c o n ­

c e n t r a t i o n s  c a u s e d  a  d r o p  i n  a c t i v i t y  a n d ,  a s  F ig u r e  1 

sh o w s, t h i s  d r o p  p a r a l l e l e d  t h e  f a l l  i n  HN2-N-DNA 

a c t i v i t y .  I f  c r o s s l i n k i n g  o f  DNA by  HN2 r e s u l t e d  o n l y  i n  

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

a c t i v i t y  o f  HNg-D-DNA s h o u l d  c o n t i n u e  t o  i n c r e a s e  t o  100$  

o f  n a t i v e  DNA a s  more m o le c u le s  a r e  c r o s s l i n k e d .  How­

e v e r ,  e v id e n c e  t o  be p r e s e n t e d  i n  t h i s  s t u d y  i n d i c a t e s  

t h a t  t h i s  i s  n o t  th e  c a s e .  The p r e s e n c e  o f  a  c r o s s l i n k  

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

o f  a  m o le c u le  t o  d ro p  b y  50$  an d  i t  p ro d u c e s  d e n a t u r a t i o n  

r e s i s t a n c e .  T h is  l o s s  o f  a c t i v i t y  was d e m o n s t r a te d  by  

HN2-N-DNA a s  shown i n  F i g u r e  1 ( a l s o  s e e  F i g .  2 )  an d  

a s  a  r e s u l t  HN2 -D-DNA a c t i v i t y  w ould  n o t  r e a c h  100$;

A n o th e r  k i n e t i c  e x p e r im e n t  u s i n g  th e  o p t im a l  c o n ­

c e n t r a t i o n  o f  10 juM HN2 was th e n  done t o  f i n d  t h e  maximum 

t r a n s f o r m i n g  a c t i v i t y  p ro d u c e d  a s  a  f u n c t i o n  o f  HN2 

e x p o s u re  t im e .  F ig u r e  2 shows t h a t  w i t h  i n c r e a s i n g  

t i m e ,  HNg-D-DNA and  HN2 -N-DNA sa m p le s  a g a i n  e x h i b i t e d  

o p p o s i t e  r e s p o n s e s .  HN2 -D-DNA sa m p le s  showed a n  i n i t i a l  

v a l u e  o f  1 .6 $  w hich  r e a c h e d  33$  by 100 m in u te s  w here  th e  

r i s e  i n  t r a n s f o r m i n g  a c t i v i t y  b eg an  l e v e l i n g  o f f .  The 

a c t i v i t y  o f  t h e  HN2-N-DNA sa m p le s  show ed a  c o n t i n u a l  

d ro p  t o  64$ o f  t h e  o r i g i n a l  a c i t i v i t y  a t  th e  end  o f  t r e a t ­

m e n t .  I n  a n o t h e r  e x p e r im e n t ,  HN2 e x p o s u re  was c o n t in u e d
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f o r  t h r e e  h o u r s .  T h is  i s  p r e s e n t e d  i n  F ig u r e  3 w here  t h e  

a c t i v i t i e s  o f  HNg-D-DNA and  HNg-N-DNA showed l i t t l e  change  

a f t e r  100 m i n u t e s .  T r e a tm e n t  w i th  10 pNl HNg f o r  100 

m in u te s  was t h e r e f o r e  e s t a b l i s h e d  a s  t h e  l o w e s t  d o se  

w h ic h  y i e l d s  t h e  h i g h e s t  HNg-D-DNA t r a n s f o r m i n g  a c t i v i t i e s ,  

U n le s s  o t h e r w i s e  n o t e d ,  a l l  HN2 -DNA sa m p le s  w ere  o b t a i n e d  

by  t h i s  t r e a t m e n t  w h ich  g e n e r a l l y  i n a c t i v a t e d  HNg-N-DNA 

s a m p le s  by  a b o u t  50% a n d  y i e l d e d  HNg-D-DNA sa m p le s  w i th  

a p p r o x i m a t e ly  25%> o f  t h e  a c t i v i t y  o f  n a t i v e  DNA.

I I .  HYDROXYAPATITE CHROMATOGRAPHY OF CROSSLINKED AND NON­

CROSSLINKED DNAt

To show t h a t  th e  i n c r e a s e d  t r a n s f o r m i n g  a c t i v i . t y  

o f  HNg-D-DNA was due t o  a  d e n a t u r a t i o n - r e s i s t a n t  f r a c t i o n  

r e s u l t i n g  from  HNg t r e a t m e n t ,  a  p h y s i c a l  p a r a m e t e r  was 

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

I n  a d d i t i o n ,  a  p u r i f i c a t i o n  p r o c e s s  was n e e d e d  w h ich  w ould  

y i e l d  hom ogenous p o p u l a t i o n s  o f  b i h e l i c a l  m o le c u le s  from  

sa m p le s  c o n t a i n i n g  s i n g l e  a n d  d o u b l e - s t r a n d e d  DNA. T hese 

p u r i f i e d  m o le c u le s  w ere  s u b s e q u e n t l y  u s e d  t o  s t u d y  th e  

e f f e c t s  o f  c r o s s l i n k i n g  on t r a n s f o r m i n g  DNA. S in c e  a l l  

HNg-D-DNA sa m p le s  w ere  d e n a t u r e d  a n d  a l l o w e d  to  sp o n ­

t a n e o u s l y  r e n a t u r e ,  t h e r m a l l y  r e n a t u r e d  DNA, a s  w e l l  a s  

n a t i v e  sa m p le s  w ere  u s e d  a s  c o n t r o l s .  Use o f  su ch  

r e n a t u r e d  DNA c o n t r o l s  c o u ld  a l l o w  f o r  a  d i s t i n c t i o n  

b e tw ee n  e f f e c t s  due t o  th e  p r e s e n c e  o f  c r o s s l i n k s  an d  

t h o s e  due to  s t r a n d  u n w in d in g  and  r e w in d i n g .
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H y d r o x y a p a t i t e  (HA) c h ro m a to g ra p h y  c an  r e s o l v e  

DNA m o le c u le s  a c c o r d i n g  t o  t h e i r  s e c o n d a r y  s t r u c t u r e  

and  was c h o se n  a s  t h e  m ethod  o f  p u r i f i c a t i o n  ( B e r n a r d i ,

1969a  a n d  b j B e r n a r d i  a n d  C h e v a l l i e r ,  1 9 6 8 ) .  I n  th e  

p r e s e n t  s t u d y  n a t i v e ,  d e n a t u r e d ,  HN2 -D-DNA a n d  r e n a t u r e d  

DNA sa m p le s  w ere  f r a c t i o n a t e d  on HA co lum ns a n d  a s s a y e d  

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

F i g u r e s  4 - 7  showed t h a t  t h e s e  s a m p le s  y i e l d e d  a  f r a c t i o n  

(p e a k  1 )  w h ich  g e n e r a l l y  e l u t e d  a t  a b o u t  0.17M p o ta s s iu m  

p h o s p h a te  b u f f e r  pH 6 .7  (KP) a n d  was l a c k i n g  i n  t r a n s ­

fo rm in g  a c t i v i t y .  The e l u t i o n  p r o f i l e s  r e v e a l e d  a 

s e c o n d  f r a c t i o n  (p e a k  2 )  e l u t i n g  b e tw ee n  0 .2 3 -0 .2 6 M  KP, 

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

c o n d i t i o n s ,  B e r n a r d i  ( 1969b )  o b s e r v e d  t h a t  p e a k  1 o f  

d e n a t u r e d  b a c t e r i a l  DNA e l u t e d  a t  0.15M KP, w h i l e  p e ak  2 

e l u t e d  a t  0 .2 0 -0 .2 2 M  KP. T hese  s l i g h t  d i f f e r e n c e s  a r i s e  

from  t h e  v a r i a t i o n  among b a t c h e s  o f  HA (R ud ner  and  

Remeza, 1973)*  F ig u r e  k shows t h a t  when n a t i v e  DNA was 

c h ro m a to g ra p h e d ,  p r a c t i c a l l y  a l l  t h e  DNA {92%) was r e c o v e r e d  

i n  p e ak  2 ( s e e  a l s o  T a b le  2 ) .

F ig u r e  5 r e p r e s e n t s  an  HA c h ro m a to g ra p h  o f  d e n a t u r e d  

DNA w h ich  showed t h a t  10 #  o f  t h e  r e c o v e r e d  m a t e r i a l  was 

fo u n d  i n  p e a k  2 ( s e e  a l s o  T a b le  2 )  a n d  t h a t  i t  c o n t a i n e d  

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

d e n a t u r e d  DNA ( s e e  I n t r o d u c t i o n ) .  Peak  1 o f  t h i s  H A -e lu te d  

DNA e x h i b i t e d  a  low  l e v e l  o f  a c t i v i t y  -  a b o u t  15 t im e s  <  

b a c k g ro u n d  l e v e l s  -  w h ich  may be  due to  s a t u r a t i o n  o f
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an  e x t r a c e l l u l a r  e x o n u c le a s e  a t  t h i s  h ig h  DNA c o n c e n t r a t i o n  

(3*5  jug /m l) t h e r e b y  a l l o w i n g  some s i n g l e  s t r a n d s  to  t r a n s ­

fo rm . T h is  e x o n u c le a s e  d e g ra d e s  s i n g l e - s t r a n d e d  DNA an d  

was o b s e r v e d  t o  be s a t u r a t e d  by DNA c o n c e n t r a t i o n s  above  

1 .0  p g /m l  ( T e v e th i a  an d  M andel, 1 9 7 0 ) .  T r e a tm e n t  o f  DNA 

w i t h  HNg p r i o r  t o  d e n a t u r a t i o n  r e s u l t e d  i n  a n  a p p ro x im a te  

f o u r - f o l d  i n c r e a s e  i n  t h e  am ount r e c o v e r e d  i n  p e a k  2 a s  

shown i n  F ig u r e  6 (com pare  w i th  F ig u r e  5; a l s o  s e e  

T a b le  2 ) .  S in c e  a  c o r r e s p o n d i n g  i n c r e a s e  i n  t r a n s f o r m i n g  

a c t i v i t y  was o b s e r v e d ,  i t  i s  c l e a r  t h a t  t h e  H N g -c ro ss -  

l i n k e d  m o le c u le s  do t r a n s f o r m .  T hese  r e s u l t s  show t h a t  

t h e  HNg t r e a t m e n t  c o n v e r t e d  a  p o r t i o n  o f  t h e  DNA to  a 

d e n a t u r a t i o n - r e s i s t a n t  fo rm . When d e n a t u r e d  DNA was 

t h e r m a l l y  r e n a t u r e d  an d  c h ro m a to g ra p h e d ,  a  l a r g e  f r a c t i o n  

o f  t h e  r e c o v e r e d  m a t e r i a l  e l u t e d  i n  p e ak  2 .  T h is  i s  s e e n  

i n  F ig u r e  7 w h ich  shows an  a p p ro x im a te  s e v e n - f o l d  i n c r e a s e  

i n  t h e  am ount r e c o v e r e d  i n  p eak  2 com pared  to  t h a t  o f  

d e n a t u r e d  DNA. A c o m p a r iso n  w i th  F ig u r e  6 shows t h a t  

th e r m a l  r e n a t u r a t i o n  p ro d u c e d  more d o u b l e - s t r a n d e d  m o le c u le s  

t h a n  d id  t h e  HNg t r e a t m e n t  u se d  i n  t h e s e  s t u d i e s .

R e n a tu r e d  DNA was t h e  m o s t  d i f f i c u l t  t o  c h ro m a to g ra p h  

an d  y i e l d e d  t h e  p o o r e s t  r e c o v e r i e s  ( 4 5 - 8 3 $ ) .  A f t e r  

a p p l y i n g  t h e  DNA t o  t h e  co lum n, an  a p p a r e n t  p a c k in g  down 

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

a n d  a  c o n c o m i ta n t  b lo c k  i n  e l u e n t  f lo w .  T h is  p ro b lem  was 

overcom e by  u s i n g  a b o u t  25$  more HA when c h r o m a to g r a p h in g
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r e n a t u r e d  DNA. Some p a c k in g  was a l s o  o b s e r v e d  f o r  n a t i v e  

s a m p le s  b u t  i t  was n o t  g r e a t  enough t o  b lo c k  t h e  f lo w  o f  

t h e  e l u e n t .  D i f f i c u l t i e s  i n  c h ro m a to g ra p h in g  r e n a t u r e d  

DNA may h av e  been  due to  t h e  f o r m a t io n  o f  h ig h  m o le c u la r  

w e ig h t  a g g r e g a t e s  d u r i n g  r e n a t u r a t i o n  by  b a s e  p a i r i n g  o f  

s i n g l e  s t r a n d  " t a i l s " .  H igh m o le c u l a r  w e ig h t  DNA ,.(2 .5x1 0^  

d a l t o n s )  i s  known to  c a u s e  c lo g g i n g  o f  HA co lum ns (P a k ro p p a  

an d  M u l l e r ,  197*0 • P re su m a b ly  t h e  l a r g e  m o le c u le s  b in d  

to  many HA c r y s t a l s  and  p a c k  them  down a s  t h e y  move th ro u g h  

t h e  co lum n .

The r e s u l t s  i n  t h i s  s e c t i o n  showed t h a t  HNg t r e a t m e n t  

p r i o r  t o  a l k a l i  e x p o s u re  i n c r e a s e d  t h e  d e n a t u r a t i o n -  

r e s i s t a n t  f r a c t i o n  t o  a  l e v e l  (4 0 $ )  w h ich  was s u b s t a n ­

t i a l l y  l e s s  t h a n  1 0 0 $ . S in c e  t r a n s f o r m i n g  a c t i v i t i e s  

w ere  s e e n  t o  l e v e l  o f f  i n  F i g u r e s  2 and  3 ,  c r o s s l i n k i n g  

s h o u ld  h a v e  b e e n  m axim al -  i . e .  t h e  c r o s s l i n k e d  f r a c t i o n  

s h o u ld  h a v e  r e a c h e d  1 0 0 $ , I t  i s  p o s s i b l e  t h a t  t h e  HNg 

p r e p a r a t i o n s  u s e d  w ere  u n a b le  t o  p ro d u c e  100$  d e n a t u r a t i o n  

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

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

t o  10 jiM HNg f o r  2 h o u r s  was shown by o t h e r s  t o  r e s u l t  i n  

a lm o s t  90$  d e n a t u r a t i o n  r e s i s t a n c e  (Kohn, e t  a l . ,  1 9 6 6 ) .  

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

num ber o f  c r o s s l i n k s  p e r  m o le c u le ,  t h e  f r a c t i o n  o f  d e -  

n a t u r a t i o n - r e s i s t a n t  m a t e r i a l  p ro d u c e d  w i l l  be a  f u n c t i o n  

o f  t h e  num ber o f  n i c k s  p e r  m o le c u le .  DNA i s o l a t e d  i n  

t h i s  l a b o r a t o r y  was shown to  c o n t a i n  an  a v e r a g e  o f  one
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n i c k  p e r  s t r a n d  (G a llo w a y , 1976) a n d  w ould  r e q u i r e  a t  

l e a s t  tw ic e  a s  many c r o s s l i n k i n g  h i t s  p e r  m o le c u le  t o
s

p ro d u c e  t h e  same d e n a t u r a t i o n  r e s i s t a n c e  a s  a  p r e p a r a t i o n  

o f  m o le c u le s  w i t h  no  n i c k s .  S in c e  an  a lm o s t  i d e n t i c a l  

HN2 t r e a t m e n t  p r o v i d e d  Kohn, e t  a l . ,  ( 1 9 6 6 ) w i t h  a p p r o x i ­

m a te ly  tw ic e  t h e  d e n a t u r a t i o n  r e s i s t a n c e  o b t a i n e d  i n  th e  

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

u s e d  by  them  c o n t a i n e d  l e s s  th a n  one n i c k  p e r  s t r a n d .

I I I .  SPECIFIC TRANSFORMING ACTIVITY OF CROSSLINKED DNA«

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

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

w ere  s a v e d  f o r  f u r t h e r  s t u d i e s .  T r a n s f o r m in g  a c t i v i t i e s  

o f  t h e s e  f r a c t i o n s  a r e  p r e s e n t e d  i n  T a b le  2 .  The r e s u l t s  i n  

T a b le  2 show t h a t  p u r i f i e d  HNg-D-DNA t r a n s f o r m e d  

a s  w e l l  a s  n a t i v e ,  w h i l e  n a t u r a l l y  c r o s s l i n k e d  an d  

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

a n d  2 9% r e s p e c t i v e l y .  T hus, a l t h o u g h  t h e r m a l  r e -  

n a t u r a t i o n  r e s t o r e d  more m o le c u le s  t o  a  d o u b l e - s t r a n d e d  

form  t h a n  d id  HNg e x p o s u r e ,  t h e y  t r a n s f o r m e d  p o o r l y .

I t  was a l r e a d y  s u g g e s t e d  ( p .  3 8 ) t h a t  r e n a t u r e d  m o le c u le s  

w ere  p a r t i a l l y  s i n g l e - s t r a n d e d .  Such m o le c u le s  w ould  

be  e x p e c te d  to  p ro d u c e  low  a c t i v i t i e s .

A c r o s s l i n k  c a n  p r o v i d e  an  e f f e c t i v e  n u c l e u s  f o r  

z i p p e r i n g  up  unwound s t r a n d s ,  t h e r e f o r e  c r o s s l i n k e d  

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

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

a f f e c t e d  by  th e  p r e s e n c e  o f  c r o s s l i n k s .  A m odel d e s c r i b i n g  

how r e c i p i e n t  c e l l s  may u t i l i z e  c r o s s l i n k e d  DNA d u r i n g  

t r a n s f o r m a t i o n  i s  p r e s e n t e d  i n  S e c t i o n  V I I . The m odel 

p r e d i c t s  t h a t  e a c h  c r o s s l i n k i n g  h i t  ( n a t u r a l  o r  c h e m ic a l )  

r e d u c e s  a c t i v i t y  by  50% • As w i l l  be s e e n ,  t h e  v a lu e  

d e r i v e d  from  t h e  m odel f o r  HNg-D-DNA i s  i n  good  a g re e m e n t  

w i t h  t h e  a c t i v i t y  p r e s e n t e d  i n  T a b le  2 .

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

o f  HNg-D-DNA was l e s s  th a n  t h a t  o f  n a t i v e  i s  n o t  i n  

a g re e m e n t  w i th  t h e  r e p o r t  o f  Kohn and  G reen  (1 9 6 6 ) .

R a th e r  t h a n  d i r e c t l y  m ea su re  t h e  a c t i v i t y  o f  p u r i f i e d  m o le c u l e s ,  

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

f i e d  HNg-D-DNA w i t h  t h e  y i e l d  o f  d o u b l e - s t r a n d e d  DNA o b ­

t a i n e d  by  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n .  They o b s e r v e d  

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

o f  d o u b l e - s t r a n d e d  m o le c u l e s  w h ich  s u r v i v e d  d e n a t u r a t i o n  

a s  a  r e s u l t  o f  HNg t r e a t m e n t .  T h is  c o r r e l a t i o n  l e d  

them t o  c o n c lu d e  t h a t  H N g - c r o s s l in k e d  m o le c u le s  w ere  a s  

a c t i v e  - a s  n a t i v e  DNA. However i n  o t h e r  e x p e r im e n t s  

s p e c i f i c  a c t i v i t y  was o n ly  h ig h  f o l l o w i n g  c o r r e c t i o n ,  

by  a s  much a s  50%, f o r  t h e  HNg i n a c t i v a t i o n  o f  HNg-N-DNA.

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

b u t  w i t h o u t  c o r r e c t i o n ,  v a l u e s  d ro p p e d  t o  5 0 % o r  c l o s e  

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

The s p e c i f i c  t r a n s f o r m i n g  a c t i v i t y  o f  *±0%> o b t a i n e d  

f o r  n a t u r a l l y  c r o s s l i n k e d  DNA i s  i n  a g re e m e n t  w i th  t h a t
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o b s e r v e d  a f t e r  p u r i f i c a t i o n  by MAK an d  HA c h ro m a to g ra p h y  

o f  25 a n d  r e s p e c t i v e l y  (R udner a n d  Remeza 1973 J 

G h e v a l l i e r  a n d  B e r n a r d i  1 9 6 8 ) ,  I t  h a s  a l s o  b e e n  c la im e d  

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

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

c o u ld  t r a n s f o r m  l i k e  n a t i v e  DNA (M uld er  an d  D o ty , 19685 

A l b e r t s  a n d  D o ty , 1 9 6 8 ) .

IV . COTRANSFORMATION INDEX OF HN^ CROSSLINKED DNAt

To d e te r m in e  i f  t h e  p r e s e n c e  o f  c r o s s l i n k s  r e s u l t e d  

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

c r o s s l i n k e d  an d  n o n c r o s s l i n k e d  DNA f r a c t i o n s ,  p u r i f i e d  

by  HA c h ro m a to g ra p h y ,  w ere  com pared  a s  t o  t h e i r  a b i l i t y  

to  c o t r a n s f o r m  l i n k e d  m a rk e r s  a t  v a r i o u s  DNA c o n c e n t r a ­

t i o n s .  R e c i p i e n t s  b e a r i n g  t h e  trp C 2  an d  h isB 2  m a rk e r s  

w ere  u s e d  b e c a u s e  t h e s e  two g e n es  a r e  c o t r a n s f o r m e d  

w i th  a  h i g h  f r e q u e n c y  o f  a b o u t  50% ( N e s t e r  and  L e d e r b e r g ,  

1961} N e s t e r ,  e t  a l . ,  19^3? A n a g n o s to p o u lo s  a n d  C ra w fo rd ,  

1 9 6 l |  C a r l t o n ,  1 9 6 7 ) .  A s s a y s  o f  t h e  c o t r a n s f o r m a t i o n  

in d e x  ( r )  w ere  p e r fo rm e d  e i t h e r  by  r e p l i c a  p l a t i n g  o r  

p l a t i n g  d i r e c t l y  on s e l e c t i v e  m ed ia  ( s e e  M a t e r i a l s  and  

M ethods f o r  c o m p u ta t io n  o f  r ) .  To t e s t  t h e  e f f e c t  o f  

a l k a l i  e x p o s u r e ,  t h e  r  o f  DNA w hich  was a l k a l i  d e n a t u r e d  

an d  t h e r m a l l y  r e n a t u r e d  was a l s o  a s s a y e d .  T a b le  3 

shows t h e  r e s u l t s  o f  t h r e e  d i f f e r e n t  e x p e r im e n t s  w here  

n a t i v e ,  r e n a t u r e d  an d  HNg-D-DNA w ere  com pared  w i t h  r e s p e c t
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t o  r .  In  a l l  i n s t a n c e s  t h e  d a t a  showed t h a t  r  v a l u e s  

o f  HNg-D-DNA sa m p le s  w ere  s u b s t a n t i a l l y  lo w e r  th a n  t h o s e  

o f  n a t i v e  o r  r e n a t u r e d  DNA. T h is  was t r u e  w h e th e r  r  was 

m ea su re d  by  d i r e c t  p l a t i n g  o r  r e p l i c a  p l a t i n g .  When 

a l l  r  v a l u e s  w ere  a v e r a g e d ,  t h e y  y i e l d e d  t h e  f o l lo w in g !  

n a t i v e  = O .3 6 , r e n a t u r e d  = 0 . 3 1 , and  c r o s s l i n k e d  = 0 .2 1 .

I n  t h e  c a s e  o f  r e n a t u r e d  DNA t h i s  r e p r e s e n t s  a  d e c r e a s e  to  

86% o f  n a t i v e ,  w h i l e  HNg-D-DNA e x h i b i t e d  a  g r e a t e r  d e c l i n e  

to  o f  n a t i v e  DNA. The s l i g h t  d ro p  i n  r e n a t u r e d  DNA r  

v a l u e s  a s  com pared  to  t h o s e  o f  HNg-D-DNA r u l e s  o u t  t h e  

p o s s i b i l i t y  t h a t  th e  l a t t e r  r e s u l t e d  from  s t r a n d  u n w in d in g  

and  r e w in d i n g .  I n  a l l  t h r e e  e x p e r im e n t s  HNg-D-DNA showed 

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

w hich  was g r e a t e r  th a n  t h e  a c t i v i t y  o f  r e n a t u r e d  s a m p le s .  

T h e r e f o r e ,  a l t h o u g h  c r o s s l i n k e d  m o le c u le s  c an  t r a n s f o r m  

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

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

A t  DNA c o n c e n t r a t i o n s  a p p r o a c h in g  s a t u r a t i o n ,  i t  i s  

p o s s i b l e  f o r  d o u b le  t r a n s f o r m a n t s  to  a r i s e  from  t h e  random 

c o in c id e n c e  o f  two s e p a r a t e  t r a n s f o r m i n g  m o le c u l e s .  T h is  

phenom enon, known a s  c o n g r e s s io n  c o u ld  p ro d u c e  s p u r i o u s  

l i n k a g e  v a l u e s  (A n a g n o s to p o u lo s  and  C ra w fo rd ,  1961?

N e s te r ,  e t  a l . . ,  1 9 6 3 ) .  However, N e s t e r ,  e t  a l . ,  ( 1 9 6 3 ) ’ 

d e m o n s t r a te d  t h a t  w i t h i n  t h e  l i n e a r  r e s p o n s e  to  d o n o r  

DNA c o n c e n t r a t i o n ,  c o n g r e s s io n  o c c u r r e d  a t  l e v e l s  w hich  

w ere  to o  low  to  i n f l u e n c e  l i n k a g e  e s t i m a t i o n .  I n  a d d i t i o n ,  

u s i n g  a  m ix t u r e  o f  DNA from  two s t r a i n s ,  ( t r p * h i s “ ,
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t r p “ h i s + ) R udner ( u n p u b l i s h e d )  o b s e r v e d  t h a t  a t  d o n o r  

c o n c e n t r a t i o n s  a s  h ig h  a s  13* 0 p g  DNA/ m l ,  c o n g r e s s io n  

a c c o u n te d  f o r  no more th a n  0 *5% o f  t h e  t o t a l  y i e l d  o f  

d o u b le  t r a n s f o r m a n t s .  S in c e  th e  p r e s e n t  s t u d y  m e a su re d  

l i n k a g e  a t  d o n o r  c o n c e n t r a t i o n s  n e v e r  e x c e e d in g  1 .5  p g  DNA/ml, 

t h e  e f f e c t  o f  c o n g r e s s io n  was r u l e d  o u t .

I t  was o f  i n t e r e s t  t o  d e te rm in e  w h e th e r  d i f f e r e n c e s  

i n  r  v a l u e s  o c c u r  a lo n g  t h e  HA p r o f i l e .  C h e v a l l i e r  and  

B e r n a r d i  (1 9 6 8 )  o b s e r v e d  t h a t  t r a n s f o r m i n g  a c t i v i t y  and  

t h e  a b s o r b a n c e  (^2 6 0  ̂ p r o f i l e  d i d  n o t  p e r f e c t l y  c o i n c i d e .  

I n s t e a d  th e  t r a n s f o r m i n g  a c t i v i t y  p e ak  o f t e n  f o l lo w e d  

t h e  o p t i c a l  d e n s i t y  p e ak  by one o r  two f r a c t i o n s .  They 

i n t e r p r e t e d  t h i s  t o  mean t h a t  l a t e r - e l u t i n g  m o le c u le s  h ave  

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

h i g h e r  t r a n s f o r m i n g  a c t i v i t y .  D is p la c e m e n t  o f  a c t i v i t y  

w i t h  r e s p e c t  to  ^ 2 6 0  Pr o ^ ^ e was o c c a s i o n a l l y  o b s e r v e d  

i n  t h e  p r e s e n t  s t u d y  ( F i g u r e  6) and  c o u ld  c a u s e  r  t o  v a r y  

among th e  f r a c t i o n s  c o m p r i s in g  p e ak  2 .  An a d d i t i o n a l  

e x p e r im e n t  was t h e r e f o r e  p e r fo rm e d  i n  w h ich  i n d i v i d u a l  

f r a c t i o n s  from  p e a k  2 o f  r e n a t u r e d  a n d  HNg-D-DNA chrom ­

a to g r a p h s  w ere  a s s a y e d  a t  two c o n c e n t r a t i o n s .  The r e s u l t s ,  

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

d i d  e x h i b i t  som ewhat h i g h e r  s p e c i f i c  a c t i v i t i e s  b u t  r  d id  

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

s e c o n d a r y  s t r u c t u r e  w hich  r e s u l t e d  from  HA f r a c t i o n a t i o n  

d i d  n o t  a f f e c t  r .

The r e l i a b i l i t y  o f  t h e  two m eth ods  u s e d  t o  m ea su re  r
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was t e s t e d  by  p a r a l l e l  a s s a y s  (6 t im e s )  from  t h e  same 

f r a c t i o n .  T hese  d a t a  a r e  p r e s e n t e d  i n  T a b le  5 w here  th e  

means an d  s t a n d a r d  d e v i a t i o n s  o f  t h e  two m eth o d s  show 

t h a t  t h e y  a r e  e q u i v a l e n t .  C om parison  w i th  t h e  d a t a  i n  

T a b le  3 shows t h a t  t h e  v a r i a t i o n  among th e  a s s a y s  p e r fo rm e d  

on f r a c t i o n  19 was l e s s  t h a n  th e  d i f f e r e n c e  b e tw ee n  r  o f  

r e n a t u r e d  ( 0 .3 1 )  a n d  HNg-D-DNA ( 0 . 2 1 ) .  I t  i s  c o n c lu d e d  

t h a t  t h e  o b s e r v e d  d i f f e r e n c e s  b e tw een  r e n a t u r e d  and  

HNg-D-DNA sa m p le s  w ere  n o t  due t o  s a m p l in g  e r r o r .

The d a t a  p r e s e n t e d  i n  T a b le s  3 an d  ^  w ere  o b t a i n e d  

from  a s s a y s  c a r r i e d  o u t  a t  0 .1  jug DNA/ml o r  g r e a t e r .  I t  

h a s  b e e n  d e m o n s t r a te d  i n  b o th  Pneum ococcus a n d  B. s u b t i l i s  

t h a t  f o r  c o n c e n t r a t i o n s  up  t o  0 .1 -0  .2  jug DNA/ml t h e  num ber 

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

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

i n d i c a t i n g  t h a t  r e c i p i e n t s  w ere  becom ing  s a t u r a t e d  

( H o t c h k i s s ,  1 9 5 6 j A n a g n o s to p o u lo s  an d  S p i z i z e n ,  1 9 6 1 ) .  

However i n  t h e  p r e s e n t  s t u d y  th e  l i n e a r  d o se  r e s p o n s e  

c o n t i n u e d  i n t o  h i g h e r  DNA c o n c e n t r a t i o n s  ( 0 . 1 - 0 . 9  jug DNA/ml, 

s e e  T a b le  3 )*  The e a r l i e r  s t u d i e s  u s e d  f r e s h l y  p r e p a r e d  

c o m p e te n t  c e l l s ,  w h e re a s  f r o z e n  c e l l s  w ere  u s e d  h e r e .

The d o se  r e s p o n s e  o f  b o th  t y p e s  o f  c e l l  p r e p a r a t i o n s  was 

t h e r e f o r e  i n v e s t i g a t e d .  The r e s u l t  i s  sum m arized  i n  

T a b le  6 an d  i l l u s t r a t e d  i n  F ig u r e  8 .  As e x p e c t e d ,  a  

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

0 . 1 - 0 . 2  jug DNA/ml. When f r o z e n  c e l l s  w ere  u s e d  h o w ev er ,  

l i n e a r i t y  was o b t a i n e d  up  t o  1 . 0 - 2 . 5  jug DNA/ml. I n
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a d d i t i o n ,  a t  c o n c e n t r a t i o n s  w here  b o t h  c e l l  p r e p a r a t i o n s  

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

o n e - t e n t h  a s  w e l l ^ a s  f r e s h  c e l l s  a n d  r e q u i r e d  t e n  t im e s  

more DNA t o  a p p ro a c h  s a t u r a t i o n .  L in k a g e  v a l u e s  w ere  

a s s e s s e d  w i th  f r o z e n  c e l l s  u s i n g  m ore d i l u t e  DNA s o l u t i o n s ,  

so  t h a t  s a t u r a t i n g  c o n d i t i o n s  w ere  n e v e r  u s e d .  I t  was 

a l s o  o b s e r v e d  t h a t  c o m p e ten cy  was more s e n s i t i v e  to  

f r e e z i n g  t h a n  v i a b i l i t y  ( s e e  T a b le  1 ) .  T h is  may be  due 

to  a  c o m b in a t io n  o f  e f f e c t s  su c h  a s  t h e  f o r m a t io n  o f  

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

by  c o m p e te n t  c e l l s  a s  a  r e s u l t  o f  s u r f a c e  damage due to  

f r e e z i n g  an d  th a w in g .  Tomasz (1 9 6 9 )  s u g g e s t e d  t h a t  

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

t r a n s f o r m a b i l i t y  i n  c e l l s  e x t e n s i v e l y  t r e a t e d  w i th  

ly s o z y m e .  Mesosomes c o m m u n ica tin g  w i t h  t h e  n u c l e a r  

body  s e r v e  f o r  th e  u p ta k e  a n d  t r a n s p o r t  o f  t r a n s f o r m i n g  

DNA i n  B. s u b t i l i s  (V erm uelen  an d  Venema, 197*0 an d  

d i s r u p t i o n  o f  mesosome i n t e g r i t y  c o u ld  y i e l d  b i n d i n g  

s i t e s  i n c a p a b l e  o f  t r a n s p o r t i n g  d o n o r  DNA to  t h e  c e l l  

i n t e r i o r .

I n  summary, c r o s s l i n k i n g  o f  DNA r e s u l t s  i n  m o le c u l e s  

w h ic h  e x h i b i t  a  m arked d e c r e a s e  i n  t h e  a b i l i t y  t o  c o t r a n s ­

form  l i n k e d  m a rk e r s  ev en  th o u g h  s i n g l e  t r a n s f o r m a n t s  

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

T h is  o b s e r v a t i o n  i s  t

1 .  I n d e p e n d e n t  o f  t h e  t r a n s f o r m i n g  DNA c o n c e n t r a t i o n s  

u s e d  i n  t h i s  s t u d y .
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2 .  I n d e p e n d e n t  o f  t h e  m e thod s  u s e d  to  m e a su re  r .

3 .  I n d e p e n d e n t  o f  e l u t i o n  p o s i t i o n  w i t h i n  p e a k  2
1

o f  HA c h ro m a to g ra p h s .

V. DECREASE IN COTRANSFORMATION INDEX;

T r e a tm e n t  w i t h  HNg y i e l d s  m o n o a lk y la te d  r e s i d u e s  a s  

w e l l  a s  c r o s s l i n k s  (B roo kes  an d  L aw ley , 1961a  a n d  b ;

Kohn, e t  a l . ,  1 9 6 6 ) .  A l k y l a t e d  r e s i d u e s  c a n  u n d e rg o  

d e p u r i n a t i o n  f o l lo w e d  by  s t r a n d  s c i s s i o n  (B ro o k es  and  

L aw le y ,  1961b ; L a u r e n c e ,  1 9 6 3 ) .  However c r o s s l i n k s  may 

a l s o  i n t e r f e r e  w i t h  t h e  n o rm a l  e v e n t s  o f  t r a n s f o r m a t i o n .

E i t h e r  p r o d u c t  c o u ld  c a u s e  r  t o  d r o p ,  b u t  a  d i s t i n c t i o n  

b e tw ee n  t h e  two c an  be  made by  c o m p a r in g  t h e  r e s p o n s e  o f  

n a t i v e  DNA to  HN2 e x p o s u re  (HNg-N-DNA) w i th  t h a t  e x h i b i t e d  

b y  DNA w h ich  i s  d e n a t u r e d  f o l l o w i n g  HNg t r e a t m e n t  (HNg-D-DNA). 

B oth  p r e p a r a t i o n s  s h o u ld  be  m o n o a lk y la te d  t o - t h e  same 

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

m o le c u l e s  c o n t a i n i n g  c r o s s l i n k s .  HNg-N-DNA i s  a  m ix t u r e  

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

w h i l e  HNg-D-DNA i s  c o m p r is e d  o f  o n ly  c r o s s l i n k e d  t r a n s ­

fo rm in g -  m o le c u le s  w h ich  s u r v i v e  d e n a t u r a t i o n  a n d  s i n g l e  

s t r a n d s  w h ich  a r e  u n a b le  t o  t r a n s f o r m .  D e n a t u r a t i o n  

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

t r a n s f o r m a t i o n  s t u d i e s .  T h is  b e in g  t h e  c a s e ,  n a t i v e  

and  d e n a t u r e d  sa m p le s  s h o u l d  e x h i b i t  e q u i v a l e n t  l o s s e s  

i n  r  a s  a  f u n c t i o n  o f  HN2 e x p o s u re  i f  r  i s  d e c r e a s e d  a s  

a  r e s u l t  o f  m o n o a l k y l a t i o n . A l t e r n a t i v e l y ,  a  more p r o ­
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no u n c ed  r e s p o n s e  by  HNg-D-DNA w ould  i n d i c a t e  t h a t  c r o s s l i n k s  

d e c r e a s e  r  an d  t h a t  t h i s  e f f e c t  r e s u l t s  from  s o m e th in g  o t h e r  

t h a n  d e p u r i n a t i o n .  Time c o u r s e  e x p e r im e n t s  w ere  p e r fo rm e d  to  

d i s t i n g u i s h  b e tw ee n  t h e  e f f e c t s  o f  m o n o a lk y la t io n  a n d  c r o s s l i n k i n g .  

Sam ples w ere  rem oved a t  v a r i o u s  t im e s  a n d  r  was m ea su re d  i n  a d d ­

i t i o n  to  s i n g l e  m a rk e r  t r a n s f o r m i n g  a c t i v i t y .  F ig u r e  9 p r e s e n t s  

t h e  l a t t e r  r e s u l t s  a s  th e  m eans o f  t h r e e  i n d e p e n d e n t  e x p e r ­

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

t o  t h e  r e s u l t s  r e p o r t e d  e a r l i e r  i n  F ig u r e  2 .  A d d i t i o n a l  i n f o r ­

m a t io n  i s  p r e s e n t e d  i n  T ab le  7 a n d  F ig u r e  1 0 .  As shown, 

a f t e r  a  100 m in u te  t r e a t m e n t ,  t h e  r  o f  HNg-D-DNA d ro p p ed  t o  an  

a v e r a g e  v a l u e  o f  0 . 2 8 ,  w h i l e  t h a t  o f  HNg-D-DNA was 0 .1 9 .

T hese  r e p r e s e n t  a  d e c r e a s e  t o  82$ and  56$ f o r  th e  r  

o f  HNg-N-DNA an d  HNg-D-DNA r e s p e c t i v e l y .  The l a t t e r  

a g r e e s  w e l l  w i t h  t h e  v a lu e  o f  58$ o b s e rv e d  f o r  H A - p u r i f i e d  

HNg-D-DNA (T a b le  3 ) and  i s  e x p e c te d  i f  r e n a t u r a t i o n  a c t s  

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

o f  t r a n s f o r m a t i o n .  A n o th e r  m a n i f e s t a t i o n  o f  t h e  p u r i f i ­

c a t i o n  e f f e c t  c an  be  s e e n  a t  s h o r t  r e a c t i o n  t im e s  w here  

t h e  r  v a lu e  o f  HNg-D-DNA a p p e a r e d  to  d ro p  more r a p i d l y  

t h a n  t h a t  o f  HNg-N-DNA. T h is  i s  a l s o  e x p e c t e d ,  s i n c e  

a t  t h e  o n s e t  o f  t h e  r e a c t i o n  few HNg-N-DNA m o le c u le s  

w i l l  be c r o s s l i n k e d ,  b u t  o n ly  c r o s s l i n k e d  m o le c u le s  w i l l  

c o m p r is e  t h e  HNg-D-DNA s a m p le .  F ig u r e  10 i l l u s t r a t e s  t h a t  

i n c r e a s e d  e x p o s u re  t o  HNg c a u s e d  th e  r  o f  b o th  HNg-N-DNA 

and  HNg-D-DNA to  d r o p ,  b u t  t h e  d e c l i n e  e x h i b i t e d  by  

HNg-D-DNA was g r e a t e r  th a n  t h a t  o f  HNg-N-DNA. T hese
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r e s u l t s  s u p p o r t  t h e  n o t i o n  t h a t  t h e  p r e s e n c e  o f  c r o s s l i n k s ,  

n o t  s c i s s i o n ' s  r e s u l t i n g  from  d e p u r i n a t i o n ,  i s  r e s p o n s i b l e  f o r  

t h e  d e c r e a s e  i n  r j  h o w e v e r ,  t h e y  do n o t  r u l e  o u t  t h e  p o s s i ­

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

A l th o u g h  t h e  f o r e g o i n g  i n d i c a t e s  t h a t  c r o s s l i n k s  

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

l o s s  i n  r  e x h i b i t e d  by  HNg-D-DNA i n  F ig u r e  10 was due to  

d e n a t u r a t i o n  p e r  s e . I f  t h i s  w ere  th e  c a s e ,  t h e  r  o f  

HNg-D-DNA w ou ld  h av e  b e e n  l e s s  t h a n  HNg-N-DNA by  a  

c o n s t a n t  am ount t h r o u g h o u t  t h e  p e r i o d  o f  t r e a t m e n t .  T h is  

i s  c o n t r a r y  t o  t h e  o b s e r v a t i o n  t h a t  t h e  r  o f  HNg-D-DNA 

e x h i b i t e d  a  d e c r e a s e  w h ich  d i d  n o t  p a r a l l e l  t h e  l o s s  shown 

by  HNg-N-DNA i n  F ig u r e  1 0 .  M o reo v er ,  n o n c r o s s l i n k e d  

s a m p le s  w h ich  w ere  d e n a t u r e d  (D-O) w ould  have  e x h i b i t e d  

lo w e r  r  v a l u e s  th a n  u n d e n a tu r e d  s a m p le s  ( N - 0 ) .  T h is  was 

n o t  t h e  c a s e  a s  shown by t h e  d a t a  i n  T a b le  7 w here  r  o f  

t h e  D-0 s a m p le s  was e s s e n t i a l l y  e q u a l  to  r  o f  t h e  N-0 

s a m p le s .  A l k a l i  t r e a t m e n t  f o l l o w i n g  d e p u r i n a t i o n  c an  

c r e a t e  s c i s s i o n s  (Kohn and  S p e a r s ,  1967a ) ;  h o w e v er ,  t h e  

r a t e  o f  d e p u r i n a t i o n  a t  37°G i s  e x c e e d i n g ly  s m a l l  w i t h  

a  h a l f - l i f e  o f  a b o u t  52 h o u r s  (B ro o k es  an d  L aw ley , 1 9 6 1 b ) .

I n  th e  e x p e r im e n t s  d e s c r i b e d  i n  T a b le  7» c r o s s l i n k i n g  

was p e r f o r m e d  a t  25°C a n d  t h e  t im e  b e tw ee n  t h e  f i r s t  

a l k y l a t i o n  a n d  a l k a l i  e x p o s u r e  was n e v e r  more th a n  100 

m i n u t e s .  I t  i s  t h e r e f o r e  u n l i k e l y  t h a t  r  d ro p p e d  due 

t o  t h e  a p p e a ra n c e  o f  a l k a l i - l a b i l e  s i t e s .  R a th e r  t h a n  

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

s c i s s i o n .  As i l l u s t r a t e d  b e lo w , a l k a l i  e x p o s u re  b r e a k s  

t h e  im i d a z o l e  r i n g  o f  7 - a l k y l g u a n i n e  m o i e t i e s ,  p r e v e n t i n g  

p o s s i b l e  d e p u r i n a t i o n  (B ro o k es  a n d  L aw le y ,  1 9 6 1 c t L aw ley  an d  

B ro o k e s ,  1 967 ; Kohn and  S p e a r s ,  1967b ) .  S t a b i l i z a t i o n  o f  

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

pH makes them r e s i s t a n t  t o  d e p u r i n a t i o n - i n d u c e d  s c i s s i o n s  

an d  f u r t h e r  s t r e n g t h e n s  t h e  a rg u m e n t  t h a t  c r o s s l i n k s  a lo n e  

c a u s e d  r  t o  d r o p .

V I .  MUTAGENICITY OF CROSSLINKED TRANSFORMING DNA:

I t  i s  known t h a t  c r o s s l i n k s  c an  be  r e p a i r e d  by p r o ­

c e s s e s  s i m i l a r  t o  t h o s e  w h ich  r e p a i r  UV damage a n d  t h a t  a t  

l e a s t  one r e p a i r  p r o c e s s  i s  t h o u g h t  t o  be  m u ta g e n ic  

( s e e  I n t r o d u c t i o n ) .  C r o s s l i n k s  c o u ld  t h e r e f o r e  be  

m u ta g e n ic  by  v i r t u e  o f  t h e i r  r e p a r a b i l i t y  d u r i n g  t r a n s ­

f o r m a t i o n .  U s in g  a  t e c h n iq u e  d e v e lo p e d  by  A n a g n o s to p o u lo s  

and  C ra w fo rd  ( 1 9 6 1 ) ,  e x p e r im e n t s  w ere  p e r f o rm e d  t o  d e te r m in e  

w h e th e r  c r o s s l i n k s  a r e  m u ta g e n ic .  The t e c h n i q u e  makes 

u s e  o f  two f a c t o r s  1
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1 .  The h isB 2  l o c u s  i s  c l o s e l y  l i n k e d  to  th e  s i x  

g e n e s  shown be lo w  w hich  c o m p r is e  t h e  t r y p to p h a n  

o p e ro n  i n  B. s u b t i l i s  (A n a g n o s to p o u lo s  and  

C ra w fo rd ,  1961* N e s t e r ,  e t  a l . ,  1963* C a r l t o n ,  

1967* C a r l t o n  a n d  W h i t t , 1 9 6 9 ) .

t r p E  t rp D  t rp C  t r p F  t rp B  trp A  h is B

2 . The a c c u m u la t io n  o f  f l u o r e s c e n t  i n t e r m e d i a t e s

by  c e r t a i n  t r p  m u ta n t s  a l l o w s  t h e  m u ta n ts  t o  be

r e a d i l y  d e t e c t e d  among h i s * t r a n s f o r m a n t s .
+  +  \P r o t o t r o p h i c  ( t r p  h i s  ) DNA was u s e d  t o  t r a n s f o r m  h isB 2  

r e c i p i e n t s  and  t h e  h i s *  t r a n s f o r m a n t s  w ere  a n a ly z e d  f o r  

th e  a p p e a ra n c e  o f  fo rw a rd  t r p C , t rp D  o r  t r p F  m u ta n t s .

T hese  a u x o t r o p h s  a c c u m u la te  1 - c a r b o x y p h e n y l - a m in o -  

d e o x y r ib u lo s e - P O ^ ,  a n t h r a n i l i c  a c i d  .and p h o s p h o r i b o s y l  

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

By i n i t i a l l y  s e l e c t i n g  f o r  h i s * t r a n s f o r m a n t s  i t  was 

p o s s i b l e  t o  e l i m i n a t e  a l l  t h o s e  c e l l s  w h ich  d i d  n o t  

i n c o r p o r a t e  d o n o r  DNA a t  a  s i t e  l i n k e d  t o  t h e  t r p  r e g i o n .  

A dd ing  a  s u b o p t im a l  am ount o f  t r y p to p h a n  to  t h e  s e l e c t i v e  

p l a t e s  a l lo w e d  t h e  d e s i r e d  t r p  m u ta n t s  to  grow s lo w ly  

a n d  a c c u m u la te  f l u o r e s c e n t  i n t e r m e d i a t e s .  S in c e  t h e  

h isB 2  gene  i s  a b o u t  50%> l i n k e d  t o  t h e  t r p  r e g i o n  

( r  = O .3 3 ) when u s i n g  n a t i v e  DNA, a b o u t  h a l f  o f  th e  

new ly  o r i g i n a t e d  t r p  m u ta n t s  can  be  r e c o v e r e d  among th e  

t r a n s f o r m a n t s  (A n a g n o s to p o lo u s  a n d  C ra w fo rd  1961* a l s o  s e e  

T a b le  3 a n d  ? ) •  I n  o r d e r  t o  f o c u s  on t h e  e f f e c t  o f  

c r o s s l i n k s  and  e l i m i n a t e  a n y  e f f e c t s  o f  s t r a n d  u n w in d in g  

an d  r e w in d in g ,  HNg-D-DNA was t e s t e d  w i t h  r e n a t u r e d  DNA a s
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a  c o n t r o l .  HNg-D-DNA c o t r a n s f o r m e d  trpC 2  and  h isB 2  o n l y  

68% a s  o f t e n  a s  r e n a t u r e d  DNA d i d  ( s e e  r  v a l u e s  i n  T a b le  3)* 

t h e r e f o r e  an y  c o m p a r is o n  o f  t h e  m u ta t io n  f r e q u e n c y  o f  t h e s e  

two DNA sa m p le s  m ust t a k e  t h i s  d i f f e r e n c e  i n t o  a c c o u n t  by 

m u l t i p l y i n g  t h e  m u ta t io n  f r e q u e n c y  o f  HNg-D-DNA by 

1 .0 0 / 0 . 6 8  o r  1 . ^ ? .

T a b le  8 sum m arizes  t h e  r e s u l t s  o f  f o u r  su c h  s e p a r a t e  

e x p e r im e n t s .  Taken a l l  t o g e t h e r ,  t h e  r e s u l t s  y i e l d e d  a  

m u ta t io n  f r e q u e n c y  o f  * K l7 x l0 “ ^ and  2 .8 6 x 1 0 “ ^ f o r  c r o s s -  

l i n k e d  a n d  r e n a t u r e d  DNA r e s p e c t i v e l y ,  A s p o n ta n e o u s  

f r e q u e n c y  a s  h ig h  a s  1 .0 - 2 .0 x 1 0  was r e p o r t e d  f o r  n a t i v e  

DNA when th e  more c l o s e l y  l i n k e d  trpA  l o c u s  was u s e d  

i n s t e a d  o f  h is B  ( F r e e s e  and  S t r a c k ,  1962; B r e s l e r ,  e t  a l . ,  

1 9 6 8 ) .  T h is  h i g h e r  v a l u e  would a l s o  r e s u l t  from  t h e  

h i g h e r  r  e x h i b i t e d  by n a t i v e  DNA (T a b le  3)» A f t e r  c o r ­

r e c t i n g  f o r  d i f f e r e n c e s  i n  t h e  r  v a l u e s  o f  HNg-D-DNA 

and  r e n a t u r e d  DNA, th e  m u ta t io n  f r e q u e n c y  o f  HNg-D-DNA 

was h i g h e r  th a n  t h a t  o f  r e n a t u r e d  DNA by  a  f a c t o r  o f  2 .2  

( s e e  T a b le  8 ) .  T h is  i s  s m a l l e r  th a n  t h e  v a r i a t i o n  o b ­

s e r v e d  f o r  t h e  same DNA sam ple  a s s a y e d  a t  d i f f e r e n t  

t im e s  a s  i n  t h e  c a s e  o f  sam ple  D i n  T a b le  8 .  T h e r e f o r e ,  

t h e  2 . 2 - f o l d  i n c r e a s e  i s  n o t  c o n s i d e r e d  s i g n i f i c a n t .  

M o reo v er ,  o t h e r  i n s t a n c e s  o f  m u ta n t  p r o d u c t i o n  d u r i n g  

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

from  t e n  t o  t h i r t y - f o l d  (Y osh ikaw a , 1 9 6 6 ; R udner and  

Remeza, u n p u b l i s h e d ) .  I n  a d d i t i o n ,  o t h e r  a u t h o r s  who 

s t u d i e d  t h e  a c t i o n  o f  v a r i o u s  m u ta g e n ic  a g e n t s  on t r a n s ­
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f o rm in g  DNA by m e a s u r in g  th e  i n d u c t i o n  o f  f l u o r e s c e n t  

m u ta n ts  h a v e  o b s e r v e d  i n c r e a s e s  o f  t e n - f o l d  o r  more 

( F r e e s e  a n d  S t r a c k ,  1962} S t r a c k ,  e t  a l . ,  1964 ; B r e s l e r ,  

e t  a l . , 1 9 6 8 ) .  These  r e s u l t s  i n d i c a t e  t h a t  t h e  mod­

i f i c a t i o n  o f  H N g - c r o s s l in k e d  DNA w hich  c a u s e d  r  to  d ro p  

was n o t  m u ta g e n i c .  The f a c t  t h a t  H N g - c r o s s l in k e d  DNA 

d id  n o t  in d u c e  m u ta n ts  d u r i n g  t r a n s f o r m a t i o n  i n d i c a t e s  

t h a t  th e  p r o c e s s  w h ich  r e d u c e d  r  d o e s  n o t  i n v o lv e  an 

e r r o r - p r o n e  ty p e  o f  r e p a i r .

V I I .  POSSIBLE OCCURRENCE OF CROSSLINK-INDUCED SCISSIONS 

DURING TRANSFORMATIONt

A r e d u c t i o n  i n  r  f o l l o w i n g  H N g - c r o s s l i n k i n g  c o u ld  

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

d u r i n g  t r a n s f o r m a t i o n .  T h ere  a r e  two ways t h i s  c o u ld  

o c c u r .

1 .  M e c h a n ic a l  b r e a k s  d u r in g  t r a n s f o r m a t i o n  c a u s e d  by 

t h e  p r e s e n c e  o f  c r o s s l i n k s .

2 .  S c i s s i o n s  r e s u l t i n g  from  t h e  a c t i v i t y  o f  an  

e n d o n u c le a s e  w h ich  c r e a t e s  b r e a k s  a t  c r o s s -  

l i n k e d  r e g i o n s ' d u r i n g  t r a n s f o r m a t i o n .

The f i r s t  p o s s i b i l i t y  a ssu m es  t h a t  a  c r o s s l i n k  c an  a c t  

a s  a  b a r r i e r  t o  u p ta k e  o f  a  l i n e a r  m o le c u le  b e g in n in g  

a t  one  e n d .  T h is  c o u ld  c a u s e  t e n s i o n - i n d u c e d  b r e a k s  a s  

th e  p ro x im a l  r e g i o n  o f  t h e  m o le c u le  i s  drawn i n t o ^ a  com­

p e t e n t  c e l l ^  T e n s io n  e x e r t e d  on a  m o le c u le  d u r i n g
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s i m u l t a n e o u s  u p t a k e  by a  r e c i p i e n t  a t  each  end was p o s t ­

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

v e r y  h i g h  m o le c u l a r  w e ig h t  DNA p r e p a r a t i o n  ( K e l ly ,  1 9 6 7 ) .  

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

b e  g e n e r a t e d  a lo n g  s h o r t  DNA s t r e t c h e s  so  a s  to  c a u s e  

b r e a k s  d u r i n g  u p t a k e  o f  a  c r o s s l i n k e d  DNA m o le c u l e .

The s e c o n d  p o s s i b i l i t y ,  r e q u i r i n g  e n z y m a t ic  a c t i v i t y  

to  y i e l d  b r e a k s ,  i s  p r e s e n t e d  a s  a  m odel a l o n g  w i th  th e  

n o rm a l  e v e n t s  o f  t r a n s f o r m a t i o n .  F ig u r e  1 1 -1  d e p i c t s  

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

f o r m a t io n  an d  i l l u s t r a t e s  how an  e n d o n u c le a s e  may a l t e r  

t h e  f i n a l  p r o d u c t  when c r o s s l i n k e d  DNA i s  i n v o l v e d .  As 

show n, t h e  s e q u e n c e  b e g in s  w i th  th e  f i r s t  i n t e r m e d i a t e  

i n  t h e  p r o c e s s ,  t h e  DSF, fo rm ed  by  e n d o n u c l e o l y t i c  

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

e n t e r s  t h e  p e r i p l a s m i c  s p a c e  (Dubnau an d  C i r i g l i a n o ,  

1 9 7 2 a ) .  F i g u r e  1 1 - I -A  i l l u s t r a t e s  t h e  o n s e t  o f  t h e  

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

o f  5 ' m o n o p h o sp h a te s  a s  i t  p e n e t r a t e s  t h e  c e l l  membrane 

(Dubnau and  C i r i g l i a n o ,  1972a  an d  b ) .  D i g e s t i o n  i s  

assumed, to  b e g in  o n ly  a t  t h e  3 '  OH end  o f  a  s t r a n d .  

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

s t r a n d  -  now a n  SSF -  e n t e r s  t h e  c y to p la s m  a s  shown i n  

F i g u r e  1 1 - I - B  a n d  I - C .  I f  t h e  DSF i s  c r o s s l i n k e d ,  a s  

i l l u s t r a t e d  i n  F ig u r e  1 1 - 1 1 ,  p r o g r e s s i v e  s i n g l e - s t r a n d e d  

d e g r a d a t i o n  w ould  b e  b lo c k e d  u n l e s s  t h e  c r o s s l i n k  was
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rem ov ed . Removal c o u ld  a r i s e  from  th e  a c t i v i t y  o f  a n  e n d o ­

n u c l e a s e  a b l e  t o  p ro d u c e  e i t h e r  s i n g l e  ( I I - B )  o r  d o u b le ­

s t r a n d e d  ( I I - B ' )  b r e a k s  a t  o r  n e a r  t h e  c r o s s l i n k e d  

s i t e s  by  r e c o g n i z i n g  h e l i x  d i s t o r t i o n s  due t o  c r o s s l i n k s .  

E i t h e r  ty p e  o f  c l e a v a g e  w ould  r e d u c e  r  when a  c r o s s l i n k  

i s  l o c a t e d  b e tw ee n  t h e  trp C 2  a n d , h isB 2  m a rk e r s  a s  i l l u s ­

t r a t e d  i n  I I - C  a n d  I I - C * .  The e x t e n t  o f  l i n k a g e  l o s s  

w ould  be  a  f u n c t i o n  o f  th e  f r a c t i o n  o f  m o le c u le s  c o n ­

t a i n i n g  one o r  more c r o s s l i n k s  b e tw e e n  t h e  two m a r k e r s .  

C r o s s l i n k s  o u t s i d e  t h e  t r p C 2 - h isB 2  r e g i o n  w ould  n o t  

a f f e c t  r  b u t  w ould  r e d u c e  t h e  s p e c i f i c  a c t i v i t y  o f  

i n d i v i d u a l  m a r k e r s .  S in c e  u p ta k e  from  e i t h e r  end o f  

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

s h o u ld  d e c r e a s e  by  5 0 % p e r  c r o s s l i n k  i f  e a c h  c r o s s l i n k e d  

r e g i o n  i s  c l e a v e d  an d  d i s t a l  f r a g m e n ts  can  no l o n g e r  

t r a n s f o r m .

The c r o s s l i n k - i n d u c e d  s c i s s i o n s  c o u ld  o c c u r  a t  one 

o r  a n o t h e r  s t a g e  o f  t h e  t r a n s f o r m a t i o n  p r o c e s s  d e p e n d in g  

upon t h e  l o c a t i o n  o f  t h e  p o s t u l a t e d  e n d o n u c le a s e .  I f  t h e  

enzyme w ere  membrane bo und , s c i s s i o n s  c o u ld  o c c u r  a s  

a  DSP i s  c o n v e r t e d  to  an  SSF. The s e q u e n c e  i n  F i g u r e  1 1 -1 1  

i l l u s t r a t e s  t h i s  p o s s i b i l i t y .  An e x t r a -m e m b r a n a l  s i t e  o f  

a c t i o n  c o u ld  y i e l d  s c i s s i o n s  a t  a n  e a r l i e r  s t a g e ,  p e rh a p s  

d u r i n g  DSF p r o d u c t i o n ,  w h ich  i s  known to  i n v o lv e  d o u b le ­

s t r a n d e d  c le a v a g e s  (Dubnau a n d  C i r i g l i a n o ,  1 9 ? 2 a ) .  A 

B. s u b t i l i s  e n d o n u c le a s e  l o c a t e d  o u t s i d e  t h e  membrane 

h a s  been  i s o l a t e d  and  may be  r e s p o n s i b l e  f o r  DSF p r o ­
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d u c t i o n  (Dubnau a n d  S c h e r ,  1 9 7 6 ) .  I t  w ou ld  be  o f  i n t e r e s t  

to  d e te r m in e  w h e th e r  t h i s  n ew ly  c h a r a c t e r i z e d  enzyme can  

u s e  c r o s s l i n k e d  DNA a s  a  s u b s t r a t e  i n  v i t r o .  A n o th e r  

e n d o n u c le a s e  w h ich  i n c i s e s  one DNA s t r a n d  on t h e  5 '  

s i d e  o f  th y m in e  d im e rs  h a s  b e e n  p u r i f i e d  from  E . c o l i  

(B raun  a n d  G rossm an, 197^a  a n d  b ) .  A s i m i l a r  e n d o n u c le o ­

l y t i c  a c t i v i t y  i n  B. s u b t i l i s  c o u ld  a t t a c k  c r o s s l i n k s  

a n d  r e p r e s e n t  t h e  f i r s t  s t e p  i n  r e p a i r  v i a  r e c o m b in a t io n  

b e tw ee n  hom ologous d u p le x e s  a s  p o s t u l a t e d  by  C o le  (1 9 7 3 ) .  

T h is  b e in g  th e  c a s e ,  a  d e c r e a s e  i n  r  may s im p ly  a r i s e  

from  f a i l u r e  t o  c o m p le te  t h e  r e p a i r  p r o c e s s  b e f o r e  

SSF f o r m a t io n  o c c u r s .

S in c e  n a t u r a l  c r o s s l i n k s  o c c u r  o n ly  a t  one end  o f  

a  m o le c u le  ( A l b e r t s ,  1 9 6 8 ) ,  c l e a v a g e  o f  t h e s e  r e g i o n s  

s h o u ld  n o t  d i s r u p t  th e  t r p - h i s  l i n k a g e .  T h is  was i l l u s ­

t r a t e d  by t h e  h ig h  r  v a l u e s  o b t a i n e d  f o r  th e  z e r o  t im e  

HNg-D-DNA sa m p le s  (T a b le  7) w here  t h e  r e s i d u a l  a c t i v i t y  

was d e r i v e d  from  t h e  n a t u r a l l y  c r o s s l i n k e d  f r a c t i o n .

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

c r o s s l i n k e d  DNA s h o u ld  d ro p  to  50$ o f  t h a t  e x h i b i t e d  

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

i n t e g r a t i o n  o f  t h e  e n t i r e  m o le c u le  50$  o f  t h e  t im e ,  

d e p e n d in g  upon w h ich  end  p r e s e n t s  i t s e l f  t o  t h e  r e c i p i e n t  

c e l l .  The d a t a  i n  T a b le  2 showed t h a t  t h e  a c t i v i t y  o f  

n a t u r a l l y  c r o s s l i n k e d  m o le c u le s  d i d  n o t  e x c e e d  50$  an d  

i s  c o n s i s t e n t  w i th  th e  m o d e l .  T hus, a  n a t u r a l  c r o s s l i n k  

s h o u ld  a f f e c t  t r a n s f o r m i n g  a c t i v i t y  to  t h e  same e x t e n t
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a s  an  i n t e r n a l  H N g-induced  c r o s s l i n k ,  w h i l e  o n ly  th e  

l a t t e r  i s  e x p e c te d  to  r e d u c e  r .  A ssum ing t h a t  H N g-induced  

c r o s s l i n k s  o c c u r  ran d o m ly  a lo n g  th e  h e l i x ,  t h e  r e d u c t i o n  

i n  r  p e r  c r o s s l i n k i n g  h i t  w i l l  depend  upon th e  s i z e  o f  

t h e  t rp C 2 - h isB 2  seg m en t w i t h  r e s p e c t  t o  th e  e n t i r e  

m o le c u l e .  T h is  seg m en t  en co m passes  f i v e  c i s t r o n s  ( s e e  p . 5®) 

T a k in g  t h e  a v e r a g e  c i s t r o n  a s  1000 n u c l e o t i d e s  o r  3 .3 x 1 0 ^  

d a l t o n s ,  we h ave  a  m in im a l  s i n g l e - s t r a n d e d  m o le c u l a r  

w e ig h t  o f  a b o u t  1 .7 x 1 0 ^  d a l t o n s  f o r  t h e  e n t i r e  s e g m e n t .

T h is  i s  a b o u t  h a l f  th e  s i n g l e - s t r a n d e d  m o le c u l a r  w e ig h t  

(3 .3 x 1 0 ^  d a l t o n s )  o f  DNA i s o l a t e d  i n  t h i s  l a b o r a t o r y  

(jGalloway, 1976) a n d  means t h a t  each  HN2 c r o s s l i n k ,  on 

t h e  a v e r a g e ,  i s  e x p e c te d  to  r e d u c e  r  by  50$•

I f  DNA i s  c r o s s l i n k e d  ran d o m ly  by  HN2 , th e  num ber 

o f  c r o s s l i n k s  p e r  m o le c u le  s h o u ld  f o l lo w  a  P o i s s o n  

d i s t r i b u t i o n .  The d i s t r i b u t i o n ,  b a s e d  on an  e x p o s u re  to  

10 juM HN2 . f o r  100 m in u t e s ,  was d e te r m in e d  a s  shown i n  

t h e  A p p e n d ix .  The p r e d i c t e d  r  an d  t r a n s f o r m i n g  a c t i v i t y  

o f  c r o s s l i n k e d  DNA w ere  c a l c u l a t e d  k e e p in g  i n  mind th e  

f o l l o w i n g  two c o n c l u s i o n s i

1 .  Each HNg c r o s s l i n k  d e c r e a s e s  r  an d  s i n g l e  

m a rk e r  a c t i v i t y  by  50$ .

2 ,  Each n a t u r a l  c r o s s l i n k  r e d u c e s  s i n g l e  m a rk e r  

a c t i v i t y  by  50 $ .

The p r e d i c t i o n s  w ere  com pared  w i th  t h e  e x p e r i m e n t a l  

v a l u e s  a n d , - e x c e p t  f o r  HN2 -N-DNA a c t i v i t y ,  t h e y  w ere
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i n  good a g re e m e n t  ( s e e  T a b le  9)»  The u n e x p e c te d  low  

l e v e l  o f  HNg-N-DNA a c t i v i t y  may r e f l e c t  th e  f a c t  t h a t  

t h i s  DNA was n o t  e x p o se d  t o  a l k a l i  t r e a t m e n t  w h ic h ,  a s  

s t a t e d  e a r l i e r  ( p .  ^ 9 ) t  p r o b a b ly  s t a b i l i z e d  a l k y l a t e d  

r e s i d u e s  i n  HNg-D-DNA a g a i n s t  p o s s i b l e  s t r a n d  s c i s s i o n .

On t h e  w h o le ,  t h e  c o m p a r iso n  i n  T a b le  9 i s  c o n s i s t e n t  w i t h  

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

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

o f  HNg-c r o s s l i n k e d  DNA.
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CONCLUDING REMARKS

The m a jo r  f i n d i n g s  o f  t h i s  s t u d y  were*

1 .  H N g - c r o s s l i n k i n g  o f  t r a n s f o r m i n g  DNA c a u s e d  

a  r e d u c t i o n  i n  r .

2 .  The s p e c i f i c  t r a n s f o r m i n g  a c t i v i t y  o f  

c r o s s l i n k e d  m o le c u le s  was s u b s t a n t i a l l y  

l e s s  t h a n  t h a t  o f  n a t i v e  DNA.

3« I n t r o d u c i n g  c r o s s l i n k s  i n t o  t r a n s f o r m i n g  

DNA d i d  n o t  i n c r e a s e  i t s  m u t a g e n i c i t y .  

T re a tm e n t  o f  t r a n s f o r m i n g  DNA w i th  o t h e r  c r o s s l i n k i n g  

a g e n t s  such  a s  MC, low  pH and  n i t r o u s  a c i d  a l s o  c a u s e d  

a  d ro p  i n  l i n k a g e  ( I y e r  an d  S z y b a l s k i ,  1963 ; S t r a c k ,  

e t  a l . , 1 9 6 ^ ) ;  h o w e v e r ,  no c o r r e l a t i o n  b e tw ee n  l i n k a g e  

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

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

lo w e re d  r  w i t h o u t  a  c o r r e s p o n d i n g  r e d u c t i o n  i n  m o le c u l a r  

w e ig h t  o f  t h e  i r r a d i a t e d  DNA (Combes, 1975)*  T hese  

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

w h ich  i s  t h a t  a  r e d u c t i o n  i n  c o t r a n s f o r m a t i o n  o f  

l i n k e d  m a rk e r s  r e s u l t s  from  th e  p r e s e n c e  o f  c r o s s l i n k s .  

E n zy m atic  c le a v a g e  o f  c r o s s l i n k e d  r e g i o n s  p r o v i d e s  a  

m eans o f  e f f e c t i v e l y  rem o v in g  c r o s s l i n k s .  W hether  su ch  

a  p r o c e s s  c o u ld  o c c u r  a s  shown i n  F i g u r e  11 h a s  y e t  to  

be  d e te r m in e d .  One way to  i n v e s t i g a t e  t h e  p o s s i b i l i t y  

t h a t  r e c i p i e n t s  can  e n z y m a t i c a l l y  c l e a v e  c r o s s l i n k e d  

DNA i s  to  u s e  B. s u b t i l i s  m u ta n ts  d e f e c t i v e  i n  r e p a i r
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f u n c t i o n s  a s  r e c i p i e n t s  an d  t e s t  t h e i r  a b i l i t y  to  lo w e r  r .  

Of p a r t i c u l a r  i n t e r e s t  a r e  UV s e n s i t i v e  s t r a i n s  u n a b le  

to  p e r fo rm  e x c i s i o n  r e p a i r ,  su c h  a s  t h e  h o s t  c e l l  

r e a c t i v a t i o n  m u ta n ts  (h e r ) i s o l a t e d  by  Okubo a n d  Romig 

( I 9 6 5 K  I f  a  r e d u c t i o n  i n  r  i s  a  m a n i f e s t a t i o n  o f  a n  

a b o r t e d  e x c i s i o n  r e p a i r  p r o c e s s  t h e n  t h e s e  m u ta n t s  s h o u ld  

b e  u n a b le  t o  d e c r e a s e  t h e  r  o f  d o n o r  HNg-D-DNA. S i m i l a r  

t e s t s  c o u ld  be  a t t e m p t e d  w i t h  a n o t h e r  c l a s s  o f  UV s e n ­

s i t i v e  m u ta n t s  ( r e c ) d e f e c t i v e  i n  r e c o m b in a t io n ,  (Okubo 

and  Romig, 1966} Hoch, e t  a l . ,  1967? Dubnau, e t  a l . ,  1973? 

S a d a ie  and  K ada, 1976) h o w e v er ,  t h e  d e f i c i e n c y  i n  t r a n s ­

f o r m a t io n  u s u a l l y  e x h i b i t e d  by  t h e s e  m u ta n t s  c o u ld  make 

t h i s  i m p r a c t i c a l .  N e v e r t h e l e s s ,  t h e  f i n d i n g  t h a t  a  r e c  

r e c i p i e n t  e x h i b i t s  no d e c r e a s e  i n  r  w ou ld  p r o v i d e  i n d i r e c t  

e v id e n c e  t h a t  e n z y m a t ic  c l e a v a g e  d o es  o c c u r .  D i r e c t  

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

n u c l e a s e  l o c a t e d  i n  t h e  p e r i c e l l u l a r  s p a c e  c o u ld  come from  

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

from  c o m p e te n t  c e l l s  f o l l o w i n g  p r o t o p l a s t  f o r m a t i o n .  I n  

a d d i t i o n ,  membrane v e s i c l e s  p r e p a r e d  from  c o m p e te n t  c e l l s  

a c c o r d i n g  to  t h e  m ethod  o f  K o n ig s ,  e t  a l .  (1 9 7 3 ) c o u ld  be  

t e s t e d  f o r  t h e  p r e s e n c e  o f  a  membrane bound a c t i v i t y .

The s u p e r n a t a n t  f r a c t i o n  an d  th e  v e s i c l e  f r a c t i o n  c o u ld  be  

a s s a y e d  f o r  n u c l e a s e  a c t i v i t y  u s i n g  HNg-D-DNA an d  MMS- 

t r e a t e d  DNA a s  s u b s t r a t e s .  Any r e s u l t a n t  d e c r e a s e  i n
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m o le c u l a r  w e ig h t  c o u ld  be  m ea su re d  i n  a l k a l i n e  s u c r o s e .

The i s o l a t i o n  o f  a  f r a c t i o n  w hich  r e d u c e s  th e  m o le c u l a r  

w e ig h t  o f  HNg-D-DNA w i t h o u t  s i m i l a r l y  a f f e c t i n g  M M S -trea ted  

DNA w ould  p r o v id e  d i r e c t  e v id e n c e  t h a t  c r o s s l i n k s  a r e  

e n z y m a t i c a l l y  c l e a v e d .  A d d i t i o n a l  p h y s i c a l  e v id e n c e  t o  

s u p p o r t  t h e  c r o s s l i n k  c l e a v a g e  m odel m ig h t  be  o b t a i n e d  

by  m o l e c u l a r  w e ig h t  d e t e r m i n a t i o n s  o f  SSF p ro d u c e d  d u r i n g  

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

h a s  b e e n  c r o s s l i n k e d  i n  v i t r o . T hese  SSF a r e  e x p e c te d  to  

b e  o f  a  lo w e r  m o le c u l a r  w e ig h t  t h a n  t h o s e  p ro d u c e d  when 

n o n c r o s s l i n k e d  ( n a t i v e )  d o n o r  DNA i s  u s e d .  F i n a l l y ,  a  

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

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

w h e th e r  su c h  an  enzyme i s  a lw a y s  p r e s e n t  to  r e p a i r  en d o ­

gen o u s  DNA o r  i s  o n l y  fo u n d  i n  c o m p e te n t  c e l l s  w here  i t  

a c t s  s p e c i f i c a l l y  on exog en ous  (d o n o r )  DNA.
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APPENDIX

D e te r m in a t io n  o f  C o t r a n s f o r m a t i o n  In d e x  ( r ) and  

S p e c i f i c  T r a n s f o rm in g  A c t i v i t y  o f  C ros s l i n k e d

DNA

The f r a c t i o n  o f  DNA t h a t  i s  c r o s s l i n k e d  b y  HN2 a lo n e  

can  be  d e te r m in e d  by s u b t r a c t i n g  t h e  n a t u r a l l y  c r o s s l i n k e d  

f r a c t i o n  from  th e  t o t a l  am ount o f  d e n a t u r a t i o n - r e s i s t a n t  

DNA fo u n d  a f t e r  HN2 t r e a t m e n t .  The l a t t e r  was o b s e rv e d  t o  

be 4-1.5$ i n  T a b le  2 ( a v e r a g e  o f  two e x p e r i m e n t s ) ,  w h i l e  

t h e  n a t u r a l l y  c r o s s l i n k e d  f r a c t i o n  was fo u n d  to  be 8 . 5 $  

( a v e r a g e  o f  t h r e e  e x p e r i m e n t s ) t 

4-1.5$ -  8 . 5 $  = 33$

3 3 $ / (1 0 0  -  8 .5 $ )  = 36$ 

o r ,  36$  o f  t h e  DNA w h ich  was n o t  p r e v i o u s l y  c r o s s l i n k e d  

became d e n a t u r a t i o n - r e s i s t a n t  f o l l o w i n g  HN2 t r e a t m e n t .  I n  

a d d i t i o n ,  36$  o f  t h e  n a t u r a l l y  c r o s s l i n k e d  f r a c t i o n  was 

a l s o  HN2- c r o s s l i n k e d i

8 . 5$  x 36$  = 3 . 1

36$  + 3 . 1$  = 3 9 . 1$  c r o s s l i n k e d  by  HNg.

I f  HN2 c r o s s l i n k s  a r e  rando m ly  d i s t r i b u t e d ,  th e n  

from  th e  P o i s s o n  d i s t r i b u t i o n t  

P£k) = e~m mk
W ~

w here  k = num ber o f  c r o s s l i n k i n g  " h i t s " ,

m = m u l t i p l i c i t y .
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S O I

P (0 )  = 0 .6 0 9  = e “m 

m = - I n  0 .6 0 9  = 0 .4 9 6

and  P (1 )  = 0 .3 0 2 ,  P ( 2 ) = 0 .0 7 5  P ( 3 )  = 0 .0 1 2 .

C o t r a n s f o r m a t i o n  In d e x  o f  HNg -N-DNA

The t r p - h i s  r e g i o n  i s  a b o u t  50$ o f  th e  a v e r a g e  

t o t a l  f r a g m e n t  s i z e  (p .  56) so  e a c h  HNg c r o s s l i n k  r e d u c e s  

r  by 50$ on th e  a v e r a g e .  T h e r e f o r e  a  se c o n d  c r o s s l i n k  would 

i n a c t i v a t e  h a l f  o f  th e  r e m a in in g  r  y i e l d i n g  a  t o t a l  d ro p  

o f  0 .75> w h i le  a  t h i r d  c r o s s l i n k  w ould  r e s u l t  i n  a  0 .8 8  

t o t a l  d e c r e a s e .  T e r m in a l ly  p o s i t i o n e d  n a t u r a l  c r o s s ­

l i n k s  a r e  n o t  e x p e c te d  to  lo w e r  r .  The p r e d i c t e d  d ro p  

i n  r  o f  HNg-N-DNA may be  c a l c u l a t e d :

HNg c r o s s l i n k  d i s t r i b u t i o n  among

f r a c t i o n  n o t  n a t u r a l l y  c r o s s l i n k e d  $  d e c r e a s e  i n  r

P ( 0 )  = 0 .6 0 8  x 9 1 .5 $  = 5 5 -6 $

P ( l )  = 0 .3 0 2  x 9 1 .5 $  = 2?.6fo

P ( 2 ) = 0 .0 7 5  x 9 1 .5 $  = 6 .9 $

P ( 3 ) = 0 .0 1 2  x 9 1 .5 $  = 1 . 1 $

2 7 . 6$  x 0 .5 0  = 1 3 . 8$ 

6 .9 $  X  0 .7 5  = 5 . 2$

1 . 1 $  x 0 .8 8  = 1 . 0 $

5 5 .6 $  x 0 .0 0  = 0

HNg c r o s s l i n k  d i s t r i b u t i o n  among

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

P ( 0 )  = 0 .6 0 8  x 8 . 5$  = 5 -1 7 $

P ( l )  = 0 .3 0 2  x 8 .5 $  = 2 .5 7 $

P ( 2 ) = 0 .0 7 5  x 8 .5 $  = 0 .6 4 $

P ( 3 )  = 0 .0 1 2  x 8 . 5$  = 0 .1 0 $

5 .1 7 $  x 0 .0 0  = 0

2 .5 7 $  x  0 .5 0  = 1 .2 9 $  

0 .6 4 $  x 0 .7 5  = 0 .4 8 $  

0 .1 0 $  x 0 .8 8  = 0 .0 9 $
2 1 . 9$  d ro p

o r  r  o f  HN2-N-DNA = 7 8 .1 $  o f  n a t i v e  DNA.



- 63 -

C o t r a n s f o r m a t io n  in d e x  o f  HNo-D-DNA

The n o n c r o s s l i n k e d  f r a c t i o n  does  n o t  s u r v i v e  d e n a t ­

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

l o s s  i n  r  o f  HNg-D-DNA e q u a l s  th e  d ro p  c a l c u l a t e d  f o r  

HNg-N-DNA d i v id e d  by  th e  f r a c t i o n  s u r v i v i n g  d e n a t u r a t i o n :  

2 1 . 9 / 4 1 . 5  = 5 2 . 8$  d ro p  

o r  r  o f  HN2 -D-DNA = 47.2?S o f  n a t i v e  DNA.

S p e c i f i c  T ra n s f o r m in g  A c t i v i t y  

I f  th e  u p ta k e  o f  d o n o r  m o le c u le s  i s  n o t  p o l a r  ( i . e . e i t h e r  

end  c an  p e n e t r a t e )  th e n  e a c h  c r o s s l i n k  ( n a t u r a l  o r  HNg), on 

t h e  a v e r a g e ,  y i e l d s  a  5 0 % l o s s  i n  s p e c i f i c  t r a n s f o r m i n g  

a c t i v i t y .

hn2 - n - dna

C r o s s l i n k  d i s t r i b u t i o n  among 

f r a c t i o n  n o t  n a t u r a l l y  c r o s s l i n k e d % d e c r e a s e  i n  a c t i v i t y  

5 5 .6 % x  0 .0 0  = 0p ( o )  = 5 5 . 67s

P ( l )  = 27.675 

P (2 )  = 6.97$

2 7 . 67S x  0 .5 0  = 1 3 . 87S

6.9?S x O.75  = 5.17S 

I . 07S x  0 .8 8  = 0 . 97SP (3 )  = I . 07S

C r o s s l i n k  d i s t r i b u t i o n  among 

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

P ( l )  = 5.177S 

P ( 2 ) = 2 . 577S 

P (3 )  = 0 . 647S 

P (4 )  = 0.107S

5.177S x 0 .5 0  = 2 . 587S 

2.577S x 0 .7 5  = 1.927S 

0.647S x 0 .8 8  = O .557S

2 4 . 947S 
d ro p
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o r  s p e c i f i c  a c t i v i t y  o f  HNg-N-DNA = 7 5 .1 $  o f  n a t i v e  DNA. 

HNp-D-DNA

The p r e d i c t e d  s p e c i f i c  a c t i v i t y  o f  HN2-D-DNA e q u a l s  th e  

a c t i v i t y  c a l c u l a t e d  f o r  HNg-N-DNA l e s s  t h e  n o n c r o s s l i n k e d  

f r a c t i o n  w h ich  i s  d e n a tu r e d  and  can  no l o n g e r  t r a n s f o r m .  

S in c e  4 1 .5 $  o f  t h e  HN2 t r e a t e d  DNA was d e n a t u r a t i o n -  

r e s i s t a n t ,  t h e  n o n c r o s s l i n k e d  f r a c t i o n  e q u a l s  5 8 .5 $

7 5 .1 $  -  5 8 .5 $  = 1 6 .6 $ .

HNC-D-DNA ( p u r i f i e d )

The p r e d i c t e d  d ro p  i n  s p e c i f i c  a c t i v i t y  o f  HNg-D-DNA 

p u r i f i e d  by  HA c h ro m a to g ra p h y  c a n  be d e te r m in e d  a s  fo l lo w s *  

( p r e d i c t e d  d ro p  f o r  HN2 - N - D N A ) / ( d e n a t u r a t i o n - r e s i s t a n t  

f r a c t i o n )

2 4 . 9 $ / 4 l .5 $  = 6 0 . 0$ 

o r  s p e c i f i c  a c t i v i t y  o f  HN2-D-DNA ( p u r i f i e d )  = 4 0 . 0 $ .
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s i n g l e - s t r a n d e d  DNA. J .  B a c t .  1 0 1 , 8 4 4 -8 5 0 (1 9 7 0 )

T i s e l i u s ,  A . ,  H j e r t e n ,  S . ,  L e v in ,  O .i  P r o t e i n  chrom a­
to g r a p h y  on c a lc iu m  p h o s p h a te  c o lu m n s .
A rc h .  B iochem . B io p h y s .  65 , 1 3 2 -1 5 5 (1 9 5 6 )

Tomasz, A . ;  Some a s p e c t s  o f  th e  c o m p e te n t  s t a t e  i n  g e n e t i c  
t r a n s f o r m a t i o n ,  p .  2 1 7 -2 3 2 .  I n i  A nnu a l Review  o f  
G e n e t i c s  V o l .  3» A n n u a l Review s I n c . i  P a lo  A l t o ,
C a l i f .  (1969)
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Tom asz, M ., M ercad o , C .M ., O lso n ,  J . ,  C h a t t e r j i e ,  N .t  The 
mode o f  i n t e r a c t i o n  o f  m ito m y c in  C w i t h  DNA a n d  o t h e r  
p o l y n u c l e o t i d e s  i n  v i t r o , B iochem , 1 ^ ,  ^ 8 7 8 - ^ 8 8 7 ( 197 ^ )
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L o c a l i z a t i o n  o f  u p t a k e  an d  o f  t r a n s p o r t  o f  t r a n s f o r m i n g  
DNA i n  c o m p e te n t  c e l l s .  J .  B a c t .  1 1 8 , 3 ^ 2 -3 5 0 (1 9 7 * 0
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p h o to d im e r  i n  UV i r r a d i a t e d  DNA upon t r e a t m e n t  w i th  
a  p h o t o r e a c t i v a t i n g  enzyme from  b a k e r ' s  y e a s t .
B iochem . B io p h y s .  R e s .  Comm. £ ,  2 3 7 -2 ^ 0 (1 9 6 2 )

Y o sh ikaw a , H . i  M u ta t io n s  r e s u l t i n g  from  t h e  t r a n s f o r m a t i o n  
o f  B a c i l l u s  s u b t i l i s .  G e n e t i c s  1 20 1 -1 2 1 * 0 1 9 6 6 )

Y oungs, D .A .,  S m ith ,  K . C . t  In v o lv e m e n t  o f  DNA p o ly m e ra s e  I I I  
i n  e x c i s i o n  r e p a i r  a f t e r  UV i r r a d i a t i o n .  N a tu r e  2*f4, 
2*K>-2*J-1(1973)

Y oungs, D. A. ,  S m i th ,  K . C . i  G e n e t i c  c o n t r o l  o f  m u l t i p l e  
p a th w ay s  o f  p o s t r e p l i c a t i o n  r e p a i r  i n  uvrB  s t r a i n s  
o f  E s c h e r i c h i a  c o l i . K-1 2 .  J .  B a c t .  1 2 5 , 1 0 2 -1 1 0 (1 9 7 6 )
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T a b le  1 .

The l o s s  o f  v i a b i l i t y  a n d  com p e ten cy  upon  f r e e z i n g  o f

B. s u b t i l i s c e l l s

Time
(Weeks)

No. o f  t r n +
t r a n s f o r m -
a n t s / m l a

V ia b le
c e l l s / m l

T ra n s  f o r m a n t s /  
v i a b l e  c e l l s  

(x lO -3 )

B e fo re  f r e e z i n g  1 .2 x 1 0 ^ 2 . 0 x l 0 8 6 .0

2k h .  p o s t  
f r e e z i n g  ° **.0xl05 l . ^ x l O 8 2 .9

1 3 . 0 x l 0 5 8 .5 x 1 0 ? 3 . 5

2 3 .0 x 1 0 ^ 9 . 2 x l 0 7 3 .3

3 3 . 1 x l 0 5 7 . 2 x l 0 7 ^ • 3

k 3 . 1 x l 0 5 l . l x l O 8 2 .8

5 3 . 5 x l 0 5 l .O x lO 8 3 .5

a  O b ta in e d  w i t h  n a t i v e  DNA a t  1 . 0  ;a g /m l.

^  F ro z e n  c e l l s  w ere  t r a n s f o r m e d  a t  2 x  c o n c e n t r a t i o n .
F o r  t h e  s a k e  o f  c o m p a r is o n  a l l  v a l u e s  h a v e  b e e n  n o r m a l i z e d  
to  t h a t  o b t a i n e d  f o r  f r e s h  c e l l s  by  h a l v i n g  them .



T a b le  2 .

The t r a n s f o r m in g  a c t i v i t y  o f  th e  d o u b le - s t r a n d e d  f r a c t i o n

r e s u l t i n g  from  h y d r o x y a p a t i t e  (HA) c h ro m a to g ra p h y  o f  v a r io u s
B. s u b t i l i s  DNA p r e p a r a t i o n s

i
VO
IS-
I

E x p .
n o .

1
2

1
2

1
2

1
2
3

DNA

N a tiv e

hn2 - d- dna

R e n a tu re d

D e n a tu re d

Amount r e ­
c o v e re d  i n  
p e a k  2 {%)

92
92

40
43

59
75

6.8
1 0 .5

8 . 2

C o n c e n t r a t io n  
o f  HA-DNA d u r in g  
t r a n s  fo rm a t i  on

(jug /m l) HA-DNA

No. o f  t r p  
t r a n s f o r m a n ts /m l

N a t iv e  r e f ­
e re n c e  DNA

A c t i v i t y  r e ­
l a t i v e  to  
n a t i v e  r e f e r s  
e n ce  DNA {%)

0 .9
1 .0

5 .0 x 1 0 $
7*5x10

6 .0 x 1 0 $  
7 .8 x 1 0 ^

93
96

0 .8
0 .9

1 .7 x 1 0 $
3 .3x l0 ->

6 .0 x 1 0 $
7 .8 x lO -?

35
47

00 
H

 
• 

•
O

H 1 .1 x 1 0 $
l . t a o 5

4 .  5x10$ 
5 . 5 x l0 5

31
23

HH 
H

 
• 

• 
•

o 
o 

o

3 -3 x 1 0 $  
1 .6x10;?  
1 .2 x 1 0

6 .6 x 1 0 $ °
4 .5 x 1 0 $ °
4.0x10-^

50
35
30

A v erag e  
a c t i v i t y  r e ­
l a t i v e  to  c h ro ­
m a to g ra p h e d  
native^D N A  {%)

100

43

29

40

a

T ra n s fo rm a t io n s  w ere  c a r r i e d  o u t  w i th  f r o z e n  c e l l s  u s in g  th e  same n a t i v e  r e f e r e n c e  DNA 
a t  1 .0  jug/m l

N o rm a liz e d  t o  1 .0  jug DNA/ml

T ra n s fo rm a t io n s  w ere  c a r r i e d  o u t  w i th  f r e s h l y  p r e p a r e d  c e l l s  u s in g  a  n a t i v e  r e f e r e n c e  DNA 
a t  0 .1  jug/m l



Table 3.
A c o m p a riso n  o f  c o t r a n s f o r m a t io n  in d e x  ( r )  an d  s p e c i f i c  t r a n s f o r m in g  a c t i v i t y  from  

v a r i o u s  h y d r o x y a p a t i t e  p u r i f i e d  DNA sa m p le s  a s  a  f u n c t i o n  o f  DNA c o n c e n t r a t i o n

N a tiv e DNA R e n a tu re d  DNA HN„-D-DNA

Sxp.
10.

DNA 
( u g /m l) T ra n s fo rm a n ts /m l

S p e c i f i c  a c t i v i t y  r e l a -  S p e c i f i c  a c t i v i t y  r e l a  
r  t i v e  to  n a t i v e  DNA (%) r  t i v e  to  n a t i v e  DNA (%) r

i a 0 . 8 5 . OxlO5 0 .3 7 22 0 .3 1 41 0 .1 9
0 .4 2 . 0x 10

ĵ .
0 .3 4 33 0 .3 7 44 0 . 2 3

0 . 2 8 . 5x10
t .

0 .3 6 34 0 .3 2 48 0 . 2 2
0 . 1 6 . 0x 10 0 .3 9 22  0 .3 3 35 0 .1 7

2b 0 . 8 4 . 9x 10 -* 
»

0 .3 3 22 0 .2 8 38 0 . 2 0
0 . 1 3 .4 x 1 0 0 .3 8 28 0 . 2 5 47 0 . 2 0

3b 0 .9 5 . 4 x l0 5 0 .3 3 17 0 .2 8 40 0 . 2 0
0 .4 2 . 2x l 05i. 0 .3 8 23  0 .3 0 33 0 .2 2
0 . 1 5 .o x io ^ 0 .3 2 26 0 . 3 5 32 0 . 2?

Mean . 0 . 3 6 (1 0 0 )°
- 0 .0 2 6

. 0 . 3 1 ( 8 6 )
- 0 .0 3 8

. 0 . 2 1 ( 5 8 )
- 0 .0 2 7

a  r  o b ta in e d  by  r e p l i c a  p l a t i n g  to  se c o n d  s e l e c t i v e  medium 

^  r  o b ta in e d  by  d i r e c t  p l a t i n g  f o r  h i s + an d  d o u b le  t r a n s f o r m a n ts  

0 Num bers i n  p a r e n t h e s i s  a r e  p e r c e n t s
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T a b le  4 .

The c o t r a n s f o r m a t io n  in d e x  ( r )  o f  v a r i o u s  f r a c t i o n s  o f  

r e n a t u r e d  a n d  H N g -c ro s s lin k e d  DNA o b ta in e d  by  h y d ro x y -

a p a t i t e  (HA) c h ro m a to g ra p h y

R e n a tu re d  DNA f r a c t i o n  n o . a  HN„ -D-DNA f r a c t i o n  n o . a  
DNA *

(u g /m l)  18________ 12________ 20 19_______ 20________ 21

0 .5  0 .2 8 ( 2 3 ) b 0 .3 1 (2 8 )  0 .2 7 (2 7 )  0 .1 9 (3 5 )  0 ,2 0 (MO 0 . 1 9 ( W

0 .1  0 .2 6 ( 2 2 )  0 .2 8 (2 * 0  0 .2 8 (3 0 )  0 . 2 0 ( 3 2 ) 0 .1 7 ( 3 8 )  0 .2 1 ( 3 8 )

Mean 0 .2 8  0 .1 9

O b ta in e d  by d i r e c t  p l a t i n g  f o r  h i s  a n d  d o u b le  t r a n s f o r m a n t s .

Num bers i n  p a r e n t h e s i s  r e f e r  to  s p e c i f i c  a c t i v i t y  r e l a t i v e  to  

c h ro m a to g ra p h e d  n a t i v e  DNA.
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T ab le  5•

A c o m p a riso n  o f  th e  two m ethods used [ to  a s s a y

th e  c o t r a n s f o r m a t io n  in d e x ( r )

E xp. 
n o .

No. o f  h i s + 
t r a n s fo r m a j j t s /m l

D i r e c t  p l a t i n e a R e p l ic a  p l a t i n e

1 1 .8 0 .1 9 0 .2 0

2 2 .0 0 .1 7 0 . 1 6

3 1 .9 0 .2 0 0 .1 7

k 2 .1 0 .1 6 0 .1 9

5 0 .1 9 0 .1 9

6 1 .8 0 .1 ? 0 .1 6

Mean 0 .1 8 0 .1 8

± 0 .0 1 7 -  0 .0 1 7

a  S ix  s e p a r a t e  t r a n s f o r m a t io n  tu b e s  w ere  p r e p a r e d  from

f r a c t i o n  n o .  20 shown in  T a b le  4 an d  th e  DNA was u se d  a t
!

0 .1  ,p g /m l. F o llo w in g  in c u b a t io n  w i th  c o m p e te n t c e l l s ,

e ac h  sam p le  was p l a t e d  on h i s  an d  t r p  h i s  s e l e c t i v e

p l a t e s . . . . . ,
r  = t r p  h i s  / ( h i s  x2 -  t r p  h i s  )

O b ta in e d  by  r e p l i c a  p l a t i n g  100 -2 0 0  c o lo n ie s  from  h i s

p l a t e s  to  t r p  s e l e c t i v e  p l a t e s  t o  d e te rm in e  d o u b le

t r a n s f o r m a n t s .
r  = t r p +h i s +/ ( h i s +x2 + t r p +h i s + )
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T a b le  6 .

A c o m p a riso n  th e  DN̂  d o se  r e s p o n s e  o f  f r e s h  

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

DNA co n ­
c e n t r a t i o n  
(u g /m l)

5 .0

2 .5

1 .0  

0 .5  

0 . 2  

0 .1  

0 . 0 5  

0.01

0 .0 0 5

F re s h  c e l l s
(n o . o f  t r p '*' 

t r a n s f o r m a n t s /m l )

2 .8 x l 0 6

2 .2 x l 0 6

1 .6 x l 0 6

l . ? x l 0 6

9 .3 x l 0 5

5 .2 x 1 0 ^

2 .5 x l 0 5

5 .o x io ^

2.0x10**

F ro z e n  c e l l s
(n o . o f  t r  

t r a n s f o r m a n ts

1 .4 x 1 0

8 .4 x 1 0 ^

3 .9 x l 0 5

2 .0 x l 0 5

9.8x10**

5.0x10**
42 .7 x 1 0

Y ie ld  w i th  
f r o z e n  c e l l s  
r e l a t i v e  to  

f r e s h  c e l l s  (%)

5 0 .0

38 .2

2 4 .3

11.8
1 0 .5

9 .6

1 0 .8

a  No. o f  v i a b l e  c e l l s  was 2 .1 x l0 ® /m l

u 8
No. o f  v i a b l e  c e l l s  was 1 .9 x 1 0  /m l  a f t e r  b e in g  f r o z e n  and  

d o u b le  c o n c e n t r a te d



Table 7.

C hanges i n  c o t r a n s f o r m a t io n  in d e x  ( r )  a s  a  f u n c t i o n  o f  HN2

e x p o s u re  tim e

Time 
!m in .)

HN0-

11s

e x p . n o .a
Mean

HN,-■D-DNA e x p . n o . a
Mean

4L"
1 2 3

"'C
1 2 3

0 0 .3 6 0 .2 9 0 .3 3 0 .3 3 - 0 .0 3 5 0 .3 8 0 .3 0 0 .3 5 0 .3 4 ^ 0 .0 4 0
20 0 .3 3 0 .2 7 0 .3 1 0 . 30^ 0 .0 3 0 0 .2 8 0 . 3 0 0 .2 7 0 .2 8 ^ 0 .0 1 6
40 0 .3 1 0 .2 4 0 .2 4 0 .2 6 - 0 .0 4 1 0 .2 2 0 .2  6 0 . 2  5 0 .2 4 ^ 0 .0 2 1
60 0 .2 8 0 . 3 0 0 .2 6 0 .2 8 - 0 .0 3 2 0 .1 6 0 .2 4 0 .1 9 0 .2 0 - 0 .0 4 0
80 0 .2 5 0 . 2 5 0 .2 6 0 .2 5 - 0 .0 0 7 0 .2 1 0 . 2 3 0 .2 1 0 .2 1 ^ 0 .0 1 4

100 0 .2 8 0 .2 9 0 .2 6 0 .2 8 ^ 0 .0 1 6 0 .2 0 0 .1 9 0 .1 7 0 .1 9 - 0 .0 1 6

a  Once a l l  th e  sa m p le s  w ere  c o l l e c t e d  th e y  w ere  im m e d ia te ly  t r a n s fo rm e d  a t  1 .5  jug 

DNA/ml an d  r  was o b ta in e d  by  d i r e c t  p l a t i n g  f o r  t r p *  an d  d o u b le  t r a n s f o r m a n ts .
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T a b le  8 .

A ssay s  o f  fo rw a rd  m u ta t io n s  acco m p an y in g  t r a n s f o r m a t io n  

w i th  H N g -c ro s s l in k e d  a n d  r e n a t u r e d  

B. s u b t i l i s  DNA

R e n a tu re d  DNA

Sam ple
A
B
C

D

No. o f  No. o f  c o lo n i e s  
A ssa y  m u ta n ts  exam ined

1 0 2 ,0 x l0 3
1 2 1 .6 x 1 0 ^
1 0 1 .3 x l0 3
2 1 5 .6 x 1 0 ^
1 1 1 .6 x 1 0 ^
2 0 3.2x10^
3 0 1 .4 x 1 0 ^

No. o f  
m u ta n ts

0
1
0
1
2
0
1

HN^ -D-DNA
No. o f  c o lo n ie s  

exam ined
7 .4 x l 0 3
2 .4 x 1 0 ^
3 .8 x l0 3
5 .5 x 1 0 ^
7 .1 x l 0 3

41 .9 x 1 0  
1 .5 x l 0 3

T o ta l 1 .4x10 - 1 .2 x 1 0 -

M u ta tio n  f r e q u e n c y  2 .8 x lO “ 3 4.17X10"-5

HN p-D-DNA /Renatured DNA = 1 .5 1 .5 x 1 .4 7  = 2 .2 a

a  C o r r e c te d  f o r  th e  a b i l i t y  o f  r e n a t u r e d  DNA to  c o t r a n s f o r m  

b e t t e r  th a n  HNg-D-DNA by  m u l t i p ly i n g  o b s e rv e d  v a lu e  o f  1 .5  

by  0 . 31/ 0 . 2 1  ( s e e  a v e ra g e  r  v a lu e s  i n  T a b le  3)



Table 9.

A com parison  o f  o b serv ed  and p r e d ic te d  c o tr a n s fo r m a tio n  in d ic e s  ( r )  and 

tra n sfo r m in g  a c t i v i t i e s  o f  H N g -cr o ss lin k e d  DNA

hn2 -d -d n a

hn2 -n -d n a

A c t i v i t y
hn2 -d -d n a
( p u r i f ie d )

HN2 -D-DNA
hn2 -n -d n a

Y ie ld  r e l a t i v e
P r e d i c t e d  

( s e e  A p p en d ix )

to  n a t i v e  DNA (%) 

O b serv ed 3, Rem arks

^7 5 6 -5 T a b le  7 (3 s a m p le s )
5 8 -8 T a b le  3 (9  a s s a y s )

78 8 2 -5 T a b le  7 (3  s a m p le s )

40 T a b le  2
*4-0^7 T a b le  3 (9  a s s a y s )

17 2 ^ -6 F ig u r e s 2 a n d  9 (** s a m p le s )
75 5 ^ -9 F ig u re s 2 an d  9 (^  s a m p le s )

a  Mean v a lu e s
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F ig u re  1 . The e f f e c t  o f  i n c r e a s i n g  HNg c o n ­

c e n t r a t i o n  on th e  t r a n s f o r m in g  a c t i v i t y  o f  

B . s u b t i l i s  DNA. V a r io u s  am oun ts o f  HNg 

i n  0.025M  tr ie th a n o la m in e - H C l  b u f f e r ,  pH 7 . 3  

w ere  m ix ed  w i th  DNA a t  a  f i n a l  c o n c e n t r a t i o n  

o f  25 jug DNA/ml. The r e a c t i o n  was c a r r i e d  

o u t  f o r  two h o u rs  a t  25°C . The t r a n s f o r m in g  

a c t i v i t y  o f  a  sam p le  in c u b a te d  i n  b u f f e r  a lo n e  

a n d  e x p o se d  to  NaOH p r e v io u s ly  n e u t r a l i z e d  by 

HC1 r e p r e s e n t s  100$  r e l a t i v e  t r a n s f o r m in g  

a c t i v i t y .  S am ples w ere  t r a n s fo r m e d  a t  1 .5  

jug DNA/ml an d  a s s a y e d  f o r  trt>* t r a n s f o r m a n ts  

p e r  ml o f  t r a n s f o r m a t io n  m ix w ith  1 0 0$  e q u a l  

t o  7*2x10^ t r a n s f o r m a n ts /m l .  X, s a m p le s  d e ­

n a tu r e d  f o r  3 m in u te s  f o l lo w in g  HN2 t r e a tm e n t ;  

* , u n d e n a tu r e d  s a m p le s .
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F ig u r e  2 . The e f f e c t  o f  HNg on th e  t r a n s f o r m in g  

a c t i v i t y  o f  B. s u b t i l i s  DNA a s  a  f u n c t i o n  o f  th e  

r e a c t i o n  t im e .  The HNg c o n c e n t r a t i o n  i n  th e  

r e a c t i o n  m ix tu re  w as 10 jiM a n d  th e  r e a c t i o n  

was c a r r i e d  o u t  f o r  100 m in u te s .  The t r a n s ­

fo rm in g  a c t i v i t y  o f  a  sam p le  rem oved im m e d ia te ly  

an d  e x p o se d  to  NaOH p r e v i o u s ly  n e u t r a l i z e d  w ith  

HC1 r e p r e s e n t s  1 0 0 $  r e l a t i v e  a c t i v i t y .  T ra n s ­

f o r m a t io n s  w ere  c a r r i e d  o u t  a t  1 .5  MS DNA/ml 

w ith  100$  e q u a l  to  9 •5 x 1 0 ^  t r a n s f o r m a n ts  p e r  m l. 

X, sa m p le s  d e n a tu r e d  f o r  3 m in u te s  f o l lo w in g  

HN2 t r e a tm e n t ;  • , u n d e n a tu re d  s a m p le s .
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F ig u r e  3 . The e f f e c t  o f  HNg on th e  t r a n s f o r m in g  

a c t i v i t y  o f  B. s u b t i l i s  DNA a s  a  f u n c t i o n  o f  th e  

r e a c t i o n  t im e .  The HNg c o n c e n t r a t i o n  in  th e  

r e a c t i o n  m ix tu re  was 10 juM an d  th e  r e a c t i o n  was 

c a r r i e d  o u t  f o r  180 m in u te s .  T ra n s fo rm a t io n s  

w ere  c a r r i e d  o u t  a t  1 .5  Hg DNA/ml w i th  100$
tC U.

a c t i v i t y  e q u a l  to  8 .3 x 1 0 - ' t r p  t r a n s f o r m a n ts  

p e r  m l. X, sa m p le s  d e n a tu r e d  f o r  3 m in u te s  

f o l lo w in g  HNg t r e a tm e n t?  u n d e n a tu re d  s a m p le s .
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F ig u r e  4 . H y d r o x y a p a t i te  c h ro m a to g ra p h y  o f  

n a t i v e  B. s u b t i l i s  DNA. N a t iv e  DNA (395 H g ) , 

d i a ly z e d  a g a i n s t  th e  s t a r t i n g  b u f f e r ,  was 

a p p l i e d ,  a s  i n d i c a t e d  by th e  a r ro w , to  a 

colum n 1 . 6  cm in  d ia m e te r ,  p ack ed  to  a  h e ig h t  

o f  8 cm a n d  e l u t e d  by m eans o f  a  l i n e a r  g r a d i e n t  

o f  0 .0 5 -1 .0 M  KP ( t o t a l  v o lu m e , 3OO m l) .  The 

v a lu e s  ab o v e  th e  p e a k s  i n d i c a t e  e l u t i o n  m o l a r i t y .

The r e c o v e r y  a s  a  %> o f  o u tp u t  DNA w asi p e ak  1 , 5»

p e a k  2 ,  9 2 . T o ta l  r e c o v e r y  was 92% o f  i n p u t

DNA. l . • ^ 2 6 0 1 x x , t r p *  t r a n s f o r m a n ts /m l .
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F ig u r e  5 . H y d ro x y a p a t i te  c h ro m a to g ra p h y  o f  

a l k a l i - d e n a t u r e d  B. s u b t i l i s  DNA. A s o l u t i o n  o f  

DNA (25 M g/m l) was a l k a l i  d e n a tu r e d .  F o llo w in g  

n e u t r a l i z a t i o n  an d  d i a l y s i s ,  t h i s  DNA (490  jug) 

was a p p l i e d  to  th e  co lum n . The r e c o v e r y  a s  a  ^  

o f  o u tp u t  DNA was» p e ak  1 , 77 J p eak  2 ,  1 1 .

T o ta l  r e c o v e r y  was 90$  o f  i n p u t  DNA. F o r  

a d d i t i o n a l  in f o r m a t io n  s e e  F ig u re  4 .
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F ig u r e  6 . H y d ro x y a p a t i te  c h ro m a to g ra p h y  o f  

B. s u b t i l i s  DNA t r e a t e d  w i th  HNg and  a l k a l i  

d e n a tu r e d .  A s o l u t i o n  o f  DNA (25 jug /m l) was 

e x p o se d  to  10 juM HNg f o r  100 m in u te s  a n d  a l k a l i  

d e n a tu r e d .  F o l lo w in g  n e u t r a l i z a t i o n  a n d  

d i a l y s i s ,  t h i s  DNA (405  jug) was a p p l i e d  to  th e  

co lu m n . The r e c o v e r y  a s  a % o f  o u tp u t  DNA w asi 

p e a k  1 ,  45* p e ak  2 ,  4 3 . T o ta l  r e c o v e r y  was 92% 

o f  i n p u t  DNA. F o r  a d d i t i o n a l  in f o r m a t io n  s e e  

F ig u re  4 .
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F ig u re  7 . H y d ro x y a p a t i te  c h ro m a to g ra p h y  o f  

r e n a t u r e d  B. s u b t i l i s  DNA. T herm al r e n a t u r a t i o n  

o f  a l k a l i  d e n a tu r e d  DNA (1 8 .8  jug /m l) was c a r r i e d  

o u t  in  2xSSC a t  68°C f o r  4  h o u r s .  F o llo w in g  

d i a l y s i s ,  t h i s  DNA (375 Mg) was a p p l i e d  to  a  10 cm 

co lum n . The r e c o v e r y  a s  a  % o f  o u tp u t  w asi p eak  1 , 

20> p eak  2 , 7 5 • T o ta l  r e c o v e r y  was 6 7 % o f  i n p u t  DNA. 

F o r a d d i t i o n a l  in f o r m a t io n  s e e  F ig u re  4 .
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F ig u r e  8 . A DNA do se  r e s p o n s e  c u rv e  o f  f r e s h  an d  

f r o z e n  B. s u b t i l i s  r e c i p i e n t s .  The v i a b l e  c o u n t
O

was a s  f o l lo w s i  f r e s h  c e l l s ,  2 .1 x 1 0  /m l ;  f r o z e n  

c e l l s ,  9 .5 x 1 0 '/ 'm l . The f r o z e n  c e l l s  w ere  t r a n s ­

fo rm ed  a t  a  2 - f o l d  c o n c e n t r a t i o n  and  t r p * t r a n s ­

fo rm a n ts  w ere  c o u n te d .  The n u m e r ic a l  v a lu e s  a r e  

p r e s e n te d  in  T a b le  6 .  X, f r e s h  r e c i p i e n t s ?

. ,  f r o z e n  r e c i p i e n t s .
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FIG 8
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F ig u r e  9 » The e f f e c t  o f  HNg on th e  t r a n s f o r m in g  

a c t i v i t y  o f  B . s u b t i l i s  DNA a s  a  f u n c t i o n  o f  th e  

r e a c t i o n  tim e#  HNg (10  yM) was r e a c t e d  w i th  DNA 

(25  y g /m l)  an d  t r a n s f o r m a t io n s  w ere  c a r r i e d  o u t  

a t  1 .5  ng DNA/ml. The t r a n s f o r m in g  a c t i v i t y  a t  

100% was 1 .0 x 1 0 ^  t r p + t r a n s f o r m a n t s /m l . The 

v a lu e s  a r e  th e  a v e r a g e s  o f  t h r e e  e x p e r im e n ts .

X, sa m p le s  d e n a tu r e d  f o r  3 m in u te s  f o l lo w in g  

HNg t r e a tm e n t}  u n d e n a tu re d  s a m p le s .  F o r  

a d d i t i o n a l  in f o r m a t io n  s e e  F ig u re  2 .
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F ig u re  1 0 . The e f f e c t  o f  HNg on th e  c o t r a n s f o r m a t io n  

in d e x  ( r )  o f  B. s u b t i l i s  DNA a s  a  f u n c t i o n  o f  th e  

r e a c t i o n  t im e .  DNA sam p le s  o b ta in e d  from  th e  e x ­

p e r im e n t  d e s c r ib e d  i n  F ig u re  9 w ere  a s s a y e d  f o r  

t h e i r  a b i l i t y  to  c o tr a n s fo rm  trp C 2  an d  h is B 2 . The 

v a lu e s  a r e  th e  a v e r a g e s  o f  t h r e e  e x p e r im e n ts .  X, 

sa m p le s  d e n a tu r e d  f o r  3 m in u te s  f o l lo w in g  HNg 

tr e a tm e n t?  u n d e n a tu re d  s a m p le s .  F o r  a d d ­

i t i o n a l  in f o r m a t io n  s e e  F ig u r e  9 an d  T a b le  7 .
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FIG 10
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F ig u r e  1 1 . P o s s i b l e  e n z y m a tic  e v e n ts  l e a d in g  to  

a  d e c r e a s e  i n  th e  c o t r a n s f o r m a t io n  in d e x  ( r )  o f  

c r o s s l i n k e d  DNA; t a g ,  f r ig , t r a n s f o r m in g  s t r a n d  

f o r  m arked l o c i ;  pN, 5 ' n u c le o s id e  m o n o p h o sp h a te ;

 — ,3 '--------> 5 ' e x o n u c le o ly t i c  d e g r a d a t io n ;  f  ,

s i t e  o f  c le a v a g e  by  p o s t u l a t e d  e n d o n u c le a s e .
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FIG 11
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