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ABSTRACT

THE MOLECULAR BASIS OF INTRACELLULAR INACTIVATION 

IN BACILLUS SUBTILIS: AN ENDONUCLEASE

INHIBITED DURING INFECTION BY BACTERIOPHAGE SP82G

by

JOHN J .  KING

S u c c e s s f u l  t r a n s f e c t i o n  o f  B a c i l l u s  s u b t i l i s  w i th  SP82G DNA 

r e q u i r e s  2 -4  phage genomes p e r  co m p eten t c e l l ,  w h i le  s u c c e s s f u l  i n f e c 

t i o n  r e q u i r e s  o n ly  one b a c te r io p h a g e  p e r  c e l l .  The t r a n s f e c t i n g  DNA 

h a s  b een  shown to  be  d e g ra d e d  w i th in  th e  c e l l  by a  p ro c e s s  ( i n t r a c e l 

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

w ith  b a c te r io p h a g e  SP82G. T h is  i n h i b i t i o n  i s  c h lo ra m p h e n ic o l s e n s i t i v e  

and th u s  p resum ed t o  in v o lv e  a  p h a g e - in d u c e d  p r o t e i n .  I f  phage i n f e c 

t i o n  i s  a llo w e d  to  p ro c e e d  i n  th e  p re s e n c e  o f  c h lo ra m p h e n ic o l ,  th e  phage 

genome i s  d e g ra d e d  i n  a m anner s i m i l a r  to  th e  d e g ra d a t io n  o f  t r a n s f e c t i n g  

DNA.

A n a ly s is  o f  th e  m o le c u la r  w e ig h t changes o f  SP82G DNA a t  v a r i 

ous tim es  a f t e r  i n f e c t i o n  i n  th e  p re s e n c e  o f  c h lo ra m p h e n ic o l shows t h a t  

th e  num ber o f  d o u b le  s t r a n d  b re a k s  p e r  DNA m o le c u le  i n c r e a s e  as a  fu n c 

t i o n  o f  tim e  a f t e r  i n f e c t i o n .  T h is  s u g g e s ts  t h a t  i n t r a c e l l u l a r  i n a c t i 

v a t io n  was th e  r e s u l t  o f  an  e n d o n u c le a se  c a p a b le  o f  c a u s in g  d o u b le  s t r a n d  

b re a k s  i n  phage  DNA.

The t o t a l  n u c le a s e  a c t i v i t y  o f  u n in f e c te d  c e l l  e x t r a c t s  o f  li. 

s u b t i l i s  was c h a r a c te r i z e d  and shown to  d e c re a s e  fo l lo w in g  i n f e c t i o n  

w ith  b a c te r io p h a g e  SP82G. T h is  i n h i b i t i o n  was m axim al a t  6  m in u te s  

a f t e r  i n f e c t i o n  a t  37° and 9 m in u te s  a f t e r  i n f e c t i o n  a t  3 3 ° . The b u lk



(90%) o f  th e  i n h i b i t i o n  was c h lo ra m p h e n ic o l s e n s i t i v e  b u t  a  s m a ll  p a r t  

(10%) was shown t o  b e  c h lo ra m p h e n ic o l i n s e n s i t i v e .  I n f e c te d  c e l l  ex 

t r a c t s  w ere  shown to  hav e  d e c re a s e d  n u c le a s e  a c t i v i t y  on a  v a r i e t y  o f  

s u b s t r a t e s .

An e n d o n u c le a se  was p a r t i a l l y  p u r i f i e d  from  u n in f e c te d  c e l l  

e x t r a c t s  o f  ]}. s u b t i l i s  on th e  b a s i s  o f  i t s  i n h i b i t i o n  i n  e x t r a c t s  i n 

f e c t e d  w ith  SP82G f o r  6  m in u te s  a t  3 7 ° . The e n d o n u c le a se  h a s  a 

m o le c u la r  w e ig h t i n  th e  ra n g e  o f  1 0 - 1 2 , 0 0 0 , an a b s o lu te  r e q u ire m e n t  f o r  

d i v a l e n t  c a t i o n ,  and i s  s t im u la te d  by  Mg2+ and Ca2+ b u t  n o t  Mn2+ . The 

e n d o n u c le a se  a t t a c k s  n a t i v e  SP82G and B a c i l l u s  s u b t i l i s  DNA. DNAs 

a t t a c k e d  by th e  e n d o n u c le a se  show an  e q u a l  num ber o f  d o u b le  s t r a n d  and 

s i n g l e  s t r a n d  b r e a k s .  D e n a tu re d  SP82G and B a c i l l u s  s u b t i l i s  DNA, s i n 

g le  s t r a n d e d  p o l io  v i r u s  RNA and 0X 174 RFI DNA a re  a l l  s u b s t r a t e s  f o r  

t h i s  e n d o n u c le a s e .
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INTRODUCTION

The r o l e  o f  i n t r a c e l l u l a r  n u c le a s e s  as p r o t e c t i o n  a g a in s t  i n 

v a s io n  by f o r e ig n  n u c le i c  a c id  w ould  seem  p r im a ry  to  th e  s u r v i v a l  o f  a  

b a c t e r i a l  o rg an ism .

L u r ia  (1953) was th e  f i r s t  to  d e s c r ib e  'h o s t  c o n t r o l l e d  m odi

f i c a t i o n '  in  IS. c o l i .  I t  was o b s e rv e d  t h a t  phage grown in  one s t r a i n  

o f  IS. c o l i  grew v e ry  s lo w ly  o r  n o t  a t  a l l  on a c lo s e ly  r e l a t e d  s t r a i n .  

The few phag e  t h a t  d id  grow on a  r e s t r i c t i v e  h o s t  w ere  somehow m odi

f i e d  and w ere  s u b s e q u e n t ly  a b le  t o  grow on e i t h e r  t h e i r  o r i g i n a l  h o s t  

o r  th e  p r e v io u s ly  r e s t r i c t i v e  h o s t .

A rb e r  and D u sso ix  (1962) d e f in e d  th e  p r o c e s s ,  now c a l l e d  r e s 

t r i c t i o n  and m o d i f ic a t i o n ,  in  m o le c u la r  te rm s . The h o s t  was shown to  

hav e  th e  a b i l i t y  to  b o th  d e g ra d e  and m od ify  u n m o d ifie d  DNA. The m o d if i 

c a t io n  p ro c e s s  made th e  DNA immune from  d e g ra d a t io n  i n  s u b s e q u e n t  i n f e c 

t io n s  .

M eselson  and Yuan (1968) i s o l a t e d  th e  r e s t r i c t i o n  e n d o n u c le a se  

from  Eh c o l i  K. I t  r e q u i r e d  Mg+ 2 , ATP and S -a d e n o s y lm e th io n in e  and 

p ro d u ce d  d o u b le  s t r a n d e d  b re a k s  i n  u n m o d if ie d  DNA. R e s t r i c t i o n  endo

n u c le a s e s  hav e  s u b s e q u e n t ly  b een  p u r i f i e d  from  Eh c o l i  ]} (L in n  and 

A rb e r , 1 9 6 8 ) , H aem ophilus in f lu e n z a e  (S m ith  and W ilco x , 1 9 7 0 ) , and 

H aem ophilus a e g y p t ia e  (M id d le to n  e t  a l . , 1 9 7 2 ). B oyer (1971) c l a s s 

i f i e s  th e  r e s t r i c t i o n  e n d o n u c le a se s  in  two c l a s s e s .  Type I  (Eh c o l i  

IJ and K) a r e  com plex enzymes w i th  s t r i n g e n t  r e q u ire m e n ts  f o r  ATP, Mg2+ 

and S -a d e n o s y lm e th io n in e . They hav e  m o le c u la r  w e ig h ts  o f  a p p ro x im a te ly

2 50 ,0 0 0  and a r e  p a r t  o f  a m u l t i s u b s t r a t e  com plex c o n s i s t i n g  o f  endo 

1



2

n u c le a s e ,  m o d if ic a t io n  m e th y la se  and a  r e c o g n i t i o n  p r o t e i n .  Type I I  

(H. in f lu e n z a e  and IS. c o l i  f i - R) hav e  a m o le c u la r  w e ig h t i n  th e  ran g e  

o f  72 ,000  and r e q u i r e  o n ly  Mg"*"2 . These a r e  q u i t e  c l e a r l y  u n i - s u b s t r a t e  

enzym es. Both c la s s e s  p ro d u c e  d o u b le  s t r a n d e d  b re a k s  i n  u n m o d if ie d  DNA.

The m o d if ic a t io n  m e th y la se  from  IS. c o l i  IS was i s o l a t e d  and 

found  t o  add a m e th y l g ro u p , d o n a te d  by S -a d e n o s y lm e th io n in e , to  th e  6  

p o s i t i o n  o f  a d e n in e  a t  a  v e ry  few , s p e c i f i c  s i t e s  on th e  genome 

(K u e h n le in  ^ t  a l . , 1 9 6 9 ). M o d if ic a t io n  m e th y la s e s  hav e  a l s o  b een  p u r i 

f i e d  from  12. c o l i  K and IS. c o l i  ly s o g e n iz e d  w ith  b a c te r io p h a g e  P I 

(Haberman ^t_ a l . , 1972) .

K e lly  and Sm ith  (1 9 7 0 ) , u s in g  th e  H. in f lu e n z a e  e n d o n u c le a se  

and T7 DNA o b ta in e d  th e  fo llo w in g  n u c le o t id e  seq u en c e  f o r  th e  s u b s t r a t e  

s i t e  o f  r e s t r i c t i o n  and m o d if ic a t io n :

5 ' . . . .  p G p T p P y p P u p A p C p  . . . . 3 '

3 ' . . . .  p C p A p P u p P y p  T p  G p  . . . . 5 '

H edgpeth  e t  a l .  (1 9 7 2 ) , u s in g  th e  IS. c o l i  f i - R e n d o n u c le a se  and X DNA, 

p r e s e n te d  th e  f o l lo w in g  as th e  s u b s t r a t e  s i t e  i n  t h a t  sy s te m :

5 ' . . . .  p G p A p A p  T p  T p  C p  . . . . 3 '

3 ' . . . .  p C p  T p  T p  A p A p  G p  . . . . 5 '

B oth  o f  th e  se q u en c e s  show th e  " tw o -fo ld  r o t a t i o n a l  sym m etry" w hich  i s  

assum ed to  be common to  a l l  r e s t r i c t i o n  m o d if ic a t io n  s u b s t r a t e  s i t e s .

The e f f e c t i v e n e s s  o f  th e  r e s t r i c t i o n  p ro c e s s  can b e  red u ced  

e i t h e r  by u l t r a v i o l e t  i r r a d i a t i o n  ( B e r ta n i  and W e ig le , 1953) o r  h e a t in g

th e  h o s t  c e l l s  i n  low s a l t s  medium ( S c h e l l  and G lo v e r , 1966) p r i o r  to

i n f e c t i o n .  S c h e l l  (1969) showed t h a t  p r e - i n f e c t i o n  o f  IS. c o l i  JB w ith  

b a c te r io p h a g e  T3 p r o t e c t s  u n m o d ifie d  X phage  i n  a  r e s t r i c t i v e  h o s t .

T h is  i n a c t i v a t i o n  o f  r e s t r i c t i o n  was due t o  a  phage in d u c e d  enzyme w hich



d e g ra d e s  S -a d e n o s y lm e th io n in e  (SAM) and th u s  i n h i b i t e d  th e  r e s t r i c t i o n  

e n d o n u c le a se  w h ich  r e q u i r e s  SAM f o r  a c t i v i t y .

B oyer (1971) l i s t s  f i f t e e n  g ra m -n e g a tiv e  b a c t e r i a l  s t r a i n s ,  b u t  

o n ly  one g r a m - p o s i t iv e  s t r a i n  ( S ta p h y lo c o c c u s  a u re u s ) t h a t  hav e  a  p ro v en  

r e s t r i c t i o n - m o d i f i c a t i o n  s y s te m . A r e s t r i c t i o n - m o d i f i c a t i o n  m echanism  

h a s  been  s u g g e s te d  i n  B a c i l l u s  s te a r o th e r m o p h i lu s  on th e  b a s i s  o f  e f f i 

c i e n c ie s  o f  p l a t i n g  o f  v a r io u s  TP b a c te r io p h a g e ,  a lth o u g h  as y e t  no 

b io c h e m ic a l  e v id e n c e  h a s  b e e n  found  (L ees and W e lk e r, 1 9 7 3 ).

C e l ls  o f  B a c i l l u s  s u b t i l i s  168 ly s o g e n ic  f o r  b a c te r io p h a g e  SP02 

h av e  b een  shown to  r e s t r i c t  g row th  o f  b a c te r io p h a g e  0e ( R e tte n m ie r ,

1973) and 01 and 0105 (Y asb in  and Young, 1 9 7 4 ). T h is  h as  b een  term ed  

' i n t e r f e r e n c e '  r a t h e r  th a n  r e s t r i c t i o n  s in c e  t h e r e  i s  no e v id e n c e  o f  

n u c le a s e  a c t i o n  o r  a  m o d if ic a t io n  sy s te m . R e tte n m ie r  and H em p h ill (1974) 

h a s  shown t h a t  when 01 a t t a c k s  1J. s u b t i l i s  (S P 0 2 ), th e  phage  a d s o r b s ,  

p e n e t r a t e s  and k i l l s  b u t  does n o t  p r o d u c t iv e ly  i n f e c t  th e  b a c t e r i a .  A 

g e n e ra l  f a i l u r e  o f  h o s t  and phage n u c l e i c  a c id  s y n t h e s i s ,  o c c u r r in g  15 

min a f t e r  i n f e c t i o n  i s  r e s p o n s ib le  f o r  th e  n o n -p ro d u c t iv e  i n f e c t i o n .

The t r a n s f o r m a t io n  p r o c e s s ,  i n  w h ich  c e l l s  can  b e  made "compe

t e n t "  to  ta k e  up and in c o r p o r a t e  e x t r a c e l l u l a r  DNA, i s  a l s o  a f f e c t e d  by 

th e  r e s t r i c t i o n  s y s te m  (A rb e r , 1 9 6 5 ). DNA p u r i f i e d  from  an u n m o d if ie d  

s t r a i n  o f  E. c o l i  i s  r e s t r i c t e d ,  and th u s  can n o t t r a n s fo r m , i n  a  r e s t r i c 

t i v e  s t r a i n .

In  th e  C h a l l i s  s t r a i n  o f  S t r e p to c o c c u s , Chen and R avin  (1968) 

found t h a t  DNA o f  t h i s  s t r a i n  c o u ld  b e  a id e d  i n  t r a n s f o r m a t io n  by a  

v a r i e t y  o f  o t h e r  DNA m o le c u le s  added  t o  th e  com p eten t c e l l s  p r i o r  to  

th e  donor DNA. T hese " h e lp e r "  DNA m o le c u le s  a c t  by ty in g  up an  i n a c t i 

v a t io n  a c t i v i t y  w i th in  th e  c e l l  and p r e v e n t in g  d e g ra d a t io n  o f  th e  donor



DNA. S in c e  C h a l l i s  s t r a i n  DNA i s  th e  m ost e f f e c t i v e  " h e lp e r "  DNA, 

t h i s  i n a c t i v a t i o n  p r o c e s s  i s  q u i t e  d i s t i n c t  from  a  r e s t r i c t i o n  m odi

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

A p o s i t i v e  c o r r e l a t i o n  b e tw een  i n t r a c e l l u l a r  n u c le a s e  a c t i v i t y  

and t r a n s f o r m a t io n  l e v e l s  h a s  b e e n  found  i n  IS. c o l i  and D ip lo c o c c u s  

p n eum on iae , w here m u ta n ts  l a c k in g  an ATP d e p e n d e n t DNAse ( r e c -  m u ta n ts )  

have  v e ry  low l e v e l s  o f  t r a n s f o r m a t io n  (F ried m an  and S m ith , 1 9 7 3 ). No 

d i f f e r e n c e s ,  up t o  th e  s te p  o f  a s s o c i a t i o n  o f  donor DNA w ith  r e c i p i e n t  

chrom osom e, w ere o b se rv e d  i n  com paring  th e s e  r e c ”  s t r a i n s  w i th  w i ld  ty p e  

(V o v is , 1 9 7 3 ). In  H aem ophilus in f lu e n z a e  an MMS (m e th y l m ethane s u l 

f o n a te )  s e n s i t i v e  m u ta n t la c k s  an ATP d e p e n d e n t n u c le a s e  and i s  v i r t u 

a l l y  t r a n s f o r m a t io n  d e f i c i e n t ,  even  th o u g h  DNA u p ta k e  i s  c o m p le te ly  

u n im p a ire d . When t h i s  m u tan t i s  t ra n s fo rm e d  b a c k  to  MMS r e s i s t a n c e ,  

b o th  th e  ATP d e p e n d en t n u c le a s e  and t r a n s fo r m in g  a b i l i t y  r e t u r n  (G re th  

and C h e v a l l i e r ,  1 9 7 3 ). C h e s tu k h in  e t  a l .  (1973) h av e  p a r t i a l l y  p u r i f i e d  

an  ATP d e p e n d e n t n u c le a s e  from  B a c i l l u s  s u b t i l i s  and h av e  i s o l a t e d  one 

r e c -  m u ta n t w i th  a  5 -1 0  f o ld  d e c re a s e  i n  th e  a c t i v i t y  o f  t h i s  enzym e. 

C o n v e rs e ly , Dubnau e t  a l .  (1973) lo o k e d  a t  16 r e c -  m u ta n ts  o f  t h i s  

s t r a i n ,  a l l  b lo c k e d  i n  l a t e  s t e p s  o f  t r a n s f o r m a t io n ,  and d i d n ' t  f in d  any 

w ith  a  d e c re a s e  i n  ATP d e p e n d e n t n u c le a s e  a c t i v i t y .

In  D ip lo co c c u s  p n eu m o n iae , d o u b le  s t r a n d  b re a k a g e  o f  th e  t r a n s 

fo rm in g  DNA p re c e d e s  e n t r y  i n t o  th e  c e l l  and p ro d u c e s  f ra g m e n ts  o f  

a p p ro x im a te ly  2 .8  x 106  d a l t o n s / s t r a n d  i n  s i z e  (M o rr is o n , 1 9 7 3 a ).

T hese f ra g m e n ts  th e n  e n t e r  th e  c e l l  w i th o u t  f u r t h e r  d e g r a d a t io n .  The 

e x te n t  o f  d e g ra d a t io n  o f  d o no r DNA on e n t r y  v a r i e d  w ith  th e  s i z e  o f  th e  

donor DNA m o le c u le  (M o rriso n  and  G u i ld ,  1972) and b re a k a g e  was n o t  

g e n e t i c a l l y  s p e c i f i c  (M o rriso n  and G u ild , 1 9 7 3 b ). Some p o in t  m u ta tio n s
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i n  D ip lo c o c c u s  pneum oniae f a l l  i n t o  two v e ry  d i s t i n c t  c l a s s e s : th o s e

w i th  h ig h  e f f i c i e n c i e s  o f  t r a n s f o r m a t io n  (H E ), and th o s e  w ith  low e f f i 

c i e n c ie s  (LE) (G reen , 1 9 5 9 ). An e x c i s i o n - r e p a i r  sy s te m  w hich  a c t s  on 

some d ono r r e c i p i e n t s  (L E ), b u t  n o t  o th e r s  (HE) was p o s tu l a t e d  i n  

e x p la n a t io n  (E p h ru s s i -T a y lo r  and G ray , 1 9 6 6 ). Lacks (1970) showed t h a t  

th e  LE-HE d i f f e r e n c e s  w ere  o n ly  found  i n  r e c i p i e n t s  s t r a i n s  w i th  th e  

hex+ g e n o ty p e . In  h e x "  s t r a i n s ,  a l l  m ark e rs  a r e  t ra n s fo rm e d  w i th  a 

h ig h  e f f i c i e n c y .  As w i th  th e  C h a l l i s  s t r a i n  o f  S t r e p to c c u s  m en tio n e d  

p r e v i o u s ly ,  th e  h ex  sy s te m  can be  e a s i l y  s a t u r a t e d  by a d d i t io n  o f  e x c e s s  

hom ologous DNA w ith  a r e s u l t a n t  6 -7  f o ld  i n c r e a s e  i n  th e  e f f i c i e n c y  o f  

LE m a rk e rs .

In  B a c i l l u s  s u b t i l i s , EDTA i s  r e q u i r e d  f o r  t r a n s f o r m a t io n  w ith  

s i n g l e - s t r a n d e d  DNA i n  o r d e r  to  i n a c t i v a t e  a  Ca+ 2  d e p e n d e n t e x t r a c e l l u l a r  

n u c le a s e  w h ich  d e g ra d e s  th e  s i n g l e - s t r a n d e d  DNA (T e v e th ia  and M andel, 

1 9 7 0 ). M o rriso n  (1970) s u g g e s te d  a  s u r f a c e  bound e n d o n u c le a se  w h ich  was 

c a p a b le  o f  p ro d u c in g  d o u b le  s t r a n d  b re a k s  i n  t r a n s fo r m in g  DNA. T h is  

e n d o n u c le a se  was th o u g h t to  b e  o r i g i n a l l y  bound to  th e  c e l l s , and 

r e l e a s e d  when th e  c e l l s  came i n  c o n ta c t  w i th  t r a n s fo r m in g  DNA. An endo

n u c le a s e  a s s o c i a te d  s p e c i f i c a l l y  w i th  co m p eten t c e l l s  i s  a l s o  i n d i c a t e d  

by  d a ta  w h ich  shows a  d e c re a s e  i n  th e  e f f i c i e n c y  o f  t r a n s d u c t io n  when 

c o m p e ten t r a t h e r  th a n  n o n -c o m p e te n t c e l l s  a r e  u se d  (Adams, 1 9 7 2 ).

H a s e l t in e  and Fox (1971) fo und  t h a t  w h i le  b o th  co m p eten t and 

n o n -c o m p e te n t B*. s u b t i l i s  c e l l s  c o u ld  b in d  DNA, th e  n o n -c o m p e te n t c e l l s  

d e g ra d e d  th e  DNA w h ile  th e  co m p e ten t c e l l s  d id  n o t .  The e n d o n u c le o ly t ic  

b re a k s  w ere  d o u b le  s t r a n d e d  i n  n a tu r e  and th e  r e s u l t i n g  p ro d u c t  h ad  a 

m o le c u la r  w e ig h t o f  a p p ro x im a te ly  10 x 106 . Ayad and Shimmin (1974) 

d e s c r ib e  a  f a c t o r  c a p a b le  o f  in d u c in g  com petence  i n  non co m p eten t
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c u l t u r e s  ("co m p eten ce  f a c t o r " ) ,  w h ich  shows b o th  a  l y t i c  a c t i v i t y  

a g a in s t  i s o l a t e d  c e l l  w a l ls  and a  n u c le a s e  a c t i v i t y  a g a in s t  t r a n s fo rm in g  

DNA.

Two e n d o n u c le a se s  a r e  p o s tu l a t e d  from  th e  w ork o f  D a v id o f f -  

A b e lso n  and Dubnau (1 9 7 3 b ). The f i r s t  e n d o n u c le a se  a t t a c k s  d o n o r DNA 

w i th in  30 se co n d s  o f  a t ta c h m e n t  and r e s u l t s  i n  a  d o u b le  s t r a n d e d  f r a g 

m ent (DSF) w ith  a  m o le c u la r  w e ig h t o f  a p p ro x im a te ly  9 x  106 . A seco n d  

n u c le a s e ,  a c t i n g  b e tw een  one and two m in u te s  a f t e r  u p ta k e ,  r e s u l t s  in  

th e  fo rm a tio n  o f  s i n g l e  s t r a n d e d  f ra g m e n ts  (SSF) w h ich  .o c c u r s im u l ta n 

e o u s ly  w i th  th e  r e l e a s e  o f  a c id  s o lu b l e  n u c le o t id e s  to  th e  medium. An 

e n d o n u c le a se  h a s  b een  i s o l a t e d  from  li. s u b t i l i s  w h ich  may b e  one o f  th e  

n u c le a s e s  d e s c r ib e d  (S c h e r  and D ubnau, 1 9 7 3 ) . I t  i s  l o c a t e d  i n  th e  

p e r ip la s m  and r e s u l t s  in  d o u b le  s t r a n d  b r e a k s  and a  l i m i t  p r o d u c t  in  

e x c e s s  o f  3 x  106 . I t  i s  s t im u la te d  by Mn2+ and Ca2 + , b u t  n o t  by Mg2+ .

S t r a i n s  o f  B a c i l l u s  s u b t i l i s  ly s o g e n ic  f o r  b a c te r io p h a g e  0105 

and SP02 hav e  g r e a t l y  re d u c e d  r a t e s  o f  t r a n s f o r m a t io n  (Y asb in  and Young, 

1972; Y a sb in  e t  a l . , 1 9 7 3 ) . The e f f e c t  i s  a d d i t i v e ,  i . e . ,  d o u b le  ly s o -  

gens have lo w er r a t e s  o f  t r a n s f o r m a t io n  th a n  e i t h e r  o f  th e  s i n g l e  l y s o -  

g e n s . A d i f f e r e n t i a l  i n a c t i v a t i o n  o f  b a c t e r i a l  genes a f t e r  ly s o g e n iz a -  

t i o n  i s  o f f e r e d  i n  p o s s ib l e  e x p la n a t io n .  The p ro c e s s  o f  t r a n s f e c t i o n ,  

i n  w h ich  c o m p e ten t c e l l s  t a k e  up and in c o r p o r a t e  v i r a l  DNA i n  su ch  a  

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

l y s o g e n iz a t io n .

T r a n s f e c t io n  i s ,  h o w ev er, a f f e c t e d  by r e s t r i c t i o n - m o d i f i c a t i o n  

m echan ism s. B e n z in g e r  and K le b e r  (1 9 7 1 ) , u s in g  s p h e r o p la s t s  o f  Eh c o l i  

and S a lm o n e lla  ty ph im urium  o b se rv e d  h o s t  c o n t r o l l e d  r e s t r i c t i o n  o f  b a c 

te r io p h a g e  P22 d u r in g  t r a n s f e c t i o n .  T h is  r e s t r i c t i o n  r e s u l t s  i n  a
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s t r o n g  i n h i b i t i o n  o f  t r a n s f e c t i o n  even  a t  h ig h  DNA c o n c e n t r a t io n s .

In  B a c i l lu s  s u b t i l i s , two modes o f  t r a n s f e c t i o n  w ere  o b s e rv e d , 

d e p e n d en t upon th e  s o u rc e  o f  th e  DNA. A s i n g l e  m o le c u le  o f  DNA from  

b a c te r io p h a g e  029 and SP02 i s  s u f f i c i e n t  to  p ro d u c e  an i n f e c t i o u s  

c e n te r  (Okubo and  Romig, 1965; R e i l l y  and S p iz iz e n ,  1 9 6 5 ) , w h i le  two o r  

more m o le c u le s  a r e  r e q u i r e d  w ith  DNA from  b a c te r io p h a g e  SP82G (G reen , 

1 9 6 4 ) , SP01 (Okubo, 1 9 6 4 ) , SP50 (F o ld e s  and T r a u tn e r ,  1964) SP3 (Rom ig, 

1962) and 01 ( R e i l ly  and S p iz iz e n ,  1 9 6 5 ).

A n a ly s is  o f  p ro g en y  from  i n f e c t i o u s  c e n te r s  u s in g  DNA from  

SP01 (Okubo e t  a l . , 1964) and SP82G (G ree n , 1964) h a s  shown t h a t  

g e n e t i c  r e c o m b in a tio n  b e tw een  two o r  more DNA m o le c u le s  i s  n e c e s s a ry  

f o r  s u c c e s s f u l  t r a n s f e c t i o n .  DNA from  phage w ith  a  " m u l t ip le  m o le c u le "  

r e q u ire m e n t  i s  u n a b le  to  t r a n s f e c t  re c o m b in a t io n  d e f i c i e n t  s t r a i n s  ( r e c - ) 

w h i le  DNA from  0 29 o r  SP02 can  s u c c e s s f u l l y  t r a n s f e c t  e i t h e r  r e c +  o r  

r e c "  s t r a i n s  (S p a tz  and T r a u tn e r ,  1 9 7 1 ). A 1 2 - f o ld  i n c r e a s e  i n  recom 

b in a n t s  i n  p ro g en y  p ro d u ce d  by t r a n s f e c t i o n  a s  o pposed  to  i n f e c t i o n  was 

o b s e rv e d  w i th  SP82G (G reen  and  U rban , 1 9 7 2 ).

M arker r e s c u e  s tu d i e s  done w ith  SP82G, i n  w h ich  g e n e t i c  

m ark e rs  in t r o d u c e d  i n t o  th e  c e l l  by t r a n s f e c t i n g  DNA a r e  " re s c u e d ” by 

s u p e r i n f e c t i o n  w ith  a p p r o p r i a t e  m u tan t p h a g e , show t h a t  th e  p r o b a b i l i t y  

o f  two l in k e d  m ark e rs  b e in g  re s c u e d  to g e th e r  d e c re a s e s  as  th e  map d i s 

ta n c e  b e tw een  th e  m ark ers  i n c r e a s e s .  A p r o c e s s  w i th in  th e  c e l l  w hich  

i n a c t i v a t e s  i n f e c t i v e  DNA ( " i n t r a c e l l u l a r  i n a c t i v a t i o n " )  was p o s tu l a te d  

(G ree n , 1 9 6 6 ). Gene d i s l i n k a g e  was shown to  o c c u r  d u r in g  t h i s  i n a c t i 

v a t i o n ,  w i th  th e  phage genome b e in g  b ro k e n  i n t o  a t  l e a s t  40 fra g m e n ts  

(G reen , 1 9 6 8 ). I n t r a c e l l u l a r  i n a c t i v a t i o n  h a s  b e e n  shown to  e f f e c t  th e  

DNA o f  0105 (R u tb e rg  ejt a l . , 1969) and SP50 and SPP1 (S p a tz  and T r a u tn e r ,  

u n p u b l is h e d ) .
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I n f e c t i o n  w ith  SP82G b a c te r io p h a g e  b e f o r e  a d d i t i o n  o f  DNA was 

shown to  i n h i b i t  i n t r a c e l l u l a r  i n a c t i v a t i o n  and le a d  to  u n im o le c u la r  

k i n e t i c s  w i th  SP82G DNA ( " p r e i n f e c t i o n  p r o t e c t i o n " )  (G ree n , 1 9 6 6 ).

T h is  i n h i b i t i o n  was m axim ized i f  t r a n s f e c t i n g  DNA was added  6  m in u te s  

a f t e r  phage i n f e c t i o n  (G ree n , 1966; M c A ll i s te r  and G reen , 1 9 7 2 ). 

I n h i b i t i o n  o f  i n t r a c e l l u l a r  i n a c t i v a t i o n  i s  s e n s i t i v e  to  c h lo ra m p h e n ic o l 

th u s  im p l ic a t i n g  th e  need  f o r  p r o t e i n  s y n t h e s i s .  F u r th e r ,  i n f e c t i o n  

w ith  i n t a c t  b a c te r io p h a g e  i n  th e  p re s e n c e  o f  c h lo ra m p h e n ic o l showed 

t h a t  th e  i n f e c t i n g  genome was s e n s i t i v e  to  th e  i n a c t i v a t i o n  p ro c e s s  

u n d e r t h e s e  c o n d i t io n s  (M c A ll is te r  and G reen , 1 9 7 2 ). S tu d ie s  com paring  

i n f e c t i o n  and t r a n s f e c t i o n  show t h a t  a lth o u g h  th e  r a t e  o f  m ark er e n t r y  

i s  th e  sam e, th e  o r d e r  o f  e n t r y  d u r in g  i n f e c t i o n  i s  r e v e r s e d  d u r in g  

t r a n s f e c t i o n  (W illiam s  and G reen , 1 9 7 2 ). P re su m a b ly , th e  r e g io n  on th e  

genome c o d in g  f o r  th e  i n h i b i t o r y  p r o t e i n  i s  th e  f i r s t  to  e n t e r  th e  c e l l  

d u r in g  i n f e c t i o n  and th e  l a s t  to  e n t e r  d u r in g  t r a n s f e c t i o n ,  p o s s ib ly  

e x p la n in g  th e  l a c k  o f  i n h i b i t i o n  o f  i n t r a c e l l u l a r  i n a c t i v a t i o n  d u r in g  

t r a n s f e c t i o n .

Enhancem ent o f  t r a n s f e c t i o n  r a t e s  o f  SP82G fo l lo w in g  u l t r a 

v i o l e t  i r r a d i a t i o n  o f  co m p e ten t c e l l s  p r i o r  to  a d d i t io n  o f  DNA h a s  b een  

r e p o r t e d ,  a l th o u g h  su c h  t r e a tm e n ts  r e s u l t e d  i n  a  99-99.5%  lo s s  o f  c e l l  

v i a b i l i t y  ( E p s te in ,  1 9 6 7 ) . I n c u b a t io n  o f  com peten t c e l l s  w i th  UV 

i r r a d i a t e d  h e te r o lo g o u s  o r  hom ologous DNA was r e p o r te d  to  r e s u l t  in  

enhancem en t o f  t r a n s f e c t i o n  to  f i r s t  o r d e r ,  o r  u n i - m o le c u la r ,  do se  r e 

s p o n s e . T h is  p r o t e c t i v e  e f f e c t  was th o u g h t to  be  due to  a  s e q u e s t e r in g  

o f  h o s t  i n t r a c e l l u l a r  i n a c t i v a t i o n  a c t i v i t i e s  by th e  UV i r r a d i a t e d  DNA 

( E p s te in  and  M a h le r , 1 9 6 8 ). The r e c e n t  w ork o f  A rw ert and Venema (1974) 

w h i le  show ing  a  1 0 0 - f o l d  enhancem ent o f  t r a n s f e c t i o n  u s in g  p r e in c u b a t io n



o f  com p eten t c e l l s  w i th  UV i r r a d i a t e d  DNA, shows no change t o  f i r s t  

o r d e r  do se  r e s p o n s e .  F u r th e r ,  th e  enhancem ent i s  n o t  s e e n  a t  a l l  i n  

u l t r a v i o l e t  s e n s i t i v e  s t r a i n s  ( u v r ~ ) . The enhancem en t i n  u v r+ i s  p o s tu 

l a t e d  to  be ca u se d  by th e  ty in g  up o f  e x o n u c le a se  a c t i v i t i e s  by th e  UV 

damaged DNA a f t e r  i n c i s i o n  by a  UV r e p a i r  enzym e. In  u v r -  s t r a i n s ,  

t h i s  i n c i s i o n  i s  n o t  made and th e  e x o n u c le a s e s  rem a in  f r e e  to  a t t a c k  

t r a n s f e c t i n g  DNA. T hese e x p e r im e n ts  make i t  c l e a r  t h a t  t r a n s f e c t i o n  

enhancem en t a f f o r d e d  by p r e - in c u b a t io n  w ith  UV i r r a d i a t e d  DNA i s  q u i t e  

d i f f e r e n t  from  phage in d u c e d  i n h i b i t i o n  o f  i n t r a c e l l u l a r  i n a c t i v a t i o n .

S e v e ra l  n u c le a s e s  from  15. s u b t i l i s  h av e  b een  d e s c r ib e d  (T a b le  

1 ) .  The f a c t  t h a t  o n ly  e x o n u c le a se  Bs I I  h a s  b een  p u r i f i e d  to  any 

e x te n t  i s  r a t h e r  s u r p r i s i n g ,  s in c e  some o f  th e  n u c le a s e s  w ere  f i r s t  

i n v e s t i g a t e d  o v e r  10 y e a r s  ago . A lthough  th e  e x i s t e n c e  o f  a  num ber o f  

e n d o n u c le a se s  h a s  b een  s u g g e s te d ,  none hav e  been  p u r i f i e d  g r e a t e r  th a n  

1 0 - f o ld .  The r e a s o n  f o r  t h i s  l a c k  o f  p u r i f i e d  n u c le a s e s  i s  n o t  c l e a r ,  

b u t  may in v o lv e  n u c le a s e  i n s t a b i l i t y  f o l lo w in g  f r a c t i o n a t i o n  o f  c e l l  

e x t r a c t s .

The p r e s e n t  w ork d e s c r ib e s  an  e n d o n u c le a se  from  15. s u b t i l i s  

t h a t  i s  i n h i b i t e d  a t  e a r l y  t im e s  a f t e r  i n f e c t i o n  w ith  b a c te r io p h a g e  

SP82G. The e n d o n u c le a se  h a s  b een  p a r t i a l l y  p u r i f i e d  from  e x t r a c t s  o f  

u n in f e c te d  c e l l s  on th e  b a s i s  o f  i t s  i n h i b i t i o n  i n  e x t r a c t s  o f  i n f e c t e d  

c e l l s .  C h a r a c t e r i z a t io n  o f  th e  n u c le a s e  makes i t  q u i t e  c l e a r  t h a t  t h i s  

p a r t i c u l a r  n u c le a s e  h a s  n o t  b een  p r e v io u s ly  d e s c r ib e d .



T ab le  1 . NUCLEASES OF BACILLUS SUBTILIS

L o c a tio n

I n t r a c e l l u l a r

E x t r a c e l l u l a r

Mode o f  A t ta c k ;  
R e fe re n c e__________ S u b s t r a te __________Reg u ire m e n ts

B im b o im  (1966) d e n a tu re d  e x o n u c le a se ;

DNA Ca2+ d ep en d en t

M cCarthy & N e s te r  n a t i v e  DNA

(1966)

C h estu k h in  e t  a l . , n a t i v e  DNA

(1972)

S cher & Dubnau n a t i v e  DNA

(1973)

e n d o n u c le a s e - d .s . 

b re a k s  o n ly ;  

Mg2+ dep en d en t 

e x o n u c le a s e ;  ATP, 

Mg2"̂  d ep en d en t 

e n d o n u c le a s e - d .s . 

b re a k s  o n ly ;  Mn2+ 

o r  Ca2+ d ep en d en t

K err e t  a l . , 

(1967)

n a t i v e  and 

d e n a tu re d  

DNA; RNA

e x o n u c le a s e ;  Ca2+ 

d ep en d en t on n a t iv e  

DNA; Ca2+ s t im u la te d  

on d e n a tu re d  DNA & 

RNA

P u r i f i c a t i o n  
( i f  any) Remarks

100X A c t iv i ty  r e l e a s e d  d u r

in g  p r o t o p l a s t  form a

t io n .

3-9X A c t iv a te d  by h ig h  tem p

e r a t u r e s  (80°)

30X S t r i c t  re q u ire m e n t  f o r

dATP

7X A c t iv i ty  r e l e a s e d  d u r

in g  p r o t o p l a s t  fo rm a tio n ;  

l i m i t  s i z e  o f  p r o d u c t ;

3 x  106  d a l to n s  

71X See a l s o :

K e rr  e t  a l . , (1965) 

O kazaki e t  a l . , (1966)



T ab le  1 . ( c o n t 'd )

L o c a tio n

E x t r a c e l l u l a r

R e fe re n c e Subs t r a t e
Mode o f  A tta c k ;  

R equ irem en ts

M o rr iso n , D.

(1966)

n a t i v e  DNA e n d o n u c le a s e - d .s . 

and s . s .  b re a k s

H a s e l t in e  & 

Fox (1971)

n a t i v e  DNA e n d o n u c le a s e - d .s . 

b re a k s  o n ly

Ayad & Shimmin 

(1973)

n a t i v e  DNA e x o n u c le a se

Kanam ori a t  a l . , 

(1973)

n a t i v e  and 

d e n a tu re d  

DNA; RNA

e x o n u c le a s e ;  Ca2+ 

dep en d en t on n a t i v e  

DNA; Ca2+ s t im u la te d  

on d e n a tu re d  DNA; 

RNA

P u r i f i c a t i o n  
( i f  any) Remarks

B sII-3400X

BsIA-27X

BsIB-326X

N u c le ase  bound to  com

p e te n t  c e l l s - r e l e a s e d  

upon a d d i t io n  o f  t r a n s 

fo rm ing  DNA 

A tta c k s  t ra n s fo rm in g  

DNA bound to  n o n - 

com peten t c e l l s ; l i m i t  

p ro d u c t  s i z e :  1 0 7  d a l to n s

A c t iv i ty  a s s o c i a te d  w ith  

com petence in d u c in g  

f a c t o r

P ro b a b ly  s l i g h t  m o d if i

c a t io n s  o f  K e rr  eit a l .  ,

(1967) enzyme



T ab le  1 . ( c o n t 'd )

Mode o f  A t ta c k ;  P u r i f i c a t i o n
L o c a tio n ____________ R efe re n c e__________ S u b s t r a te _________ R equ irem en ts____________( i f  any)

E x t r a c e l l u l a r  Kanam ori e t  a l . , d e n a tu re d  e x o n u c le a s e ;  Ca2+ ------

(1973) BslO DNA dep en d en t

Remarks

A b b r e v ia t io n s :

d . s .  -  d o u b le  s t r a n d  

s . s .  -  s in g l e  s t r a n d
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MATERIALS AND METHODS

B a c te r i a  and B a c te r io p h a g e

B a c i l l u s  s u b t i l i s  s t r a i n  SB-1 ( h i s “ , in d “ ) was u se d  to  p r e p a r e  

a l l  c ru d e  e x t r a c t s  and was th e  h o s t  f o r  b a c te r io p h a g e  SP82G p r e p a r a t i o n s .  

The m edia f o r  b a c t e r i a l  g row th  was Nomura s a l t s  (NM) (Nom ura, 1962) 

su p p le m e n te d  w i th  0.5% g lu c o s e ,  0.2% c a s e in  h y d r o ly s a te ,  2 x  10~ 3 M MgCl2 , 

0.1% y e a s t  e x t r a c t ,  0 .0 5  mg/ml o f  D L -try p to p h a n , 2 mg/ml o f  a r g in in e  and 

0 .2  mg/ml o f  L - h i s t i d i n e .

F o r p r e p a r a t i o n  o f  phage l y s a t e s ,  b a c t e r i a  w ere  grown a t  37° to  

108  c e l l s / m l  and i n f e c t e d  w ith  SP82G a t  an m . o . i .  = 1 . I n c u b a t io n  a t  

37° was c o n tin u e d  u n t i l  l y s i s  was c o m p le te . Phage l y s a t e s  w ere  concen 

t r a t e d  by th e  m ethod o f  Yamamoto e t  a l .  (1 9 7 0 ). L y s a te s  w ere  made 0 .5  M 

in  NaCl and th e  d e b r i s  rem oved by c e n t r i f u g a t i o n  a t  5000 x g f o r  10 

m in u te s . P o ly e th y le n e  G ly c o l 6 ,0 0 0  (M atheson , Coleman and B e l l )  was 

added  to  th e  s u p e r n a ta n t  to  a  f i n a l  c o n c e n t r a t io n  o f  1 0 % ( w /v ) , and th e  

s o l u t i o n  was a llo w e d  to  s i t  o v e rn ig h t  a t  4 ° . The s o l u t i o n  was c e n t r i f u g e d  

a t  5 ,0 0 0  x  g f o r  20 m in u te s  and th e  p e l l e t  was r e d i s s o lv e d  i n  a  s m a l l  

amount o f  NM s a l t s  p lu s  MgCl2  (2 x  10_ 3M) and EDTA (10“ 3M). The phage 

w ere  p e l l e t e d  by c e n t r i f u g a t i o n  a t  2 7 ,0 0 0  x g f o r  60 m in u te s ,  r e d i s s o lv e d  

i n  th e  same b u f f e r  and c e n t r i f u g e d  a t  3 ,0 0 0  x g f o r  10 m in u te s  t o  remove 

d e b r i s .  The p h a g e , i n  a p p ro x im a te ly  4 -5  ml o f  b u f f e r ,  w ere  la y e r e d  o n to  

a  p re fo rm e d  C sC l2  g r a d i e n t ,  c o n s i s t in g  o f  1 . 0  ml l a y e r s  o f  C sC l2  w i th  

a p p ro x im a te  d e n s i t i e s  o f  1 .6 5 ,  1 . 6 ,  1 .5 5 ,  1 .5 0 ,  1 .4 6 ,  1 .4 2 ,  and 1 .3 8  

g /m l and c e n t r i f u g e d  a t  37 ,000  x g f o r  30 m in u te s . Phage b ands w ere  

w ith d raw n  w ith  a  p a s t e u r  p i p e t  and d ia ly z e d  a g a in s t  1 x  NM s a l t s  p lu s
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MgCl2  (2 x  10“ 3M) and EDTA (10- 3M). Phage p r e p a r a t i o n s ,  u s u a l ly  be tw een  

1 -  4 x  101 2  p h a g e /m l, a r e  s to r e d  a t  4 ° .

DNA P r e p a r a t io n s

B a c i l l u s  s u b t i l i s  s t r a i n  G -l (a d e n in e - ) , i s o l a t e d  from  gamma 

i r r a d i a t e d  s p o re s  o f  s t r a i n  168 , was th e  h o s t  u sed  f o r  p r o d u c t io n  o f  

r a d i o a c t i v e l y  l a b e l e d  SP82G p h a g e . The c e l l s  w ere  grown to  a p p ro x im a te ly  

10® c e l l s /m l  i n  NM s a l t s  su p p le m e n te d  w ith  0.2% c a s e in  h y d r o ly s a te ,  2 x 

10“ 3M MgCl2  and 5 yg /m l a d e n in e . At t h i s  t im e  3H - la b e le d  a d e n in e  (New 

E ngland  N u c le a r ;  5 m C i/.0 2 5  mg) ,  1 m C i / l i t e r ,  was added  a lo n g  w ith  SP82G 

phage a t  an m . o . i .  = .1 .  A f t e r  c o m p le tio n  o f  l y s i s ,  phage  w ere  concen 

t r a t e d  u s in g  a  low sp e ed  c e n t r i f u g a t i o n  (5 ,0 0 0  x  g f o r  15 m in u te s )  to  

rem ove d e b r i s ,  and a  h ig h  sp e ed  c e n t r i f u g a t i o n  (1 5 ,0 0 0  x  g f o r  3 h o u rs )  

t o  p e l l e t  p h a g e . P e l l e t s  w ere  r e d i s s o lv e d  i n  1 x  NM w ith  2 x 10_3M MgCl2  

and 10“ 3M EDTA and banded  on a  s te p - w is e  CsC l2  g r a d i e n t .  A f te r  d i a l y s i s  

a g a i n s t  1 x NM p lu s  10“ 2M EDTA, s o l i d  sodium  p e r c h l o r a t e  was added  to  a 

f i n a l  c o n c e n t r a t io n  o f  3M and th e  s o l u t i o n  was l e f t  a t  room te m p e ra tu re  

f o r  30 m in u te s . F o llo w in g  d i a l y s i s  a g a in s t  0 .0 5  M T ris -H C l (pH 8 .0 )  p lu s  

10 *M EDTA, d e b r i s  was rem oved by c e n t r i f u g a t i o n  a t  10 ,000  x g f o r  15 

m in u te s . The DNA s o l u t i o n s  w ere  s t o r e d  a t  4 ° . DNA c o n c e n t r a t io n s  w ere  

d e te rm in e d  from  A2 5 5  r e a d in g s ,  a ssu m in g  a  s o l u t i o n  o f  20 yg /m l o f  DNA h a s  

an A2 5 5  o f  0 . 4 .  An A2 6 0 M 2 8 O r a t i o  o f  1 .7 - 1 .9  was c o n s id e re d  a  s a t i s f a c 

to ry  i n d i c a t i o n  o f  p u r i t y .

DNA, d i l u t e d  to  25 y g /m l w ith  .05  M T ris -H C l (pH 8 .0 )  was de

n a tu r e d  by h e a t in g  in  a  b o i l i n g  w a te r  b a th  f o r  1 0  m in u te s  fo llo w e d  by 

r a p id  c o o l in g  i n  an i c e  b a th .

DNA, d i l u t e d  to  50 yg/m l w ith  0 .0 5  M T ris -H C l (pH 8 .0 )  was i r r a d 

i a t e d  a t  a  d i s t a n c e  o f  24 in c h e s  from  a  UV g e rm ic id a l  lamp (G15T8, S y lv a n ia )
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a t  a  do se  o f  1 2 0 0  erg/mm 2 /m in .

3 H-DNA from  B a c i l lu s  s u b t i l i s  G - l  was e x t r a c t e d  u s in g  th e  

m ethod o f  Marmur (1 9 6 3 ). 3 2 P - la b e le d  DNA was a  g i f t  from  D r. D onald 

N uss. % - l a b e l e d  0X174 RFI c i r c u l a r  DNA was a  g i f t  from  D r. D avid 

D r e s s i e r .

3 2 P - la b e l e d  s i l k  worm l a r v a e  r ib o s o m a l RNA, and 3H -la b e le d  

s i n g l e  s t r a n d e d  p o l io  v i r u s  RNA w ere  g i f t s  from  Dr. D onald N uss.

S e d im e n ta tio n  V e lo c i ty  o f  DNA

S e d im e n ta tio n  v e l o c i t i e s  o f  d o u b le  s t r a n d e d  and s in g l e  

s t r a n d e d  DNAs w ere  d e te rm in e d  by c e n t r i f u g a t i o n  th ro u g h  5-20% n e u t r a l  

s u c ro s e  ( 1 .0  M NaCl) and 5-20% a l k a l i n e  s u c ro s e  ( 0 . 9  M N aC l, 0 .1  M NaOH) 

g r a d i e n t s  r e s p e c t i v e l y ,  u s in g  th e  m ethods o f  R e z n ik o ff  and Thomas (1 9 6 9 ). 

U n less  o th e rw is e  n o te d ,  c e n t r i f u g a t i o n  was done i n  a  Beckman SW65 r o t o r  

a t  35 ,000  re v /m in  f o r  105 m in u te s  a t  2 3 ° . Tubes w ere  p u n c tu re d  and 8  

drop  f r a c t i o n s  c o l l e c t e d  d i r e c t l y  i n t o  s c i n t i l l a t i o n  v i a l s .  Ten m is o f  

an  O m nifluo r (New E ng land  N u c le a r)  s o l u t i o n  (5 .6  g / l i t e r  o f  a to lu e n e -  

T r i to n  X-100 (2 :1 )  b a s e )  w ere added  and th e  sam p les c o u n ted  i n  a  N u c le a r  

C hicago  l i q u i d  s c i n t i l l a t i o n  c o u n te r .

C a lc u la t io n  o f  d o u b le  s t r a n d  b re a k s  was done u s in g  th e  fo llo w in g

e q u a tio n  from  C h a rle sb y  (1 9 5 4 ):

(MW)t -  2 (e ~ p + P - l )

(MW)n P2

w here (MW)n i s  th e  u n t r e a te d  m o le c u la r  w e ig h t ,  (MW)t  i s  th e  m o le c u la r

w e ig h t a f t e r  t r e a tm e n t  (w ith  e n d o n u c le a se )  and P i s  th e  num ber o f  d o u b le

s t r a n d  b r e a k s .  The m o le c u la r  w e ig h ts  w ere  d e te rm in e d  u s in g  S t u d i e r 's

e q u a t io n  (1 9 6 5 ):

S | 0 , w = 0 .0 8 8 2  M0 ' 31*6
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w here Sfo>w i-s th e  s e d im e n ta t io n  c o e f f i c i e n t  o f  th e  DNA and M i s  i t s  

m o le c u la r  w e ig h t.

S in g le  s t r a n d  b re a k s  w ere m easured  by u s in g  th e  nomogram o f  

L itw in  e t  a l .  (1 9 6 9 ).

Amino A cid  I n c o r p o r a t io n

IS. s u b t i l i s  SB-1 c e l l s  w ere  grown i n  NM s a l t s  su p p lem en ted  

w ith  0.5% g lu c o s e ,  2 x  10” 3M MgCl2 , 0 .0 5  m g/m l, DL t ry p to p h a n  and 0 .2  

mg/ml o f  L - h i s t i d i n e  to  a b o u t 5 x  1 0 7 c e l l s / m l .  C h lo ram p h en ico l (200 

y g /m l) was added  to  a c o n c e n t r a t io n  o f 200 yg /m l 4 m in u te s  p re v io u s  to  

th e  f i r s t  tim e  p o in t  and a m ix tu re  o f  3 H -la b e le d  amino a c id s  (New 

E ngland  N u c le a r)  (5 yC i/100  m is) was added  1 m in u te  l a t e r .  SP82G 

b a c te r io p h a g e  w ere added  a t  an  m . o . i .  = 1 0  t h i r t y  se co n d s  p r i o r  to  th e  

f i r s t  tim e  p o i n t .  I n c o r p o r a t io n  o f  th e  amino a c id s  i n t o  p r o t e i n  was 

m easu red  u s in g  th e  m ethod o f  L e v in th a l  ejt a l . (1 9 6 2 ). At e ach  tim e  

p o i n t ,  2  ml o f  c e l l s  w ere  d i l u t e d  i n t o  2  m is o f  c o ld  1 0 % t r i c h l o r o a c e t i c  

a c id  (TCA) -  1% casam ino  a c id  s o lu t i o n  and s to r e d  a t  4° f o r  a t  l e a s t  30 

m in u te s . The sam p les  w ere  c e n t r i f u g e d  a t  12 ,000  x g f o r  10 m in u te s  and 

th e  p e l l e t s  re su sp e n d e d  i n  1 .5  ml o f  1 .0  N NaOH. Sam ples w ere  m a in ta in e d  

a t  room te m p e ra tu re  f o r  20 m in u te s ,  th e n  6  ml o f  10% TCA-1% casam ino 

a c id s  w ere added  and th e  sam ples w ere  h e a te d  to  95° f o r  30 m in u te s  in  a 

w a te r  b a th .  P r e c i p i t a t e s  w ere c o l l e c t e d  on membrane f i l t e r s  (B -6 , 

S c h le ic h e r  and S c h u e ll )  and w ashed tw ic e  w ith  c o ld  10% TCA-1% casam ino 

a c id s .  The f i l t e r s  w ere p la c e d  i n  l i q u i d  s c i n t i l l a t i o n  v i a l s  and d r ie d  

a t  room te m p e ra tu re  o v e r n ig h t .  Ten m i l l i l i t e r s  o f  an O m n if lu o r- to lu e n e  

s o l u t i o n  (4 g / l i t e r )  w ere  added  and th e  r a d i o a c t i v i t y  d e te rm in e d  in  a 

N u c le a r  C hicago  l i q u i d  s c i n t i l l a t i o n  c o u n te r .



17

P r e p a r a t i o n  o f  C e l l  E x t r a c t s  

U n i n f e c t e d . Ten m i l l i l i t e r s  o f  an o v e r n i g h t  g row th  o f  SB-1 

w ere  added  p e r  l i t e r  o f  m edia  and i n c u b a t e d  w i t h  a e r a t i o n  a t  37° u n t i l  

l a t e  lo g  p h a s e  (5 x 10 8  c e l l s / m l ) .  S u s p e n s io n s  w ere  c e n t r i f u g e d  a t

5 .0 0 0  x g f o r  15 m in u te s  and p e l l e t s  w ashed  once w i t h  .05  M T r is -H C l  

(pH 8 . 0 ) .  C e l l s  w ere  r e s u s p e n d e d  (3  m l /g  w e t w e ig h t  o f  c e l l s )  i n  a 

lysozym e (M iles  S e ro v ac )  (1 mg/ml) 0 .0 5  M T r i s  (pH 8 .0 )  s o l u t i o n .  C e l l s  

w ere  f r o z e n  a t  - 2 0 ° ,  thawed s lo w ly  a t  room t e m p e r a tu r e  and r e f r o z e n  a t  

- 2 0 ° .  A f t e r  a g a in  s lo w ly  th a w in g ,  t h e  s o l u t i o n  was s o n i c a t e d  (MSE 100 

w a t t  U l t r a s o n i c  D i s i n t e g r a t o r )  t o  r e d u c e  v i s c o s i t y  and c e n t r i f u g e d  a t

10 .000  x g f o r  20 m in u te s  to  remove d e b r i s .  E x t r a c t s  w ere  s t o r e d  a t  

- 2 0 ° .

I n f e c t e d . C e l l s  w ere  grown, as  ab o v e ,  t o  1 0 8  c e l l s / m l ,  c e n t r i 

fuged  a t  5 ,0 0 0  x g f o r  15 m in u te s  a t  37° and r e s u s p e n d e d  i n  warm m edia  

t o  a  f i n a l  c o n c e n t r a t i o n  o f  2 .5  x  109  c e l l s / m l .  SP82G b a c t e r i o p h a g e  

were  added  a t  an m . o . i .  = 7 .5 -1 0  and a l lo w e d  t o  a d so rb  f o r  1 m in u te  a t  

37° a f t e r  w hich  th e  c e l l s  w ere  d i l u t e d  t o  1 0 8 c e l l s / m l  and i n f e c t i o n  

was a l lo w e d  t o  p ro c e e d  f o r  6  m in u te s  a t  3 7° .  At t h e  end o f  t h i s  p e r i o d ,  

c h lo ra m p h e n ic o l  was added t o  a  f i n a l  c o n c e n t r a t i o n  o f  2 0 0  pg/m l and th e  

s o l u t i o n s  w ere  q u i c k ly  c o o le d  by p o u r in g  o v e r  i c e .  C e l l s  w ere  c o l l e c t e d ,  

l y s e d  and s t o r e d  a s  above . A ssays f o r  b a c t e r i a l  c e l l  t i t r e ,  done b e f o r e  

and  a f t e r  t h e  1 m in u te  phage  a d s o r p t i o n  p e r i o d ,  showed t h a t  95-98% o f  

t h e  c e l l s  w ere  s u c c e s s f u l l y  i n f e c t e d  i n  t h e  f i r s t  m in u te .

P r o t e i n  c o n c e n t r a t i o n s  w ere  d e te rm in e d  by th e  Lowry method modi

f i e d  by Oyama and E a g le  (1 9 5 6 ) .

N u c le a se  A ssays 

T o t a l  N u c le a se  A s s a y . The t o t a l  n u c l e a s e  a s s a y  was u se d  t o



18

m easu re  t h e  t o t a l  n u c l e o l y t i c  a c t i v i t y  o f  a  p a r t i c u l a r  e x t r a c t .  I n c u b a 

t i o n  m ix tu r e s  ( 1 .0  ml) c o n ta i n e d  2 .5  yg 3H-SP82G d e n a tu r e d  DNA o r  1 0 .0  

yg 3H-SP82G n a t i v e  DNA, 50 mM T r is -H C l  (pH 8 .0 )  and 10 mM MgCl2 * Reac

t i o n s  w ere  s t a r t e d  by a d d i t i o n  o f  . 0 1 - 2 . 0  mg o f  c ru d e  e x t r a c t s  and 

a l lo w e d  to  p ro c e e d  f o r  15 m in u te s  a t  37° .  R e a c t io n s  w ere  t e r m in a t e d  by 

a d d i t i o n  o f  0 .5  ml c o ld  1% b o v in e  serum  a lbum in  and 0 .5  ml c o ld  20% 

t r i c h l o r o a c e t i c  a c i d .  Samples w ere  c e n t r i f u g e d  a t  2 ,0 0 0  x g f o r  15 

m in u te s  a t  4 ° ,  and 1 ml o f  s u p e r n a t a n t  was added  t o  l i q u i d  s c i n t i l l a t i o n  

c o u n t in g  v i a l s .  A f t e r  n e u t r a l i z a t i o n  w i th  1 d rop  o f  c o n c e n t r a t e d  NH^OH, 

10 mis o f  A quaso l  (New E ngland  N u c le a r )  w ere  added and th e  r a d i o a c t i v i t y  

d e te r m in e d  i n  a  N u c le a r  Chicago  l i q u i d  s c i n t i l l a t i o n  c o u n te r .  E f f i c i e n 

c i e s  o f  c o u n t in g  w ere  d e te rm in e d  u s in g  t h e  e x t e r n a l  s t a n d a r d  m ethod.

S ta n d a r d  A s s a y . The s t a n d a r d  a s s a y  was d e v e lo p e d  to  m easure  

n u c l e a s e  a c t i v i t y  p r e s e n t  i n  u n i n f e c t e d  b u t  m is s in g  i n  i n f e c t e d  c e l l  

e x t r a c t s .  I n c u b a t io n  m ix tu r e s  ( 1 .0  ml) c o n ta in e d  2 .5  yg 3H-SP82G de

n a t u r e d  DNA, 50 mM T r is -H C l  (pH 8 . 0 ) ,  10 mM MgCl2 , 1 . 0 - 2 . 0  mg e x t r a c t  o f  

i n f e c t e d  c e l l s  and . 0 1 - 2 .0  mg e x t r a c t  o f  u n i n f e c t e d  c e l l s .  The r e a c t i o n  

i s  s t a r t e d  by th e  a d d i t i o n  o f  t h e  u n i n f e c t e d  and i n f e c t e d  c e l l  e x t r a c t s  

i n  q u ic k  s u c c e s s i o n  and a l lo w e d  t o  p r o c e e d  f o r  15 m in u te s  a t  37° .  Reac

t i o n s  w ere  t e r m i n a t e d  and r a d i o a c t i v i t y  d e te rm in e d  as above .

Enzyme I s o l a t i o n

Crude e x t r a c t s  w ere  p r e p a r e d  as  d e s c r i b e d  above . The f r o z e n  

e x t r a c t  was thawed and 1 5 .5  ml w ere  l a y e r e d  o n to  a  1 .5  x  55 cm. Sephadex 

G-200 colum n, p r e v i o u s l y  e q u i l i b r a t e d  w i t h  .05  M T r is -H C l  (pH 8 . 0 ) .  

E l u t i o n  was c a r r i e d  o u t  w i th  .05  M T r is -H C l  (pH 8 .0 )  a t  a  f lo w  r a t e  o f  

12 m l / h r  m a in ta in e d  by a  p e r i s t a l t i c  pump (LKB I n s t r u m e n t s ,  I n c . ) .  3 ml 

f r a c t i o n s  w ere  c o l l e c t e d  and a s s a y e d  f o r  b o th  t o t a l  n u c l e a s e  and s t a n d a r d
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a s s a y  a c t i v i t y .  F r a c t i o n s  c o n t a i n i n g  a c t i v i t y  i n  t h e  s t a n d a r d  a s s a y  w ere  

p o o le d  and c o n c e n t r a t e d  a t  4° u n d e r  n i t r o g e n  u s in g  a  P e l l i c o n  PSAC f i l t e r  

( M i l l i p o r e  F i l t e r ,  I n c . )  i n  an Amicon p r e s s u r e  f i l t r a t i o n  d e v i c e .  I s o 

l a t e d  e n d o n u c le a s e  was s t o r e d  a t  4 ° .

M o le c u la r  W eight D e te rm in a t io n  

The m o le c u la r  w e ig h t  o f  t h e  i s o l a t e d  n u c l e a s e  was d e te r m in e d  

by  g e l  f i l t r a t i o n  on Sephadex  G-200 u s in g  th e  method o f  W h i ta k e r  (1 9 6 3 ) .

A Sephadex  G-200 column ( 1 .5  x  55 cm) was e l u t e d  w i t h  .05  M T r is -H C l  

(pH 8 .0 )  a t  a  f lo w  r a t e  o f  12 m l / h r  w i t h  3 ml f r a c t i o n s  c o l l e c t e d .  The 

f o l l o w i n g  p r o t e i n s  w ere  u se d  t o  c o n s t r u c t  a  s t a n d a r d  c u rv e :  b o v in e

se rum  a lb u m in  (Sigma C h em ica ls )  6 8 ,0 0 0  MW, ova lbum in  (Sigma C hem ica ls )

4 3 ,0 0 0  MW, 6 - l a c t o g l o b u l i n  (Mann R e s e a rc h  L a b .)  36 ,800  MW, and m yoglob in  

(C a lb iochem ) 1 7 ,2 0 0  MW. Sodium a z id e  was ru n  a s  an  i n t e r n a l  volume i n d i 

c a t o r .  The e l u t i o n  volume o f  t h e  i s o l a t e d  e n d o n u c le a s e  was d e te r m in e d ,  

and th e  m o le c u la r  w e ig h t  c a l c u l a t e d  from  t h e  s t a n d a r d  c u rv e .  P r o t e i n  

p e a k s  w ere  d e t e c t e d  by A2 8 O r e a d i n g s ,  sodium  a z id e  was r e a d  a t  A2 5 4 .

P r o t o p l a s t  F o rm a t io n  

P r o t o p l a s t s  w ere  made u s in g  t h e  p r o c e d u r e  o f  S c h e r  and Dubnau 

( 1 9 7 3 ) .  C e l l s  o f  13. s u b t i l i s  168 w ere  grown t o  5 x 109  c e l l s / m l  i n  50 

ml o f  NM m ed ia .  The c e l l s  w ere  c e n t r i f u g e d  (5 ,0 0 0  x g f o r  15 m in . )  and 

r e s u s p e n d e d  i n  25 ml o f  0 .6  M s u c r o s e  c o n t a i n i n g  .05 M T r is -H C l  (pH 8 . 0 ) ,  

.005  M MgCl2 , .0 0 1  M KC1 and 12 .5  mg lysozym e. The m ix tu r e  was i n c u b a te d  

a t  37° f o r  30 m in u te s  and th e n  c e n t r i f u g e d  a t  10 ,000  x g f o r  15 m in u te s .  

The p e l l e t  was washed  once  w i t h  t h e  s u c r o s e - T r i s  b u f f e r  and th e n  r e s u s 

pended  i n  2 .5  ml o f  c o ld  .05  M T r is -H C l  (pH 8 . 0 ) .  R esuspended  c e l l s  

w ere  p l a c e d  i n  an  i c e  b a t h  f o r  1 0  m i n u t e s , and t h e  r e m a in in g  p e l l e t  was 

d i s p e r s e d  by  a  s h o r t  b u r s t  o f  s o n i c a t i o n  (MSE 100 w a t t  U l t r a s o n i c  D is 



i n t e g r a t o r ) ,  w hich  was i n s u f f i c i e n t  t o  b r e a k  w hole  c e l l s .  C e n t r i f u g a t i o n  

a t  1 0 ,0 0 0  x  g f o r  15 m in. removed any c e l l s  n o t  r u p t u r e d  by  e x p o s u re  to  

t h e  h y p o t o n ic  T r i s  b u f f e r .  Thus, t h e  s u p e r n a t a n t  i s  a  c ru d e  e x t r a c t  

d e r i v e d  o n ly  from  t h o s e  c e l l s  w hich  w e re ,  i n  f a c t ,  p r o t o p l a s t s .
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RESULTS

M o le c u la r  W eight Changes o f  SP82G D uring  

I n f e c t i o n  i n  th e  P r e s e n c e  o f  C h lo ram p h e n ic o l  

M c A l l i s t e r  and Green (1972) h a v e  shown t h a t  phage i n h i b i t i o n  

o f  i n t r a c e l l u l a r  i n a c t i v a t i o n  was s e n s i t i v e  t o  c h lo ra m p h e n ic o l  (CM). 

F u r th e r m o r e ,  t h e  DNA o f  phage a l lo w e d  t o  i n f e c t  c e l l s  i n  t h e  p r e s e n c e  

o f  c h lo r a m p h e n ic o l  was s u s c e p t i b l e  to  an i n a c t i v a t i o n  p r o c e s s  s i m i l a r  

t o  t h e  one a f f e c t i n g  t r a n s f e c t i n g  DNA. To e s t a b l i s h  t h e  n a t u r e  o f  t h i s  

i n a c t i v a t i o n  p r o c e s s  t h e  f a t e  o f  phage  DNA w i t h  r e s p e c t  to  m o le c u la r  

w e ig h t  changes  d u r in g  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  CM was exam ined .

C e l l s  w ere  grown to  5 x 1 0 7 c e l l s / m l  and c o n c e n t r a t e d  to  1 0 8 

c e l l s / m l  u s in g  NM m edia  c o n t a i n i n g  200 yg/m l c h lo ra m p h e n ic o l  (CM).

A f t e r  i n c u b a t i o n  f o r  10 m in u te s  a t  3 7 ° ,  t h e  c e l l s  w ere  i n f e c t e d  w i t h  

r a d i o a c t i v e l y  l a b e l e d  ( 3H -a d e n in e )  SP82G a t  an m . o . i .  = 10. The phage  

w ere  a l lo w e d  to  a d s o rb  f o r  1 m in u te  and t h e  c e l l s  w ere  d i l u t e d  1 :4  w i t h  

warm NM p l u s  CM (200 y g /m l ) .  At v a r i o u s  t im es  a f t e r  i n f e c t i o n ,  5 ml 

a l i q u o t s  w ere  w ith d ra w n  and  c h i l l e d  r a p i d l y  by a  1 :1 0  d i l u t i o n  i n t o  i c e  

c o ld  NM p l u s  CM. 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  (5 ,0 0 0  x g f o r  

15 m i n . ) ,  r e s u s p e n d e d  i n  1 ml o f  l y s i s  b u f f e r  (1  mg/ml ly sozym e , 50 mM 

T r is -H C l  pH 8 . 0 ,  10 mM EDTA) and  f r o z e n  o v e r n i g h t  a t  - 2 0 ° .  C e l l s  w ere  

s lo w ly  thawed a t  room t e m p e r a tu r e  and t h e n  i n c u b a t e d  f o r  30 m in u te s  a t  

37° i n  th e  p r e s e n c e  o f  A c tinom yc in  D (1  m g/m l) .  A f t e r  a d d i t i o n  o f  .05 

ml o f  a  20 mg/ml p r o t e a s e  s o l u t i o n  (Type V I ,  S t r e p , g r i s e u s , Sigma) i n  

1% sod ium  d o d e c y l  s u l f a t e  (M atheson , Coleman and B e l l ) ,  i n c u b a t i o n  was 

c o n t in u e d  f o r  120 m in u te s  a t  47 ° .  Phage DNA m o le c u la r  w e ig h t  changes
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w ere  a n a ly z e d  by s e d im e n ta t i o n  th ro u g h  s u c r o s e  g r a d i e n t s .

To d e te rm in e  t h e  e f f e c t  o f  t h e  e x t r a c t i o n  p r o c e d u r e  on phage 

DNA, a  " r e c o n s t r u c t i o n "  ty p e  o f  e x p e r im e n t  was done. In  t h i s  c a s e ,  a  

s m a l l  amount o f  3H -a d e n in e  l a b e l e d  SP82G b a c t e r i o p h a g e  was p h e n o l  e x 

t r a c t e d  and  th e  DNA d i a l y z e d  a g a i n s t  0 .0 5  M T r is -H C l  (pH 8 . 0 ) .  A p o r 

t i o n  o f  t h e  DNA was l e f t  u n t r e a t e d ,  w h i l e  t h e  r e s t  was m ixed w i t h  an 

a p p r o p r i a t e  amount o f  u n i n f e c t e d  B̂ . s u b t i l i s  c e l l s  and t r e a t e d  w i th  

lysozym e and SD S -pronase .  The two DNA p r e p a r a t i o n s  w ere  th e n  a n a ly z e d  

on n e u t r a l  s u c r o s e  g r a d i e n t s .  The r e s u l t s  ( F ig s .  1A, IB) show a s m a l l  

b u t  s i g n i f i c a n t  drop  i n  th e  m o le c u la r  w e ig h t  o f  t h e  DNA c a u se d  by th e  

SD S-pronase  p r o c e d u r e .  A p p ro x im a te ly  1 . 0 - 1 . 5  d o u b le  s t r a n d  b r e a k s  p e r  

DNA m o le c u le  a r e  i n t r o d u c e d  by t h e  e x t r a c t i o n  p r o c e d u r e .

The p r o f i l e s  o f  phage  DNA e x t r a c t e d  a t  2 . 5 ,  5 ,  25 and 40 m in u te s  

f o l l o w in g  i n f e c t i o n  ( F i g s .  1C -  IF )  show a  p r o g r e s s i v e  s h i f t  tow ards  

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

t h e  i n f e c t i n g  DNA i n c r e a s e s  w i t h  t im e .

T ab le  2 su mma r i z e s  t h e  i n f o r m a t i o n  c o n ta in e d  i n  t h e  s e d im e n ta t i o n  

p r o f i l e s  o f  F ig .  1. The number o f  d o u b le  s t r a n d  b r e a k s  w ere  c a l c u l a t e d  

u s in g  t h e  phage  DNA p u t  th ro u g h  t h e  SD S-pronase  e x t r a c t i o n  p r o c e d u r e  as 

a  c o n t r o l .  P e r c e n t  a c id  s o l u b l e  n u c l e o t i d e s  w ere  c a l c u l a t e d  by d e t e r 

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

a t  t h e  to p  o f  t h e  g r a d i e n t .

I t  i s  c l e a r  t h a t  th e  i n f e c t i n g  DNA i s  s u b j e c t  t o  a  l a r g e  number 

o f  e n d o n u c l e o l y t i c  b r e a k s  d u r in g  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  CM. In  

a d d i t i o n ,  a s  t h e  DNA i s  f r a g m e n te d ,  c e l l u l a r  e x o n u c le a s e s  w ould  have  an 

i n c r e a s e d  number o f  s i t e s  to  a t t a c k  and th u s  t h e  p e r c e n t  a c i d  s o l u b l e  

n u c l e o t i d e s  s h o u ld  i n c r e a s e  w i t h  t im e .  I t  a p p e a r s  t h a t  i n t r a c e l l u l a r
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F ig .  1. M o le c u la r  w e ig h t  changes  o f  SP82G DNA d u r in g  i n f e c t i o n  i n  

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

s u c r o s e  g r a d i e n t s .

C e l l  l y s a t e s  w ere  p r e p a r e d  as d e s c r i b e d  i n  t e x t .  A l iq u o t s  

( 0 .2  ml) w ere  c a r e f u l l y  l a y e r e d  o n to  5-20% n e u t r a l  s u c r o s e  g r a d i e n t s  and 

c e n t r i f u g e d  a t  35 ,000  r e v /m in  f o r  105 min a t  23° i n  an  SW65 r o t o r .

F ig .  1A: s e d im e n ta t i o n  p r o f i l e  o f  p h e n o l  e x t r a c t e d  SP82G DNA;

F ig .  IB : p h e n o l  e x t r a c t e d  SP82G DNA m ixed w i t h  a p p ro x im a te ly  109 

c e l l s  and t r e a t e d  w i t h  lysozym e and S D S -p ro te a s e ;

F i g s .  1C-1F: i n f e c t i o n  a l lo w e d  t o  p r o c e e d  f o r  2 .5  min (1 C ) ,  5 min

( ID ) ,  25 min ( IE )  and 40 min ( I F ) .  Arrow ( ^ )  i n  1A d e n o te s  sed im en

t a t i o n  v a lu e  f o r  p h e n o l  e x t r a c t e d  DNA; a rrow s  ( ^ )  1B-1F d e n o te

s e d im e n ta t i o n  v a lu e  f o r  l y s o z y m e - p r o te a s e  t r e a t e d  c o n t r o l  DNA.
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T ab le  2 .  DAMAGE TO PHAGE GENOME DURING 

INFECTION IN THE PRESENCE OF CHLORAMPHENICOL

Time a f t e r  I n f e c t i o n  No. o f  Double S t r a n d  % A cid

(min) Breaks/DNA M o lecu le*  S o lu b le  N u c le o t id e s

C o n t r o l  ------- 4 .3 7

2 .5  1 4 .3 7

17 2 - 2 .5  5 .8 5

25 4 . 0 - 4 . 5  6 .3 2

40 7 .0  7 .6 4

* c a l c u l a t e d  by m ethod o f  C h a r le s b y  (1953)
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i n a c t i v a t i o n  i s  t h e  r e s u l t  o f  an e n d o n u c le a s e  c a p a b le  o f  c a u s in g  d o u b le  

s t r a n d  b r e a k s  i n  SP82G DNA.

An e x p e r im e n t  t o  q u a n t i t a t e  s i n g l e  s t r a n d  b r e a k s  by s e d im e n ta 

t i o n  th ro u g h  a l k a l i n e  s u c r o s e  g r a d i e n t s  i s  shown i n  F ig .  2 .  The c o n t r o l  

showed a  l a r g e  number o f  b r e a k s , p r o b a b ly  in d u c e d  by t h e  e x t r a c t i o n  p r o 

c e d u re .  Thus, q u a n t i t a t i o n  o f  s i n g l e  s t r a n d  b r e a k s  w i t h  r e s p e c t  to  t im e  

i s  im p o s s ib l e .

E f f e c t  o f  D i v a l e n t  C a t io n s  on th e  T o t a l  N u c le ase  

A c t i v i t y  o f  U n in f e c t e d  C e l l  E x t r a c t s

B e fo re  a t t e m p t i n g  t o  lo o k  a t  t h e  e f f e c t  o f  i n f e c t i o n  on th e  

n u c l e a s e  a c t i v i t y  o f  c ru d e  e x t r a c t s ,  c o n d i t i o n s  m ust b e  found t o  o p t 

im iz e  t h e  t o t a l  n u c l e a s e  a c t i v i t y  o f  u n i n f e c t e d  e x t r a c t s . The concen

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

an e x p e r im e n t  was d e s ig n e d  t o  m easu re  t h i s  e f f e c t  u s in g  v a r i o u s  concen

t r a t i o n s  o f  MgCl2  and CaCl2 . The r e s u l t s  ( F ig .  3) show t h a t :

1) e s s e n t i a l l y  no a c i d  s o l u b l e  p r o d u c t  i s  form ed i n  t h e  ab

s e n c e  o f  d i v a l e n t  c a t i o n s  and ,

2) u n i n f e c t e d  e x t r a c t s  a r e  s t i m u l a t e d  t o  a  g r e a t e r  e x t e n t  by 

10 mM MgCl2 th a n  by 10 mM CaCl2 . F o r  t h i s  r e a s o n ,  10 mM MgCl2 i s  u sed  

i n  a l l  t o t a l  n u c l e a s e  a s s a y s .

E f f e c t  o f  I n f e c t i o n  on T o ta l  N u c le a se  

A c t i v i t y  o f  C e l l  E x t r a c t s

H aving  shown t h a t  i n t r a c e l l u l a r  i n a c t i v a t i o n  i n v o lv e s  an  endo

n u c l e o l y t i c  a t t a c k  on phage  DNA, th e  q u e s t i o n  o f  how phage i n f e c t i o n  

i n h i b i t s  t h i s  a c t i v i t y  c o u ld  b e  i n v e s t i g a t e d .  The m ost s t r a i g h t f o r w a r d  

e x p l a n a t i o n ,  t h a t  o f  a  phage  in d u c e d  p r o t e i n  d i r e c t l y  i n h i b i t i n g  th e
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F ig .  2 .  M o le c u la r  w e ig h t  changes  o f  SP82G DNA d u r in g  i n f e c t i o n  

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

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

C e l l  l y s a t e s  w ere  p r e p a r e d  as d e s c r i b e d  i n  t e x t .  A l iq u o ts  

( 0 .2  ml) w ere  l a y e r e d  o n to  5-20% a l k a l i n e  s u c r o s e  g r a d i e n t s  and c e n t r i 

fu g ed  a t  35 ,000  r e v /m in .  f o r  105 min a t  23° i n  an  SW65 r o t o r .  Sedimen

t a t i o n  p r o f i l e s  a r e  shown f o r  lysozym e p r o t e a s e  t r e a t e d  c o n t r o l  ( A ) ,

5 min ( A ) and 40 min ( □  ) a f t e r  i n f e c t i o n .
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F ig .  3. E f f e c t  o f  d i v a l e n t  c a t i o n s  on t h e  t o t a l  n u c l e a s e  a c t i v i t y  

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

T o t a l  n u c l e a s e  a s s a y s  w ere  done as d e s c r i b e d  i n  M a t e r i a l s  and 

Methods u s in g  n a t i v e  SP82G DNA and v a r i o u s  amounts o f  MgCl2  and CaCl2 - 

Acid  s o l u b l e  p r o d u c t  form ed i s  shown a s  a  f u n c t i o n  o f  Mg2+ ( •  ) and 

Ca2+ ( □ ) c o n c e n t r a t i o n s .
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i n t r a c e l l u l a r  i n a c t i v a t i o n  n u c l e a s e ,  was th e  f i r s t  to  b e  i n v e s t i g a t e d .

The a b i l i t y  o f  a  c ru d e  e x t r a c t  t o  d e g ra d e  s u b s t r a t e  DNA i n t o  

a c i d  s o l u b l e  n u c l e o t i d e s  i s  a  f u n c t i o n  o f  b o th  c e l l u l a r  e x o n u c le a s e s  

and e n d o n u c le a s e s .  The e x o n u c le a s e s ,  w hich  a t t a c k  o n ly  f r e e  ends  o f  

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

b l e  n u c l e o t i d e s .  The e n d o n u c le a s e s ,  a l th o u g h  p r o d u c in g  no a c i d  s o l u b l e  

n u c l e o t i d e s ,  s u p p ly  more s u b s t r a t e  s i t e s  f o r  e x o n u c le a s e s  by g e n e r a t i n g  

more f r e e  DNA e n d s .  Thus, th e  i n h i b i t i o n  o r  l o s s  o f  an e n d o n u c le a s e  i n  

a  c ru d e  e x t r a c t  s h o u ld  be  d e t e c t a b l e  u s in g  an a s s a y  o f  t h e  amount o f  

a c id  s o l u b l e  p r o d u c t .

A com par ison  o f  t o t a l  n u c l e a s e  a c t i v i t y  be tw e en  u n i n f e c t e d  

c e l l  e x t r a c t s  and e x t r a c t s  o f  c e l l s  i n f e c t e d  w i t h  SP82G f o r  v a r i o u s  

l e n g t h s  o f  t im e  was done . C e l l s  w ere  i n f e c t e d  a t  a  m u l t i p l i c i t y  o f  

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

o f  c h lo r a m p h e n ic o l  (200 y g / m l ) . C e l l s  w ere  w ashed  w i t h  0 .0 5  M T r is -H C l  

(pH 8 .0 )  t o  remove e x t r a c e l l u l a r  n u c l e a s e s  and l y s e d  w i t h  ly sozym e.

F i g .  4 shows t o t a l  n u c l e a s e  a c t i v i t y  as a  f u n c t i o n  o f  t im e  a f 

t e r  i n f e c t i o n  a t  33° and 37 ° .  U n in f e c te d  e x t r a c t s  show a  l i n e a r  i n c r e a s e  

w i t h  t im e .  W ith e x t r a c t s  o f  c e l l s  i n f e c t e d  a t  3 7 ° ,  no change i n  n u c l e a s e  

a c t i v i t y  i s  o b s e rv e d  up t o  1 1 /2  m in u te s  a f t e r  i n f e c t i o n .  By 3 m in u t e s ,  

a  d i s t i n c t  d e c r e a s e  i n  t o t a l  n u c l e a s e  a c t i v i t y  i s  o b s e rv e d  w hich  r e a c h e s  

a  maximum a t  a b o u t  6 m in u te s .  A f t e r  6 m in u t e s ,  n u c l e a s e  l e v e l s  s lo w ly  

r i s e  a g a in  and a r e  a p p ro x im a te ly  e q u a l  t o  u n i n f e c t e d  l e v e l s  by  20 min

u t e s  a f t e r  i n f e c t i o n  ( n o t  show n). When i n f e c t i o n  o c c u rs  a t  3 3 ° ,  t h e  

p r o c e s s  a p p e a r s  much more com plex . At e a r l y  t im e s  a f t e r  e x p o s u re  to  

phage  a  marked i n c r e a s e  i n  n u c l e a s e  a c t i v i t y  i s  o b s e rv e d .  T h is  i n c r e a s e  

p e a k s  a t  2 m in u te s  a f t e r  i n f e c t i o n ,  and r a p i d l y  d e c r e a s e s  to  u n i n f e c t e d
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F ig .  4. E f f e c t  o f  i n f e c t i o n  on t h e  t o t a l  n u c l e a s e  a c t i v i t y  o f  

c e l l  e x t r a c t s .

C e l l s  w ere  grown to  1 0 8 c e l l s / m l  and i n f e c t e d  w i t h  SP82G phage  

a t  an  m . o . i .  = 10. At v a r i o u s  t im e s  a f t e r  i n f e c t i o n ,  c h lo r a m p h e n ic o l  

(200 p g /m l)  was added  and c e l l s  c o o le d  r a p i d l y  i n  i c e .  C e l l s  w ere  l y s e d  

and e x t r a c t s  a s s a y e d  u s in g  t h e  t o t a l  n u c l e a s e  a s s a y  w i t h  n a t i v e  SP82G 

DNA. A c id  s o l u b l e  p r o d u c t  i s  shown as  a  f u n c t i o n  o f  t im e  a f t e r  i n f e c t i o n  

f o r  e x t r a c t s  o f  i n f e c t e d  ( •  ) and u n i n f e c t e d  ( ■  ) c e l l s .  F ig .  4A: 

i n f e c t i o n  a t  3 3 ° ;  4B: i n f e c t i o n  a t  37° .



AC
ID

 
SO

LU
BL

E

34

68 -

-58

r566 4 -

-446 2-

-5260 -

-50:

5 4 -

5 2 -

5 0 -

4 8 -

TIME AFTER INFECTION m in

F ig .  4

A
CID



35

l e v e l s  by 5 m in u te s .  N u c le a s e  l e v e l s  c o n t in u e  t o  f a l l  u n t i l  a b o u t  9 

m in u te s  a f t e r  i n f e c t i o n ,  a f t e r  w hich  a  s low  i n c r e a s e  i n  a c t i v i t y  i s  

s e e n .  As a t  3 7 ° ,  by 20 m in u te s  a f t e r  i n f e c t i o n ,  l e v e l s  o f  n u c l e a s e  

a c t i v i t y  i n  t h e  two e x t r a c t s  a r e  a p p ro x im a te ly  i d e n t i c a l .

Thus, a t  b o t h  33° and 37° d u r in g  phage  i n f e c t i o n ,  t h e r e  o c c u rs  

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

e x t r a c t  when compared t o  i d e n t i c a l  u n i n f e c t e d  c e l l  e x t r a c t s .

Q u a n t i t a t i o n  o f  T o ta l  N u c le a s e  A c t i v i t y  i n  C e l l  E x t r a c t s

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

o b s e rv e d  above i s  t h a t  a c e r t a i n  p o p u l a t i o n  o f  c e l l s  i s  p r e m a tu r e ly  

l y s e d  o r  s t r u c t u r a l l y  weakened  by i n f e c t i o n ,  so  t h a t  t h e  d e c r e a s e s  ob

s e r v e d  s im p ly  r e f l e c t  a  drop  i n  t o t a l  p r o t e i n  c o n c e n t r a t i o n .  In  a d d i 

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

c o l  s e n s i t i v e  ( M c A l l i s t e r ,  1 9 7 2 ) ,  phage  in d u c e d  i n h i b i t i o n  o f  a  h o s t  

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

a l s o  b e  c h lo r a m p h e n ic o l  s e n s i t i v e .

To i n v e s t i g a t e  t h e s e  two q u e s t i o n s ,  t h r e e  l a r g e  e x t r a c t s  o f  

c e l l s  grown a t  37° w e re  p r e p a r e d .  These w e re :  u n i n f e c t e d ,  i n f e c t e d  f o r

6 m in u t e s ,  and i n f e c t e d  f o r  6 m in u te s  i n  t h e  p r e s e n c e  o f  CM (200 y g /m l ) .  

F ig .  5 shows t o t a l  n u c l e a s e  a c t i v i t y  as  a  f u n c t i o n  o f  mg o f  p r o t e i n  p e r  

ml o f  r e a c t i o n  m ix t u r e .  Two c o n c lu s io n s  can  b e  drawn from  t h e  d a t a .

F i r s t ,  t h e r e  i s  a t  l e a s t  tw ic e  as much n u c l e a s e  a c t i v i t y  p e r  

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

o f  i n f e c t e d  c e l l  e x t r a c t .  T h is  shows t h a t  n u c l e a s e  a c t i v i t y  i n  e x t r a c t s  

o f  c e l l s  i n f e c t e d  f o r  6 m in u te s  a t  37° i s  s i g n i f i c a n t l y  i n h i b i t e d  i n  

c o m p a r iso n  to  u n i n f e c t e d  c e l l  e x t r a c t s .  That t h e  i n h i b i t e d  a c t i v i t y  i s  

p r o b a b ly  e n d o n u c l e o l y t i c  i n  n a t u r e  can  be  i n f e r r e d  from t h e  f a c t  t h a t  a t
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F ig .  5 .  Q u a n t i t a t i o n  o f  t o t a l  n u c l e a s e  a c t i v i t y  i n  c e l l  e x t r a c t s .

T o ta l  n u c l e a s e  a s s a y s  w ere  done as d e s c r i b e d  i n  M a t e r i a l s  and 

M ethods u s in g  h e a t  d e n a tu r e d  SP82G DNA as s u b s t r a t e .  A cid  s o l u b l e  

p r o d u c t  form ed i s  shown a s  a  f u n c t i o n  o f  mg o f  p r o t e i n  i n  e x t r a c t s  from 

c e l l s  i n f e c t e d  ( ■  ) ,  u n i n f e c t e d  ( ▼ ) and i n f e c t e d  i n  t h e  p r e s e n c e  o f  

CM ( •  ) .
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h ig h  c o n c e n t r a t i o n s  o f  i n f e c t e d  c e l l  e x t r a c t ,  d e g r a d a t i o n  i s  c l e a r l y  

s u b s t r a t e  l i m i t e d  a t  a  p o i n t  w here  50% o f  t h e  t o t a l  DNA h a s  b e e n  

h y d r o ly z e d .  The u n i n f e c t e d  c e l l  e x t r a c t ,  on t h e  o t h e r  h a n d ,  u n d e rg o e s  

no s u b s t r a t e  l i m i t a t i o n  and d e g r a d a t i o n  c e a s e s  t o  i n c r e a s e  o n ly  a f t e r  

>90% o f  t h e  DNA h a s  b e e n  h y d r o ly z e d .  The s u b s t r a t e  l i m i t a t i o n  s e e n  

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

e n d o n u c le a s e .

S e c o n d ly ,  as  e x p e c t e d ,  e x t r a c t s  made from  c e l l s  i n f e c t e d  i n  th e  

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

N e v e r t h e l e s s ,  a  s m a l l  (10%) b u t  r e p r o d u c i b l e  i n h i b i t i o n  o f  t o t a l  n u c l e a s e  

a c t i v i t y  i s  s e e n  i n  t h e s e  e x t r a c t s .  T h is  r a i s e s  t h e  p o s s i b i l i t y  t h a t  

th e  p h a g e - in d u c e d  i n h i b i t i o n  h a s  two com ponents :  a  C M - s e n s i t iv e  i n h i b i 

t i o n  a c c o u n t in g  f o r  a b o u t  90% o f  t h e  o b s e rv e d  d e c r e a s e ,  and a  CM -insen- 

s i t i v e  i n h i b i t i o n  a c c o u n t in g  f o r  10% o f  t h e  d e c r e a s e  i n  h o s t  n u c l e a s e  

a c t i v i t y .  T ha t  t h e  n u c l e a s e  i n h i b i t e d  by th e  C M - in s e n s i t i v e  p r o c e s s  i s  

a l s o  an  e n d o n u c le a s e  can  b e  i m p l ie d  from  t h e  same argum ent o u t l i n e d  

above .

E f f e c t  o f  I n f e c t i o n  i n  P r e s e n c e  o f  CM on T o ta l  

N u c le a s e  A c t i v i t y  o f  C e l l  E x t r a c t s  

To d e te r m in e  a t  w ha t t im e  a f t e r  i n f e c t i o n  t h e  C M - in s e n s i t i v e  

i n h i b i t i o n  i s  m ax im a lly  m a n i f e s t  w i t h i n  th e  c e l l ,  n u c l e a s e  a c t i v i t y  as 

a  f u n c t i o n  o f  t im e  a f t e r  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  CM was m easu red .  

E x p e r im e n ta l  p r o c e d u r e s  w e re  t h e  same as u se d  p r e v i o u s l y ,  w i t h  t h e  e x 

c e p t i o n  t h a t  CM (200 yg /m l)  was added to  t h e  c e l l  s u s p e n s io n  5 m in u te s  

p r i o r  to  i n f e c t i o n .  M c A l l i s t e r  (1972) h a s  shown t h a t  CM does n o t  a f f e c t  

phage  a d s o r p t i o n  o r  DNA i n j e c t i o n  and  does  no i r r e v e r s i b l e  harm  t o  t h e  

b a c t e r i a .
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The r e s u l t s  ( F ig .  6) i n d i c a t e  t h a t  w i t h i n  two m in u te s  a f t e r  

i n f e c t i o n  a t  3 7 ° ,  C M - in s e n s i t i v e  i n h i b i t i o n  i s  f u l l y  r e a l i z e d .  No f u r 

t h e r  change i n  n u c l e a s e  l e v e l s  o c c u r s  a f t e r  t h i s  i n i t i a l  d e c r e a s e .  The 

r a p i d i t y  w i t h  w h ich  t h i s  d e c r e a s e  i s  b r o u g h t  a b o u t  a rg u e s  a g a i n s t  t h e  

f o r m a t io n  o f  some phage  in d u c e d  i n h i b i t o r ,  and t h e  f a c t  t h a t  i t s  o n s e t  

c o in c i d e s  w i t h  t h e  t im e  n e e d ed  f o r  phage  DNA i n j e c t i o n  s u g g e s t s  t h e  

p o s s i b i l i t y  t h a t  t h e  phage  i t s e l f  t r a n s f e r s  so m e th in g  i n t o  t h e  c e l l  

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

S t u d ie s  w ere  a t t e m p te d  u s in g  A c t in o m y c in  D to  d e te r m in e  i f  RNA 

s y n t h e s i s  was r e q u i r e d  f o r  t h i s  C M - in s e n s i t i v e  i n h i b i t i o n .  The e x p e r i 

m ents c o u ld  n o t  b e  e v a l u a t e d ,  ho w ev er ,  b e c a u s e  r e s i d u a l  l e v e l s  o f  A c t in 

omycin D i n  c e l l  e x t r a c t s  i n h i b i t e d  a l l  n u c l e a s e  l e v e l s  t o  su ch  an e x 

t e n t  t h a t  c o m p a r iso n s  b e tw e e n  e x t r a c t s  w ere  i m p o s s i b l e .  A t te m p ts  to  

remove t h e s e  r e s i d u a l  l e v e l s  o f  A c t in o m y c in  D by e x t e n s i v e  d i a l y s i s  w ere  

u n s u c c e s s f u l .  A g a in ,  i t  s h o u ld  b e  p o i n t e d  o u t  t h a t  t h e  s p e e d  w i t h  w hich  

th e  i n h i b i t i o n  o c c u rs  a rg u e s  a g a i n s t  any c e l l  m e d ia te d  m a c ro m o le c u la r  

s y n t h e s i s  o f  i n h i b i t o r .

C h lo ram p h e n ic o l  and Amino A cid  I n c o r p o r a t i o n  

L e v i n t h a l  et^ a l .  (1962) h a s  shown t h a t  CM c o n c e n t r a t i o n s  s i m i l a r  

to  t h o s e  u s e d  i n  th e  above e x p e r im e n t s  (200 p g /m l)  e s s e n t i a l l y  s to p  a l l  

i n c o r p o r a t i o n  o f  r a d i o a c t i v e  amino a c id s  i n t o  a c i d  p r e c i p i t a b l e  p r o t e i n .  

B ecause  o f  t h e  u n e x p e c te d  d i s c o v e r y  o f  a  C M - in s e n s i t i v e  i n h i b i t i o n ,  

L e v i n t h a l ' s  e x p e r im e n t  was r e p e a t e d  t o  c o n f i r m  t h a t  t h e  CM t r e a t m e n t  w as ,  

i n  f a c t ,  b l o c k i n g  p r o t e i n  s y n t h e s i s  i n  t h i s  s y s te m ,  and to  s e e  w h e th e r  

phage  i n f e c t i o n  i n  any way m o d if ie d  t h e  CM e f f e c t  on p r o t e i n  s y n t h e s i s .

The r e s u l t s  ( F ig .  7) show t h a t  c h lo r a m p h e n ic o l  a t  a  dose  o f  

200 yg /m l e f f e c t i v e l y  b l o c k s  a t  l e a s t  95% o f  p r o t e i n  s y n t h e s i s  i n  u n i n -
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F ig .  6 .  E f f e c t  o f  i n f e c t i o n  i n  p r e s e n c e  o f  CM on t o t a l  n u c l e a s e  

a c t i v i t y  o f  c e l l  e x t r a c t .

C e l l s  w ere  grown to  10® c e l l s / m l  and t r e a t e d  w i t h  CM (200 pg /m l)  

5 m in u te s  p r e v i o u s  t o  i n f e c t i o n  w i t h  SP82G. I n f e c t i o n  was c a r r i e d  o u t  

a t  an m . o . i .  = 10 a t  3 7 ° .  At v a r i o u s  t im e s  a f t e r  i n f e c t i o n ,  a l i q u o t s  

w ere  w i th d ra w n  and c h i l l e d  r a p i d l y .  C e l l s  w ere  l y s e d  and e x t r a c t s  

a s s a y e d  u s in g  t h e  t o t a l  n u c l e a s e  a s s a y  w i t h  n a t i v e  SP82G DNA. Acid  

s o l u b l e  p r o d u c t  form ed i s  shown as a  f u n c t i o n  o f  t im e  a f t e r  i n f e c t i o n  

f o r  e x t r a c t s  o f  i n f e c t e d  ( •  ) and u n i n f e c t e d  ( ■ ) c e l l s .
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F ig .  7. E f f e c t  o f  c h lo r a m p h e n ic o l  on amino a c i d  i n c o r p o r a t i o n

E x p e r im e n ta l  p r o c e d u r e  d e s c r i b e d  i n  M a t e r i a l s  and M ethods. 

The amount o f  3H-amino a c i d  i n c o r p o r a t e d  i n t o  a c i d  p r e c i p i t a b l e  p r o 

t e i n  i s  shown as  a  f u n c t i o n  o f  t im e  f o r  c o n t r o l  c e l l s  (no CM) ( O ) ,

c e l l s  t r e a t e d  w i t h  CM ( ■ ) and c e l l s  t r e a t e d  w i t h  CM and i n f e c t e d

w i t h  SP82G a t  t im e  z e r o  ( •  ) .
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f e c t e d  c e l l s .  In  a d d i t i o n ,  i n f e c t i o n  w i t h  SP82G does n o t  m odify  c h l o r 

a m p h e n ic o l 's  e f f e c t  on p r o t e i n  s y n t h e s i s .  These r e s u l t s  r e i n f o r c e  t h e  

i d e a  t h a t  th e  C M - in s e n s i t i v e  i n h i b i t i o n  i s  i n d e p e n d e n t  o f  h o s t  m e d ia t io n  

and i s  p r o b a b ly  c a r r i e d  i n t o  t h e  c e l l  w i t h  t h e  i n f e c t i n g  genome.

Com parison  o f  I n f e c t e d  and U n in f e c te d  

C e l l  E x t r a c t s  on V a r io u s  S u b s t r a t e s  

S in c e  a s t r i k i n g  q u a n t i t a t i v e  d i f f e r e n c e  i n  t o t a l  n u c l e a s e  

a c t i v i t y  be tw een  i n f e c t e d  and u n i n f e c t e d  c e l l  e x t r a c t s  i s  e v i d e n t  w i th  

SP82G DNA as  a  s u b s t r a t e ,  an  a t t e m p t  was made t o  i n v e s t i g a t e  t h e  su b 

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

e x p e r im e n t  was t h a t  i f  t h e  n u c l e a s e  w hich  i s  i n h i b i t e d  by i n f e c t i o n  i s  

u n a b le  t o  a t t a c k  a  s p e c i f i c  s u b s t r a t e ,  e . g .  1J. s u b t i l i s  DNA, t h e  d i f 

f e r e n c e s  be tw een  e x t r a c t s  f rom  u n i n f e c t e d  and i n f e c t e d  c e l l s ,  when 

m easu red  on t h a t  s u b s t r a t e ,  s h o u ld  d i s a p p e a r .  To i n v e s t i g a t e  t h i s ,  t h e  

f o l l o w i n g  s u b s t r a t e s  w ere  t e s t e d :

( i )  SP82G n a t i v e  and d e n a tu r e d  DNA. As s e e n  i n  F ig .  8 , a  d i s 

t i n c t ,  q u a n t i t a t i v e  d i f f e r e n c e  b e tw e en  e x t r a c t s  o f  i n f e c t e d  and u n i n 

f e c t e d  c e l l s  does e x i s t  u s i n g  b o t h  d e n a tu r e d  and n a t i v e  SP82G DNA. A 

d i s t i n c t  d i f f e r e n c e  i s  n o te d  be tw e en  th e  t o t a l  amount o f  d e g r a d a t i o n  

w i th  each  s u b s t r a t e .  W ith  e q u i v a l e n t  amounts o f  c ru d e  e x t r a c t s ,  ab o u t  

10 t im e s  more a c i d  s o l u b l e  p r o d u c t  i s  form ed u s i n g  d e n a tu r e d  DNA as  su b 

s t r a t e  a s  when n a t i v e  DNA i s  u s e d .  That t h i s  i n c r e a s e  i s  a lm o s t  c e r 

t a i n l y  due t o  a  g r e a t e r  a c t i v i t y  on d e n a tu r e d  DNA o f  t h e  c e l l u l a r  exo

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

e x t r a c t s  i s  t h e  same u s in g  e i t h e r  s u b s t r a t e .  Thus, t h e  n u c l e a s e  i n h i b 

i t e d  by phage  i n f e c t i o n  i s  a b l e  t o  d e g ra d e  b o th  n a t i v e  and d e n a tu r e d  

SP82G DNA.
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F ig .  8. Com parison  o f  e x t r a c t s  from  i n f e c t e d  and u n i n f e c t e d  c e l l s  

on n a t i v e  and d e n a tu r e d  SP82G DNA.

T o t a l  n u c l e a s e  a s s a y s  w e re  done as d e s c r i b e d  i n  M a t e r i a l s  and 

Methods u s i n g  d e n a tu r e d  o r  n a t i v e  3H-SP82G DNA. A cid  s o l u b l e  p r o d u c t  

form ed i s  shown as  a  f u n c t i o n  o f  mg o f  p r o t e i n  o f  u n i n f e c t e d  ( O ) and 

i n f e c t e d  ( •  ) c e l l  e x t r a c t s .  F ig .  8A: d e n a tu r e d  SP82G DNA u s e d  as

s u b s t r a t e ;  8B: n a t i v e  SP82G DNA u sed  as  s u b s t r a t e .
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( i i )  UV i r r a d i a t e d  and u n - i r r a d i a t e d  n a t i v e  SP82G DNA. The 

work o f  E p s t e i n  (1967) s u g g e s t e d  t h a t  a  n u c l e a s e  w i t h  a  p r e f e r e n c e  f o r  

UV i r r a d i a t e d  DNA p la y e d  an i m p o r ta n t  r o l e  i n  i n t r a c e l l u l a r  i n a c t i v a t i o n .  

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

i n f e c t e d  and u n i n f e c t e d  c e l l s  w ere  t e s t e d  on e q u a l  amounts o f  UV i r 

r a d i a t e d  and u n - i r r a d i a t e d  n a t i v e  SP82G DNA. I f  t h e  enzyme shows a 

p r e f e r e n c e  f o r  UV i r r a d i a t e d  s u b s t r a t e ,  e x t r a c t s  from  u n i n f e c t e d  c e l l s  

s h o u ld  show g r e a t e r  a c t i v i t y  w i t h  UV DNA th a n  w i t h  u n i r r a d i a t e d  DNA 

w h i l e  e x t r a c t s  from  u n i n f e c t e d  c e l l s  s h o u ld  show no  change . The n e t  

r e s u l t  e x p e c te d  would  be  an i n c r e a s e  i n  t h e  d i f f e r e n c e  be tw een  e x t r a c t s  

from  u n i n f e c t e d  and i n f e c t e d  c e l l s  when u s in g  UV DNA as  s u b s t r a t e  when 

compared w i t h  t h e  d i f f e r e n c e s  s e e n  u s in g  u n - i r r a d i a t e d  DNA as  s u b s t r a t e .

The r e s u l t s  ( F ig .  9) show t h a t  t h i s  i s  n o t  t h e  c a s e .  The 

d e g re e  o f  i n h i b i t i o n  does  n o t  i n c r e a s e  when UV i r r a d i a t e d  DNA i s  u s e d  as 

s u b s t r a t e .  Thus, t h e  n u c l e a s e  i n h i b i t e d  by phage  i n f e c t i o n  does n o t  

e x h i b i t  a  p r e f e r e n c e  f o r  UV i r r a d i a t e d  DNA.

( i i i )  O th e r  n u c l e i c  a c i d s .  The q u e s t i o n  w h e th e r  t h i s  i n h i b i 

t i o n  o f  n u c l e a s e  a c t i v i t y  w ould  b e  s e e n  when u s i n g  n u c l e i c  a c id s  o t h e r  

th a n  SP82G DNA as s u b s t r a t e  was t h e  n e x t  t o  b e  i n v e s t i g a t e d .

F ig .  10 shows r e s u l t s  com paring  t h e  n u c l e a s e  a c t i v i t i e s  o f  i n 

f e c t e d  and  u n i n f e c t e d  e x t r a c t s  on t h r e e  d i f f e r e n t  s u b s t r a t e s .  F ig .  10a 

and 10b show th e  r e s u l t s  u s in g  B a c i l l u s  s u b t i l i s  and b a c t e r i o p h a g e  T4 

DNA r e s p e c t i v e l y .  In  b o th  c a s e s ,  t h e r e  i s  a  s i g n i f i c a n t  d i f f e r e n c e  b e 

tween e x t r a c t s , t h u s  im p ly in g  t h a t  t h e  n u c l e a s e  i n h i b i t e d  by  phage  i n f e c 

t i o n  i s  a b le  t o  d e g ra d e  e i t h e r  o f  t h e  s u b s t r a t e s .  F ig .  10c shows r e s u l t s  

u s in g  s i l k  worm l a r v a e  r ib o s o m a l  RNA as  t h e  s u b s t r a t e .  A g a in ,  t h e r e  i s  

c l e a r l y  a  d i s t i n c t  d i f f e r e n c e  be tw een  t h e  two e x t r a c t s .  The o n ly  i n t e r 

p r e t a t i o n  p o s s i b l e  i s  t h a t  t h e  n u c l e a s e  a c t i v i t y  i n h i b i t e d  d u r in g  phage
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F i g .  9 .  Com parison o f  e x t r a c t s  from  i n f e c t e d  and u n i n f e c t e d  c e l l s  

on UV i r r a d i a t e d  and u n - i r r a d i a t e d  n a t i v e  SP82G DNA.

T o t a l  n u c l e a s e  a s s a y s  w ere  done as  d e s c r i b e d  i n  M a t e r i a l s  and 

Methods u s in g  u n i r r a d i a t e d  and UV i r r a d i a t e d  (3 6 ,0 0 0  ergs/m m 2) n a t i v e  

SP82G DNA. A cid  s o l u b l e  p r o d u c t  form ed i s  shown as  a  f u n c t i o n  o f  mg. 

o f  p r o t e i n  o f  e x t r a c t s  from  i n f e c t e d  ( •  ) and u n i n f e c t e d  ( O ) c e l l s .  

F ig .  9A: UV i r r a d i a t e d  n a t i v e  SP92G DNA u se d  as  s u b s t r a t e ;  9B: u n -

i r r a d i a t e d  n a t i v e  SP82G DNA u se d  as s u b s t r a t e .
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F ig .  10 . Com parison o f  e x t r a c t s  from  i n f e c t e d  and u n i n f e c t e d  c e l l s  

on B_. s u b t i l i s  and T4 DNA and s i l k  worm l a r v a e  r ib o s o m a l  

ENA.

T o t a l  n u c l e a s e  a s s a y s  w ere  done as d e s c r i b e d  i n  M a t e r i a l s  and 

Methods u s in g  n a t i v e  B a c i l l u s  s u b t i l i s  DNA, n a t i v e  T4 DNA and s i l k  

worm l a r v a e  r ib o s o m a l  RNA. A c id  s o l u b l e  p r o d u c t  form ed i s  shown as  a 

f u n c t i o n  o f  mg o f  p r o t e i n  o f  e x t r a c t s  from  i n f e c t e d  ( •  ) and u n i n f e c t e d  

( O ) c e l l s .  F ig .  10A: n a t i v e  li. s u b t i l i s  DNA u se d  as s u b s t r a t e ;  10B:

n a t i v e  T4 DNA; 10C: s i l k  worm l a r v a e  r ib o s o m a l  RNA.
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i n f e c t i o n  w i l l  a t t a c k  RNA as  w e l l  a s  DNA.

Taken i n  t o t a l ,  t h i s  s e r i e s  o f  e x p e r im e n ts  i m p l i e s  t h a t  th e  

n u c l e a s e  a c t i v i t y  i n h i b i t e d  by phage  i n f e c t i o n  shows no  p r e f e r e n c e  as 

t o  th e  k in d  o f  n u c l e i c  a c id  i t  w i l l  a t t a c k  ( w i th i n  t h e  l i m i t a t i o n  o f  

t h e  s u b s t r a t e s  t e s t e d ) .

S ta n d a r d  A ssay

Once t h e  e x i s t e n c e  o f  an i n h i b i t e d  n u c l e a s e  had  been  e s t a b l i s h e d ,  

e x p e r im e n t s  w ere  u n d e r ta k e n  t o  d e v e lo p  an a s s a y  t h a t  w ould  s p e c i f i c a l l y  

d e t e c t  t h a t  n u c l e a s e .

As d e s c r i b e d  e a r l i e r  and s e e n  i n  F ig .  11A, e x t r a c t s  from  i n 

f e c t e d  c e l l s  show a  " l e v e l i n g  o f f "  ( s a t u r a t i o n )  o f  a c i d  s o l u b l e  p r o d u c t  

f o r m a t io n  a t  p r o t e i n  c o n c e n t r a t i o n s  g r e a t e r  th a n  5 -6  mg/ml. The su b 

s t r a t e ,  i n  t h i s  c a se  f r e e  ends o f  DNA m o le c u le s  w hich  e x o n u c le a s e s  

a t t a c k ,  i s  c l e a r l y  l i m i t i n g  t h e  e x t e n t  o f  d e g r a d a t i o n .  S in c e  t h e  p o t e n 

t i a l l y  i n h i b i t e d  n u c l e a s e  can c l e a r l y  "open  up" new s u b s t r a t e  s i t e s , i t  

s h o u ld  b e  p o s s i b l e  t o  add s m a l l  amounts o f  e x t r a c t  from  u n i n f e c t e d  c e l l s  

to  " s a t u r a t i n g "  amounts o f  e x t r a c t s  from  i n f e c t e d  c e l l s  and o b s e rv e  an 

i n c r e a s e  i n  a c i d  s o l u b l e  p r o d u c t .  T h is  i n c r e a s e  would  be  due t o  th e  

f o r m a t io n  o f  more ends  o f  DNA m o le c u le s  by t h e  e n d o n u c le a s e  i n  t h e  e x 

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

F ig .  11B shows t h a t  su ch  an i n c r e a s e  i s  s e e n  when e x t r a c t  from  

u n i n f e c t e d  c e l l s  i s  added  t o  a  s a t u r a t i n g  amount o f  e x t r a c t  from  i n f e c t e d  

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

to  t h e  q u a n t i t y  o f  u n i n f e c t e d  c e l l  e x t r a c t  ad d e d ,  t h u s  m aking t h e  a s s a y  

s u i t a b l e  f o r  t h e  q u a n t i t a t i o n  o f  n u c l e a s e  a c t i v i t y  i n  c e l l  e x t r a c t s .

The s t a n d a r d  a s s a y  d e v e lo p e d  i s  s im p le  and c o n v e n ie n t .  To each  

tu b e  i n  an e x p e r im e n t ,  a  s a t u r a t i n g  amount o f  e x t r a c t  from  i n f e c t e d  c e l l s
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F ig .  11. S ta n d a r d  Assay

F ig .  11A: t o t a l  n u c l e a s e  a s s a y  done as  d e s c r i b e d  i n  M a t e r i a l s

and Methods u s in g  d e n a tu r e d  SP82G DNA and e x t r a c t  from  i n f e c t e d  c e l l s  

( ■  ) ;  11B: s t a n d a r d  a s s a y  done a s  d e s c r i b e d  i n  M a t e r i a l s  and  Methods

u s i n g  d e n a tu r e d  SP82G DNA w i t h  e x t r a c t s  from  i n f e c t e d  ( ■ ) and u n in 

f e c t e d  ( □  ) c e l l s .
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i s  added . The f i r s t  t u b e ,  t o  w hich  no a d d i t i o n a l  e x t r a c t  i s  ad d e d ,  

s e r v e s  t o  e s t a b l i s h  a  b a s e  l i n e  o f  a c t i v i t y .  Only t h o s e  t u b e s  t o  w hich  

a d d i t i o n a l  e n d o n u c l e o l y t i c  a c t i v i t y  h a s  b e e n  added w i l l  show amounts o f  

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

C e l l u l a r  L o c a t io n  o f  I n h i b i t e d  N u c le ase

S t u d ie s  by B irn b o im  (1966) and S c h e r  and Dubnau (1973) d e s c r i b e d  

c e l l u l a r  n u c l e a s e  a c t i v i t i e s  i n  B a c i l l u s  s u b t i l i s  w hich  w ere  r e l e a s e d  to  

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

t i o n .  S in c e  S c h e r  and  Dubnau’s n u c l e a s e  was an  e n d o n u c le a s e  t h o u g h t  t o  

p l a y  an im p o r t a n t  r o l e  i n  t h e  " tr im m in g "  o f  t r a n s f o r m in g  DNA m o le c u le s ,  

i t  was f e l t  t h a t  t h e  n u c l e a s e  p r e s e n t l y  b e in g  s t u d i e d  s h o u ld  be  c l a s s i 

f i e d  as  to  c e l l u l a r  l o c a t i o n .

E x p e r im e n ts  t o  t e s t  w h e th e r  t h e  s t a n d a r d  a s s a y  a c t i v i t y  was 

membrane bound o r  " s o l u b l e "  a r e  shown i n  p a r t  I  o f  T a b le  3. U n in f e c te d  

c e l l s  w ere  l y s e d ,  c e n t r i f u g e d  a t  10 ,000  x g f o r  10 m in u te s  t o  remove d e 

b r i s  and th e n  c e n t r i f u g e d  a t  1 4 0 ,0 0 0  x g f o r  60 m in u te s  to  remove a l l  non

s o l u b l e  com ponents . C h a r a c t e r i s t i c a l l y ,  95-100% o f  t h e  n u c l e a s e  a c t i v i t y  

found  i n  t h e  c e l l  e x t r a c t  was r e c o v e r e d  i n  t h e  144 ,000  x  g s u p e r n a t a n t  

f l u i d .  Thus, a  s t a b l e  membrane a s s o c i a t e d  n u c l e a s e  i s  r u l e d  o u t .

Dubnau (1973) h a s  p o i n t e d  o u t  t h a t  such  a  t e s t  i s  n o t  a d e q u a te  

p r o o f  o f  a  c y to p la s m ic  n u c l e a s e ,  s i n c e  a  n u c l e a s e  l o c a t e d  be tw e en  th e  

c e l l  w a l l  and th e  c e l l  membrane would  b e  r e l e a s e d  upon l y s i s  w i t h  l y s o -  

zyme and a p p e a r  i n  t h e  s o l u b l e  f r a c t i o n .  P e r i p l a s m i c  enzymes c a n ,  how

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

r e s u l t i n g  i n  a  d e c r e a s e d  a c t i v i t y  i n  c ru d e  e x t r a c t s  made from  w ashed  

p r o t o p l a s t s .

To t e s t  t h i s ,  p r o t o p l a s t s  w ere  made, washed w i t h  0 .6  M s u c r o s e -
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T a b le  3. INTRACELLULAR LOCATION OF INHIBITED NUCLEASE

P a r t  I

F r a c t i o n

S ta n d a rd  A ssay A c t i v i t y  

(DPM/mg p r o t e i n / h r  a t  37°)

Crude 18 ,1 7 6

S o lu b le  (1 4 4 ,0 0 0  x g) 17 ,855

P a r t  I I

S ta n d a r d  A ssay T o ta l  N u c le a se

E x t r a c t (DPM/mg p r o t e i n / h r  a t  37°)

Whole c e l l s  

P r o t o p l a s t s

10 ,376

1 0 ,5 0 4

5 5 ,7 0 3

54 ,829
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0 .0 5  M T r is -H C l  (pH 8 .0 )  and th e n  l y s e d  by a d d i t i o n  o f  i c e  c o ld  0 .0 5  M 

T r is -H C l  (pH 8 . 0 ) .  The t o t a l  n u c l e a s e  and s t a n d a r d  a s s a y  a c t i v i t i e s  

w ere  compared on a  p e r  mg p r o t e i n  b a s i s  t o  c e l l  e x t r a c t s  p r e p a r e d  as 

u s u a l .  The r e s u l t s  (T a b le  3 , p a r t  I I )  show no l o s s  o f  a c t i v i t y  i n  t h e  

e x t r a c t  made from  p r o t o p l a s t s  i n  e i t h e r  a s s a y .  Thus, t h e  n u c l e a s e  i n h i b 

i t e d  by phage  i n f e c t i o n  a p p e a r s  t o  have  a  c y to p la s m ic  l o c a t i o n .

E f f e c t  o f  S a l t  on S ta n d a r d  Assay

S e v e r a l  u n e x p e c te d  r e s u l t s  l e d  t o  an i n v e s t i g a t i o n  o f  t h e  e f 

f e c t s  t h a t  v a r i o u s  s a l t s  (KC1, NH^Cl and NaCl) had  on th e  t o t a l  n u c l e a s e  

a c t i v i t y  o f  e x t r a c t s  from  u n i n f e c t e d  and i n f e c t e d  c e l l s .  As s e e n  i n  

F ig .  12 , i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  KC1 i n  r e a c t i o n  m ix tu re s  i n 

c r e a s e s  t h e  f o rm a t io n  o f  a c i d  s o l u b l e  p r o d u c t s  i n  b o th  e x t r a c t s .  F u r

t h e r ,  t h i s  i n c r e a s e  i s  s e e n  u s in g  e i t h e r  n a t i v e  o r  d e n a tu r e d  DNA as 

s u b s t r a t e .  Both  NH^Cl and NaCl a l s o  show t h i s  s t i m u l a t i o n  w i th  KC1 

s t i m u l a t i n g  th e  most and NaCl s t i m u l a t i n g  t h e  l e a s t .

S in c e  th e  e f f e c t s  on th e  two e x t r a c t s  a r e  p a r a l l e l ,  i t  i s  

assumed t h a t  th e  s a l t  s t i m u l a t e s  a  n u c l e a s e  common to  b o th  e x t r a c t s .  

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

i s  c o n c e rn e d ,  t h i s  e f f e c t  c o n s t i t u t e s  a  s e r i o u s  draw back t o  t h e  s t a n d a r d  

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

by s a t u r a t i n g  amounts o f  e x t r a c t  from  i n f e c t e d  c e l l s .  S in c e  s t a n d a r d  

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

t h i s  s a t u r a t i n g  " b a s e l i n e , "  any i n c r e a s e  i n  s a l t  c o n c e n t r a t i o n  would be 

s e e n  as a  b u r s t  o f  s t a n d a r d  a s s a y  a c t i v i t y .  T hus , any p r o t e i n  s e p a r a t i o n  

( e l u t i o n )  p r o c e d u r e  r e s u l t i n g  i n  u n e q u a l  s a l t  c o n c e n t r a t i o n s  among sam

p l e s  t o  be  a s s a y e d  would  have  t o  be  a v o id e d .  S p e c i f i c a l l y ,  any k in d  o f  

s a l t  g r a d i e n t ,  as  u s e d ,  f o r  ex am p le ,  i n  io n -e x c h a n g e  c h ro m a to g rap h y ,
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F ig .  12. E f f e c t  o f  s a l t  on s t a n d a r d  a s s a y .

T o t a l  n u c l e a s e  a s s a y s  w ere  done as  d e s c r i b e d  i n  M a t e r i a l s  and 

Methods u s in g  v a r i o u s  amounts o f  KC1 and e x t r a c t s  from  i n f e c t e d  ( •  ) 

and u n i n f e c t e d  ( O ) c e l l s .  F ig .  12A: d e n a tu r e d  SP82G DNA u se d  as

s u b s t r a t e ;  12B: n a t i v e  SP82G DNA u s e d  as s u b s t r a t e .
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c o u ld  n o t  be u s e d .  The s e n s i t i v i t y  o f  t h e  s t a n d a r d  a s s a y  t o  s a l t  s e v e r e l y  

l i m i t s  t h e  number o f  m ethods o f  p r o t e i n  s e p a r a t i o n s  t h a t  can  be  em ployed .

N u c le a s e  I s o l a t i o n

I n  a  t y p i c a l  p r e p a r a t i o n ,  15 -16  ml o f  an  e x t r a c t  from  u n i n f e c t e d  

c e l l s  w ere  p u t  on a  Sephadex  G-200 column (1 .5  x 55 cm). The column was 

e l u t e d  w i t h  0 .0 5  M T r is -H C l  (pH 8 .0 )  a t  a  f low  r a t e  o f  12 m l s / h r  and 3 

ml f r a c t i o n s  w ere  c o l l e c t e d .  A l l  work was done a t  4 ° .  A l t e r n a t e  f r a c 

t i o n s  w ere  a s s a y e d  f o r  A280 > t o t a l  n u c l e a s e  and s t a n d a r d  a s s a y  a c t i v i t y .

F ig .  13A shows t h e  A2 8 O a n d t h e s t a n d a r d  a s s a y  a c t i v i t y  o f  t h e  

e l u a n t  from  t h e  Sephadex  G-200 colum n. The b u l k  o f  t h e  A2 8 O m a t e r i a l  

e l u t e s  w i t h i n  t h e  f i r s t  15 f r a c t i o n s ,  w h i l e  a l l  o f  t h e  s t a n d a r d  a s s a y  

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

A co m p ar iso n  o f  t o t a l  n u c l e a s e  a c t i v i t y  and s t a n d a r d  a s s a y  

a c t i v i t y  i n  t h e  e l u a n t  ( F ig .  13B) shows t h a t  a lm o s t  a l l  e x o n u c le a s e  

a c t i v i t y  e l u t e s  i n  a b r o a d  p e a k  en co m p ass in g  t h e  f i r s t  tw e n ty  f r a c t i o n s .  

T h is  p e a k  i s  q u i t e  w e l l  s e p a r a t e d  from  t h e  s lo w e r  e l u t i n g  s t a n d a r d  a s s a y  

p e a k .  I t  s h o u ld  b e  n o t e d  t h a t  th e  sam p les  e x h i b i t i n g  t h e  m ost e x o n u c le 

a s e  a c t i v i t y  show no a c t i v i t y  i n  th e  s t a n d a r d  a s s a y .

F r a c t i o n s  show ing  a c t i v i t y  i n  t h e  s t a n d a r d  a s s a y  w ere  p o o le d  

and c o n c e n t r a t e d  u s i n g  a  P e l l i c o n  PSAC membrane f i l t e r ,  w h ich  r e t a i n s  

compounds o f  1 ,0 0 0  m o le c u la r  w e ig h t  and l a r g e r .  T a b le  4 shows t h a t  th e  

g e l  f i l t r a t i o n - c o n c e n t r a t i o n  s t e p  r e s u l t s  i n  an  a p p ro x im a te  2 7 - f o l d  

p u r i f i c a t i o n  o f  t h e  n u c l e a s e  and a p p ro x im a te ly  50% r e c o v e r y  o f  th e  

s t a r t i n g  a c t i v i t y .

F u r t h e r  a t t e m p t s  a t  p u r i f i c a t i o n ,  i n v o l v i n g  (NHq^SOq f r a c t i o n a 

t i o n ,  b a t c h - w i s e  p r e p a r a t i o n s  u s in g  D E A E -c e l lu lo s e , p h o s p h o c e l l u lo s e  

and D N A -c e l lu lo s e ,  and even  f u r t h e r  g e l  f i l t r a t i o n  on Sephadex  G-75 o r
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F ig .  13. N u c le a s e  i s o l a t i o n

1 5 .4  ml o f  e x t r a c t  from  u n i n f e c t e d  c e l l s  w ere  p u t  o n to  a  

Sephadex  G-200 column ( 1 .5  x 55 cm). The column was e l u t e d  w i t h  0 .0 5  M 

T r is -H C l  (pH 8 .0 )  a t  a  f low  r a t e  o f  12 m l s / h r  and 3 ml f r a c t i o n s  w ere  

c o l l e c t e d .  F ig .  13A: shows A2 8 O ( •  ) an<i  s t a n d a r d  a s s a y  a c t i v i t y  ( □  )

o f  e l u t e d  f r a c t i o n s ;  13B: shows t o t a l  n u c l e a s e  a c t i v i t y  ( ■ ) and s t a n 

d a rd  a s s a y  a c t i v i t y  ( □  ) o f  e l u t e d  f r a c t i o n s .
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T ab le  4 . NUCLEASE ISOLATION

Volume P r o t e i n T o ta l U n i t s * T o ta l Recovery S p e c i f i c

(ml) Conc. P r o t e i n /m l U n i ts % A c t i v i t y

(mg/ml) (mg) ( u n i t s /

F r a c t i o n mg)

Crude 1 5 .5 2 5 .7 399 .0 495 .2 7676.4 100 1 9 .2

G-200 ( c o n c . ) 4 .6 1 .6 7 .5 848 .8 3904.6 5 0 .8 520 .7

* 1 u n i t  i s  t h a t  amount o f  i s o l a t e d  n u c l e a s e  c a u s in g  t h e  fo rm a t io n  o f  1 0 .0  m ug/hr  o f  a c id  s o l u b l e  p r o d u c t  

i n  t h e  s t a n d a r d  a s s a y  a t  37° .
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G-200, u n i fo rm ly  r e s u l t e d  i n  l a r g e ,  i f  n o t  t o t a l ,  l o s s e s  i n  a c t i v i t y ,  

and  no f u r t h e r  i n c r e a s e  i n  s p e c i f i c  a c t i v i t y .  The r e a s o n s  f o r  t h i s  

a p p a r e n t  i n s t a b i l i t y  a r e  n o t  c l e a r ,  b u t  may r e s u l t  from  t h e  l o s s  o f  

some s t a b i l i z i n g  f a c t o r  d u r in g  g e l  f i l t r a t i o n .

E f f e c t  o f  F r e e z in g  on I s o l a t e d  N u c le a s e  

The i s o l a t e d  n u c l e a s e ' s  i n s t a b i l i t y  i s  e v i d e n t  w i t h  s t o r a g e .  

W ith in  one week a t  4 ° ,  t h e  n u c l e a s e  a c t i v i t y  i s  c o m p le te ly  l o s t .

F r e e z in g  t h e  enzyme, how ever ,  p ro d u c e s  an even  more d r a m a t ic  l o s s  o f  

a c t i v i t y .  The d a t a  shown i n  T ab le  5 shows t h a t  o v e r n i g h t  s t o r a g e  a t  

- 2 0 °  r e s u l t s  i n  a  drop i n  a c t i v i t y  o f  more th a n  60% when compared t o  an 

u n f ro z e n  e x t r a c t .  The a d d i t i o n  o f  20% g l y c e r o l  ( v /v )  had  l i t t l e  e f f e c t  

on t h i s  drop  i n  a c t i v i t y .  S u b se q u e n t  f r e e z e - th a w  c y c le s  r e s u l t e d  i n  no 

f u r t h e r  drop  i n  a c t i v i t y .

M o le c u la r  W eight o f  I s o l a t e d  N u c le ase  

I n  an  e f f o r t  t o  d e te rm in e  t h e  a p p ro x im a te  m o le c u la r  w e ig h t  o f  

t h e  i s o l a t e d  n u c l e a s e ,  t h e  g e l  f i l t r a t i o n  t e c h n iq u e  o f  W h ita k e r  (1963) 

was em ployed , u s in g  Sephadex G-200. A s t a n d a r d  c u rv e  ( F ig .  14) p l o t t i n g  

e l u t i o n  volumes as  a  f u n c t i o n  o f  t h e  lo g  o f  m o le c u la r  w e i g h t ,  was de

r i v e d ,  u s in g  a  s e r i e s  o f  p u re  p r o t e i n s  o f  known m o le c u la r  w e i g h t .  The 

e l u t i o n  volume o f  t h e  i s o l a t e d  n u c l e a s e  was d e te rm in e d  and i t s  m olecu

l a r  w e ig h t  was c a l c u l a t e d .  As shown i n  F ig .  14 , t h e  p u r i f i e d  n u c l e a s e  

r a n  q u i t e  s lo w ly  and i t s  m o le c u la r  w e ig h t  was c a l c u l a t e d  t o  b e  i n  t h e  

r a n g e  o f  10 ,000  -  1 2 ,0 0 0 .  However, no p r o t e i n s  o f  m o le c u la r  w e ig h t  l e s s  

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

c u r v e ,  and th u s  t h e  l i n e a r i t y  o f  t h e  c u rv e  i n  r e g i o n s  o f  low m o le c u la r  

w e ig h t  c a n n o t  be  g u a r a n t e e d .  T h e r e f o r e ,  i t  s h o u ld  be  em phas ized  t h a t
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T ab le  5 .  EFFECT OF FREEZING ON PURIFIED NUCLEASE

S ta n d a r d  A ssay A c t i v i t y  l o s s

A c t i v i t y  (%)

E x t r a c t  (DPM/mg p r o t e i n / h r  a t  37°)

G-200 2 4 ,2 9 4  0

G-200 s t o r e d  o v e r n i g h t  a t :

4° 23 ,070  <5

-2 0 °  9 ,4 2 3  62

-2 0 °  p l u s  20% 13 ,619  44

( v /v )  g l y c e r o l
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F ig .  14. M o le c u la r  w e ig h t  o f  p u r i f i e d  n u c l e a s e .

E x p e r im e n ta l  p r o c e d u r e  d e s c r i b e d  i n  M a t e r i a l s  and M ethods. 

The s t a n d a r d  c u rv e  was made u s in g  p r o t e i n s  o f  known m o le c u la r  w e ig h t  

( •  ) .  The V/Vi o f  t h e  i s o l a t e d  n u c l e a s e  i s  shown by  t h e  a rrow  ( ^ )
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th e  m o le c u la r  w e ig h t  r a n g e  c a l c u l a t e d  f o r  t h e  p u r i f i e d  n u c l e a s e  i s  o n ly  

an  e s t i m a t e .

D i v a l e n t  M e ta l  R eq u ire m en t  o f  I s o l a t e d  N u c le a se  

S in c e  e x t r a c t s  from  u n i n f e c t e d  c e l l s  r e q u i r e d  d i v a l e n t  c a t i o n  

f o r  a c i d  s o l u b l e  p r o d u c t  f o r m a t i o n ,  i t  was o f  i n t e r e s t  to  d e te rm in e  

w h e th e r  t h e  p a r t i a l l y  p u r i f i e d  e n d o n u c le a s e  had  a  s i m i l a r  r e q u i r e m e n t .  

The s t a n d a r d  a s s a y ,  ho w ev er ,  was n o t  s u i t a b l e  f o r  t h i s  d e t e r m i n a t i o n  

b e c a u s e  o f  t h e  m ix tu re  o f  n u c l e a s e  a c t i v i t i e s  i n v o lv e d .  T h e r e f o r e ,  DNA 

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

a n a ly z e d  by  s e d im e n ta t i o n  th ro u g h  s u c r o s e  g r a d i e n t s .

To d e te r m in e  i f  t h e  p u r i f i e d  n u c l e a s e  h a d  a  s t r i c t  r e q u i r e m e n t  

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

e n ce  o f  10 mM EDTA. The r e s u l t s  ( F ig .  15A) show t h a t  th e  n u c l e a s e  i s  

u n a b le  t o  c a u se  even  a  s l i g h t  change  i n  t h e  m o le c u la r  w e ig h t  o f  t h e  DNA 

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

e n t  c a t i o n .

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

i n v e s t i g a t e d  by a d d in g  e q u a l  amounts ( 2 .5  mM) o f  MgCl2 , CaClg and MnCl2  

t o  r e a c t i o n  m ix tu r e s  and s u b s e q u e n t  p r o d u c t  a n a l y s i s  u s i n g  s u c r o s e  

g r a d i e n t s .  From t h e  r e s u l t s  ( F ig .  15B) i t  can be  se en  t h a t  w h i l e  Mg2+ 

and Ca2+ can  e q u a l l y  s t i m u l a t e  t h e  a c t i o n  o f  t h e  n u c l e a s e ,  Mn2+ a f f o r d s  

v e ry  l i t t l e ,  i f  a n y ,  s t i m u l a t i o n .

E x o n u c le a s e  A c t i v i t y  o f  P u r i f i e d  N u c le a se  

To d e te r m in e  w h e th e r  t h e  p u r i f i e d  n u c l e a s e  f r a c t i o n s  e x h i b i t e d  

any e x o n u c l e o l y t i c  a c t i v i t y  . 1 - . 2  mg (80 -160  u n i t s )  o f  t h e  n u c l e a s e  w ere  

i n c u b a t e d  w i t h  n a t i v e  o r  d e n a tu r e d  SP82G DNA, 10 mM Mg+2 and 50 mM T r i s -
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F i g .  15. D i v a l e n t  m e ta l  r e q u i r e m e n ts  o f  p u r i f i e d  n u c l e a s e .

N u c le a s e  was i s o l a t e d  as  d e s c r i b e d  above . %  n a t i v e  SP82G DNA

(10 yg) was i n c u b a t e d  w i t h  50 mM T r is -H C l  (pH 8 .0 )  v a r i o u s  d i v a l e n t  

c a t i o n s  and 160 u n i t s  o f  i s o l a t e d  n u c l e a s e  f o r  60 m ins a t  3 7 ° .  R e a c t io n s

w ere  t e r m i n a t e d  by t h e  a d d i t i o n  o f  EDTA t o  a  f i n a l  c o n c e n t r a t i o n  o f  10 mM.

P r o d u c t  s i z e  o f  DNA was d e te r m in e d  by l a y e r i n g  0 .2  ml o f  t h e  i n c u b a t i o n  

m ix tu re  on a  5-20% n e u t r a l  s u c r o s e  g r a d i e n t  and c e n t r i f u g i n g  a t  35 ,000  

r e v /m in  f o r  105 m in u te s  a t  23° i n  an  SW65. F ig .  15A: c o n t r o l  DNA (no

n u c l e a s e )  ( •  ) and DNA i n c u b a t e d  w i t h  n u c l e a s e  i n  t h e  p r e s e n c e  o f  10 mM

EDTA ( O ) j  15B: DNA from  i n c u b a t i o n  m ix tu r e s  c o n t a i n i n g  2 .5  mM Mg2+

( #  ) , Ca2+ ( ■  ) and Mn2+ ( □  ) .

t i o n  p o s i t i o n  o f  c o n t r o l  DNA.
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HC1 (pH 8 . 0 ) .  The a b i l i t y  to  p ro d u c e  a c id  s o l u b l e  n u c l e o t i d e s  was 

d e te rm in e d  as  i n  th e  t o t a l  n u c l e a s e  a s s a y .  W ith i n c u b a t i o n  t im es  up 

t o  60 m in u t e s ,  no  a c i d  s o l u b l e  c o u n ts  above b a c k g ro u n d  w ere  d e t e c t e d  

u s in g  e i t h e r  s u b s t r a t e ,  th u s  show ing  t h e  p u r i f i e d  n u c l e a s e  t o  b e  com

p l e t e l y  d e v o id  o f  e x o n u c le a s e  a c t i v i t y .

N a tu re  o f  N u c le a s e  Damage t o  DNA

The d e g r a d a t i o n  o f  n a t i v e  DNA by t h e  i s o l a t e d  n u c l e a s e  c o u ld  

c o n c e iv a b ly  be  o f  3 t y p e s :  ( i )  s im u l ta n e o u s  s c i s s i o n  o f  2 c l o s e l y

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

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

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

s t r a n d  b r e a k ,  o r  ( i i i )  a  c o m b in a t io n  o f  t h e  two e v e n t s .

To d e te r m in e  t h e  n a t u r e  o f  t h e  p h o s p h o d i e s t e r  b r e a k s  SP82G 

n a t i v e  DNA was i n c u b a t e d  w i t h  p u r i f i e d  n u c l e a s e  and 10 mM Mg2’*' f o r  

v a r i o u s  l e n g t h s  o f  t im e ,  and t h e  change i n  m o le c u la r  w e ig h t  d e te rm in e d  

by s e d i m e n t a t i o n  th ro u g h  n e u t r a l  and a l k a l i n e  s u c r o s e  g r a d i e n t s .  The 

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

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

w hich  d e n a tu r e  t h e  h e l i x  i n t o  s i n g l e  s t r a n d s ,  a l lo w  c a l c u l a t i o n  o f  s i n g l e  

s t r a n d  b r e a k s .

F ig .  16 shows t h e  s e d i m e n t a t i o n  p r o f i l e s  ( i n  n e u t r a l  s u c r o s e  

g r a d i e n t s )  o f  n u c l e a s e  t r e a t e d  DNA. An u p f i e l d  s h i f t ,  r e a d i l y  a p p a r e n t  

a f t e r  60 m in u te s  i n c u b a t i o n ,  d e m o n s t r a te s  t h a t  a s i g n i f i c a n t  number o f  

do u b le  s t r a n d  b r e a k s  have  b e e n  in d u c e d  i n t o  t h e  DNA. A f u r t h e r  d e c r e a s e  

i n  m o le c u la r  w e ig h t  i s  n o t e d  a t  120 m in u te s  o f  i n c u b a t i o n ,  beyond  w hich  

no  f u r t h e r  d e c r e a s e s  w ere  n o t e d .

F ig .  17 shows s e d i m e n t a t i o n  p r o f i l e s  o f  t h e  same i n c u b a t i o n  m ix -



F ig .  16 . N a tu re  o f  n u c l e a s e  damage t o  n a t i v e  SP82G DNA as  d e t e r 

mined by n e u t r a l  s u c r o s e  g r a d i e n t s .

N u c le a s e  was i s o l a t e d  as d e s c r i b e d  above . 3H - n a t i v e  SP82G DNA 

(10 yg) was i n c u b a t e d  w i t h  10 mM Mg2 + , 50 mM T r is -H C l  (pH 8 .0 )  and 160 

u n i t s  o f  p u r i f i e d  n u c l e a s e  f o r  v a r i o u s  l e n g t h s  o f  t im e  a t  3 7° .  R e a c t io n s  

w ere  t e r m i n a t e d  by  a d d i t i o n  o f  EDTA t o  a  f i n a l  c o n c e n t r a t i o n  o f  10 mM. 

A l iq u o t s  ( 0 .2  ml) o f  i n c u b a t i o n  m ix tu r e s  w ere  l a y e r e d  o n to  5-20% n e u t r a l  

s u c r o s e  g r a d i e n t s  and c e n t r i f u g e d  a t  35 ,000  r e v /m in  f o r  105 min a t  23° 

i n  an  SW65 r o t o r .  F ig .  16A: c o n t r o l  DNA (no n u c l e a s e ) ;  16B: 30 min

i n c u b a t i o n ;  16C: 60 min i n c u b a t i o n ;  16D: 120 min i n c u b a t i o n .
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F ig .  17 . N a tu re  o f  n u c l e a s e  damage to  n a t i v e  SP82G DNA as  d e t e r 

m ined by a l k a l i n e  s u c r o s e  g r a d i e n t s .

N u c le ase  was i s o l a t e d  as  d e s c r i b e d  above . 3H - n a t i v e  SP82G 

DNA (10 jig) was i n c u b a te d  w i t h  10 mM Mg2 + , 50 mM T r is -H C l  (pH 8 .0 )  and 

160 u n i t s  o f  i s o l a t e d  n u c l e a s e  f o r  v a r i o u s  l e n g t h s  o f  t im e  a t  37° .  

R e a c t io n s  w ere  t e r m in a t e d  by a d d i t i o n  o f  EDTA t o  a  f i n a l  c o n c e n t r a t i o n  

o f  10 mM. A l i q u o t s  ( 0 .2  ml) o f  i n c u b a t i o n  m ix tu re s  w ere  l a y e r e d  o n to  

5-20% a l k a l i n e  s u c r o s e  g r a d i e n t s  and c e n t r i f u g e d  a t  35 ,000  r e v /m in  f o r  

105 min a t  23° i n  an SW65 r o t o r .  F i g .  17A: c o n t r o l  DNA (no n u c l e a s e ) ;

17B: 30 min i n c u b a t i o n ;  17C: 60 min i n c u b a t i o n .
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t u r e s  i n  a l k a l i n e  s u c r o s e  g r a d i e n t s .  These r e s u l t s  i n d i c a t e  t h a t  t h e r e  

i s  a more r a p i d  p r o d u c t i o n  o f  s i n g l e  s t r a n d  b r e a k s  i n  t h e  DNA th a n  

d o u b le  s t r a n d  b r e a k s .

T ab le  6  shows th e  a c t u a l  num bers o f  d o u b le  and s i n g l e  s t r a n d  

b r e a k s  p e r  DNA m o le c u le  as c a l c u l a t e d  f rom  F i g s .  16 and 17. The r e 

s u l t s  c l e a r l y  show t h a t  t h e  DNA h a s  b e e n  s u b j e c t  to  b o t h  s i n g l e  and 

d o u b le  s t r a n d  b r e a k s .  I t  i s  a l s o  c l e a r  t h a t  t h e s e  b r e a k s  o c c u r  i n  

a p p ro x im a te ly  e q u a l  num bers :  f o r  e v e ry  e v e n t  l e a d i n g  t o  d o u b le  s t r a n d

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

F i n a l l y ,  t h e  a b i l i t y  o f  t h e  n u c l e a s e  t o  d e g ra d e  h e a t  d e n a tu r e d  

DNA was i n v e s t i g a t e d .  F ig .  18 shows t h e  s e d i m e n t a t i o n  p r o f i l e s  o f  

t r e a t e d  and u n t r e a t e d  h e a t  d e n a tu r e d  DNA on a l k a l i n e  s u c r o s e  g r a d i e n t s .  

From th e  d a t a  two o b s e r v a t i o n s  can  be  made: ( i )  when com pared t o  s i n g l e

s t r a n d  m o le c u le s  d e r i v e d  from  n a t i v e  DNA ( F ig .  1 7 B ) , s i n g l e  s t r a n d  m ole

c u le s  from  h e a t  d e n a tu r e d  DNA a r e  a t  l e a s t  50% s m a l l e r .  T h is  d e c r e a s e  

i n  s i z e  i s  a t t r i b u t e d  t o  th e  f a c t  t h a t  t h e  DNA was h e a t e d  a t  100° f o r  

10 m in u te s  to  in d u c e  d e n a t u r a t i o n .  T h is  t r e a t m e n t  i s  t h o u g h t  t o  p r o 

duce r e g i o n s  o f  d e p u r i n a t i o n  w hich  a c c o u n t  f o r  t h e  num erous p h o s p h o d i 

e s t e r  b r e a k s ;  ( i i )  even  w i t h  t h e  s m a l l  s i z e  o f  t h e  c o n t r o l  DNA, t h e  

p u r i f i e d  n u c l e a s e  i s  a b l e  t o  c a u se  a  s i g n i f i c a n t  d e c r e a s e  i n  i t s  m o lecu 

l a r  w e ig h t .

S u b s t r a t e  S p e c i f i c i t y  o f  P u r i f i e d  N u c le a s e  

S in c e  p r e v i o u s  d a t a  ( F i g s .  8 , 9 ,  10) h a s  shown t h a t  phage  i n f e c 

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

s e v e r a l  s p e c i e s  o f  DNA, as  w e l l  a s  RNA, e x p e r im e n t s  w ere  done t o  d e t e r 

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

A lre a d y  shown t o  b e  a b l e  t o  d e g ra d e  n a t i v e  and d e n a tu r e d  SP82G
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T a b le  6 . NATURE OF DAMAGE TO NATIVE SP82G 

DNA CAUSED BY PURIFIED NUCLEASE

Time o f  I n c u b a t i o n  S i n g le  S t r a n d  B reaks  D ouble  S t r a n d  B reak s

(min) P e r  DNA M olecu le  P e r  DNA M o lecu le

30

60

120

1 .5 - 2

4

6
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F ig .  18 . N a tu re  o f  n u c l e a s e  damage t o  d e n a tu r e d  SP82G DNA.

N u c le a s e  was i s o l a t e d  a s  d e s c r i b e d  above . H ea t  d e n a tu r e d  3H- 

SP82G DNA (10 yg) was i n c u b a t e d  w i t h  10 mM Mg2 + , 50 mM T r is -H C l  (pH 8 .0 )  

and 160 u n i t s  o f  p u r i f i e d  n u c l e a s e  f o r  30 m in u te s  a t  3 7° .  R e a c t io n s  

w ere  t e r m i n a t e d  by a d d i t i o n  o f  EDTA t o  a  f i n a l  c o n c e n t r a t i o n  o f  10 mM. 

A l iq u o t s  ( 0 .2  ml) w ere  l a y e r e d  on 5-20% a l k a l i n e  s u c r o s e  g r a d i e n t s  and 

c e n t r i f u g e d  a t  35 ,000  r e v /m in  f o r  105 min a t  23° i n  an SW65 r o t o r .  The 

d ia g ra m  com pares t h e  s e d i m e n t a t i o n  p r o f i l e s  o f  c o n t r o l  DNA (no  n u c l e a s e )  

( ■ ) and DNA t r e a t e d  w i t h  n u c l e a s e  ( □  ) .
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DNA, t h e  n u c l e a s e  was t e s t e d  on DNA from  jB. s u b t i l l s  s t r a i n  G - l ,  an 

a d e n in e  r e q u i r i n g  m u ta n t  o f  s t r a i n  168. U sing  n e u t r a l  and a l k a l i n e  

s u c r o s e  g r a d i e n t s ,  t h e  r e s u l t s  ( F ig .  19) show t h a t  b o th  n a t i v e  and 

d e n a tu r e d  B̂ . s u b t i l i s  DNA i s  s u b j e c t e d  to  a  c o n s i d e r a b l e  d e c r e a s e  i n  

m o le c u la r  w e ig h t  d u r in g  i n c u b a t i o n  w i t h  t h e  i s o l a t e d  n u c l e a s e .

The q u e s t i o n  o f  w h e th e r  t h e  n u c l e a s e  c o u ld  a t t a c k  c lo s e d  c i r 

c u l a r  m o le c u le s ,  a  c l a s s i c  t e s t  o f  an e n d o n u c le a s e ,  was exam ined  by 

i n c u b a t i n g  t h e  p u r i f i e d  n u c l e a s e  w i th  t h e  RFI form  o f  b a c t e r i o p h a g e  0X 

174 , a  d o u b le  s t r a n d e d  c lo s e d  c i r c l e .  From t h e  s e d i m e n t a t i o n  p r o f i l e s  

i n  n e u t r a l  s u c r o s e  ( F ig .  20A) i t  i s  o b v io u s  t h a t  t h e  n u c l e a s e  h a s  t h e  

a b i l i t y  t o  p u t  d o u b le  s t r a n d  b r e a k s  i n t o  c i r c u l a r  DNA.

The a b i l i t y  o f  t h e  n u c l e a s e  t o  a t t a c k  RNA i s  shown i n  F ig .  20B 

In  t h i s  c a s e ,  s i n g l e  s t r a n d e d  p o l i o  v i r u s  RNA was i n c u b a t e d  w i th  t h e  

n u c l e a s e  and t h e  p r o d u c t  a n a ly z e d  on a l k a l i n e  s u c r o s e  g r a d i e n t s .  The 

r e s u l t s  c l e a r l y  show a  l a r g e  d e c r e a s e  i n  t h e  m o le c u la r  w e ig h t  o f  t h e  

RNA t r e a t e d  w i t h  t h e  i s o l a t e d  n u c l e a s e .

I n  summary, an e n d o n u c le a s e  w hich i s  i n h i b i t e d  i n  c e l l s  i n 

f e c t e d  w i t h  SP82G h a s  b e e n  i s o l a t e d  and p a r t i a l l y  p u r i f i e d .  T h is  endo 

n u c l e a s e  shows th e  same re m a rk a b le  l a c k  o f  s u b s t r a t e  p r e f e r e n c e  t h a t  

was o b s e rv e d  by com paring  e x t r a c t s  from  u n i n f e c t e d  and i n f e c t e d  c e l l s  

( F i g s .  8 , 9 ,  1 0 ) .  I n  a d d i t i o n ,  t h e  n u c l e a s e  h a s  b e e n  shown to  a t t a c k  

c i r c u l a r  DNA.
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F ig .  19. N a tu re  o f  n u c l e a s e  damage t o  ]i. s u b t i l i s  DNA

N u c le a s e  was i s o l a t e d  as  d e s c r i b e d  ab o v e .  N a t iv e  and d e n a tu r e d  

s u b t i l i s  DNA (10 yg) was i n c u b a t e d  w i t h  10 mM Mg2"*", 50 mM T r i s -  

HC1 (pH 8 .0 )  and a p p ro x im a te ly  160 u n i t s  o f  p u r i f i e d  n u c l e a s e  f o r  30 

m in u te s  a t  37° .  R e a c t io n s  w ere  t e r m i n a t e d  by a d d i t i o n  o f  EDTA t o  a 

f i n a l  c o n c e n t r a t i o n  o f  10 mM. A l i q u o t s  ( 0 .2  ml) o f  i n c u b a t i o n  m ix tu r e s  

w ere  l a y e r e d  o n to  5-20% n e u t r a l  and a l k a l i n e  s u c r o s e  g r a d i e n t s  and c e n 

t r i f u g e d  a t  35 ,000  f o r  120 m in u te s  a t  23° i n  an SW65 r o t o r .  The d ia g ra m  

shows u n t r e a t e d  DNA ( □  ) and DNA t r e a t e d  w i t h  n u c l e a s e  ( •  ) .  F i g .  19A: 

n e u t r a l  s u c r o s e  g r a d i e n t s  o f  n a t i v e  DNA; 19B: a l k a l i n e  s u c r o s e  g r a d i 

e n t s  o f  d e n a tu r e d  DNA.
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F ig .  20. N a tu re  o f  damage to  0X 174 RFI DNA and p o l i o  v i r u s  RNA

N u c le a s e  was i s o l a t e d  as d e s c r i b e d  above . 3H-0X 174 RFI DNA o r  

3H - p o l io  v i r u s  RNA was i n c u b a te d  w i th  10 mM Mg2 + , 50 mM T r is -H C l  (pH 8 .0 )  

and 160 u n i t s  o f  p u r i f i e d  n u c l e a s e  f o r  60 m in u te s  a t  37°. R e a c t io n s  

w ere  t e r m in a t e d  by a d d i t i o n  o f  EDTA t o  a  f i n a l  c o n c e n t r a t i o n  o f  10 mM. 

A l iq u o t s  w ere  l a y e r e d  o n to  5-20% s u c r o s e  g r a d i e n t s .  0X 174 RFI DNA was 

c e n t r i f u g e d  a t  38 ,000  r e v /m in  f o r  6  h o u r s  a t  8 ° i n  an SW65 r o t o r .  S in 

g l e  s t r a n d  p o l i o  v i r u s  was c e n t r i f u g e d  a t  50 ,000  re v /m in  f o r  110 m in u te s  

a t  23° i n  an SW65 r o t o r .  The d iag ra m  shows s e d im e n ta t i o n  p r o f i l e s  o f  

c o n t r o l  DNA o r  RNA ( •  ) and DNA o r  RNA t r e a t e d  w i t h  n u c l e a s e  ( ▲ ) .

F ig .  20A: n e u t r a l  s u c r o s e  g r a d i e n t s  o f  0X 174 RFI DNA; 20B: a l k a l i n e

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

These e x p e r im e n t s  i n d i c a t e  t h a t  t h e  m o le c u la r  b a s i s  f o r  i n t r a 

c e l l u l a r  i n a c t i v a t i o n  i n  B a c i l l u s  s u b t i l i s  (G reen ,  1966) i s  a  h o s t  endo

n u c l e a s e  c a p a b le  o f  a t t a c k i n g  a  w ide  r a n g e  o f  n u c l e i c  a c id s  i n  v i t r o .

T h is  e n d o n u c le a s e  i s  i n h i b i t e d  a t  v e ry  e a r l y  t im es  f o l lo w in g  i n f e c t i o n  

w i t h  b a c t e r i o p h a g e  SP82G. F u r th e r m o r e ,  t h i s  phage m e d ia te d  i n h i b i t i o n  

c o n s i s t s  o f  two d i s t i n c t  p r o c e s s e s ,  one r e q u i r i n g  h o s t  p r o t e i n  s y n t h e s i s  

and th e  o t h e r  n o t  r e q u i r i n g  i t .

E a r ly  i n v e s t i g a t i o n s  i n t o  th e  p r o c e s s  o f  i n t r a c e l l u l a r  i n a c t i v a 

t i o n  i n  B_. s u b t i l i s  made i t  c l e a r  t h a t  t h e  p r o c e s s e s  i n v o lv e d  w ere  q u i t e  

d i s t i n c t  from  th e  r e s t r i c t i o n - m o d i f i c a t i o n  sy s tem s  o f  E. c o l i  and Haemo

p h i l u s  i n f l u e n z a e . U sing  ]B. s u b t i l i s  s t r a i n  168, i t  was shown (G reen ,  

1966) t h a t  t r a n s f e c t i n g  DNA was b e in g  r e s t r i c t e d ,  i . e . ,  d e g ra d e d .  How

e v e r ,  i t  was a l s o  q u i t e  c l e a r  t h a t  no m o d i f i c a t i o n  p r o c e s s e s  w ere  t a k i n g  

p l a c e ,  s i n c e  t h e  t r a n s f e c t i n g  DNA was p u r i f i e d  from phage  grown on s t r a i n  

168. A ls o ,  t h e  gene d i s l i n k a g e  e v e n t s  o c c u r r i n g  d u r in g  t r a n s f e c t i o n ,  

a t  l e a s t  40 p e r  genome, w ere  random ly  d i s t r i b u t e d  (G reen ,  1 9 6 6 ) ,  w h i l e  

th e  r e s t r i c t i o n - m o d i f i c a t i o n  s y s te m  r e c o g n i z e s  o n ly  a  few v e ry  s p e c i f i c  

s u b s t r a t e  s i t e s  p e r  genome.

O b s e r v a t io n s  ( M c A l l i s t e r  and G reen , 1972) t h a t  phage DNA w i l l  

undergo  i n t r a c e l l u l a r  i n a c t i v a t i o n  i f  i n f e c t i o n  i s  done i n  t h e  p r e s e n c e  

o f  c h lo r a m p h e n ic o l ,  a l lo w e d  i n v e s t i g a t i o n s  i n t o  th e  n a t u r e  o f  t h e  i n 

a c t i v a t i o n  p r o c e s s .  I n t r a c e l l u l a r  i n a c t i v a t i o n  i s  shown t o  b e  an endo

n u c l e o l y t i c  a t t a c k  upon phage  DNA r e s u l t i n g  i n  d o u b le  s t r a n d ,  and p o s 

s i b l y  s i n g l e  s t r a n d ,  b r e a k s  i n  t h e  i n f e c t i n g  genome. R ecen t  r e s u l t s
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(A rw e rt  and Venema, 1 9 7 4 ) ,  u s i n g  HI b a c t e r i o p h a g e ,  w hich  i s  c l o s e l y  

r e l a t e d  to  SP82G, have  i n d i c a t e d  t h e  a p p e a ra n c e  o f  b o t h  s i n g l e  and dou

b l e  s t r a n d  b r e a k s  i n  th e  t r a n s f e c t i n g  genome w i t h i n  f i v e  m in u te s  a f t e r  

u p t a k e .  These e x p e r im e n t s ,  u s in g  t h e  same e x t r a c t i o n  p r o c e d u r e  as th e  

one d e s c r i b e d  ab o v e ,  d i d  n o t  t a k e  i n t o  a c c o u n t  s i n g l e  s t r a n d  b re a k a g e  

in d u c e d  d u r in g  e x t r a c t i o n ,  a  m a jo r  p rob lem  i n  t h e  p r e s e n t  w ork . D a v id o f f -  

A be lson  and Dubnau (1973) h a v e  r e p o r t e d  t h a t  s i n g l e  s t r a n d  b r e a k a g e  was 

a  s e r i o u s  p ro b le m  when a t t e m p t s  w ere  made t o  r e c o v e r  e x o g e n o u s ly  added 

DNA from  B a c i l l u s  s u b t i l i s  c e l l s .  Thus, a t  t h i s  t im e ,  o n ly  d o u b le  s t r a n d  

b r e a k s  can b e  u n e q u iv o c a l ly  r e p o r t e d  as t h e  damage cau sed  by i n t r a c e l l u 

l a r  i n a c t i v a t i o n .

I n f e c t i o n  w i th  SP82G h a s  b e e n  shown t o  h a v e  a m arked i n h i b i t o r y  

e f f e c t  on i n t r a c e l l u l a r  i n a c t i v a t i o n  (G reen ,  1966; M c A l l i s t e r  and G reen , 

1972) t h a t  i s  m a n i f e s t  q u i t e  e a r l y  i n  th e  i n f e c t i o n  p r o c e s s .  Some 

g e n e r a l  e f f e c t s  o f  phage i n f e c t i o n  on B a c i l l u s  s u b t i l i s  m e ta b o l is m  can 

b e  sum m arized as f o l lo w s  (P e n e ,  1968; L e v i n t h a l ,  1967):

1) no s i g n i f i c a n t  d e g r a d a t i o n  o f  h o s t  genome o c c u rs  u n t i l  30 

m in u te s  a f t e r  i n f e c t i o n ;

2) t h e r e  i s  no im m ed ia te  shutdow n i n  h o s t  DNA s y n t h e s i s ,  a l th o u g h  

3H -thym ine i n c o r p o r a t i o n  r e a c h e s  a  peak  a t  6  m in u te s  a f t e r  

i n f e c t i o n  and th e n  s t e a d i l y  d e c r e a s e s ;

3) t h e r e  i s  a  r a p i d  s h u t  o f f  o f  h o s t  p r o t e i n  s y n t h e s i s  s h o r t l y  

a f t e r  i n f e c t i o n  w hich  i s  c o r r e l a t e d  w i th  d e p r e s s io n  o f  h o s t  

mRNA p r o d u c t i o n .

I n  a d d i t i o n ,  M c A l l i s t e r  (1970) h a s  shown t h a t  d u r in g  i n f e c t i o n  w i t h  SP82G 

t h e r e  i s  a  l i n e a r  o r d e r  o f  m ark e r  e n t r y ,  w i th  t h e  l e f t  end o f  t h e  g e n e t i c  

map a lw ays e n t e r i n g  th e  c e l l  f i r s t .  The SP82G genome can be  d iv id e d
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i n t o  t h r e e  f u n c t i o n a l  a r e a s :  t h e  l e f t  end i s  a s s o c i a t e d  w i t h  DNA sy n 

t h e s i s  , th e  m id d le  w i t h  t a i l  s y n t h e s i s  and th e  r i g h t  end w i t h  head  

s y n t h e s i s  (Green and  Laman, 1 9 72 ) .

S e v e r a l  mechanisms can be e n t e r t a i n e d  t o  e x p l a i n  th e  p r o t e c t i v e  

e f f e c t  o f  p r e - i n f e c t i o n  p r o t e c t i o n .  The phage may in d u c e  a  p r o t e i n  w hich 

b in d s  t o  s i t e s  on th e  phage  genome, t h u s  p r e v e n t in g  t h e  b i n d in g  o f  th e  

h o s t  c e l l  n u c l e a s e .  A l t e r n a t i v e l y ,  a  p h a g e - in d u c e d  p r o t e i n  may i n t e r a c t  

d i r e c t l y  w i t h  t h e  h o s t  n u c l e a s e ,  o r  one o f  i t s  c o - f a c t o r s ,  th u s  i n h i b 

i t i n g  th e  n u c l e a s e .  R e s u l t s  shown above f a v o r  th e  l a t t e r  i d e a  s i n c e  

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

s i g n i f i c a n t l y  l e s s  th a n  i n  e x t r a c t s  o f  u n i n f e c t e d  c e l l s .  A s i m i l a r  

p r o c e s s  o c c u r s  d u r in g  X i n f e c t i o n  (S a k a k i  et^ _al. , 1973) , i n  w hich a  X 

in d u c e d  p r o t e i n ,  t h e  y  p r o t e i n ,  s p e c i f i c a l l y  i n h i b i t s  th e  h o s t  r e c  BC 

DNase. A l s o ,  I s r a e l  e t  a l . , (1972) have  shown a  d e c r e a s e  i n  t o t a l  h o s t  

n u c le a s e  a c t i v i t y  5 -10  m in u te s  a f t e r  S a lm o n e l la  typh im urium  i s  i n f e c t e d  

w i th  b a c t e r i o p h a g e  P22.

Time c o u rs e  s t u d i e s  f o l l o w in g  t h e  changes i n  n u c le a s e  a c t i v i t y  

a f t e r  i n f e c t i o n  r e s u l t e d  i n  some i n t e r e s t i n g  o b s e r v a t i o n s .  At 3 3 ° ,  an 

i n i t i a l  i n c r e a s e  i n  n u c l e a s e  a c t i v i t y  a f t e r  i n f e c t i o n  i s  fo l lo w e d  by a 

r a t h e r  r a p i d  d e c r e a s e  w hich  m axim izes a t  9 m in u tes  a f t e r  i n f e c t i o n .  At 

37° t h e  i n i t i a l  i n c r e a s e  i s  n o t  a p p a r e n t ,  b u t  cou ld  have  b e e n  masked by 

t h e  r a p i d  p r o d u c t i o n  o f  i n h i b i t o r  a t  t h i s  t e m p e r a tu r e  w hich r e s u l t s  i n  

a  m in im iz in g  o f  h o s t  n u c l e a s e  a c t i v i t y  by 6  m in u te s  a f t e r  i n f e c t i o n .  

S i m i l a r  n u c l e a s e  i n c r e a s e s  f o l l o w i n g  b a c te r io p h a g e  i n f e c t i o n  a l s o  o c c u r  

w i th  P22 i n f e c t i o n  o f  JS. typh im urium  w here  an i n c r e a s e  h as  been  n o te d  

up t o  2  m in u te s  a f t e r  i n f e c t i o n ,  and th e n  fo l lo w e d  by a r a p i d  d e c re a s e  

( I s r a e l  e t  a l . , 1 972 ) .
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P r e v io u s  work (G reen , 1966; M c A l l i s t e r  and G reen , 1972) done a t  

3 3 ° ,  d e m o n s t ra te d  t h a t  t h e  maximal e f f e c t  o f  p r e - i n f e c t i o n  p r o t e c t i o n  on 

m arke r  r e s c u e  o c c u r r e d  a t  6  m in u te s  a f t e r  i n f e c t i o n .  The p r e s e n t  w ork , 

l o o k in g  a t  n u c l e a s e  l e v e l s  a f t e r  i n f e c t i o n ,  shows a maximal i n h i b i t i o n  

a t  9 m in u te s  a f t e r  i n f e c t i o n  a t  33°. S in c e  i t  seems c l e a r  t h a t  p r e 

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

a c t i v i t i e s ,  t h e  d i f f e r e n c e s  i n  t im es  o f  maximal i n h i b i t i o n  a t  33° i s  

somewhat p u z z l i n g .  A lthough  no d i r e c t  e x p e r im e n ta l  e v id e n c e  i s  a v a i l 

a b l e  t o  e x p l a i n  t h i s  d i s c r e p a n c y ,  i t  i s  u s e f u l  to  r e v ie w  t h e  te c h n iq u e s

u se d  to  a r r i v e  a t  t h e s e  s l i g h t l y  v a r y i n g  c o n c lu s i o n s .  Green (1966)

added  phage  DNA a t  i n t e r v a l s  a f t e r  i n f e c t i n g  c e l l s  w i t h  m ark e r  r e s c u e  

phage  and lo o k e d  f o r  t h e  maximum number o f  w i l d  ty p e  r e c o m b in a n t s .  

M c A l l i s t e r  (1972) p r e i n f e c t e d  c e l l s  w i th  a  t r i p l y  m u tan t  phage  and th e n  

s to p p e d  p r o t e i n  s y n t h e s i s  a t  v a r i o u s  t im e s  by a d d i t i o n  o f  CM (100 y g /m l ) .  

At a  l a t e r  t im e  (9 m in u te s  a f t e r  i n f e c t i o n ) , c e l l s  w ere  e xposed  t o  ap 

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

r e c o m b in a n ts  w ere  s c o r e d .

I t  i s  p o s s i b l e  t h a t  b o th  o f  t h e s e  t e c h n iq u e s  have  a  l a g  p e r i o d

be tw een  th e  t im e  t h a t  a  p a r t i c u l a r  e v e n t  i s  i n i t i a t e d  and th e  t im e  a t

w h ich  t h e  e f f e c t s  o f  t h a t  e v e n t  a r e  m a n i f e s t  w i t h i n  t h e  c e l l .  For 

e x a m p le ,  DNA added  to  c e l l s  a t  6  m in u te s  a f t e r  i n f e c t i o n  w ould  n o t  be  

i n t r a c e l l u l a r  u n t i l  some few m in u te s  l a t e r ,  due t o  a d s o r p t i o n  and u p ta k e  

t im e s .  Thus, th e  DNA would n o t  be " i n  p o s i t i o n "  t o  b e  a f f e c t e d  by i n t r a 

c e l l u l a r  i n a c t i v a t i o n  (and  th u s  m o n i to r  t h e  e f f e c t s  o f  phage i n f e c t i o n  

on i n t r a c e l l u l a r  i n a c t i v a t i o n )  u n t i l  some t im e  a f t e r  6  m in u te s .  T here 

f o r e  t h e  t im e  a t  w hich  p r e - i n f e c t i o n  p r o t e c t i o n  i s  m axim ized i s  some 

t im e  a f t e r  6  m i n u t e s .
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A l a g  p e r i o d  i s  a l s o  q u i t e  p o s s i b l e  w i th  M c A l l i s t e r ' s  w ork , 

s i n c e  t h e  a d d i t i o n  o f  CM a t  6  m in u te s  does n o t  mean an i n s t a n t a n e o u s  

s to p p a g e  o f  p r o t e i n  s y n t h e s i s .  The a rgum en t i s  l e s s  c l e a r - c u t  i n  t h i s  

c a s e ,  how ever ,  due t o  th e  f a c t  t h a t  i n  th e  p r e s e n t  e x p e r i m e n t s ,  i n f e c 

t i o n  i s  a l s o  s to p p e d  by a d d i t i o n  o f  CM and th u s  a  s i m i l a r  l a g  p e r i o d  

c o u ld  be  e n v i s i o n e d .  However, t h e r e  a r e  two d i f f e r e n c e s  i n  e x p e r im e n ta l  

p r o c e d u r e  w hich  may be s i g n i f i c a n t :

1) CM l e v e l s  a r e  do u b led  i n  th e  p r e s e n t  work -  200 yg/m l as  op

po sed  to  1 0 0  pg /m l;

2) i n  th e  p r e s e n t  w ork , i n  a d d i t i o n  t o  a d d in g  CM, c e l l s  w ere  

r a p i d l y  c o o le d  by p o u r in g  o v e r  i c e  and th e n  q u i c k l y  c e n t r i 

fu g ed  a t  4 ° .  I n  M c A l l i s t e r ' s  e x p e r im e n t ,  c e l l s  rem a in ed  a t  

33° a f t e r  a d d i t i o n  o f  CM.

Thus, t h e r e  seems t o  b e  t h e  p o s s i b i l i t y  o f  a  l a g  p e r i o d  be tw een  a d d i t i o n  

o f  CM and s to p p a g e  o f  m e ta b o l i c  p r o c e s s e s  i n  M c A l l i s t e r ' s  work t h a t  i s  

n o t  p r e s e n t  i n  t h e  work d e s c r i b e d  above . T h e r e f o r e ,  I  f e e l  t h a t  t h e  

d i s c r e p a n c i e s  i n  t h e  t im e  o f  o n s e t  o f  maximal p r e - i n f e c t i o n  p r o t e c t i o n  

a t  33° can  be  e x p la i n e d  and t h a t  9 m in u te s  a f t e r  i n f e c t i o n  may be  a 

more a c c u r a t e  e s t i m a t i o n  o f  t im e  o f  maximal i n h i b i t i o n  o f  i n t r a c e l l u l a r  

i n a c t i v a t i o n .

In  a d d i t i o n ,  i t  s h o u ld  be  r e c o g n iz e d  t h a t  w h i l e  p r e v io u s  work 

lo o k e d  a t  e v e n t s  t a k i n g  p l a c e  o n ly  i n  com peten t  c e l l s ,  t h e  p r e s e n t  work 

in v o lv e s  o n ly  r e g u l a r  l o g  p h a se  c e l l s ,  none o f  w h ich  a r e  co m p e ten t .

There  i s  e v id e n c e  ( N e s te r  and S t o c k e r ,  1963) t h a t  com pe ten t  c e l l s  have  

a l t e r e d  r a t e s  o f  m ac ro m o le cu la r  s y n t h e s i s  and th e  d i s c r e p a n c i e s  d e t a i l e d  

above may be  a  f u n c t i o n  o f  t h e s e  a l t e r e d  r a t e s .

The f a c t  t h a t  i n t r a c e l l u l a r  n u c l e a s e  l e v e l s  r i s e  a g a in  a f t e r
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s h a r p l y  d e c r e a s i n g  a t  e a r l y  t im es  a f t e r  i n f e c t i o n  i s  i n  a c c o r d  w i t h  t h e  

f i n d i n g s  o f  Green (1966) and M c A l l i s t e r  and Green (1970) t h a t  t h e  l e v e l s  

o f  w i l d - t y p e  re c o m b in a n ts  f a l l  o f f  s h a r p l y  a f t e r  a  peak  a t  6  m in u te s  

a f t e r  i n f e c t i o n .  A lthough  no f i r m  e v id e n c e  i s  a v a i l a b l e ,  i t  i s  assumed 

t h a t  th e  phage in d u c e s  a  n u c l e a s e  w hich  i t s e l f  i n a c t i v a t e s  t r a n s f e c t i n g  

DNA. T h is  s i t u a t i o n  h a s  b e e n  r e p o r t e d  w i t h  P22 i n f e c t i o n  o f  J3. t y p h i 

murium (W oodw orth-Gutai a l . ,  1 9 72 ) .  In  t h e s e  s t u d i e s ,  a  h o s t  

n u c l e a s e  i s  i n h i b i t e d  a t  5 m in u te s  a f t e r  i n f e c t i o n  and a  new, phage 

in d u c e d ,  n u c l e a s e  a p p e a r s  a t  a b o u t  10 m in u te s  a f t e r  i n f e c t i o n .  The o v e r 

a l l  t im e  c o u rs e  o f  n u c l e a s e  a c t i v i t y  i n  P22 i n f e c t e d  S_. typh im urium  v e ry  

s t r o n g l y  re s e m b le s  t h e  one d e s c r i b e d  ab o v e ,  w i t h  a  r a p i d  i n i t i a l  i n c r e a s e  

(0 - 2  m in s . )  f o l lo w e d  by a  r a p i d  d e c r e a s e  ( 2 - 1 0  m i n s . ) ,  and th e n  a 

g r a d u a l  i n c r e a s e  t o  u n i n f e c t e d  l e v e l s  by 2 0  m in u te s  a f t e r  i n f e c t i o n .

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

i n a c t i v a t i o n  t a k e s  p l a c e  d u r in g  i n f e c t i o n  even  i n  t h e  p r e s e n c e  o f  CM 

was u n e x p e c te d ,  b u t  does  n o t  c o n t r a d i c t  M c A l l i s t e r ' s  f i n d i n g  o f  t o t a l  

CM s e n s i t i v i t y  o f  p r e - i n f e c t i o n  p r o t e c t i o n ,  s i n c e  t h e  amount o f  i n h i b i 

t i o n  d e t e c t e d  would  p r o b a b ly  b e  to o  s m a l l  t o  c a u se  a s i g n i f i c a n t  change 

i n  th e  number o f  w i l d  ty p e  r e c o m b in a n ts  i n  m arke r  r e s c u e  e x p e r im e n t s .

The f a c t  t h a t  t h e  C M - in s e n s i t iv e  i n h i b i t i o n  i s  c o m p le te  w i t h i n  

2  m in u te s  a f t e r  i n f e c t i o n  a rg u e s  a g a i n s t  an i n h i b i t o r  s y n t h e s i z e d  i n t r a -  

c e l l u l a r l y .  There  w o u ld ,  t h e r e f o r e ,  seem to  be  two p o s s i b l e  e x p la n a 

t i o n s  f o r  th e  mechanism  o f  i n h i b i t i o n .  P h a g e - in d u c e d  i n h i b i t o r  c o u ld  

be  p a c k ag e d  w i t h  t h e  phage  DNA d u r in g  m a t u r a t i o n  and t h e n  e n t e r  t h e  

c e l l  w i t h  t h e  DNA d u r in g  i n f e c t i o n .  ( M c A l l i s t e r  (1970) h a s  shown t h a t  

c h lo ra m p h e n ic o l  does n o t  a f f e c t  th e  i n j e c t i o n  o f  SP82G DNA.) An a n a l a -  

gous mechanism  i s  known to  o c c u r  w i t h  t h e  T4 v^ gene p r o d u c t ,  a UV
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s p e c i f i c  e n d o n u c le a s e  w hich  i s  p ack ag ed  w i t h i n  t h e  h e a d  o f  t h e  T4 b a c 

t e r i o p h a g e  (Shames e t  a l . ,  1 9 7 3 ) .  A l t e r n a t i v e l y ,  i t  i s  p o s s i b l e  t h a t  a 

r e g i o n  o f  t h e  i n f e c t i n g  genome i s  a b l e  to  s e l e c t i v e l y  b i n d  w i th o u t  

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

h o s t  n u c l e a s e  a c t i v i t y .

T here  i s  no f i r m  d a t a  t o  d i f f e r e n t i a t e  be tw een  t h e s e  two mech

an ism s b u t  t h e  sp e e d  w i th  w h ich  t h e  i n h i b i t i o n  o c c u r s  seems to  f a v o r  t h e  

l a t t e r  e x p l a n a t i o n .  E x t r a p o l a t i o n  o f  M c A l l i s t e r ' s  t im e  o f  e n t r y  work 

to  37° s u g g e s t s  t h a t  o n ly  25% o f  t h e  genome e n t e r s  t h e  c e l l s  by 2 m in u te s  

a f t e r  i n f e c t i o n  (G reen and Laman, 1 9 7 3 ) .  S in c e  a l l  o f  t h e  CM i n s e n s i t i v e  

d e g r a d a t i o n  o c c u rs  w i t h i n  t h e  f i r s t  2  m in u te s ,  p r e - p a c k a g e d  i n h i b i t o r  

w ould  h a v e  t o  b e  u n i fo r m ly  a s s o c i a t e d  w i t h  t h e  e n t e r i n g  end o f  t h e  DNA 

and be  p r i m a r i l y  packaged  i n  t h e  t a i l  o f  t h e  b a c t e r i o p h a g e .  On th e  

o t h e r  h a n d ,  a  r e g i o n  a t  t h e  l e f t  end o f  t h e  genome t h a t  c o u ld  s e l e c t i v e l y  

b in d  h o s t  n u c l e a s e  w ould  a lw ays  e n t e r  t h e  c e l l  im m e d ia te ly  a f t e r  i n f e c t i o n  

and th u s  b e  t o t a l l y  m a n i f e s t  w i t h i n  th e  f i r s t  2  m in u te s .

T h is  C M - in s e n s i t i v e  i n h i b i t i o n  w ould  seem t o  b e  q u i t e  im p o r t a n t  

t o  b a c t e r i o p h a g e  s u r v i v a l  i n  t h a t  i t  w ould  p r o t e c t  t h e  phage  genome 

d u r in g  t h e  c r i t i c a l  p e r i o d  b e tw e en  th e  t im e  o f  e n t r y  and th e  t im e  a t  

w hich  t h e  C M -s e n s i t iv e  i n h i b i t i o n  i s  m a n i f e s t  w i t h i n  th e  c e l l .  W ithou t  

t h i s  e a r l y  p r o t e c t i o n ,  i t  i s  q u i t e  c o n c e iv a b le  t h a t  t h e  phage  genome 

would  be  l e t h a l l y  damaged b e f o r e  t h e  phage  in d u c e d  ( C M -s e n s i t iv e )  i n h i b i 

t o r  was f u l l y  e x p r e s s e d .  I t  s h o u ld  b e  n o t e d  t h a t  t r a n s f e c t i n g  DNA w ould  

m ost p r o b a b ly  n o t  e n jo y  t h i s  p r o t e c t i o n  s i n c e  an i n h i b i t o r  p ack ag ed  

w i t h i n  t h e  b a c t e r i o p h a g e  w ould  b e  l o s t  d u r in g  DNA p u r i f i c a t i o n ,  and an 

i n h i b i t o r y  r e g i o n  on th e  l e f t  end  o f  t h e  genome w ould  e n t e r  t h e  c e l l  

l a s t ,  r a t h e r  th a n  f i r s t ,  due t o  t h e  r e v e r s e d  o r d e r  o f  e n t r y .

One o f  t h e  q u e s t i o n s  p o se d  by M c A l l i s t e r ' s  w ork (1972) c o n c ern e d
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th e  f a c t  t h a t  d u r in g  i n f e c t i o n  i n  th e  p r e s e n c e  o f  CM, t h e  i n f e c t i n g  

genome i s  s u b j e c t  t o  c o n s id e r a b l y  l e s s  damage th a n  o c c u r s  d u r in g  t r a n s 

f e c t i o n .  I t  h a s  b e e n  shown (W il l iam s  and G reen , 1972) t h a t  t r a n s f e c t i n g  

DNA e n t e r s  t h e  c e l l  a t  a p p ro x im a te ly  t h e  same s p e e d ,  a l b e i t  w i th  o p p o s i t e  

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

e n t r y  i s  n o t  an im p o r ta n t  a s p e c t .

I t  s h o u ld  b e  n o t e d  t h a t  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  CM i s  an 

a r t i f i c i a l  e v e n t ,  and t h e  d e g r a d a t i o n  o f  t h e  phage  genome i s  p ro b a b ly  

d e p e n d e n t  on th e  h a l f - l i f e  o f  t h e  h o s t  n u c l e a s e s ,  s i n c e  no new p r o t e i n s  

can be s y n t h e s i z e d .  T h is  i s  o b v io u s ly  q u i t e  d i f f e r e n t  from  t h e  s i t u a 

t i o n  i n  com pe ten t  c e l l s  w here  p r o t e i n  s y n t h e s i s  c o n t in u e s  u n a b a te d .

A ls o ,  t h e r e  have  b e e n  r e p o r t s  ( M o r r i s o n ,  1970 ; A rw ert  and Venema, 1974) 

o f  new e n d o n u c le a s e s  a p p e a r in g  w i t h  t h e  o n s e t  o f  com petence .  These new 

n u c l e a s e s  c o u ld  a c c o u n t  f o r  some o f  t h e  a d d i t i o n a l  damage t o  t r a n s f e c t i n g  

DNA.

To t h e s e  two p o s s i b i l i t i e s  a n o t h e r  can now be  added :  i n f e c t i o n

i n  t h e  p r e s e n c e  o f  CM r e s u l t s  i n  a p p ro x im a te ly  a  10% i n h i b i t i o n  i n  h o s t  

n u c l e a s e  a c t i v i t y .  T h is  i n h i b i t i o n ,  w hich  i s  n o t  e n jo y e d  by t r a n s f e c t i n g  

DNA, c o u ld  a c c o u n t  f o r  a  l a r g e  p o r t i o n  o f  t h e  p r o t e c t i o n  a f f o r d e d  phage 

DNA d u r in g  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  c h lo r a m p h e n ic o l .

The f a i l u r e  to  a c h ie v e  a h ig h  d e g re e  o f  p u r i t y  i n  t h e  i s o l a t e d  

n u c l e a s e ,  w h i l e  v e ry  d i s a p p o i n t i n g ,  was n o t  t o t a l l y  u n e x p e c te d .  As can 

b e  s e e n  i n  T ab le  1 ,  o n ly  one n u c l e a s e  o f  B a c i l l u s  s u b t i l i s , Bs I I ,  h a s  

b e e n  p u r i f i e d  t o  any g r e a t  e x t e n t .  The p ro b lem  o f  enzyme s t a b i l i t y ,  a 

m a jo r  one i n  t h i s  w ork , was m en t io n e d  by C h e s th u k h in  e t  a l .  (1973) and 

Dubnau and S c h e r  (1973) as  b e in g  m a jo r  o b s t a c l e s  to  f u r t h e r  p u r i f i c a t i o n .

The n u c l e a s e ' s  m arked s e n s i t i v i t y  to  f r e e z i n g  (T a b le  5 ) ,  r a t h e r  

u n e x p e c te d  i n  l i g h t  o f  i t s  s u r p r i s i n g l y  low m o le c u la r  w e i g h t ,  t o g e t h e r
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w i t h  t h e  f a c t  t h a t  c ru d e  e x t r a c t s  c o u ld  b e  f r o z e n  f o r  weeks w i t h o u t  any 

s i g n i f i c a n t  l o s s  o f  a c t i v i t y ,  s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  some 

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

f i l t r a t i o n .

The q u e s t i o n  o f  w h e th e r  a l l  o f  t h e  a c t i v i t i e s  r e p o r t e d  f o r  th e  

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

c a n n o t  be  answ ered  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  However, t h e  f a c t  

t h a t  e x t r a c t s  from  i n f e c t e d  c e l l s  h a v e  a  q u a n t i t a t i v e l y  lo w e r  a b i l i t y  

th a n  e x t r a c t s  from  u n i n f e c t e d  c e l l s  t o  d e g ra d e  n a t i v e  DNA, d e n a tu r e d  

DNA and r ib o s o m a l  RNA l e n d s  c re d e n c e  t o  th e  c o n t e n t i o n  t h a t  th e  n u c l e a s e

s h o u ld ,  i n  f a c t ,  be  a b l e  to  d e g ra d e  a l l  o f  t h e s e  s u b s t r a t e s .

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

l i s  DNA i n  v i t r o  r a i s e s  t h e  q u e s t i o n  o f  how th e  c e l l  p r o t e c t s  i t s  own

DNA i n  v i v o . There  i s  t h e  p o s s i b i l i t y  t h a t  th e  a b i l i t y  to  d i s t i n g u i s h  

be tw een  h o s t  and v i r a l  DNA r e s i d e s  i n  th e  r e p a i r  r a t h e r  th a n  t h e  r e s t r i c 

t i o n  s y s te m . T ha t  i s ,  a l l  i n t r a c e l l u l a r  DNA i s  a t t a c k e d  t o  an e q u a l  

e x t e n t ,  b u t  t h e  h o s t  r e p a i r  s y s te m  p r e f e r e n t i a l l y  r e p a i r s  h o s t  DNA.

There  would  seem t o  be  a t  l e a s t  two m a jo r  d i f f i c u l t i e s  w i t h  t h i s  s y s te m . 

F i r s t ,  i t  i s  n o t  r e a d i l y  a p p a r e n t  how th e  r e p a i r  s y s te m  c o u ld  d i f f e r e n 

t i a t e  be tw een  random b r e a k s  i n  h o s t  DNA and s i m i l a r  b r e a k s  i n  phage  DNA.

I n  a d d i t i o n ,  t h e  e x t e n t  o f  d o u b le  s t r a n d  b r e a k a g e  o c c u r r in g  i n  phage 

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

in v o lv e d  i s  q u i t e  a c t i v e ,  and  w ould  n e c e s s i t a t e  th e  c o n s t a n t  r e p a i r  o f  

a  s i g n i f i c a n t  number o f  d o u b le  s t r a n d  b r e a k s .  T h is  amount o f  r e p a i r  

would  seem t o  c o n s t i t u t e  an i n t o l e r a b l e  b u rd e n  on t h e  m e ta b o l is m  o f  th e  

c e l l .

A l t e r n a t i v e l y ,  i t  s h o u ld  b e  r e c o g n iz e d  t h a t  t h e  i n  v i t r o  d e g ra d a 
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t i o n  o f  h o s t  DNA does n o t  p ro v e  t h a t  t h i s  d e g r a d a t i o n  o c c u r s  i n  v i v o .

In  f a c t ,  w i t h  t h e  e x c e p t io n  o f  t h e  r e s t r i c t i o n  e n d o n u c le a s e s ,  a l l  th e  

n u c l e a s e s  p u r i f i e d  from  Eh c o l i  have  t h e  a b i l i t y  t o  d e g ra d e  Eh c o l i  DNA 

i n  v i t r o . B a c t e r i a l  DNA may be  p r o t e c t e d  from  n u c l e o l y t i c  damage i n  

v iv o  by some m echanism  w hich  i s  l o s t  d u r in g  DNA e x t r a c t i o n .  I t  seems 

r e a s o n a b le  t o  s u g g e s t  t h a t  t h e  c e l l  membrane s y s te m  may s u p p ly  j u s t  such  

a  p r o t e c t i v e  e f f e c t .  Host DNA bound i n  v iv o  t o  t h e  c e l l  membrane would  

be  p r o t e c t e d  from  n u c l e o l y t i c  d e g r a d a t i o n .  P u r i f i c a t i o n  o f  t h e  DNA 

away from  t h i s  membrane w ould  r e n d e r  i t  s u s c e p t i b l e  to  n u c l e a s e s  i n  

v i t r o , even  though  t h e  DNA was n o t  a t t a c k e d  i n  v i v o .

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

a t t a c k  any DNA n o t  bound t o  t h e  c e l l u l a r  membrane s y s te m .  The phage 

in d u c e d  i n h i b i t i o n  o f  h o s t  n u c l e a s e  a c t i v i t y  may h a v e  d e v e lo p e d  as a 

way o f  p r o t e c t i n g  t h e  phage  genome u n t i l  i t  becomes bound to  t h e  c e l l  

membrane, a f t e r  w h ic h ,  i t  i s  a f f o r d e d  t h e  same p r o t e c t i o n  as h o s t  DNA.

I n  summary, th e  i n v e s t i g a t i o n s  u n d e r t a k e n  a l lo w  th e  f o l l o w in g  

c o n c lu s io n s  t o  b e  drawn:

1 ) d u r in g  i n f e c t i o n  i n  t h e  p r e s e n c e  o f  c h lo r a m p h e n ic o l ,  t h e  phage 

genome i s  s u b j e c t  to  a  l a r g e  number o f  d o u b le  s t r a n d  b r e a k s .

2) by 6  m in u te s  a f t e r  i n f e c t i o n  a t  3 7 ° ,  c e l l  e x t r a c t s  h a v e  s i g 

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

c e l l s .  T h is  i n h i b i t i o n  i s  maximal a t  9 m in u te s  a f t e r  i n f e c t i o n  

a t  33° .

3) t h e  phage  m e d ia te d  i n h i b i t i o n  o f  h o s t  n u c l e a s e  a c t i v i t y  p r o 

ceeds  by two d i s t i n c t  p a th w a y s .  A l a r g e  p r o p o r t i o n  (90%) o f  

t h e  i n h i b i t i o n  i s  s e n s i t i v e  to  c h lo ra m p h e n ic o l  and th u s  depends 

upon p r o t e i n  s y n t h e s i s .  The r e m a in in g  i n h i b i t i o n  i s  i n s e n s i t i v e
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to  c h lo ra m p h e n ic o l  and i s  th o u g h t  t o  i n v o lv e  an  i n h i b i t o r  

b r o u g h t  i n  w i t h  t h e  i n f e c t i n g  phage  genome.

4) an e n d o n u c le a s e ,  i s o l a t e d  on t h e  b a s i s  o f  i t s  i n h i b i t i o n  i n  

e x t r a c t s  i n f e c t e d  w i th  SP82G, h a s  b e e n  p u r i f i e d  27 f o l d .  The 

n u c l e a s e  h a s  a  m o le c u la r  w e ig h t  o f  a p p ro x im a te ly  1 0 - 1 2 , 0 0 0 .

I t  a t t a c k s  n a t i v e  and d e n a tu r e d  DNA, and s i n g l e  s t r a n d  RNA. 

T h is  e n d o n u c le a se  i s  b e l i e v e d  t o  b e  t h e  b a s i s  f o r  t h e  p r o c e s s  

o f  i n t r a c e l l u l a r  i n a c t i v a t i o n  i n  B a c i l l u s  s u b t i l i s .
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