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ABSTRACT

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

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

One o f  t h e s e ,  d e s i g n a t e d  murH, was mapped a t  99 min  on  t h e  E . 

c o l i  l i n k a g e  map. The murHl m u t a n t  e x h i b i t e d  t e m p e r a t u r e -  

s e n s i t i v e  ( t s )  g r o w t h  w h ic h  was a s s o c i a t e d  w i t h  a  b l o c k  i n  a  

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

h y d r o l a s e - m e d i a t e d  l y s i s  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e .  The 

murH l o c u s  c o u l d  n o t  b e  c l o n e d  i n  m u l t i c o p y  v e c t o r s  b u t  was 

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

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

f u r t h e r  c h a r a c t e r i z a t i o n .  As a n  a l t e r n a t i v e  a p p r o a c h  t o  

c h a r a c t e r i z i n g  t h e  murH f u n c t i o n ,  e x t r a g e n i c  m u t a t i o n s  w h ic h  

s u p p r e s s e d  t h e  murHl t s  l y s i s  p h e n o t y p e  w e re  i s o l a t e d .  One 

s u p p r e s s o r  m u t a t i o n ,  d e s i g n a t e d  smhAl , (25 min  on t h e  g e n e t i c  

l i n k a g e  map) r e s t o r e d  t e m p e r a t u r e  r e s i s t a n c e  i n  murHl m u t a n t s  

b u t  o t h e r w i s e  h a d  no d i s t i n g u i s h a b l e  p h e n o t y p e .  A s e c o n d  

e x t r a g e n i c  murHl s u p p r e s s o r ,  smhBl (13 m i n ) ,  c o n f e r r e d  a  t s  

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

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

p h e n o t y p e s .  The s u p p r e s s o r  a c t i v i t i e s  o f  t h e  smhAl a n d  smhBl 

a l l e l e s  w e r e  r e l a t i v e l y  s p e c i f i c  i n  t h a t  t h e y  f a i l e d  t o
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s u p p r e s s  l y s i s  c a u s e d  by e i t h e r  m u t a t i o n a l  (murL o r  m urF) o r  

a n t i b i o t i c - i n d u c e d  b l o c k s  i n  p e p t i d o g l y c a n  s y n t h e s i s .  Two 

a d d i t i o n a l  t s  l y s i s  m u t a t i o n s ,  l y t D l  (mapped a t  13 min)  and  

l y t E l  (25 m i n ) ,  a r o s e  s p o n t a n e o u s l y  i n  smhBl an d  smhAl 

b a c k g r o u n d s ,  r e s p e c t i v e l y .  The smhAl a l l e l e  s u p p r e s s e d  t h e  

l y s i s  p h e n o t y p e  o f  l y t E l  b u t  n o t  o f  l y t D l . F u r t h e r m o r e ,  t h e  

c o m b i n a t i o n  o f  smhBl w i t h  e i t h e r  l y t D l  o r  l y t E l  r e s u l t e d  i n  

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

t h e  s u p p r e s s o r  a c t i v i t i e s ,  com bined  w i t h  t h e  s i m i l a r i t i e s  i n  

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

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

s mhA, smhB, i y t D , an d  ly cE  l o c i .  F o u r  c l o n e s  w h ic h  c o m p le ­

m en te d  t h e  l y t D l  m u t a t i o n  w ere  o b t a i n e d  by s c r e e n i n g  an  E . 

c o l i  g e n e  l i b r a r y ,  b u t  i t  i s  shown t h a t  t h e  c o m p le m e n t in g  

a c t i v i t y  d i d  n o t  r e p r e s e n t  t h e  E. c o l i  chrom osom al  I y tD  l o c u s .  

I t  i s  shown i n s t e a d  t h a t  2 ph ag e  X  g e n e s ,  i d e n t i f i e d  a s  c r o  

a n d  c l ,  a c c o u n t e d  f o r  t h e  l y t D l  c o m p le m e n t in g  a c t i v i t i e s  i n  

t h e s e  c l o n e s .  E v id e n c e  i s  p r e s e n t e d  w h ic h  s u g g e s t s  t h a t  t h e s e  

c l o n e s  w e re  d e r i v e d  f rom p h a g e  A, DNA w h ic h  was f o r t u i t o u s l y  

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

c o n s t r u c t i o n  o f  t h e  g e n e  l i b r a r y .  S i n c e  t h e  X  Cro an d  Cl 

p r o t e i n s  a r e  DNA-binding  p r o t e i n s  w h ich  b i n d  t o  i d e n t i  c l  17 

b a s e - p a i r  r e c o g n i t i o n  s e q u e n c e s  ( t h e  X  r i g h t  o p e r a t o r  

s e q u e n c e s ) ,  i t  i s  h y p o t h e s i z e d  t h a t  LytD e n c o d e s  a  D N A -bind ing  

p r o t e i n  w i t h  a s i m i l a r  s p e c i f i c i t y  ( i . e . ,  w h ic h  b i n d s  t o  a  A 

r i g h t  o p e r a t o r - l i k e  s e q u e n c e )  w h ich  r e g u l a t e s ,  p r o b a b l y



iv
n e g a t i v e l y ,  t h e  e x p r e s s i o n  o f  a g e n e ( s )  i n v o l v e d  i n  some way 

w i t h  p e p t i d o g l y c a n  h y d r o l y s i s .
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CHAPTER 1

INTRODUCTION

I .  The C e l l  Wall  o f  E s c h e r i c h i a  c o l i

L i k e  o t h e r  G r a m - n e g a t i v e  b a c t e r i a ,  E s c h e r i c h i a  c o l i  

p o s s e s s e s  a c e l l  w a l l  com posed  o f  two l a y e r s .  The e x t e r n a l  

l a y e r ,  o r  o u t e r  m em brane ,  i s  a p p r o x i m a t e l y  7 . 5  nm t h i c k  a n d  i s  

com posed  o f  p h o s p h o l i p i d s ,  l i p o p o l y s a c c h a r i d e  ( LPS) ,  a n d  a  s e t  

o f  c h a r a c t e r i s t i c  p r o t e i n s  ( 1 ) .  U n d e r l y i n g  t h e  o u t e r  membrane 

i s  a  l a y e r  com posed  o f  t h e  p o l y m e r  known a s  p e p t i d o g l y c a n  

(PG) .

The o u t e r  membrane i s  s t r u c t u r a l l y  a n  a s y m m e t r i c  b i l a y e r  

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

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

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

o f  t h e  o u t e r  membrane w h i c h  c o n s i s t s  o f  t h r e e  p a r t s :  ( i )  t h e  

l i p i d  A p o r t i o n  w h i c h  a n c h o r s  LPS t o  t h e  o u t e r  m em brane ;  ( i i )  

t h e  c o r e  p o l y s a c c h r i d e  r e g i o n  w h i c h  i s  l i n k e d  t o  l i p i d  A; a n d  

( i i i )  t h e  h y d r o p h i l i c  0  p o l y s a c c h a r i d e  r e g i o n  w h ic h  i s  l i n k e d  

t o  t h e  c o r e  ( 2 ) .  The o u t e r  membrane r e p r e s e n t s  a  s e l e c t i v e  

p e r m e a b i l i t y  b a r r i e r .  S e v e r a l  o u t e r  membrane p r o t e i n s ,  known 

a s  p o r i n s ,  fo rm  t r a n s m e m b r a n e  c h a n n e l s  w h ic h  s e r v e  a s  s i z i n g  

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

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



many t o x i c  s u b s t a n c e s  s u c h  a s  c e r t a i n  a n t i b i o t i c s ,  d e t e r g e n t s ,  

a n d  PG d i g e s t i v e  enzym es  ( 3 ) .  PG l i p o p r o t e i n  i s  o n e  o u t e r  

membrane p r o t e i n  w h i c h  i s  n o t  d i r e c t l y  i n v o l v e d  i n  b a r r i e r  

f u n c t i o n .  PG l i p o p r o t e i n  i s  an  a b u n d a n t  p r o t e i n  ( a b o u t  7 x 

105 c o p i e s  p e r  c e l l )  i n v o l v e d  i n  a  c r u c i a l  s t r u c t u r a l  f u n c ­

t i o n .  An N - t e r m i n a l  c y s t e i n e  r e s i d u e  o f  t h e  l i p o p r o t e i n  i s  

s u b s t i t u t e d  w i t h  a  f a t t y  a c i d  r e s i d u e  w h ic h  i s  em bedded  i n  t h e  

l i p i d  b i l a y e r  o f  t h e  o u t e r  membrane ( 4 ) .  A bou t  o n e - t h i r d  o f  

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

l a y e r  w h i c h  u n d e r l i e s  t h e  o u t e r  m em brane ,  an d  t h e  r e m a i n d e r  

o c c u r  i n  t h e  f r e e  f o rm .  D e l e t i o n  m u t a n t s  c o m p l e t e l y  l a c k i n g  

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

a p p a r e n t l y  u n s t a b l e  ( 5 ) .  T h i s  s u g g e s t s  t h a t  t h e  p h y s i c a l  

b r i d g e  f o rm e d  b e t w e e n  t h e  o u t e r  membrane e n d  PG, b y  PG 

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

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

t h a t  o t h e r  o u t e r  membrane p r o t e i n s ,  s u c h  a s  t h e  OmpA p r o t e i n  

a n d  t h e  p o r i n s  OmpC a n d  QrnpF, a r e  a l s o  i n v o l v e d  i n  s t a b i l i z i n g  

t h e  w a l l  t h r o u g h  n o n c o v a l e n t  i n t e r a c t i o n s  w i t h  PG ( 6 ) .

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

e n c l o s e s  t h e  u n d e r l y i n g  c y t o p l a s m i c  m em brane .  I t  s e r v e s  an  

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

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

i n d u c e d  r u p t u r e  ( 7 ) .  PG i s  u s u a l l y  i s o l a t e d  b y  s o l u b i l i z i n g  

t h e  m em branes  w i t h  b o i l i n g  so d iu m  d o d e c y l  s u l f a t e  (SD S) ,  

v a r i o u s  w a s h i n g  s t e p s ,  an d  p r o t e a s e  d i g e s t i o n  t o  r e m o v e  t h e



a s s o c i a t e d  o u t e r  membrane p r o t e i n s .  The i s o l a t e d  PG i s  a
i

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

t h e  c h a r a c t e r i s t i c  r o d - s h a p e d  m o rp h o lo g y  o f  E. c o l i  ( 8 ) .  As 

a l r e a d y  n o t e d ,  t h e  PG l a y e r  i s  a s s o c i a t e d  w i t h  t h e  o u t e r  

membrane t h r o u g h  c o v a l e n t  a s  w e l l  n o n c o l v a l e n t  i n t e r a c t i o n s .  

On t h e  o t h e r  h a n d ,  t h e r e  i s  no d i r e c t  e v i d e n c e  f o r  p h y s i c a l  

c o n t a c t s  b e t w e e n  PG a n d  t h e  c y t o p l a s m i c  m em brane .  H ow ever ,  

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

s i t e s "  w h i c h  a r e  p r o p o s e d  t o  r e p r e s e n t  a r e a s  w h e r e  t h e  

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

o t h e r  ( 9 ) .  T h e s e  a d h e s i o n  s i t e s  may b e  r e g i o n s  w h e r e  t h e  

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

u n c l e a r  w h a t  t h e  s t a t e  o f  PG i s  i n  t h e s e  a r e a s .  I t  h a s  b e e n  

p r o p o s e d  t h a t  t h e s e  a r e  t h e  s i t e s  w h e re  t h e  o u t e r  membrane 

c o m p o n e n t s ,  s u c h  a s  LPS an d  o u t e r  membrane p r o t e i n s ,  a r e  

s y n t h e s i z e d  an d  e x p o r t e d  a n d  w h e re  t h e  n e w ly  s y n t h e s i z e d  PG 

c h a i n s  a r e  i n s e r t e d  i n t o  t h e  e x i s t i n g  c e l l  w a l l  PG. I t  h a s  

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

m em brane ,  c y t o p l a s m i c  m em brane ,  a n d  PG i n  t h e  a d h e s i o n  r e g i o n s  

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

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

d i v i s i o n  d u r i n g  t h e  c e l l  c y c l e  ( 1 0 ) .

I I .  E. c o l i  P e p t i d o g l y c a n  S t r u c t u r e

1. G e n e r a l  S t r u c t u r a l  F e a t u r e s



F i g .  1 i l l u s t r a t e s  t h e  g e n e r a l  f e a t u r e s  o f  E. c o l i  PG. 

I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  t h i s  i l l u s t r a t i o n  i s  a l m o s t  

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

d i s c u s s e d  b e l o w .  PG i s  composed  o f  l o n g  g l y c a n  c h a i n s  

i n t e r l i n k e d  by  s h o r t  p e p t i d e  s u b s t i t u t i o n s  ( 1 1 ) .  The g l y c a n  

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

N - a c e t y l g l u c o s a m i n e  (GlcNAc) and  N - a c e t y l m u r a m i c  a c i d  

(MurNAc). I n  E. c o l i , e a c h  g l y c a n  c h a i n  t e r m i n a t e s  w i t h  a 

n o n r e d u c i n g  1 , 6 - a n h y d r o  MurNAc r e s i d u e .  The a v e r a g e  g l y c a n  

c h a i n  l e n g t h ,  c a l c u l a t e d  on t h e  b a s i s  o f  t h e  r a t i o  o f  1 , 6 -  

a n h y d r o  MurNAc t o  t o t a l  amount  o f  MurNAc, i s  a b o u t  33 

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

a p p r o x i m a t e l y  33 nm ( 1 2 ) .  Each  MurNAc r e s i d u e  i s  s u b s t i t u t e d  

w i t h  a  s h o r t  p e p t i d e .  The am ino  a c i d  s e q u e n c e  o f  t h i s  p e p t i d e  

i s  t y p i c a l l y  L - a l a n y l - D - q l u t a m y l - m eso- d i a m i n o p i m e l i c  a c i d  

( D A P ) - D - , ' l a n y l - D - a l a n i n e ,  g o i n g  f rom  N - t e r m i n u s  t o  C - t e r m i n u s ,  

b u t  s h o r t e r  d e r i v a t i v e s  o f  t h i s  p e p t i d e  a l s o  o c c u r .  T h u s ,  PG 

may b e  v i e w e d  a s  a p o l y m e r  composed o f  a b a s i c  r e p e a t i n g  

s u b u n i t  r e p r e s e n t e d  by t h e  d i s a c c h a r i d e - p e n t a p e p t i d e  shown i n  

F i g .  2 .  I t  i s  a l s o  w o r t h  n o t i n g  t h a t  DAP an d  MurNAc o c c u r  i n  

n a t u r e  o n l y  i n  PG, an d  t h a t  t h e  o c c u r r e n c e  o f  D -am ino  a c i d s  i s  

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

s u c h  a s  t h e  t e i c h o i c  a c i d s  ( 1 3 ) .

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

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

fo rm ed  b e t w e e n  am ino  g r o u p  o f  DAP i n  o n e  p e p t i d e  a n d  t h e
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*—1 M-J~H H-*~H M — H H-
/ / / / / / / /  

c c c c  c  c  c c *

1/  /  1/  /  1/ /  1/  1 /
K m m h m m m  m

/  A /  / V  A /  /
G C C C C C C  G

/  / / / / / / /
-r-H — H K -m~ H

/  / / / / / / /
G C C C C G G C

/  /  \ /  /  \ /  A /  /
M H I  h'  I  H 1 H

A  A /  A /  A /  A
G G C C C C C C

aL  / / / / / / /
H - 3 - K  H _ * ~ M  H J - M  H - * -

/ / / / / / / / /  c ,c c c c c c c c

F i g .  1. G e n e r a l  f e a t u r e s  o f  E. c o l i  p e p t i d o g l y c a n .  G, 
GlcNAc; M, MurNAc. L i n e s  c o n n e c t i n g  G an d  M r e s i d u e s  
r e p r e s e n t  g l y c o s i d i c  b o n d s .  — k , p e p t i d e  f i d e  c h a i n .  _— 3— 
b e t w e e n  two M r e s i d u e s  r e p r e s e n t s  c r o s s l i n k e d  p e p t i d e s .  Model  
b u i l d i n g  e x p e r i m e n t s  i n d i c a t e  t h a t  c r o s s l i n k s  c a n  b e  f o rm e d  
o n l y  b e t w e e n  e v e r y  f o u r t h  p e p t i d e  s i d e  c h a i n  on e a c h  s i d e .  
M o d i f i e d  f rom  " E s c h e r i c h i a  c o l i  an d  S a l m o n e l l a  t y p n i m u r i u m . 
C e l l u l a r  a n d  m o l e c u l a r  b i o l o g y " ,  (N e ic S h a rd t ,  F . C . ,  e d . ) ,  p p .  
24 ,  A m e r i c a n  S o c i e t y  f o r  M i c r o b i o l o g y ,  W a s h i n g t o n ,  D. C.
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N -a e e t y lg l u c o s a m i n e  N -a c e ty lm u r a m ic  acid

OH
HO

H NH

C= 0

CH.

L-alanine -

D -g lu tam ic
acid

CO CH 
I J

/  NH 
I

HC—CH.,
I °
C = 0  
I
CH

HC—(CH0 L -C O O H  
I 2 2 
C=Q  
I
NH NH0

Mpso-diam ino-  
pi lie acid

D-alanine  -

h c - ( c h 9 ) , - c - c o o h
I 2 J H 

\  C = 0

'  NH  
l

H C - C H  
I

k C = 0
I

D-alanine  -

/  NH  
I

\

H C - C H .
I

C O O H

F i g .  2 .  C h e m i c a l  s t r u c t u r e  o f  t h e  d i s a c c h a r i d e - p e n t a p e p t i d e  
u n i t  ( t h e  s o - c a l l e d  m onom er ic  s u b u n i t )  p r e s e n t  i n  E. c o l i  PG. 
M o d i f i e d  f rom  " D e v e l o p m e n t a l  b i o l o g y  o f  t h e  b a c t e r i a " ,  
(D w o rk in ,  M., e d . ) ,  p p .  164 ,  Menlo  P a r k ,  C a l i f o r n i a ,  U. S . A.
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c a r b o x y l  g r o u p  o f  D - a l a n i n e  i n  a n  a d j a c e n t  p e p t i d e .  T h i s  

f e a t u r e  g i v e s  PG t h e  a p p e a r a n c e  o f  a n e t - l i k e  s t r u c t u r e  ( F i g .  

1 ) .  I n  E. c o l i , a b o u t  50% o f  t h e  p e p t i d e s  a r e  c r o s s l i n k e d  

( 1 4 ) .  F u r t h e r m o r e ,  a b o u t  10% o f  t h e  p e p t i d e s  a r e  c o v a l e n t l y  

a t t a c h e d  t o  t h e  o u t e r  membrane PG l i p o p r o t e i n  t h r o u g h  a 

l i n k a g e  fo rm e d  b e t w e e n  t h e  c a r b o x y l  g r o u p  o f  DAP an d  t h e  am ino  

g r o u p  o f  t h e  C - t e r m i n a l  l y s i n e  o f  l i p o p r o t e i n  ( t h i s  f e a t u r e  i s  

n o t  shown i n  F i g .  1 ) .

2 .  R e c e n t  O b s e r v a t i o n s  on t h e  C h e m ic a l  C o m p o s i t i o n  o f  PG

The s t r u c t u r e  o f  PG, a s  d e p i c t e d  i n  F i g .  1,  was d e r i v e d  

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

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

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

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

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

d i f f e r e n t  d e r i v a t i v e s  w e re  s e p a r a t e d  a n d  c h a r a c t e r i z e d  ( 1 5 ) .  

G l a u n e r  a n d  Schw arz  ( 16)  r e c e n t l y  u s e d  h i g h  p e r f o r m a n c e  l i g u i d  

c h r o m a t o g r a p h y  (HPLC) t o  s e p a r a t e  s o l u b l e  PG f r a g m e n t s  

g e n e r a t e d  by  f i - N - a c e t y l m u r a m i d a s e  d i g e s t i o n .  They  i d e n t i f i e d  

a t  l e a s t  e i g h t y  d i f f e r e n t  PG d e r i v a t i v e s .  T h e i r  r e s u l t s  

i n d i c a t e d  t h a t  t h e  s t r u c t u r e  o f  E. c o l i  PG was f a r  m ore  

c o m p le x  t h a n  p r e v i o u s l y  r e a l i z e d .  T h e i r  m a in  f i n d i n g s  a r e  a s  

f o l l o w s .  ( i )  They  d i s c o v e r e d  p e p t i d e s  w h ic h  t e r m i n a t e d  w i t h  

g l y c i n e  r a t h e r  t h a n  D - a l a n i n e .  ( i i )  A n o v e l  t y p e  o f  p e p t i d e  

c r o s s - l i n k a g e  b e t w e e n  two DAP r e  i d u e s  was i d e n t i f i e d ,  ( i i i )



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

m onom eric  s u b u n i t s  ( d i s a c c h a r i d e - p e p t i d e s ,  one  o f  w h i c h  i s  

shown i n  F i g .  2) a n d  d i m e r i c  s u b u n i t s  ( tw o  d i s a c c h a r i d e -  

p e p t i d e  u n i t s  j o i n e d  b y  p e p t i d e  c r o s s - l i n k a g e s ) ,  tw o  new 

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

d i s a c c h a r i d e - p e p t i d e  s u b u n i t s  w e re  d i s c o v e r e d ,  ( i v )  F i n a l l y ,  

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

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

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

f o u n d  c o m p l e x i t y  i n  E. c o l i  PG s t r u c t u r e .

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

s i g n i f i c a n c e  o f  t h e  f i n d i n g s  o f  G l a u n e r  a n d  S c h w a rz  ( 1 2 ) .  

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

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

d i s c o v e r e d  may p l a y  s t r u c t u r a l  o r  r e g u l a t o r y  r o l e s  i n  E. c o l i  

PG m e t a b o l i s m .  W h i le  i t  may n o t  b e  i m m e d i a t e l /  p o s s i b l e  t o  

e v a l u a t e  many o f  t h e s e  f i n d i n g s ,  a  s h o r t  summary w i l l  be  

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

s t r u c t u r e  o f  n e w ly  s y n t h e s i z e d  PG d i f f e r s  f ro m  t h a t  c f  o l d e r  

o r  m a t u r e  PG i n  s e v e r a l  r e s p e c t s  ( 1 7 ) .  ( i )  Newly s y n t h e s i z e d

PG i s  l e s s  c r o s s - l i n k e d .  ( i i )  Newly s y n t h e s i z e d  PG c o n t a i n s  

l e s s  c o v a l e n t l y  bound  ’ i p o p r o t e i n .  ( H i )  The c l a s s  o f  

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

h i g h e r  am o u n t s  i n  n e w ly  s y n t h e s i z e d .  PG. S e v e r a l  r e p o r t s  

i n d i c a t e  t h a t  t h e  c o m p o s i t i o n  o f  E. c o l i  PG i s  i n f l u e n c e d  by 

g r o w t h  c o n d i t i o n s  ( 1 2 ,  18,  1 9 ) .  The am oun t  o f  p e p t i d e s



c a r r y i n g  g l y c i n e  o r  t h e  DAP-DAP l i n k a g e  w ere  m o s t  s i g n i f i c a n t ­

l y  a f f e c t e d  by  c h a n g e s  i n  g r o w th  c o n d i t i o n s .  F o r  e x a m p l e ,  t h e  

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

grown i n  m in im a l  medium w i t h o u t  g l y c i n e  a s  co m p ared  t o  c e l l s  

grown i n  co m plex  medium and  h a s  b e e n  fo und  t o  d o u b l e  i n  amount  

when c e l l s  e n t e r  s t a t i o n a r y  p h a s e  ( 1 2 ) .  W i th  r e s p e c t  t o  

p e p t i d e s  i n v o l v e d  i n  DAP-DAP c r o s s - l i n k a g e ,  a a a r k e d  i n c r e a s e  

was o b s e r v e d  i n  s t a t i o n a r y  p h a s e  c e l l s  an d  i n  c e l l s  grown a t  

h i g h  t e m p e r a t u r e  ( 1 8 ) .  I n  a n o t h e r  r e p o r t ,  t h e  s t r u c t u r a l  

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

q u e n c e  o 1 amino a c i d  d e p r i v a t i o n ,  an d  i t  was s u g g e s t e d  t h a t  

t h i s  a l t e r a t i o n  i n  PG s t r u c t u r e  c o n t r i b u t e d ,  a t  l e a s t  i n  p a r t ,  

t o  t h e  m echan ism  o f  p h e n o t y p i c  t o l e r a  i c e ,  a phenomenon i n  

v .h ich  am ino  a c i d - d e p r i v e d  E. c o l i  d e v e l o p s  r e s i s t a n c e  t o  

a u t o l y s i s  i n d u c e d  by  i n h i b i t o r s  o f  PG s y n t h e s i s  s u c h  a s  fl- 

l a c t a m  a n t i b i o t i c s  ( 1 9 ) .  T h i s  m a t t e r  i s  d e s c r i b e d  i n  more 

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

I n  summary,  r e c e n t  s t r u c t u r a l  s t u d i e s  i n d i c a t e  t h a t  E. 

c o l l  PG i s  more  com plex  t h a n  shown i n  F i g .  1.  F u r t h e r m o r e ,  i t  

a p p e a r s  t h a t  some o f  t h e s e  new ly  r e c o g n i z e d  s t r u c t u r a l  

f e a t u r e s  may d ep e n d  on g ro w th  c o n d i t i o n s . An u p d a t e d  model 

b a s e d  on  t h e s e  new d a t a  h a s  b e e n  i n i t i a t e d  b u t  i s  f a r  f rom 

c o m p l e t e .  E a r l i e r  m o d e ls  f a v o r e d  a c e l l  w a l l  com posed  o f  a 

s i n g l e  c o n t i n u o u s  l a y e r  o f  PG a r r a n g e d  much l i k e  t h a t  shown i n  

F i g .  1.  In  t h i s  l a y e r ,  t h e  p o l y s a c c h a r i d e  c h a i n s  a r e  p r o p o s e d  

t o  r u n  p a r a l l e l  t o  e a c h  o t h e r  i n  a f l a t  p l a n e  w i t h  t h e  p e p t i d e
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s i d e  c h a i n s  p o i n t i n g  i n  one  d i r e c t i o n  ( 2 0 ) .  H ow ever ,  t h i s  

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

s t r u c t u r a l  s t u d i e s  o f  G l a u n e r  a n d  Schw arz  ( 1 2 ) ,  a n d  a n y  

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

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

S chw arz  ( 21)  h a s  p r o p o s e d  t h a t  t h e  c e l l  w a l l  PG o f  

c o l i  i s  com posed  o f  m u l t i l a y e r e d  PG s h e e t s .  H i s  p r o p o s a l  i s  

b a s e d  on t h e  f o l l o w i n g  o b s e r v a t i o n s :  ( i )  M u ra m id a se  d i g e s t i o n

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

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

( F i g .  2 ) .  The e x i s t e n c e  o f  s u c h  s t r u c t u r a l  c o m p o n e n t s  c o u l d  

n o t  b e  a c c o u n t e d  f o r  b y  a  m o n o l a y e r e d  PG. F o r  e x a m p l e ,  t h e  

t r i m e r i c  u n i t s  w o u ld  b e  i n v o l v e d  i n  l i n k i n g  t h r e e  s e p a r a t e  PG 

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

t r i m e r s  w e r e  l o c a t e d  a t  t h e  e n d s  o f  PG s t r a n d s  i f  t h e  PG was 

a r r a n g e d  a s  a m o n o l a y e r .  However ,  a b o u t  80% o f  t h e  t r i m e r s  

w e r e  shown t o  be  d e r i v e d  f rom w i t h i n  t h e  g l y c a n  s t r a n d s  ( 1 2 ) ,  

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

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

i n  F i g .  3A. ( i i )  P u l s e - c h a s e  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  

c r o s s l i n k a g e s  i n  PG h ad  d i f f e r e n t  l i f e  t i m e s ,  i . e . ,  t h e  

c r o s s l i n k a g e s  fo rm ed  b e t w e e n  n ew ly  s y n t h e s i z e d  PG s t r a n a s  w e r e  

r e l a t i v e l y  s t a b l e  b u t  t h o s e  c r o s s l i n k a g e s  fo rm e d  b e t w e e n  n e w ly  

i n s e r t e d  a n d  p r e e x i s t i n g  PG s t r a n d s  w e re  u n s t a b l e  ( 1 2 ) .  One 

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

g r o w i n g  a c c o r d i n g  t o  t h e  " i n s i d e - t o - o u t s i d e "  m e c h a n ism  shown



1 1

(A)

(B)

F i g .  3.  Model o f  t h e  m u l t i l a y e r e d  PG o f  E. c o l i . (A) The 
s t r u c t u r e  o f  t h e  t r i m e r i c  s u b u n i t  d e r i v e d  f rom t h e  c r o s s l i n k ­
i n g  o f  3 i n d i v i d u a l  PG s t r a n d s  w h ic h  r e s i d e  :i.n d i f f e r e n t  
p l a n e s .  The a r r o w h e a d s  i n d i c a t e  t h e  d o n o r  s i t e s  a n d  t h e  
s p h e r e s  i n d i c a t e  t h e  a c c e p t o r  s i t e s  o f  t h e  p e p t i d e  s i d e  
c h a i n s .  The i s o l a t i o n  o f  t h i s  f r a g m e n t  f rom e n z y m a t i c a l l y  
d i g e s t e d  PG g a v e  r i s e  t o  t h e  p r o p o s a l  t h a t  E. c o l i  PG h a d  t o  
be  m u l t i l a y e r e d  r a t h e r  m o n o l a y e r e d  a s  p r e v i o u s l y  b e l i e v e d .  
(B) The m u l t i l a y e r e d  s t r u c t u r e  o f  E. c o l i  PG s h o w in g  s e c t i o n s  
o f  4 l a y e r s  i n t e r c o n n e c t e d  by p e p t i d e  c r o s s l i n k a g e s .  The 
c y l i n d r i c a l  r o d s  r e p r e s e n t  t h e  g l y c a n  s t r a i n s , a n d  t h e  
v e r t i c a l  a n d  h o r i z o n t a l  l i n e s  c o n n e c t e c  t o  them r e p r e s e n t  t h e  
c r o s s i i n k e d  p e p t i d e  s i d e  c h a i n s .  M o d i f i e d  f rom r e f .  21 .



i n  F i g .  3B ( 2 1 ) .  ( i i i )  R e c e n t  e l e c t r o n  m i c r o g r a p h s  o f  E. c o l i  

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

( p r o g r e s s i v e  l o w e r i n g  o f  t e m p e r a t u r e  i n  em b e d d in g  a n d  f r e e z e -  

s u b s t i t u t i o n )  d e v e l o p e d  b y  Kobot  a n d  K e l l e n b e r g e r  ( 2 2 ) ,  

r e v e a l e d  PG a s  a  t h i c k  g e l - l i k e  s t r u c t u r e ,  a p p r o x i m a t e l y  10 nm 

w i d e ,  w i t h  a h i g h  w a t e r  c o n t e n t .  The e s t i m a t e d  t h i c k n e s s  o f  PG 

(10  nm) i s  e q u i v a l e n t  t o  t h e  t h i c k n e s s  o f  t h e  p e r i p l a s m i c  

s p a c e .  H o b o t  a n d  K e l l e n b e r g e r  h a v e  t h e r e f o r e  p r o p o s e d  t h a t  

t h e  p e r i p l a s m i c  s p a c e  i s  f i l l e d  w i t h  a  s o  c a l l e d  " p e r i p l a s m i c  

g e l "  w h i c h  i s  b e l i e v e d  t o  b e  m a i n l y  com p o sed  o f  PG, p e r i p l a s ­

mic  p r o t e i n s  a n d  p o l y ; ^ c c h a r i d e s . T h i s  g e l - l i k e  PG i s  f u r t h e r  

p r o p o s e d  t o  b e  com posed  o f  s e v e r a l  l a y e r s  o f  h i g h l y  h y d r a t e d  

PG. The d e g r e e  o f  c r o s s l i n k i n g  b e t w e e n  p e p t i d e  s i d e  c h a i n s  i s  

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

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

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

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

m em brane .  The c o n c e p t  o f  a  g e l - l i k e  PG i s  f u r t h e r  s u p p o r t e d  

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

p e r i p l a s m i c  p r o t e i n  i n  t h e  p e i i p l a s m i c  s p a c e  i s  a b o u t  1 0 0 0 -  

f o l d  l o w e r  t h a n  t h a t  i n  f r e e  a q u e o u s  e n v i r o n m e n t  ( 2 3 ) .  On t h e  

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

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

unknown.  ( i v )  A c c o r d i n g  t o  t h e  c a l c u l a t i o n  b y  S c h w arz  ( 2 1 ) ,  

t h e  a v e r a g e  am oun t  o f  PG fo u n d  ir* a n  E. c o l i  c e l l  w o u ld  b e  

s u f f i c i e n t  t o  fo rm  t h r e e  l a y e r s .  From t h e  s t r u c t u r a l
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s t a n d p o i n t ,  t h r e e  l a y e r s  o f  PG may b e  t h e  minimum number 

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

c e l l .

3 .  T h r e e  D im e n s io n a l  S t r u c t u r e  o f  PG

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

t a i n .  B a r n i c k e l  e t  a l .  (24)  h a v e  r e c e n t l y  p r o p o s e d  a  model  

f o r  PG b a s e d  on c o m p u te r  a i d e d  c a l c u l a t i o n s  o f  t h e  m o s t  

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

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

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

B a se d  on o t h e r  s t u d i e s  ( 2 5 ) ,  t h e s e  g l y c a n  c h a i n s  a r e  p r o p o s e d  

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

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

S i n c e  t h e  a v e r a g e  l e n g t h  o f  a  g l y c a n  s t r a n d  i s  a b o u t  33 nm (33 

d i s a c c h a r i d e - p e p t i d e  s u b u n i t s ) ,  a n  e s t i m a t e d  80 s t r a n d s  

s t a c k e d  e n d  t o  en d  w ould  t h e r e f o r e  be  n e e d e d  t o  c o v e r  t h e  

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

B a r n i c k e l  e t  a l .  (24)  p r o p o s e d  t h a t  t h e  s u g a r  r i n g s  a r e  t i l t e d  

w i t h  r e s p e c t  t o  e a c h  o t h e r  i n  s u c h  a  way t h a t  e a c h  PG s t r a n d  

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

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

t h e  p l a n e  fo rm ed  by  t h e  g l y c a n  s t r a n d s .  I n s t e a d ,  e a c h  p e p t i d e  

s i d e  c h a i n  i s  p r o p o s e d  t o  be o r i e n t e d  a b o u t  90 d e g r e e s  a r o u n d  

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

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

a  p e p t i d e  i n  t h e  same p l a n e  on  a  n e i g h b o r i n g  s t r a n d .  The 

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

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

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

d i f f e r e n t  d e g r e e s  o f  t w i s t i n g  b e t w e e n  n e i g h b o r i n g  s u g a r  

r e s i d u e s .  T h i s  may e x p l a i n  how t h e  c e l l  w a l l  PG c a n  b e  b o t h  

r i g i d  i n  some a r e a s  a n d  f l e x i b l e  i n  o t h e r  a r e a s  i n  o r d e r  t o  

f u l f i l l  i t s  b i o l o g i c a l  f u n c t i o n  a s  a  s t r e s s - b e a r i n g  f a b r i c .  

The g l y c a n  c h a i n s  a n d  t h e  c r o s s l i n k e d  p e p t i d e  s i d e  c h a i n s  a r e  

t h o u g h t  t o  p r o v i d e  FG w i t h  t h e  r i g i d i t y  n e c e s s a r y  t o  p r o t e c t  

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

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

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

s w e l l i n g  o r  s h r i n k i n g  w h ic h  h a v e  b e e n  o b s e r v e d  t o  o c c u i  i n  

r e s p o n s e  t o  e n v i r o n m e n t a l  c h a n g e s  ( 2 6 ) .

I I I .  PG B i o s y n t h e s i s

1.  B i o s y n t h e t i c  P a th w a y  o f  PG

Some o f  t h e  m a in  s t e p s  i n  PG b i o s y n t h e s i s  i n  E.  c o l i  a r e  

s u m m a r i z e d  i n  F i g .  4 .  The PG b i o s y n t h e t i c  p a t h w a y  may b e  

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

d i f f e r e n t  c e l l u l a r  c o m p a r t m e n t  ( 1 7 ,  2 7 ) .

I n  t h e  f i r s t  s t a g e ,  t h e  U D P - a c t i v a t e d  p r e c u r s o r s ,  UDP-N- 

a c e t y l g l u c o s a m i n e  (UD?-GlcNAc) an d  U D P - N - a c e t y l m u r a m y l - L - A l a -



Cytoplasmic Reactions

UDP-

NADP NADPH Pi Phosphoenolpyruvate

U D P-M urN A c-^— UDP-GlcNAc -------------------UDP-GlcNAc
^ L - M a  2  enolpyruvate  1 UMP

ATP

UDP-MurNAc-L-Ala 
^ D - G l u  

ATP
UDP-MurNAc-L-Ala-D-Glu-meso-DAP-D-Ala-D-Ala'

(UDP-MurNAc-pentapeplide)

UDP-MurHAc-L-Ala-D-Glu

m e s o - D A P  ♦ \ T P

U D P - M u r N  A c -L - A l a - D - G lu - m e s o - D A P ATP

L - A l a ---------------- »- D - A l a ----------------► D -A la -D -A la
6 7

M em brane-Associated R eactions

GCL-P-P-MurNAc-pentapeptide
Cell Vail 
Acceptor

GCL-P-P-MurNAc-pentapeptide

V  Cell Vail 
Acceptor 

Plus
MurNAc-pentapeptide

I
GlcNAc

GCL-P-PGCL-P
f  12
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F i g .  4 .  The m a in  s t e p s  i n  p e p t i d o g l y c a n  b i o s y n t h e s i s  i n  E . 
c o l i . The enzym es  c a t a l y z i n g  t h e  i n d i c a t e d  r e a c t i o n s  a r e :  1,
p h o s p h o e n o l - p y r u v a t e : U D P - G l c N A c - p y r o p h o s p h o r y l a s e ;  2 ,  UDP- 
G l c N A c - e n o l p y r u v a t e  r e d u c t a s e ;  3 ,  L - a l a n i n e  a d d i n g  enzym e;  
4 ,  D - g l u t a m a t e  a d d i n g  enzym e;  5 ,  m e so -DAP a d d i n g  en zym e;  6 ,  
a l a n i n e  r a c e m a s e ;  7 ,  D - a l a n y l - D - a l a n i n e  s y n t h e t a s e ;  8 ,  D- 
a l a n y l - D - a l a n i n e  a d d i n g  enzym e;  9 ,  U D P - M u r N A c - p e n ta p e p t id e  
t r a n s l o c a s e ;  10 ,  UDP-GlcNAc t r a n s l o c a s e ;  11 ,  PG t r a n s g l y c o -  
s y l a s e  a n d / o r  t r a n s p e p t i d a s e  ( P B P s ) ;  12 ,  u n d e c a p r e n o l  
p y r o p h o s p h a t e  p y r o p h o s p h a t a s e .  M o d i f i e d ,  w i t h  h i s  p e r m i s s i o n ,  
f ro m  J . S .  T a o ' s  M. S c .  t h e s i s ,  U n i v e r s i t y  o f  V i c t o r i a  ( 1 9 9 0 ) .



D - G l u - m e so -D A P -D -A la -D -A la  ( U D P -M u rN A c -p e n ta p e p t id e )  a r e  

s y n t h e s i z e d  by  a  s e t  o f  s o l u b l e  e n z y m e s .  The i n d i v i d u a l  s t e p s  

i n v o l v e d  i n  t h e  s y n t h e s i s  o f  UDP-GlcNAc h a v e  n o t  b e e n  s t u d i e d  

i n  E. c o l i  a n d  a r e  n o t  shown i n  F i g .  4 .  UDP-GlcNAc i s  n o t  

o n l y  t h e  p r e c u r s o r  f o r  t h e  s y n t h e s i s  o f  UDP-MurNAc ( r e a c t i o n s  

1,  2) b u t  a l s o  s e r v e s  a s  a  p r e c u r s o r  f o r  t h e  s y n t h e s i s  o f  LPS, 

a n o t h e r  m a j o r  c o m p o n e n t  o f  c e l l  e n v e l o p e  o f  E. c o l i  ( 2 8 ) .  

U D P - M u r N A c - p e n ta p e p t id e  i s  fo rm e d  b y  s e q u e n t i a l  a d d i t i o n  o f  L-  

A l a ,  D - G lu ,  m e so -DAP, a n d  D - A la -D - A la  t o  UDP-MurNAc i n  a  

s e r i e s  o f  A T P - d e p e n d e n t  r e a c t i o n s  c a t a l y z e d  b y  s p e c i f i c  am ino  

a c i d  l i g a s e s  ( r e a c t i o n s  3 - 8 ) .

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

P - M u r N A c - p e n t a p e p t i d e  a n d  GlcNAc f ro m  t h e  U D P - a c t i v a t e d  

p r e c u r s o r s  t o  a  membrane g l y c o s y l  c a r r i e r  l i p i d  (GCL-P) b y  two 

m e m b ra n e -b o u n d  enzym es  ( 2 9 ,  30)  t o  y i e l d  t h e  l i p i d - i n t e r m e d i -  

a t e s ,  G C L -P -P -M u rN A C -p en tap ep t id e  a n d  GCL-P-P-MurNAc-( GlcNAc) -  

p e n t a p e p t i d e  ( r e a c t i o n s  9 ,  1 0 ) .  The l i p i d  c a r r i e r  h a s  b e e n  

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

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

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

s a c c h a r i d e  ( 3 1 ) .  T h i s  l i p i d  c a r r i e r  s e r v e s  a s  m eans  o f  

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

m em brane .  S i n c e  t h e r e  i s  o n l y  l i m i t e d  am o u n t  o f  t h i s  l i p i d  

c a r r i e r  i n  t h e  c e l l ,  i t s  r e c y c l i n g  ( r e a c t i o n  12) t u r n s  o u t  t o  

be  a  k e y  s t e p  i n  t h e  s y n t h e s i s  o f  PG an d  o t h e r  h e t e r o p o l y ­

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

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

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

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

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

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

a c c e p t o r  s i t e s  i n  t h e  g r o w in g  PG p o l y m e r  ( r e a c t i o n  1 1 ) .  T h i s  

r e a c t i o n  i s  a t t r i b u t e d  t o  a g r o u p  o f  c y t o p l a s m i c  m em brane-  

b o u n d  p e n i c i l l i n - b i n d i n g  p r o t e i n s  ( P B P s ) ,  s o - c a l l e d  b e c a u s e  

t h e y  r e p r e s e n t  t h e  t a r g e t s  f o r  t h e  f i - l a c t a m  a n t i b i o t i c s  ( 3 2 -  

3 5 ) .  The PBPs a r e  c h a r a c t e r i z e d  b y  t h e i r  a b i l i t y  t o  

c o v a l e n t l y  a n d  s p e c i f i c a l l y  b i n d  t o  p e n i c i l l i n .  B e c a u s e  o f  

t h e i r  f u n c t i o n a l  c o m p l e x i t y ,  t h e  r o l e s  o f  t h e  PBPs i n  PG 

m e t a b o l i s m ,  i n c l u d i n g  PG p o l y m e r i z a t i o n ,  w i l l  b e  c o n s i d e r e d  

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

2 .  The PBPs a n d  T h e i r  F u n c t i o n s  i n  PG M e t a b o l i s m

At l e a s t  7 d i s t i n c t  PBPs e x i s t  i n  E. c o l i , an d  t h e i r  

g e n e s  h a v e  b e e n  m apped ,  c l o n e d ,  an d  s e q u e n c e d  ( 3 6 - 4 1 ) .  Two 

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

PBPs ( 1 7 ) .  F i r s t ,  m u t a n t s  w i t h  d e f e c t s  i n  t h e  v a r i o u s  PBPs 

h a v e  b e e n  i s o l a t e d  an d  c h a r a c t e r i z e d .  S e c o n d ,  t h e  s p e c i f i c i t y  

o f  PBP b i n d i n g  by  d i f f e r e n t  f i - l a c t a m  a n t i b i o t i c s  h a s  b e e n  

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

m o r p h o l o g y  an d  v i a b i l i t y .

The s e v e n  m a j o r  PBPs a r e  u s u a l l y  s u b d i v i d e d  i n t o  two
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g r o u p s  a c c o r d i n g  t o  t h e i r  m o l e c u l a r  w e i g h t  b e c a u s e  t h i s  

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

m o l e c u l a r  w e i g h t  PBPs,  d e s i g n a t e d  1A, IB,  2 ,  a n d  3 ,  a r e  

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

i n  p o l y m e r i z a t i o n  o f  t h e  PG s u b u n i t s .  PBPs 1A, IB a n d  3 a r e  

b i f u n c t i o n a l  enzym es  c a p a b l e  o f  c a t a l y z i n g  two d i s t i n c t  r e a c ­

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

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

t h a t  c r o s s l i n k s  a d j a c e n t  p e p t i d e  s i d e  c h a i n s  ( 3 4 ,  3 5 ) .  As 

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

t h e s e  en zym es  a r e  t h e  a c t u a l  p e n i c i l l i n - b i n d i n g  s i t e s ,  and  

p e n i c i l l i n  h a s  no e f f e c t  on t r a n s g l y c o s y l a t i o n  ( 4 2 ) .  F u r ­

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

i n h i b i t e d  b y  a n o t h e r  a n t i b i o t i c ,  moenomycin  ( 4 2 ,  4 3 ) .  The 

p r e c i s e  m e ch a n i s m  by w h i c h  t h e  PBPs i n s e r t  t h e  d i s a c c h a r i d e -  

p e n t a p e p t i d e  r e p e a t i n g  u n i t s  i n t o  a  g r o w i n g  PG m o l e c u l e  i s  n o t  

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

t r a n s g l y c o s y l a s e  an d  t r a n s p e p t i d a s e  a c t i v i t i e s  p l a y  i n  PG 

p o l y m e r i z a t i o n  h a s  n o t  b e e n  r e s o l v e d .  H ow ever ,  i t  i s  known 

t h a t  b o t h  p e n i c i l l i n  a n d  moenomycin  i n h i b i t  t h e  i n c o r p o r a t i o n  

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

b o t h  a c t i v i t i e s  a r e  n e c e s s a r y .

S i n c e  PG i s  t h e  d e t e r m i n a n t  o f  b a c t e r i a l  c e l l  s h a p e ,  E. 

c o l i  c e l l  w a l l  PG may b e  v i e w e d  a s  b e i n g  com p o sed  o f  c y l i n d e r s  

w h i c h  a r e  c l o s e d  o f f  a t  t h e i r  en d s  b y  h e m i s p h e r i c a l  c a p s .  The 

h e m i s p h e r i c a l  c a p s  r e p r e s e n t  t h e  s e p t a l  PG s y n t h e s i z e d  d u r i n g
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c e l l  d i v i s i o n .  G e n e t i c  a n d  p h y s i o l o g i c a l  s t u d i e s  i n d i c a t e  

t h a t  PBPs 1A an d  IB a r e  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  

p o l y m e r i z a t i o n  o f  c y l i n d r i c a l  PG d u r i n g  c e l l  g r o w t h  e l o n g a ­

t i o n .  T h u s ,  B - l a c t a m  a n t i b i o t i c s  w h ic h  h a v e  a  h i g h  a f f i n i t y  

f o r  PBPs 1A a n d  IB b l o c k  c e l l  e l o n g a t i o n .  F u r t h e r m o r e ,  t h e  

PBP 1A a n d  IB d o u b l e  m u t a n t  c a n n o t  e l o n g a t e ,  a n d  t h e  c o m b i n a ­

t i o n  o f  t h e  two m u t a t i o n s  i s  c o n s e q u e n t l y  l e t h a l  ( 4 4 ) .  On t h e  

o t h e r  h a n d ,  m u t a n t s  d e f e c t i v e  i n  e i t h e r  PBP 1A o r  IB a r e  

v i a b l e ,  s u g g e s t i n g  t h a t  PBP 1A an d  IB may s u b s t i t u t e  f o r  e a c h  

o t h e r  ( 4 5 ) .  F u r t h e r  e v i d e n c e  s u g g e s t s  t h e  i n v o l v e m e n t  o f  PBP 

1 i n  t h e  s y n t h e s i s  o f  c y l i n d r i c a l  PG. L o s s  o f  t h e  PBP 2 

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

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

g r o w t h  o f  E. c o l i  a s  o s m o t i c a l l y  s t a b l e  s p h e r i c a l  c e l l s  w i t h  

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

( 4 6 ) .  T h u s ,  PBP 2 i s  a p p a r e n t l y  e s s e n t i a l  i n  t h e  c o n t r o l  o f  

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

r o d - s h a p e d  m o rp h o lo g y  o f  E. c o l i . U n l i k e  t h e  o t h e r  h i g h  

m o l e c u l a r  w e i g h t  PBPs, PBP 2 p o s s e s s e s  o n l y  t h e  t r a n s p e p t i d a s e  

a c t i v i t y  ( 4 3 ) .

M u t a n t s  d e f e c t i v e  i n  PBP 3 a r e  u n a b l e  t o  fo rm  s e p t a ,  a n d  

t h e y  c o n s e q u e n t l y  grow a s  l o n g  f i l a m e n t o u s  c e l l s  ( 4 7 ) .  

F u r t h e r m o r e ,  f l - l a c t a m  a n t i b i o t i c s  w h i c h  h a v e  a f f i n i t y  f o r  PBP 

3 b l o c k  c e l l  d i v i s i o n  i n  E. c o l i . T h e s e  o b s e r v a t i o n s  i n d i c a t e  

t h a t  PBP 3 i s  s p e c i f i c a l l y  a c t i v a t e d  a t  t h e  t i m e  o f  c e l l  

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



h e m i s p h e r i c a l  c a p ,  PG ( 4 8 ) .

I t  i s  n o t e w o r t h y  t h a t ,  i n  a d d i t i o n  t o  PBPs 1A, IB,  2 and  

3 ,  a p e n i c i l l i n - i n s e n s i t i v e  t r a n s g l y c o s y l a s e  h a s  b e e n  i d e n t i ­

f i e d  an d  p u r i f i e d ,  w h ich  p o l y m e r i z e s  u n c r o s s - l i n k e d  PG ( 4 9 ) .  

However ,  i t  s t i l l  u n c l e a r  w hat  r o l e ,  i f  a n y ,  t h i s  enzyme p l a y s  

i n  PG p o l y m e r i z a t i o n  i n  v i v o .

The 3 low m o l e c u l a r  w e i g h t  PBPs, d e s i g n a t e d  PBPs 4 ,  5 ,  

a n d  6 ,  h av e  b e e n  i d e n t i f i e d  a s  D D - c a r b o x y p e p t i d a s e s  w h ic h  

h y d r o l y z e  t h e  D - a l a n y l - D - a l a n i n e  bond  p r e s e n t  a t  t h e  N- 

t e r m i n u s  o f  t h e  p e n t a p e p t i d e  i n  t h e  new ly  s y n t h e s i z e d  PG (5 0 ,  

5 1 ) .  G e n e t i c  and  p h y s i o l o g i c a l  s t u d i e s  h av e  s o  f a r  f a i l e d  t o  

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

e x a m p l e ,  m u t a n t s  d e f e c t i v e  i n  an y  one  o f  t h e s e  enzymes  a r e  

v i a b l e  a n d  a p p a r e n t l y  n o rm a l  ( 5 2 ) .  A l th o u g h  t h e s e  r e s u l t s  

s u g g e s t  t h a t  t h e s e  enzymes a r e  n o t  e s s e n t i a l ,  i t  m us t  be  

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

t h e s e  PBPs h a v e  n o t  y e t  b e en  c o n s t r u c t e d .  At  p r e s e n t ,  i t  

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

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

d e t e r m i n e d  ( 5 3 ) .  T h i s  t o p i c  i s  more a p p r o p r i a t e l y  d i s c u s s e d  

i n  t h e  f o l l o w i n g  s e c t i o n .

B o th  t h e  t r a n s p e p t i d a s e  an d  D D - c a r b o x y p e p t i d a s e  a c t i ­

v i t i e s  o f  t h e  PBPs u t i l i z e  t h e  D - a l a n i n e  m o i e t y  o f  t h e  p e n t a ­

p e p t i d e  a s  a  s u b s t r a t e  ( 5 4 ) .  P e n i c i l l i n  i s  an  a n a l o g  o f  a c y l  

D - a l a n y l - D - a l a n i n e  an d  t h u s  c o m p e te s  w i t h  t h i s  s u b s t r a t e  t o  

a c y l a t e  t h e  a c t i v e  s i t e  o f  t h e  PBPs. The p e n i c i l l o y l a t e d  PBPs



2 2

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

s i b l e  i n a c t i v a t i n g  a c t i o n  o f  f i - l a c t a m  a n t i b i o t i c s  ( 5 5 ) .  The 

s e r i n e  r e s i d u e  i n  t h e  c o n s e r v e d  s e q u e n c e  o f  S e r - X - X - L y s  fo u n d  

i n  a l l  PBPs h a s  b e e n  i d e n t i f i e d  a s  t h e  a c t i v e  s i t e  w h i c h  i s  

a c y l a t e d  b y  p e n i c i l l i n  ( 3 8 ,  39 ,  5 6 ) .  I n t e r e s t i n g l y ,  t h e  same 

am ino  a c i d  s e q u e n c e  i s  fo u n d  i n  t h e  c l a s s  A an d  C f i - l a c t a m -  

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

i d e n t i f i e d  a s  t h e  a c t i v e  s i t e  ( 5 4 ) .

3 .  PG H y d r o l a s e s  an d  T h e i r  R o l e s  i n  PG M e t a b o l i s m

The PG h y d r o l a s e s  a r e  enzymes w h ic h  h y d r o l y z e  c h e m i c a l  

b o n d s  i n  PG. They  r e p r e s e n t  a  d i v e r s e  g r o u p  i n  t e r m s  o f  mode 

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

s u g g e s t i n g  t h a t  t h e y  may h a v e  i m p o r t a n t  f u n c t i o n s  ( 5 7 ) .  From 

t h e  f o l l o w i n g ,  i t  c a n  b e  s e e n  t h a t  E. c o l i  i s  r e l a t i v e l y  

c o m p le x  i n  t h i s  r e s p e c t  i n  t h a t  i t  p o s s e s s e s  a t  l e a s t  10 

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

enzym es  a r e  su m m a r iz e d  i n  F i g .  5.  T h r e e  o f  t h e s e  e n z y m e s ,  N- 

a c e t y l g l u c o s a m i n i d a s e ,  l y t i c  t r a n s g l y c o s y l a s e  S ,  an d  l y t i c  

t r a n s g l y c o s y l a s e  M, c l e a v e  i n t e r g l y c a n  l i n k a g e s  ( 5 8 - 6 0 ) .  One 

( m u r a m y l - L - a l a n i n e  a m i d a s e )  c l e a v e s  a  g l y c a n - p e p t i d e  bond  

( 6 1 ) .  The r e m a i n i n g  6 c l e a v e  i n t e r p e p t i d e  b o n d s  ( 4 5 ,  6 2 - 6 4 )  

an d  n o t e  h e r e  t h a t  t h e  low m o l e c u l a r  w e i g h t  PBPs (PBPs 4 ,  5 ,  

an d  6 ) ,  b y  v i r t u e  o f  t h e i r  D D - c a r b o x y p e p t i d a s e  a c t i v i t i e s ,  a r e  

r e g a r d e d  a s  PG h y d r o l a s e s  w h ic h  f a l l  i n t o  t h i s  c a t e g o r y .  I n  

a d d i t i o n  t o  t h e  D D - c a r b o x y p e p t i d a s e  a c t i v i t y ,  PBP 4 p o s s e s s e s
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D f la q  D-Ale

D -Ala  D -A la  D -A la
i , 5 --------------.
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D-Glu D-Glu  D-Glu
i i i

L -A la  | | L -A la  L -A la
-I I 1

GlcNAc-MurNAc-GIcNAc-MurNAc-GlcNAc-MurNAc-GlcNAc-MurNAc
\
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D-Glu
\
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  v 4  D -A la
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F i g .  5 .  C l e a v a g e  s i t e s  o f  t h e  E. c o l i  p e p t i d o g l y c a n  h y d r o ­
l a s e s .  1,  l y t i c  t r a n s g l y c o s y l a s e  S an d  l y t i c  t r a n s g l y c o s y l a s e  
M. 2 ,  N - a c e t y l g l u c o s a m i n ^ d a s e . 3 ,  m u r a m y l - L - a l a n i n e  a m i d a s e .
4 ,  c a r b o x y p e p t i d a s e  IB (PBP 4) an d  p e n i c i l l i n - i n s e n s i t i v e  
e n d o p e p t i d a s e . 5 ,  c a r b o x y p e p t i d a s e  I I .  6 ,  c a r b o x y p e p t i d a s e
IA (PBP 5) a n d  IB.  M o d i f i e d ,  w i t h  h i s  p e r m i s s i o n ,  f ro m  t h e  
t h e s i s  o f  J . S .  Tao ,  U n i v e r s i t y  o f  V i c t o r i a  ( 1 9 9 0 ) .
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a  p e n i c i l l i n - s e n s i t i v e  D D - e n d o p e p t i d a s e  a c t i v i t y  w h ic h  

h y d r o l y z e s  t h e  i n t e r m o l e c u l a r  c r o s s l i n k s  fo rm e d  b e t w e e n  t h e  D- 

a l a n i n e  r e s i d u e  o f  on e  s t r a n d  an d  t h e  DAP r e s i d u e  o f  a 

n e i g h b o r i n g  s t r a n d  ( 6 5 ) .  PBP 4 i s  t h e r e f o r e  a l s o  r e f e r r e d  t o  

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

g u i s h  t h e  PBP 4 a c t i v i t y  f rom t h a t  o f  a d i s t i n c t  p e r i p l a s m i c

e n d o p e p t i d a s e  w h i c h  c l e a v e s  t h e  same bond  b u t  w h i c h  i s

p e n i c i l l i n - i n s e n s i t i v e  ( 6 6 ) .  F i n a l l y ,  t h e r e  a r e  a t  l e a s t  2 

d i s t i n c t  L D - c a r b o x y p e p t i d a s e  a c t i v i t i e s  w h i c h  c l e a v e  t h e  

t e r m i n a l  D - a l a n i n e  r e s i d u e s  f ro m  t e t r a p e p t i d e  s i d e c h a i n s  ( 5 3 ,  

67)  .

S i n c e  t h e  c e l l  w a l l  PG i s  a c l o s e d  b a g ,  i t  h a s  b e e n  

p r o p o s e d  t h a t  t h e  e x p a n s i o n  o f  t h i s  s t r u c t u r e  w h ic h  accom ­

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

an d  f rom  t h i s  h a s  e v o l v e d  t h e  s u g g e s t i o n  t h a t  PG h y d r o l a s e s  

m u s t  p l a y  an  e s s e n t i a l  r o l e  i n  t h e  PG b i o s y n t h e s i s  (8)  . 

H ow ever ,  t h e  e x a c t  r o l e s  o f  t h e  PG h y d r o l a s e s  i n  t h i s  p r o c e s s  

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

g e n e r a l  r o l e s  a p p e a r  p r o b a b l e .  F i r s t ,  PG h y d r o l a s e s  may b e  

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

m o r p h o g e n e s i s  ( 6 8 ,  6 9 ) .  S e c o n d ,  t h e y  may b e  i n v o l v e d  i n

r e c y c l i n g  PG b u i l d i n g  b l o c k s  i n  t h e  p r o c e s s  known a s  PG

t u r n o v e r  ( 7 0 ) .  T h e s e  p r o c e s s e s  a r e  s u m m a r i z e d  b e l o w .

As i n d i c a t e d  a b o v e ,  n e w ly  s y n t h e s i z e d  PG d i f f e r s  f rom  

o l d ,  e s t a b l i s h e d  PG, a n d  t h e  c h a n g e s  a s s o c i a t e d  w i t h  t h i s  

t r a n s i t i o n  ( " m a t u r a t i o n " )  a p p e a r  t o  b e  b r o u g h t  a b o u t  b y  t h e
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a c t i o n  o f  PG h y d r o l a s e s .  E v i d e n c e  h a s  b e e n  p r e s e n t e d

i n d i c a t i n g  t h a t  t h e  i n c r e a s e  i n  c r o s s l i n k i n g  a s s o c i a t e d  w i t h  

m a t u r a t i o n  i n v o l v e s  t h e  p e n t a p e p t i d e  u n i t s  o f  t h e  new Pu 

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

c a t a l y z e d  b y  PBP 4 ( 5 3 ) .  The i n c r e a s e d  c r o s s l i n k i n g  c h a r a c ­

t e r i s t i c  o f  m a t u r e  PG d o e s  n o t  o c c u r  i n  PBP 4 - d e f e c t i v e  

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

PBP 5 i s  a l s o  i n v o l v e d  i n  r e g u l a t i n g  t h e  d e g r e e  o f  c r o s s l i n k ­

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

i n v o l v e d  i n  m a i n t a i n i n g  t h e  n o rm a l  r o d - s h a p e d  m o r p h o l o g y  o f  

PG. A s t r a i n  w h ic h  e x h i b i t s  a 4 - f o l d  o v e r p r . d u c t i o n  o f  PBP 5 

s y n t h e s i z e s  new PG w h ic h  h a s  a d e c r e a s e d  am ount  o f  p e n t a p e p ­

t i d e  u n i t s ,  p r e s u m a b l y  du e  t o  t h e  e l e v a t e d  D D - c a r b o x y p e p t i d a s e  

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

l e v e l  o f  c r o s s l i n k a g e  w i t h i n  t h e  new PG, a n d  a  s p h e r i c a l  c e l l  

m o r p h o l o g y  ( 7 1 ) .  The m e c h a n i s t i c  b a s i s  f o r  t h e s e  o b s e r v a t i o n s  

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

I n t u i t i v e l y ,  i t  w o u ld  seem t h a t  PG h y d r o l a s e s  may b e  

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

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

on t h e  c h a i n - f o r m i n g  ( i . e . ,  c e l l  s e p a r a t i o n - d e f e c t i v e )  m u t a n t s  

( envA o r  e n v C ) . T h e s e  m u t a n t s  a r e  d e f i c i e n t  i n  b o t h  m u ra m y l -  

L - a l a n i n e  a m i d a s e  a n d  LD -ca rb c .  y p e p t i d a s e  a c t i  . t i e s  s u g g e s t ­

i n g  t h a t  t h e s e  enzym es  a r e  i n v o l v e d  i n  c e l l  s e p a r a t i o n  ( 7 2 ,  

7 3 ) .  H ow ever ,  i t  s h o u l d  be  n o t e d  t h a t  t h e  envA a n d  e nvC 

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

PG t u r n o v e r  i s  an  e n z y m a t i c  p r o c e s s  r e s u l t i n g  i n  t h e  

e x c i s i o n  o f  f r a g m e n t s  from t h e  e x i s t i n g  c e l l  w a l l  PG. 

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

t h e  p r o c e s s  seems t o  b e  a s s o c i a t e d  w i t h  n o rm a l  g r o w t h ;  i . e . ,  

i t  i s  i m p o r t a n t  t o  s t r e s s  . h a t  t h e  s o l u b i l i z a t i o n  o f  t h e s e  PG 

f r a g m e n t s  i s  n o t  a s s o c i a t e d  w i t h  c e l l  l y s i s  (74)  I n  E. c o l i , 

b o t h  t h e  g l y c a n  an d  t h e  p e p t i d e  p o r t i o n s  o f  PG a r e  i n v o l v e d ,  

a n d  a s  much a s  50% o f  t h e  w a l l  PG may b e  e x c i s e d  p e r  g e n e r a ­

t i o n .  U n l i k e  t h e  s i t u a t i o n  i n  G r a m - p o s i t i v e  b a c t e r i a ,  t h e  

o u t e r  membrane b a r r i e r  p r e v e n t s  e s c a p e  o f  m o s t  o f  t h e  PG 

f r a g m e n t s  g e n e r a t e d  d u r i n g  t u r n o v e r ;  e . g . ,  o n l y  a b o u t  8% o f  

t h e  e x c i s e d  p e p t i d e s  e s c a p e s  i n t o  t h e  c u l t u r e  medium ( 7 5 ) .  

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

n o t  y e t  u n d e r s t o o d .  F o r  e x a m p le ,  i t  i s  known t h a t  t h e  

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

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

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

d e t e r m i n e d  ( 7 6 ) .  Based  on t h e  s t r u c t u r e  o f  t h e  f r a g m e n t s  

g e n e r a t e d ,  i t  w ou ld  a p p e a r  t h a t  t h e  PG h y d r o l a s e s  i n v o l v e d  a r e  

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

a n d  D D - c a r b o x y p e p t . i d a s e s  ( 7 0 ) .  S i n c e  t u r n o v e r  i s  a  n o rm a l  

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

t h a t  i t  i s  p a r t  o f  t h e  p r o c e s s  o f  c e l l  w a l l  PG e x p a n s i o n .  The 

phenom enon r e p r e s e n t s  t h e  m o s t  c o m p e l l i n g  p r o o f  t h a t  PG 

h y d r o l a s e s  h a v e  an  e s s e n t i a l  f u n c t i o n  i n  b a c t e r i a .
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I n  summary ,  E. c o l l  p o s s e s s e s  a  v a r i e t y  o f  PG h y d r o l a s e s .  

I t  s eem s  l i k e l y  t h a t  t h e  a s s e m b l y  a n d  m o r p h o g e n e s i s  o f  c e l l  

w a l l  PG r e q u i r e s  t h e  a c t i v i t i e s  o f  a t  l e a s t  some o f  t h a s e  

enzym es  w o r k i n g  i n  c o n c e r t  w i t h  t h e  PG b i o s y n t h e t i c  enzym es  

( 5 7 ,  6 8 ) .

IV. M echan ism  o f  C e l l  A u t o l y s i s

1. I n v o l v e m e n t  o f  PG H y d r o l a s e s

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

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

r u p t u r e  o f  t h e  c y t o p l a s m i c  membrane u n d e r  s u c h  c o n d i t i o n s  ( 7 ) .  

I n  E. c o l i , c e l l  l y s i s  w h ic h  i s  m e d i a t e d  by  PG h y d r o l a s e s  

o c c u r s  w h e n e v e r  a n y  s t e p  i n  PG b i o s y n t h e s i s  i s  i n h i b i t e d  i n  

g r o w i n g  b a c t e r i a  ( 7 7 ) .  T h u s ,  t e m p e r a t u r e - s e n s i t i v e  ( t s )  

m u t a n t s  w i t h  d e f e c t s  i n  an y  o f  t h e  PG b i o s y n t h e t i c  enzym es  

e x h i b i t  a  l y s i s  p h e n o t y p e  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  ( 7 8 -  

8 7 ) .  F u r t h e r m o r e ,  i f  w i l d  t y p e  b a c t e r i a  a r e  t r e a t e d  w i t h  a n  

a n t i b i o t i c  w h i c h  i n h i b i t s  a  s t e p  i n  PG s y n t h e s i s ,  l y s i s  

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

b a c t e r i c i d a l  a c t i o n  o f  many o f  t h e s e  a n t i b i o t i c s  ( 8 8 - 9 0 ) .  I n  

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

l y t i c  t r a n s g l y c o s y l a s e  a n d  p e n i c i l l i n - i n s e n s i t i v e  

e n d o p e p t i d a s e  h a v e  b e e n  i m p l i c a t e d  ( 9 1 - 9 3 ) .  S i n c e  a c c i d e n t a l  

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

o c c u r s ,  i t  w o u ld  a p p e a r  t h a t  t h e  PG h y d r o l a s e  a c t i v i t i e s  i n
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c o l i  a r e  t i g h t l y  c o n t r o l l e d  ( 1 7 ,  94 ,  9 5 ) .  How t h i s  i s

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

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

t h e  b i o s y n t h e t i c  enzyme a c t i v i t i e s ,  a n d  t h e  i n h i b i t i o n  o f  a  

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

t h e s e  a c t i v i t i e s  an d  t h e  c o n s e q u e n t  h y d r o l y s i s  o f  PG ( 7 7 ,  8 8 ,  

96 ,  9 7 ) .

N o n g ro w in g  E. c o l i  a r e  r e m a r k a b l y  r e s i s t a n t  t o  l y s i s .  I t  

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

PG s y n t h e s i s  ( 9 8 ) .  F u r t h e r m o r e ,  b a c t e r i a  s u s p e n d e d  i n  b u f f e r  

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

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

i s o T a t e d  f ro m  th e m  ( 9 9 ) .  F u r t h e r m o r e ,  t r e a t m e n t  o f  n o n g r o w i n g  

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

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

c e l l s  ( 9 4 ) .  T h e s e  f i n d i n g s  s u g g e s t  t h a t  t h e  a c t i v i t i e s  o f  t h e  

PG h y d r o l a s e s  a r e  s i l e n c e d  i n  n o n g r o w in g  b a c t e r i a .  I t  h a s  

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

PG h y d r o l a s e s  (1 0 0 )  o r  f o r m a t i o n  o f  a  " t o p o l o g i c a l  b a r r i e r "  

w h i c h  p r e v e n t s  t h e  PG h y d r o l a s e s  f rom  g a i n i n g  a c c e s s i b i l i t y  t o  

t h e i r  PG s u b s t r a t e  ( 1 7 ,  1 0 1 ) .

2 .  R e g u l a t i o n  o f  PG S y n t h e s i s  a n d  H y d r o l y s i s  b y  t h e  S t r i n g e n t

R e s p o n s e

The a c c u m u l a t i o n  o f  g u a n o s i n e  3 ' - d i p h o s p h a t e  5 ' - t r i p h o s ­

p h a t e  (pppGpp) a n d  g u a n o s i n e  3 ' - d i p h o s p h a t e  5 ' - d i p h o s p h a t e
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(ppGpp) o c c u r s  i n  relA* s t r a i n s  o f  E. c o l i  s u b j e c t e d  t o  am ino  

a c i d  d e p r i v a t i o n  ( 1 0 2 ) .  T h e se  compounds  a p p a r e n t l y  s i g n a l  

am ino  a c i d  d e f i c i e n c y  and  m e d i a t e  t h e  s h u td o w n  i n  t h e  s y n ­

t h e s e s  o f  k ey  c e l l u l a r  m a c r o m o l e c u l e s ,  e . g . ,  s t a b l e  RNA 

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

s t r i n g e n t  r e s p o n s e  ( 1 0 3 ) .  The s y n t h e s i s  o f  ppGpp a n d  pppGpp 

i s  c a t a l y z e d  b y  a n  ATP: GTP 3 ' - p y r o p h o s p h o t r a n s f e r a s e  ( t h e  

p r o d u c t  o f  t h e  r e l A  g e n e )  w h ic h  i s  a c t i v a t e d  d u r i n g  a m in o  a c i d  

d e p r i v a t i o n .  T h e r e f o r e ,  am ino  a c i d - d e p r i v e d  r e l A  m u t a n t s  do 

n o t  a c c u m u l a t e  ppGpp a n d  pppGpp, a n d  a s  a c o n s e q u e n c e ,  t h e y  

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

i n h i b i t i o n  o f  g r o w t h .  I t  i s  a l s o  s i g n i f i c a n t  t h a t  t h e  

a c t i v a t i o n  o f  RelA enzyme d u r i n g  am ino  a c i d  d e p r i v a t i o n  c a n  be  

b l o c k e d  i n  re lA* b y  c e r t a i n  r i b o s o m e  i n h i b i t o r s  ( e . g . ,  

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

r e l a x a t i o n  ( 1 0 4 ) .  The s i t e s  i n  t h e  PG b i o s y n t h e t i c  p a t h w a y  

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

l o c a l i z e d  t o  ( i )  an  e a r l y  s t e p ( s )  i n  t h e  s y n t h e s i s  o f  UDP- 

GlcNAc a n d  UDP-MurNAc- p e n t a p e p t i d e  a n d  ( i i )  a  l a t e  s t e p  i n  t h e  

p o l y m e r i z a t i o n  o f  PG w h ic h  i s  a p p a r e n t l y  i d e n t i c a l  t o  t h e  

p e n i c i l l i n - s e n s i t i v e  t r a n s p e p t i d a t i o n  r e a c t i o n  ( 1 0 5 ,  1 0 7 ) .

T h u s ,  when c e l l  g r o w t h  i s  i n h i b i t e d  by  am ino  a c i d  d e p r i v a t i o n ,  

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

a c c u m u l a t i o n  o f  U D P - l i n k e d  p r e c u r s o r s  a n d  PG i n  r e l A * s t r a i n s  

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

b e l i e v e d  t o  b e  r e s t r i c t e d  by t h e  l i m i t e d  am ount  o f  u n d e c a -
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p r e n y l  p h o s p h a t e  i n  t h e  c e l l  ( 1 0 7 ) .  The m ech an ism  by  w h ic h  

t h e  s t r i n g e n t  r e s p o n s e  i n h i b i t s  PG s y n t h e s i s  i s  f a r  f rom  

u n d e r s t o o d ,  b u t  i t  a p p e a r s  t h a t  t h e  i n h i b i t i o n  o f  PG 

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

i s  d e p e n d e n t  on o n g o i n g  p h o s p h o l i p i d  s y n t h e s i s .  T h u s ,  i t  

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

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

membrane a s  w e l l  a s  t o  i n h i b i t  PG p o l y m e r i z a t i o n  ( 1 0 7 ) .

I t  h a s  b e e n  shown t h a t  t h e  s t r i n g e n t  r e s p o n s e  r e s u l t s  i n  

t h e  i n h i b i t i o n  o f  p e n i c i l l i n - i n d u c e d  l y s i s .  As n o t e d  a b o v e ,  

n o n g r o w i n g  ( e . g . ,  am ino  a c i d - d e p r i v e d )  w i l d  t y p e  b a c t e r i a  a r e  

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

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

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

RelA i n h i b i t o r  s u c h  a s  c h l o r a m p h e n i c o l  ( 1 0 8 ) .

V. P u r p o s e  a n d  O r g a n i z a t i o n  o f  t h i s  D i s s e r t a t i o n

As d i s c u s s e d  a b o v e ,  t h e  m echan ism  o f  t h e  c o n t r o l  o f  PG 

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

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

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

a  g e n e t i c  a p p r o a c h  t o  t h i s  p r o b l e m .  The o r i g i n a l  o b j e c t i v e  o f  

t h i s  w ork  was t o  c h a r a c t e r i z e  t h i s  m u t a n t  i n  an  a t t e m p t  t o  

i d e n t i f y  t h e  b a s i s  f o r  i t s  p h e n o t y p e .  C h a p t e r  2 d e s c r i b e s  t h e  

m a t e r i a l s  a n d  m e th o d s  u s e d  i n  t h i s  s t u d y .  The t s  m u t a n t
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p h e n o t y p e , a s  d e s c r i b e d  i n  C h a p t e r  3 ,  i s  a t t r i b u t e d  t o  a  

m u t a t i o n  i n  a  new g e n e t i c  l o c u s ,  d e s i g n a t e d  murH. T h i s  

m u t a t i o n  i s  shown t o  b e  a s s o c i a t e d  w i t h  t h e  i n h i b i t i o n  o f  PG 

s y n t h e s i s  a n d  PG h y d r o l a s e - m e d i a t e d  l y s i s  a t  t h e  r e s t r i c t i v e  

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

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

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

murH f u n c t i o n .  T h i s  a p p r o a c h ,  d e s c r i b e d  i n  C h a p t e r  4 ,

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

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

m u t a t i o n .  I t  was h o p e d  t h a t  new c l u e s  c o n c e r n i n g  t h e  murH 

f u n c t i o n  w o u ld  b e  r e v e a l e d  t h r o u g h  t h e  c h a r a c t e r i z a t i o n  o f  

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

smhB, a r e  d e s c r i b e d  i n  C h a p t e r  4 .  A l s o  i n c l u d e d  i s  a  c h a r a c ­

t e r i z a t i o n  o f  two  a d d i t i o n a l  t s  m u t a t i o n s  i n  new l o c i  d e s i g ­

n a t e d  l y t E  a n d  l y t D  w h ic h  a p p e a r e d  s p o n t a n e o u s l y  i n  t h e  smhA 

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

new l o c i  d e s c r i b e d  i n  t h i s  w ork  a r e  f u n c t i o n a l l y  r e l a t e d ,  a n d  

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

d e s c r i b e s  a n  a t t e m p t  t o  c l o n e  t h e  l y t D  g e n e .  I t  i s  shown t h a t  

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

f ro m  t h e  E.  c o l i  ch rom osom e,  b u t  f rom  t h e  genome o f  p h a g e  X 

i n s t e a d .  F u r t h e r m o r e ,  t h e  t s  l y t D  p h e n o t y p e  i s  shown t o  be  

c o m p l e m e n t e d  b y  e i t h e r  one  o f  2 g e n e s  on  t h e  c l o n e d  DNA

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

c l  g e n e s  w h i c h  e n c o d e  D N A -b ind ing  p r o t e i n s  i n v o l v e d  i n  t h e



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

t h e  l y t D  g e n e  p r o d u c t  may b e  a  D N A -b in d in g  p r o t e i n  w i t h  a  

t a r g e t  s p e c i f i c i t y  s i m i l a r  t o  t h a t  o f  t h e  X Cl  a n d  C ro  

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

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

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

DNA s e q u e n c e s  w h i c h  a r e  known t o  r e s i d e  w i t h i n  t h e  E. c o l i  

genome ( 1 0 9 - 1 1 1 ) .
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MATERIALS AND METHODS

I .  B a c t e r i a ,  B a c t e r i o p h a g e s ,  an d  P l a s m i d s

A l l  b a c t e r i a  u s e d  i n  t h i s  s t u d y  w e re  d e r i v a t i v e s  o f  E. 

c o l i  s t r a i n  K-12 .  The b a c t e r i a l  s t r a i n s ,  b a c t e r i o p h a g e s ,  and  

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

I I .  M edia  an d  C u l t u r e  C o n d i t i o n s

B a c t e r i a  w e re  c u l t u r e d  i n  T r y p t i c  Soy B r o t h  (TSB, G ibco  

L a b o r a t o r i e s )  o r  N u t r i e n t  B r o t h  (NB, D i f c o  L a b o r a t o r i e s ) .  

S o l i d i f i e d  v e r s i o n s  o f  t h e s e  m e d i a ,  d e s i g n a t e d  TSA an d  NA, 

r e p a c t i v e l y ,  c o n t a i n e d  1.5% a g a r .  NaCl was ad d e d  t o  t h e s e  

m e d ia  a t  1% w h e re  i n d i c a t e d .  I n  some e x p e r i m e n t s ,  b a c t e r i a  

w e r e  grown i n  MS m in im a l  medium (112)  w i t h  r e q u i r e d  n u t r i ­

t i o n a l  s u p p l e m e n t s .  D a v is  M in im al  Agar  ( D i f c o  L a b o r a t o r i e s )  

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

e x p e r i m e n t s  i n v o l v i n g  a u x o t r o p h i c  m a r k e r s .  A l l  t h e  o t h e r  

m e d i a ,  e x c e p t  t h o s e  m e n t io n e d  a b o v e ,  w e re  made a c c o r d i n g  t o  

M i l l e r  ( 1 1 3 ) .

C u l t u r e s  i n  l i q u i d  m ed ia  w e re  i n c u b a t e d  i n  w a t e r b a t h  

s h a k e r s  a t  t h e  i n d i c a t e d  t e m p e r a t u r e s ,  and  g r o w th  was m o n i ­

t o r e d  w i t h  a K le t t -S u m m e r s o n  c o l o r i m e t e r  w i t h  e i t h e r  a  g r e e n  

f i l t e r  ( f o r  TSB o r  NB) o r  a  b l u e  f i l t e r  ( f o r  M9). When 

r e q u i r e d ,  a n t i b i o t i c s  w e re  ad d ed  a t  t h e  f o l l o w i n g  c o n c e n t r a -
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t i o n s : t e t r a c y c l i n e ,  20 p g / m l ;  a m p i c i l l i n ,  50 /L/g/ml;

k a n a m y c i n ,  50 p g / m l ;  c h l o r a m p h e n i c o l ,  50 n g / m l .

I I I .  D e t e r m i n a t i o n  o f  T e m p e r a t u r e  S e n s i t i v i t y

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

t u r e  s e n s i t i v i t y  e x h i b i t e d  by  d i f f e r e n t  m u t a n t  s t r a i n s  w i t h  

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

c u l t u r e s  g rown o v e r n i g h t  i n  TSB a t  30°C w e r e  p l a t e d  i n  

d u p l i c a t e  on  TSA, NA, o r  NA c o n t a i n i n g  1% N a C l . One s e t  o f  

p l a t e s  was  i n c u b a t e d  a t  30°C an d  t h e  o t h e r  a t  42°C. P l a t e  

c o u n t s  w e r e  d e t e r m i n e d  a f t e r  24 h (TSA) o r  48 h (NA a n d  NA 

c o n t a i n i n g  1% NaCl)  o f  i n c u b a t i o n .  L o n g e r  p e r i o d s  o f  i n c u b a ­

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

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

i n  t e r m s  o f  c o l o n y - f o r m i n g  u n i t s  (CFU) p e r  ml o b t a i n e d  a t  42°C 

t o  t h e  p l a t e  c o u n t  o b t a i n e d  a t  30°C.

To d e t e r m i n e  t h e  e f f e c t  o f  t e m p e r a t u r e  on  g r o w t h  i n  

l i q u i d  medium,  b a c t e r i a  w e r e  g row n f o r  2 - 3  d o u b l i n g s  i n  t h e  

i n d i c a t e d  medium a t  30°C t o  a  d e n s i t y  o f  a b o u t  50 K l e t t  u n i t s  

(5 x 10s c e l l s  p e r  m l ) .  At  t h i s  p o i n t ,  t h e  c u l t u r e  was  

d i v i d e d  i n t o  two e q u a l  p a r t s .  One p o r t i o n  was m a i n t a i n e d  a t  

30°C a s  a  c o n t r o l ,  an d  t h e  o t h e r  was s h i f t e d  t o  42°C.

IV.  S o l u b i l i z a t i o n  o f  R a d i o l a b e l e d  PG

PG was  p r e l a b e l e d  w i t h  [ 3H ] d i a m i n o p i m e l i c  a c i d  ( [ 3H]DAP;

1 . 1  / ^ C i /p g ;  Amersham C o r p . )  a s  d e s c r i b e d  b y  I s h i g u r o  e t  a l .



( 1 0 5 ) .  S t r a i n  VC462 (m u r H l ) was g rown i n  M9 m i n i m a l  medium a t  

30°C f o r  2 d o u b l i n g s  t o  a  d e n s i t y  o f  2 X 108 c e l l s  p e r  m l .  

[ 3H]DAP was a d d e d  t o  a  c o n c e n t r a t i o n  o f  0 . 3  p g / m l  ( 1 . 1  

p C i / p g ) . A f t e r  o n e  d o u b l i n g ,  l a b e l i n g  was t e r m i n a t e d  a d d i n g  

u n l a b e l e d  DAP a t  25 p g / m l .  The l a b e l e d  c u l t u r e  was d i v i d e d  

i n t o  t h r e e  p o r t i o n s .  One p o r t i o n  was k e p t  a t  30°C, a n d  t h e  

o t h e r  tw o  p o r t i o n s  w e r e  s h i f t e d  t o  42°C. One o f  t h e  c u l t u r e s  

s h i f t e d  t o  42°C was s i m u l t a n e o u s l y  s u b j e c t e d  t o  i s o l e u c i n e  

d e p r i v a t i o n  (by  a d d i n g  500 pg o f  L - v a l i n e  p e r  ml)  a n d  

c h l o r a m p h e n i c o l  (200 p g / m l ,  t o  r e l a x  t h e  s t r i n g e n t  c o n t r o l  o f  

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

p r o t e i n  s y n t h e s i s  on s o l u b i l i z a t i o n  o f  r a d i o l a b e l e d  p e p t i d o -  

g l y c a n .  A t  i n d i c a t e d  t i m e s ,  0 . 5 - m l  s a m p l e s  w e r e  p i p e t t e d  i n t o  

e q u a l  v o lu m e s  o f  b o i l i n g  so d iu m  d o d e c y l  s u l f a t e  (SDS) a n d  

b o i l e d  f o r  30 m in .  The S D S - i n s o l u b l e  f r a c t i o n s  w e r e  c o l l e c t e d  

on M i l l i p o r e  f i l t e r s  ( p o r e  s i z e ,  0 . 4 5  pm ).  The f i l t e r s  w e r e  

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

LS3145T l i q u i d  s c i n t i l l a t i o n  c o u n t e r  w i t h  a  t o l u e n e - b a s e d  

s c i n t i l l a t i o n  c o c k t a i l .

V. PG S y n t h e s i s

B a c t e r i a  w e r e  g rown i n  M9 m in im a l  medium a t  30°C o r  42°C. 

At i n d i c a t e d  t i m e s ,  0 . 3  ml s a m p l e s  o f  t h e  c u l t u r e s  w e r e  

r em oved  a n d  i n c u b a t e d  f o r  5 min  a t  t h e  a p p r o p r i a t e  t e m p e r a t u r e  

i n  t h e  p r e s e n c e  o f  1 pCi  ( 0 . 2  pg)  o f  [ 3H]DAP p e r  m l .  L a b e l i n g  

was t e r m i n a t e d  by  a p p l y i n g  d u p l i c a t e  0 . 1  ml am o u n t s  f ro m  e a c h
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s a m p l e  o n t o  Whatman 3MM f i l t e r  p a p e r  d i s k s  a n d  i m m e r s i n g  t h e s e  

i n  c o l d  10% t r i c h l o r o a c e t i c  a c i a  (TCA) . The f i l t e r s  w e r e  t h e n  

p r o c e s s e d  a n d  c o u n t e d  a s  d e s c r i b e d  b y  I s h i g u r o  ( 1 1 4 ) .

To i d e n t i f y  t h e  s t e p  i n  PG s y n t h e s i s  w h i c h  was b l o c k e d  by  

t h e  murHl m u t a t i o n ,  t h e  c e l l u l a r  d i s t r i b u t i o n  o f  [ 3H]DAP 

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

was c o m p a r e d .  S t r a i n  VC462 was grow n i n  M9 a t  30°C t o  a 

d e n s i t y  o f  4 X 108 c e l l s  p e r  m l .  The c u l t u r e  was d i v i d e d  i n t o  

t h r e e  p o r t i o n s .  One p o r t i o n  was m a i n t a i n e d  a t  30°C w i t h o u t  

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

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

o f  t h e s e  was i n c u b a t e d  a t  30°C, a n d  t h e  o t h e r  was s h i f t e d  t o  

42°C. [ 3H]DAP was a d d e d  t o  a l l  c u l t u r e s  a t  0 . 3  p g / m l  ( 1 . 1  

p C i / p g ) . A f t e r  30 m in  o f  l a b e l i n g ,  c e l l  s a m p l e s  w e r e  a n a l y z e d  

by  p a p e r  c h r o m a t o g r a p h y  a s  d e s c r i b e d  b y  Ramey ( 1 0 6 ) .  C e l l s  

f ro m  5 -m l  s a m p l e s  w e r e  c o l l e c t e d  b y  c e n t r i f u g a t i o n  a n d  

s u s p e n d e d  i n  50 p i  o f  i c e - c o l d  d i s t i l l e d  w a t e r .  The s a m p l e s  

w e r e  a p p l i e d  t o  a  s h e e t  o f  Whatman 3MM c h r o m a t o g r a p h y  p a p e r  

(57 cm l o n g ) ,  a n d  t h e  c h r o m a to g ra m  was d e v e l o p e d  i n  i s o b u t y r i c  

a c i d - 1  M NH40H ( 5 : 3 )  f o r  16 h .  I n  t h i s  s y s t e m ,  c e l l - b o u n d  PG 

r e m a i n s  a t  t h e  o r i g i n .  On t h e  o t h e r  h a n d ,  t h e  s o l v e n t  

e x t r a c t s  t h e  U D P -M urN A c-pep t ides  a n d  t h e  l i p i d  i n t e r m e d i a t e s  

w h i c h  m i g r a t e  t o  Rf v a l u e s  o f  0 . 2  a n d  0 . 8 ,  r e s p e c t i v e l y .  When 

n e c e s s a r y ,  t h e  d e v e l o p m e n t  t i m e  was e x t e n d e d  b e y o n d  48 h t o  

s e p a r a t e  U D P - M u r N A c - t r i p e p t i d e  f ro m  U D P -M u r N A c - p e n ta p e p t id e  

( 1 0 5 ) .  The  am o u n ts  o f  r a d i o a c t i v i t y  a s s o c i a t e d  w i t h  t h e s e
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a r e a s  w e r e  d e t e r m i n e d .

The co m p o n e n ts  o f  t h e  l i p i d  i n t e r m e d i a t e  f r a c t i o n s  w e re  

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

s a t e s  a s  d e s c r i b e d  i n  d e t a i l  by  Ramey e t  a l .  ( 1 0 6 ) .  C u l t u r e s  

o f  VC462 w e re  l a b e l e d  w i t h  [ 3H]DAP a t  30°C and  42°C f o r  30 min 

a s  d e s c r i b e d  a b o v e .  S u s p e n s i o n s  o f  l a b e l e d  c e l l s  w e r e  b o i l e d  

f o r  4 min  t o  r e l e a s e  s o l u b l e  r a d i o l a b e l e d  m a t e r i a l .  The 

w a sh e d  c e l l  s u s p e n s i o n s  w ere  d i v i d e d  i n t o  two e q u a l  p a r t s .  

One p a r t ,  r e f e r r e d  t o  a s  t h e  u n h y d r o l y z e d  c o n t r o l ,  was a p p l i e d  

d i r e c t l y  t o  a  s h e e t  o f  Whatman 3MM c h r o m a t o g r a p h y  p a p e r .  The 

o t h e r  p a r t  was h y d r o l y z e d  w i t h  10% a c e t i c  a c i d  i n  s e a l e d  v i a l s  

a t  105°C f o r  20 min an d  t h e n  a p p l i e d  t o  c h r o m a t o g r a p h y  p a p e r .  

The c h r o m a to g ra m  was d e v e l o p e d  i n  i s o b u t y r i c  a c i d - 1  M NH40H 

( 5 : 3 )  f o r  16 h and  a n a l y z e d  ( 1 0 6 ) .

V I . G e n e t i c  T e c h n i q u e s

To f a c i l i t a t e  m ap p in g ,  TnlO,  Tn5,  o r  TnlOkan  i n s e r t i o n s  

l i n k e d  t o  t h e  l o c u s  b e i n g  mapped w e re  o b t a i n e d  b y  s c r e e n i n g  

random  t r a n s p o s o n  i n s e r t i o n  p o o l s  p r e p a r e d  on a  p r o t r o p h i c  

s t r a i n ,  W3110, w i t h  t h e  X ph a g e  d e r i v a t i v e s ,  NK55 ( 1 1 5 ) ,  X 467  

( 1 1 6 ) ,  o r  X I 105 ( 1 1 7 ) ,  r e s p e c t i v e l y .  The s c r e e n i n g  p r o c e d u r e  

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

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

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

a p p r o p r i a t e  a n t i b i o t i c s  a t  30°C. C o n j u g a t i o n  and

b a c t e r i o p h a g e  P l v i r - m e d i a t e d  g e n e r a l i z e d  t r a n s d u c t i o n  w e re
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p e r f o r m e d  o - c o r d i n g  t o  t h e  m e th o d s  o f  M i l l e r  ( 1 1 3 ) .  G e n e t i c  

l i n k a g e s  w e r e  c a l c u l a t e d  a s  d e s c r i b e d  by  Wu ( 1 1 8 ) .

V I I .  G e n e r a l  R e c o m b i n a n t  DNA T e c h n i q u e s

P l a s m i d  DNA was i s o l a t e d  by  t h e  m e th o d  o f  B i r n b o i m  a n d  

D o ly  ( 1 1 9 ) .  Chromosomal  DNA was p r e p a r e d  a c c o r d i n g  t o  t h e  

p r o c e d u r e  o f  D r i v e r  a n d  L a w t h e r  ( 1 2 0 ) .  DNA r e s t r i c t i o n  

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

d e s c r i b e d  b y  M a n i a t i s  ( 1 2 1 ) .  T r a n s f o r m a t i o n  was a c c o r d i n g  t o  

t h e  m e th o d  o f  H an ah an  ( 1 2 2 ) .  In  some e x p e r i m e n t s ,  p l a s m i r i s  

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

b y  T a k e t o  ( 1 2 3 ) .  A g a r o s e  g e l  e l e c t r o p h o r e s i s  o f  DNA f r a g m e n t s  

was p e r f o r m e d  i n  0.7% g e l s  ( e x c e p t  t h o s e  i n d i c a t e d )  f o l l o w i n g  

t h e  p r o c e d u r e  o f  M a n i a t i s  u s i n g  t h e  TAE b u f f e r  s y s t e m  ( 0 . 0 4  M 

T r i s - a c e t a t e ;  0 . 0 0 2  MEDTA) ( 1 2 1 ) .  R e s t r i c t i o n  e n d o n u c l e a s e s , 

T4 DNA l i g a s e ,  a n d  DNA m o l e c u l a r  w e i g h t  s t a n d a r d s  (JL DNA 

d i g e s t e d  w i t h  H i n d l l l )  w e re  p u r c h a s e d  f rom  Amersham o r

B o e h r i n g e r  Mannheim.

V I I I .  C l o n i n g  M ethods

A g e n o m ic  l i b r a r y  o f  E. c o l i  K-12 s t r a i n  W3110 was

c o n s t r u c t e d  by  l i g a t i o n  o f  DNA f r a g m e n t s  i n  t h e  10 t o  18 kb

s i z e  r a n g e  w n i c h  w e r e  d e r i v e d  f rom  a  Sau3AI p a r t i a l  d i g e s t  o f  

c h ro m o so m a l  DNA i n t o  t h e  BamHI s i t e  o f  t h e  p h a s m i d  v e c t o r ,  

A.SE6 ( 1 2 4 ) .  The l i g a t i o n  m i x t u r e  was p a c k a g e d  i n  v i t r o  u s i n g  

a  p h a g e  A DNA p a c k a g i n g  k i t  o b t a i n e d  f ro m  Amersham C o r p .  The
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p a c k a g e d  l i b r a r y  was t h e n  a m p l i f i e d  by  p r o p a g a t i n g  i t  on t h e  

P2 l y s o g e n ,  s t r a i n  Q359 ( 1 2 5 ; .  A d i s t i n c t i v e  f e a t u r e  o f  XSE6 

i s  t h a t  i t  i s  a  p h a s m id  ( i . e . ,  p h a q e - p l a sm id  h y b r i d )  w h ic h  was 

c o n s t r u c t e d  by  c l o n i n g  t h e  s i n g l e - c o p y  r e p l i c a t o r  (NR1) o f  

p l a s m i d  pDPT427 i n t o  t h e  ph ag e  X1059 genome.  T h i s  DNA 

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

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

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

The v e c t o r ,  w h ic h  c a r r i e s  b o t h  k a n a m y c in  r e s i s t a n c e  an d  

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

l o w - c o p y  b y  c o m p l e m e n t a t i o n .  I t  s h o u l d  b e  n o t e d  t h a t  c l o n i n g  

o f  DNA f r a g m e n t s  i n t o  XSE6 r e s u l t s  i n  t h e  r e p l a c e m e n t  o f  t h e  

g e n e s  e n c o d i n g  a m p i c i l l i n  r e s i s t a n c e  a s  w e l l  a s  t h e  X Cl 

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

5 ) .  G e n e t i c  c o m p l e m e n t a t i o n  a s s a y s  c a n  c o n s e q u e n t l y  b e  

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

e . g . ,  s u c h  a s  X l y s o g e n .  I n  t h i s  s t u d y ,  t h e  g enom ic  l i b r a r y  

was s c r e e n e d  f o r  c l o n e s  w h ich  co m p le m e n te d  t h e  muxHl,  sm h B l , 

l y t D l , a n d  l y t E l  m u t a t i o n s  by t r a n s d u c i n g  X l y s o g e n s  c a r r y i n g  

t h e s e  m u t a t i o n s  w i t h  t h e  XSE6 r e c o m b i n a n t  d e r i v a t i v e s  f ro m  t h e  

g e n e  b a n k  an d  s e l e c t i n g  f o r  Kanr t r a n s d u c t a n t s  a t  42°C. 

P u t a t i v e  p o s i t i v e  c l o n e s  w e re  t h e n  t e s t e d  f o r  Amp8.

IX .  DNA S e q u e n c i n g

The s t r a t e g y  u s e d  f o r  n u c l e o t i d e  s e q u e n c i n g  i s  b a s e d  on 

t h e  pAA-PZ718 an d  pAA-PZ719 v e c t o r  s y s t e m  f i r s t  d e s c r i b e d  by



Ahmed (1 2 6 )  a n d  f u r t h e r  m o d i f i e d  b y  Peng  an d  Wu ( 1 2 7 ) .  The 

DNA t o  b e  s e q u e n c e d  was c l o n e d  i n t o  t h e  two v e c t o r s  i n  

o p p o s i t e  o r i e n t a t i o n s  by  u t i l i z i n g  t h e  p o l y l i n k e r  s i t e s .  

T h e s e  v e c t o r s  c o n t a i n  a  t r a n s p o s o n  TnJ) i n s e r t i o n ,  a n d  t h e  f a c t  

t h a t  t h e  e x c i s i o n  o f  Tn9 p r o m o t e s  t h e  d e l e t i o n  o f  n e i g h b o r i n g  

DNA s e q u e n c e s  i s  u t i l i z e d  t o  g e n e r a t e  two s e r i e s  o f  o v e r l a p ­

p i n g  d e l e t i o n s  w h ic h  e x t e n d  i n t o  t h e  DNA t o  b e  s e q u e n c e d .  

T h e s e  d e l e t i o n s  w e re  s i z e d  b y  a g a r o s e  g e l  e l e c t r o p h o r e s i s .  

A p p r o p r i a t e  d e l e t i o n  d e r i v a t i v e s  w e r e  s e l e c t e d  f o r  s e q u e n c i n g  

by  t h e  d i d e o x y n u c l e o t i d e  c h a i n  t e r m i n a t i n g  m e th o d  o f  S a n g e r  

(1 2 8 )  i n  t h e  p r e s e n c e  o f  [ 35S]dATP (1000  C i /m m ol)  f ro m  Amersham 

C o r p .  The s e q u e n c i n g  was c a r r i e d  o u t  w i t h  a  T7 DNA p o l y m e r a s e  

s e q u e n c i n g  k i t  o b t a i n e d  f rom  P h a m a c ia .

X. E x p r e s s i o n  o f  C l o n e d  DNA

The b a c t e r i o p h a g e  T7 RNA p o l y m e r a s e - p r o m o t e r  c o u p l e d  

s y s t e m  (1 2 9 )  was u s e d  t o  e x c l u s i v e l y  e x p r e s s  a  c l o n e d  g e n e .  

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

f r o n t  o f  t h e  T7 p r o m o t e r  $10 i n  p l a s m i d  v e c t o r s  p T 7 -3  a n d  pT7-

4 .  The r e s u l t i n g  p l a s m i d s  w e re  t h e n  t r a n s f o r m e d  i n t o  s t r a i n  

KX100 (1 3 0 )  c a r r y i n g  p G P l-2  w h ic h  e n c o d e s  T7 RNA p o l y m e r a s e .  

The t r a n s f o r m a n t s  w e r e  grown i n  LB w i t h  s e l e c t i v e  d r u g s  a t  

30°C t o  e a r l y  e x p o n e n t i a l  p h a s e .  A s a m p le  o f  1 ml c u l t u r e  was 

c e n t r i f u g e d  an d  t h e  p e l l e t  was w ash ed  t w i c e  w i t h  M9 medium an d  

t h e n  r e s u s p e n d e d  i n  2 ml M9 medium s u p p l e m e n t e d  w i t h  0 . 2  ml 

m e t h i o n i n e  a s s a y  medium ( D i f c o  L a b o r a t o r i e s ) .  C e l l s  w e r e



f u r t h e r  g rown a t  30°C f o r  1 h a n d  s h i f t e d  t o  42°C f o r  20 m in .  

R i f a m p i n  was  t h e n  a d d e d  t o  a  f i n a l  c o n c e n t r a t i o n  o f  200 p g / m l  

t o  i n h i b i t  s e l e c t i v e l y  t h e  h o s t  RNA p o l y m e r a s e .  A f t e r  10 min  

o f  r i f a m p i n  t r e a t m e n t ,  t h e  c e l l s  w e r e  s h i f t e d  down t o  30°C f o r  

a n  a d d i t i o n a l  40 m in .  The s a m p le  was l a b e l e d  w i t h  10 p C i  [ 35S] 

m e t h i o n i n e  (800 C i /m m o l ;  Amersham C o r p . )  f o r  5 min  a t  30°C. 

The c e l l  p e l l e t  was  s u s p e n d e d  i n  120 p i  o f  b u f f e r  (60  mM 

T r i s - H C l  pH 6 . 8 ;  1% SDS; 1% 2 - m e r c a p t o e t h a n o l ;  10% g l y c e r o l ;

0.01% b r o m o p h e n o l  b l u e ) .  S am ples  w e r e  h e a t e d  t o  95°C f o r  3 

m in  a n d  l o a d e d  ( 5 - 1 0  p i )  on a  S D S - p o l y a c r y l a m i d e  g e l  a s  

d e s c r i b e d  b e l o w .

C e l l  f r a c t i o n a t i o n  was c a r r i e d  o u t  t o  l o c a l i z e  t h e  

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

o f  Boeke  a n d  Model  (1 3 1 )  was u s e d  w i t h  some m o d i f i c a t i o n s .  

C e l l s  (1  ml) w i t h  [ 35S ] m e t h i o n i n e - l a b e l e d  p l a s m i d  e n c o d e d  

p r o t e i n s  w e r e  p e l l e t e d ,  w a s h e d ,  an d  r e s u s p e n d e d  i n  0 . 5  ml o f  

b u f f e r  I  w h i c h  c o n t a i n e d  20% s u c r o s e ,  100 mM T r i s - H C l  a t  pH 

8 . 0 ,  a n d  10 mM EDTA. Lysozyme (5 m g/ml)  was a d d e d  a n d  t h e  

m i x t u r e  was l e f t  on  i c e - w a t e r  f o r  10 m in .  The m i x t u r e  was 

c e n t r i f u g e d  i n  a  m i c r o c e n t r i f u g e  f o r  2 m in .  The s u p e r n a t a n t  

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

p e l l e t  was w a sh e d  t w i c e  i n  b u f f e r  I  a n d  r e s u s p e n d e d  i n  50 p i  

o f  b u f f e r  I I  (20% s u c r o s e ;  100 mM T r i s - H C l  pH 8 . 0 ;  10 mM

MgCl2) c o n t a i n i n g  DNase (50 p g / m l ) .  I c e - c o l d  d i s t i l l e d  w a t e r  

(22 p i )  was a d d e d  i m m e d i a t e l y .  The s p h e r o p l a s t s  w e r e  b r o k e n  

b y  t h e  o s m o t i c  s h o c k  co m b in e d  w i t h  s i x  s u b s e q u e n t  f r e e z e  ( d r y
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i c e  i n  e t h a n o l  b a t h ) - t h a w  (37°C w a t e r  b a t h )  c y c l e s .  U nbroken  

c e l l s  w e re  s e p a r a t e d  b y  l o w - s p e e d  c e n t r i f u g a t i o n  ( 4 , 0 0 0  g ,  30 

min)  . The r e m a i n d e r  was f u r t h e r  c e n t r i f u g e d  f o r  1 min  i n  

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

f r a c t i o n ,  a n d  t h e  p e l l e t ,  w h ic h  was r e s u s p e n d e d  i n  200 p i  o f  

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

f r a c t i o n s  w e r e  t h e n  p r e c i p i t a t e d  w i t h  5% TCA, w a sh e d  w i t h  

a c e t o n e ,  d r i e d ,  a n d  r e s u s p e n d e d  i n  50 p i  o f  SDS-PAGE s a m p le  

b u f f e r .  A f t e r  h e a t i n g  a t  95°C f o r  3 m in ,  5 -1 0  p i  a m o u n ts  o f  

t h e  s a m p l e s  w e re  a n a l y z e d  by  SDS-PAGE.

X I .  S D F - F c l y a c r y l a m i d e  Gel  E l e c t r o p h o r e s i s  (SDS-PAGE)

SDS-PAGE o f  [ 35S ] - l a b e l e d  p r o t e i n s  was c a r r i e d  o u t  i n  15% 

g e l s  ( 0 . 7 5  mm t h i c k )  a c c o r d i n g  t o  t h e  p r o t o c o l  o f  Swank a n d  

Munkres  ( 1 3 2 ) .  P r o t e i n  m o l e c u l a r  w e i g h t  s t a n d a r d s  w e r e  f ro m  

Sigma and  P h a m a c i a ,  a n d  t h e s e  i n c l u d e d  b o v i n e  a l b u m i n  (66 

k D a l ) ,  e g g  a l b u m i n  (45  k D a l ) ,  g l y c e r a l d e h y d e - 3 - p h o s p h a t e  

d e h y d r o g e n a s e  (36 k D a l ) ,  c a r b o n i c  a n h y d r a s e  (29 k D a l ) ,  

t r y p s i n o g e n  (24 k D a l ) ,  t r y p s i n  i n h i b i t o r  (20 k D a l ) ,  a -  

l a c t a l b u m i n  (14 k D a l ) ,  an d  f r a g m e n t  o f  sp e rm  w h a l e  m y o g l o b i n  

c l e a v a g e d  b y  CNBr (8 k D a l ) .  S am p les  w e r e  r u n  a t  c o n s t a n t  

v o l t a g e  (100  V f o r  t h e  s t a c k i n g  g e l  a n d  200 V f o r  t h e  s e p a r a t ­

i n g  g e l ) .  A f t e r  d r y i n g ,  t h e  g e l s  w e re  s u b j e c t e d  t o  a u t o r a d i o ­

g r a p h y .

X I I .  S o u t h e r n  B l o t  A n a l y s i s



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

n o n r a d i o a c t i v e  DNA l a b e l i n g  and  d e t e c t i o n  k i t  o b t a i n e d  f rom 

B o e h r i n g e r  Mannheim. The DNA f r a g m e n t  t o  be  u s e d  a s  a p r o b e  

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

t h e n  l a b e l e d  w i t h  d i g o x i g e n i n  (DIG)-11-dUTP.  The DNA m o le ­

c u l e s  t o  be  p r o b e d  w e re  d i g e s t e d  w i t h  t h e  s p e c i f i e d  r e s t r i c ­

t i o n  e n d o n u c l e a s e s  and  s u b j e c t e d  t o  e l e c t r o p h o r e s i s  o n  a  0.8% 

a g a r o s e  g e l .  The s e p a r a t e d  f r a g m e n t s  w e re  f i r s t  l o c a t e d  by  

s t a i n i n g  w i t h  e t h i d i u m  b ro m id e  and  t h e n  t r a n s f e r r e d  t o  a  Z e t a -  

Probe™ membrane (B io -R ad )  u s i n g  10 X SSC (1 X SSC i s  0 . 1 5  M 

NaCl,  0 . 0 1 5  M sod ium  c i t r a t e ) ,  a s  d e s c r i b e d  by  M a n i a t i s .  

( 1 2 1 ) .  The t r a n s f e r r e d  DNA f r a g m e n t s  on t h e  membrane w e re  

d e n a t u r e d ,  f i x e d ,  d r i e d ,  and  p r e h y b r i d i z e d  w i t h  10 ml h y b r i ­

d i z a t i o n  s o l u t i o n  [5 X SSC; b l o c k i n g  r e a g e n t ,  0.5% ( w / v ) ;  

so d iu m  N - l a u r o y l s a r c o s i n a t e ,  0.1% ( w / v ) ;  SDS, 0.02% ( w / v ) ]  f o r  

1 h .  The m a t e r i a l  on t h e  membrane was t h e n  i n c u b a t e d  w i t h  10 

ml o f  h y b r i d i z a t i o n  s o l u t i o n  c o n t a i n i n g  1 pg o f  t h e  D IG -11-  

d U T P - l a b e l e d  p r o b e .  The h y b r i d i z a t i o n  was c a r r i e d  o u t  i n  a 

s e a l e d  p l a s t i c  b ag  f o r  14 h a t  68°C. The membrane was w a s h e d ,  

an d  DNA f r a g m e n t s  w h ich  h y b r i d i z e d  t o  t h e  p r o b e  w e re  d e t e c t e d  

b y  a  c o l o r  r e a c t i o n .  T h i s  c o l o r  d e v e l o p m e n t  was b a s e d  on an 

i m m u n o l o g i c a l  r e a c t i o n  b e tw e e n  t h e  h y b r i d i z e d  DNA an d  a n t i - D I G  

c o n j u g a t e d  a l k a l i n e  p h o s p h a t a s e .  The co m plex  was d e t e c t e d  

w i t h  a  c o l o r  d e v e l o p m e n t  s o l u t i o n  c o n s i s t i n g  o f  45 p i  o f  4-  

n i t r o b l u e t e t r a z o l i u m  c h l o r i d e  and  35 p i  o f  5 - b r o m o - 4 - - c h l o r o - 3 -  

i n d o l y l - p h o s p h a t e  a t  room t e m p e r a t u r e  i n  t h e  d a r k  f o r  1-3
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d a y s .

X I I I .  D e t e r m i n a t i o n  o f  Imm uni ty  t o  Phage  A

To d e t e r m i n e  t h e  im m u n i ty  o f  E. c o l i  s t r a i n s  t o  p h a g e  A 

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

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

o f  s t e r i l e  10 mM MgS04 s o l u t i o n .  S am ples  o f  0 . 1  ml w e r e  a d d e d  

t o  3 ml o f  m o l t e n  A t o p  a g a r  ( 1 1 2 ) ,  an d  t h e  m i x t u r e s  w e re  

o v e r l a i d  on  LB p l a t e s .  S am ples  o f  t h e  p h a g e  A d e r i v a t i v e s ,  

A v i r  (1 3 3 )  and  AcI857 ( 1 3 4 ) ,  w e re  s p o t t e d  on t h e  o v e r l a y s .  

A f t e r  an  i n c u b a t i o n  p e r i o d  o f  14 h ,  t h e  p l a t e s  w e r e  e x a m in e d  

f o r  e v i d e n c e  o f  A - i n d u c e d  l y s i s .
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CHAPTER 3

ISOLATION AND CHARACTERIZATION OF THE murHl MUTANT

I . O v e r v i e w  o f  C h a p t e r  C o n t e n t s

The o b j e c t i v e  o f  t h e  work d e s c r i b e d  i n  t h i s  C h a p t e r  was 

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

i n  PG m e t a b o l i s m .  The m u t a t i o n  was a s s i g n e d  t o  a  new l o c u s  

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

l o g y ,  was d e s i g n a t e d  murH (a  mnemonic f o r  mure i n  m e t a b o l i s m ,  

l o c u s  H; " m u r e i n "  i s  synonymous  w i t h  " P G " ) .  The p h e n o t y p e  

a s s o c i a t e d  w i t h  t h e  murHl m u t a n t  a l l e l e  i s  shown t o  b e  

a s s o c i a t e d  w i t h  t h e  i n h i b i t i o n  o f  a  l a t e  s t e p  i n  PG s y n t h e s i s  

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

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

murH was u n s t a b l e  on h i g h - c o p y - n u m b e r  v e c t o r s .

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

T a b l e  1 l i s t s  t h e  b a c t e r i a l  s t r a i n s ,  b a c t e r i o p h a g e  a n d  

p l a s m i d s  u s e d  i n  t h i s  s t u d y .

I I I .  R e s u l t s

1. P h e n o t y p i c  P r o p e r t i e s  o f  t h e  murHl M u ta n t
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T a b l e  1 .  E. c o l i  K-12 s t r a i n s ,  b a c t e r i o p h a g e s  a n d  p l a s m i d s

S t r a i n R e l e v a n t  G e n o t y p e / D e s c r i p t i o n R e f e r e n c e / S o u r c e

CP78 t h i - 1  t h r - 1  l e u - 6  h i s - 6 5  a r q - 4 6 CGSC

JB1 m e tB l  uxuAl CGSC

JEF8 t h r - 3 1  ca rB 8  m etB l CGSC

JM101 t h i  A ( l a c - p r o A B )  f F ' t r a D 3 6  l a c l q Z AM15] L a b o r a y o r y  
c o l l e c t i o n

Q359 hsdR hsdM+ P2 l y s o q e n (1 2 4 )

VC 7 t h i - 1  ly sA 2 3  rp sL 1 0 9 L a b o r a t o r y
c o l l e c t i o n

VC462 VC7 z a a - l : : T n 5  z a a - 1 0 0 : : T n ] 0 murHl T h i s  s t u d y

VC482 VC7 z i i - 1 0 1 : :TnlO murHl T h i s  s t u d y

VC484 VC7 murHl T h i s  s t u d y

VC486 W3104 z a a - 1 0 0 : : T n l O  murHl T h i s  s t u d y

VC499 VC484 re cA T h i s  s t u d y

W3104 X l y s o g e n L a b o r a t o r y
c o l l e c t i o n

W3110 w i l d  t y p e L a b o r a t o r y
c o l l e c t i o n

B c t e r i o p h a g e  R e l e v a n t  G e n o t y p e / D e s c r i p t i o n  R e f e r e n c e

ASE6 Kanr Ampr (1 2 4 )
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T a b l e  1 ,  c o n t i n u e d

P l a s m i d  R e l e v a n t  G e n o t y p e / D e s c r i p t i o n  R e f e r e n c e / S o u r c e

pBR328 Ampr Camr T e t r L a b o r a t o r y
c o l l e c t i o n

pDD41 Kanr murH* T h i s  s t u d y

pHC79 Ampr T e t r c o s  L a b o r a t o r y
c o l l e c t i o n

pLG338 Kanr T e t r L a b o r a t o r y
c o l l e c t i o n

pUCl8 Ampr P h a r m a c i a
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The murHl m u t a n t  was d i s c o v e r e d  f o r t u i t o u s l y  d u r i n g  t h e  

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

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

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

c e l l u l a r  a u t o l y s i s .  T h u s ,  when c u l t u r e s  o f  s t r a i n  VC462 

(murH l)  g r o w i n g  i n  e i t h e r  co m p lex  ( d a t a  n o t  shown) o r  m i n i m a l  

( F i g .  6A) medium a t  30°C w e re  s h i f t e d  t o  42°C, a  d e c r e a s e  i n  

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

t h e  g r o w t h  r a t e  o f  t h e  w i l d - t y p e  p a r e n t  a t  42°C) .  T h i s  l o s s  

i n  t u r b i d i t y  was c o r r e l a t e d  w i t h  t h e  s o l u b i l i z a t i o n  o f  PG 

w h i c h  h a d  b e e n  p r e l a b e l e d  w i t h  [ 3H]DAP ( F i g .  6 B ) . The l y s i s  

o f  s t r a i n  VC462 a t  42°C was p r e v e n t e d  when g r o w t h  was 

i n h i b i t e d  b y  am ino  a c i d  d e p r i v a t i o n ,  c h l o r a m p h e n i c o l  t r e a t ­

m e n t ,  o r  ( F i g .  6A a n d  B) by  a  c o m b i n a t i o n  o f  b o t h  m e t h o d s .  

S i n c e  t h e  t e m p e r a t u r e - d e p e n d e n t  l y s i s  e x h i b i t e d  b y  s t r a i n  

VC462 r e s e m b l e d  t h e  p h e n o t y p e s  o f  m u t a n t s  d e f e c t i v e  i n  PG 

s y n t h e s i s  ( 7 8 - 8 5 ) ,  t h e  e f f e c t  o f  t e m p e r a t u r e  u p s h i f t  on PG 

s y n t h e s i s  was d e t e r m i n e d .  PG s y n t h e s i s  i n  VC462 was i n h i b i t e d  

b y  75% w i t h i n  10 min  a f t e r  u p s h i f t  f ro m  30°C t o  42°C ( F i g .  7 ) .  

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

s u g g e s t i n g  t h a t  l y s i s  was a  c o n s e q u e n c e  o f  t h e  i n h i b i t i o n  o f  

PG s y n t h e s i s .

2 .  S i t e  o f  M u t a t i o n a l  B l o c k

The s t e p  i n  PG s y n t h e s i s  b l o c k e d  by  t h e  murHl m u t a t i o n  

was  l o c a l i z e d  b y  u s i n g  c u l t u r e s  o f  VC462 w h ic h  w e r e  s i m u l t a -
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F i g .  6 .  T e m p e r a t u r e - d e p e n d e n t  a u t o l y s i s  o f  s t r a i n  VC462 
(m u rH l ) a n d  i t s  p r e v e n t i o n  by  i n h i b i t i n g  p r o t e i n  s y n t h e s i s .  
C u l t u r e s  w e re  i n c u b a t e d  a t  30°C ( O ) ,  42°C ( •  ) ,  42°C ( A ) 
w i t h  500 yg  o f  L - v a l i n e  p e r  n.l an d  200 uq o f  c h l o r a m p h e n i c o l  
p e r  m l .  A. L y s i s  was d e t e r m i n e d  t u r b i d i m e t r i c a l l y . B. 
C e l l u l a r  p e p t i d o g l y c a n  was p r e l a b e l e d  w i t h  [ 3H]DAP, an d  
s o l u b i l i z a t i o n  o f  t h e  r a d i o l a b e l e d  p e p t i d o g l y c a n  was m e a s u r e d  
a s  an  i n d e x  o f  l y s i s .
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F i g .  7 .  E f f e c t  o f  g r o w t h  t e m p e r a t u r e  on p e p t i d o g l y c a n  
s y n t h e s i s  i n  s t r a i n  VC462 (m u r H l ) .  S am p le s  f ro m  c u l t u r e s  
i n c u b a t e d  a t  30°C ( O ) a n d  42°C ( •  ) w e r e  p u l s e - l a b e l e d  w i t h  
[ H]DAP f o r  5 min  and  am o u n t s  i n c o r p o r a t e d  i n t o  p e p t i d o g l y c a n  
f r a c t i o n s  w e re  d e t e r m i n e d .  A v e r a g e  v a l u e s  o f  d u p l i c a t e  
s a m p l e s  a r e  p l o t t e d  a s  a f u n c t i o n  o f  t h e  s a m p l i n g  t i m e s .
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n e o u s l y  am ino  a c i d - d e p r i v e d  an d  c h l o r a m p h e n i c o l - t r e a t e d  ( T a b l e

/

2 ) .  The m a in  s t e p s  i n  PG s y n t h e s i s  i n  s u c h  n o n g r o w i n g  

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

i n c o r p o r a t i o n  o f  [ 3H]DAP i n t o  t h e  v a r i o u s  c e l l  f r a c t i o n s  ( 1 3 5 ,  

1 0 6 ) .  A n o t h e r  i m p o r t a n t  c o n s i d e r a t i o n  h e r e  was  t h a t  t h e  

p r o g r e s s  o f  PG s y n t h e s i s  i n  s t r a i n  VC462 c o u l d  be  f o l l o w e d  a t  

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

l y s i s  b y  u s i n g  amino a c i d - d e p r i v e d  c e l l s  t r e a t e d  s i m u l t a n e o u s ­

l y  w i t h  c h l o r a m p h e n i c o l ,  i . e . ,  b e c a u s e  l y s i s  a t  42°C was 

i n h i b i t e d  u n d e r  t h e s e  c o n d i t i o n s  ( F i g .  6A an d  B ) . N e v e r t h e ­

l e s s ,  t h e s e  e x p e r i m e n t s  w e re  r e s t r i c t e d  t o  a 3 0 - m in  p e r i o d  

( i . e . ,  b e f o r e  l y s i s  became e v i d e n t  i n  c u l t u r e s  g r o w i n g  a t  

42°C) a s  an  a d d e d  p r e c a u t i o n .

C u l t u r e s  o f  VC462 w e re  l a b e l e d  w i t h  [ 3H]DAP a t  30°C an d  

42°C f o r  30 m in ,  an d  t h e  am oun ts  o f  r a d i o a c t i v i t y  i n c o r p o r a t e d  

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

f o l l o w i n g  r e s u l t s  a r e  f rom  c o n t r o l s  i n c u b a t e d  a t  30°C w h ic h  

c o n f i r m  t h a t  FG s y n t h e s i s  i n  VC462 was s u b j e c t  t o  c o n t r o l  by  

t h e  s t r i n g e n t  r e s p o n s e  ( T a b l e  2 ) .  ( i )  The a m o u n t s  o f  r a d i o ­

a c t i v i t y  i n c o r p o r a t e d  i n t o  t h e  PG f r a c t i o n s  by  t h e  u n t r e a t e d  

c o n t r o l  c u l t u r e  an d  t h e  c h l o r a m p h e n i c o l - t r e a t e d ,  am in o  a c i d -  

d e p r i v e d  c u l t u r e  a t  30°C w ere  t h e  sam e ,  i n d i c a t i n g  t h a t  

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

( i i )  A t h r e e f o l d  a c c u m u l a t i o n  o f  l a b e ^ d  UDP d e r i v a t i v e s  

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

i s  n e c e s s a r y  t o  p r e v e n t  t h e  o v e r p r o d u c t i o n  o f  t h e  UDP i n t e r
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T a b l e  2 .  C e l l u l a r  d i s t r i b u t i o n  o f  [ 3H]DAP i n c o r p o r a t e d  b y  

s t r a i n  VC462 (m u rH l ) a t  30°C an d  42°C

103 cpm p e r  mg c e l l d r y  w e i g h t

T r e a t m e n t  T e m p e r a t u r e

P e p t i d o ­
g l y c a n

UDP d e r i v a -  L i p i d  
t i v e s a i n t e r ­

m e d i a t e s

U n t r e a t e d  30°C 
c o n t r o l

4 3 . 8 3 . 6 1 .1

Amino a c i d -  30°C 
d e p r i v e d  p l u s  
c h l o r a m p h e n i c o l

4 4 .2 1 1 .4 1 . 1

42°C 2 5 .5 1 6 .8 1 . 3

aM i x t u r e  o f  U D P - M u r N A c - t r i p e p t i d e  an d  U D P -M u rN A c -p e n ta p e p t id e
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m e d i a t e s  d u r i n g  am ino  a c i d  d e p r i v a t i o n  ( 1 0 5 ) .  ( i i i )  The 

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

w e r e  t h e  same f o r  b o t h  o f  t h e  c u l t u r e s .

To l o c a l i z e  t h e  s t e p  b l o c k e d  i n  t h e  murHl m u t a n t ,  t h e  

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

c e l l s  t r e a t e d  w i t h  c h l o r a m p h e n i c o l  a t  42°C was c o m p a re d  w i t h  

t h e  d a t a  o b t a i n e d  f ro m  c e l l s  t r e a t e d  s i m i l a r l y  a t  30°C. The 

i n c o r p o r a t i o n  o f  [ 3H]DAP i n t o  t h e  PG f r a c t i o n  was i n h i b i t e d  a t  

42°C b y  a b o u t  40% ( T a b l e  2 ) .  O t h e r w i s e  t h e  l a b e l i n g  p a t t e r n s  

f o r  t h e  two s e t s  o f  c e l l s  w e re  i d e n t i c a l .  T h e s e  r e s u l t s  

s u g g e s t  t h a t  t h e  a  l a t e  s t e p  i n  b i o s y n t h e s i s  was m u t a t i o n a l l y  

b l o c k e d  i n  VC462. To r e i n f o r c e  t h i s  c o n c l u s i o n ,  t h e  l a b e l e d  

PG i n t e r m e d i a t e s  i n  t h e  c h l o r a m p h e n i c o l  t r e a t e d  c e l l s  w e re  

c h a r a c t e r i z e d  f u r t h e r .

O v e r  90% o f  t h e  UDP d e r i v a t i v e s  a c c u m u l a t e d  d u r i n g  

c h l o r a m p h e n i c o l  t r e a t m e n t  a t  e i t h e r  30°C o r  42°C was a c c o u n t e d  

f o r  a s  U D P -M u rN A c -p e n ta p e p t id e  ( d a t a  n o t  s h o v : i ) .  S i m i l a r  

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

( 1 0 5 ) .  T h i s  p r o v e s  t h a t  t h e  s y n t h e s i s  o f  n e i t h e r  UDP-MurNAc- 

p e n t a p e p t i d e  n o r  UDP-GlcNAc ( b e c a u s e  UDP-GlcNAc i s  a  p r e c u r s o r  

f o r  t h e  s y n t h e s i s  o f  UDP-MurNAc) was d e f e c t i v e  i n  VC462. The 

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

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

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

The l i p i d  i n t e r m e d i a t e s  i n  c e l l s  l a b e l e d  a s  d e s c r i b e d  i n  

T a b l e  2 w e r e  q u a n t i f i e d  f u r t h e r .  T y p i c a l  r e s u l t s  a r e  shown i n
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T a b l e  3 .  A n a l y s i s  o f  l i p i d  i n t e r m e d i a t e  f r a c t i o n s  

o f  s t r a i n  VC462 (m u r H l )

102 cpm p e r  mg c e l l  d r y  w e i g h t

Sam ple  Growth  _________________________________________________
t e m p e r a t u r e

P e p t i d o -  L i p i d  D i s a c c h a r i d e -  Un-
g l y c a n  i n t .  p e n t a p e p t i d e  known

u n ­
h y d r o l y z e d

30°C 4 9 2 . 3  1 2 .1

42°C 2 1 1 .4  1 1 .6

H y d r o l y z e d

30°C 4 8 7 .4  -  7 . 6  2 . 2

42°C 2 0 1 .2  -  6 . 9  1 .8
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T a b l e  3 .  The i n t r a c e l l u l a r  p o o l s  o f  l a b e l e d  UDP d e r i v a t i v e s  

a n d  DAP w e re  c o m p l e t e l y  removed by  b o i l i n g  a n d  w a s h i n g  t h e  

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

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

t h e s e  c o n d i t i o n s  ( t h e  u n h y d r o l y z e d  s a m p l e s  i n  T a b l e  3) . 

P o r t i o n s  o f  t h e  b o i l e d  p r e p a r a t i o n s  w e re  s u b j e c t e d  t o  m i l d  

a c i d  h y d r o l y s i s  an d  t h e n  a n a l y z e d  b y  p a p e r  c h r o m a t o g r a p h y .  

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

a c i d  h y d r o l y s i s ,  and  t h i s  com ponen t  s e r v e d  a s  a  c o n v e n i e n t  

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

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

f r a c t i o n  was q u a n t i t a t i v e  ( i . e . ,  no i n t a c t  l i p i d  i n t e r m e d i a t e  

was d e t e c t a b l e  f o l l o w i n g  h y d r o l y s i s ) ,  b u t  o n l y  a b o u t  60% o f  

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

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

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

d e r i v a t i v e  was u n i d e n t i f i a b l e .  We a r e  c e r t a i n ,  h o w e v e r ,  t h a t  

t h e  l a t t e r  was n o t  M u r N A c - p e n t a p e p t i d e . I n  f a c t ,  no l a b e l e d  

M u r N A c - p e n t a p e p t i d e  was d e t e c t e d  i n  t h e s e  s a m p l e s .  T h e se  

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

was t h e  m a j o r  l i p i d  i n t e r m e d i a t e .  I t  i s  n o t e w o r t h y  t h a t  t h e  

l i p i d  i n t e r m e d i a t e  f r a c t i o n s  f rom  b o t h  30°C- a n d  4 2 ° C - t r e a t e d  

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

l.v.pid i n t e r m e d i a t e  f r a c t i o n s  was f a r  f ro m  i d e a l  i n  t e r m s  o f  

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

p r o b a b l y  n o r m a l  i n  VC462. I f  s o ,  t h e  d e f e c t  m u s t  be  i n  some
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s t e p  i n v o l v i n g  t h e  i n c o r p o r a t i o n  o f  d i s a c c h a r i d e - p e p t i d e  u n i t s  

f ro m  l i p i d  c a r r i e r  d e r i v a t i v e s  i n t o  PG.

3 .  N a p p in g  o f  t h e  murH Locus

To f a c i l i t a t e  t h e  m app ing  o f  murH/ t h e  z a a - 1 0 0 ; ;Tn lO /  

z j i - 1 0 0 : :T n lO ,  and  z a a - 1 : :Tn5 i n s e r t i o n s  l i . n k e a  t o  murHl w e re  

o b t a i n e d  b y  s c r e e n i n g  random TnlO and  Tn5 i n s e r t i o n  p o o l s  

p r e p a r e d  on  a  p r o t o t r o p h i c  s t r a i n ,  W3110, a s  d e s c r i b e d  i n  

C h a p t e r  2 .  The s c r e e n i n g  p r o c e d u r e  i n v o l v e d  t h e  P l v i r -  

m e d i a t e d  t r a n s d u c t i o n  o f  t h e  random TnlO a n d  Tn5 i n s e r t i o n s  

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

t e m p e r a t u r e - r e s i s t a n t  ( i . e . ,  murH*) d r u g - r e s i s t a n t  t r a n s d u c -  

t a n t s .

The i n i t i a l  m app ing  e x p e r i m e n t s  w e re  d e s i g n e d  t o  l o c a l i z e  

t h e  murH l o c u s  on t h e  g e n e t i c  l i n k a g e  map ( 1 3 6 ) .  To accom ­

p l i s h  t h i s ,  t h e  z a a - 1 0 0 : :TnlO i n s e r t i o n  was t r a n s d u c e d  i n t o  a 

c o l l e c t i o n  o f  H f r  s t r a i n s .  The l o c a t i o n  o f  t h e  z a a - 1 0 0 : :TnlO 

i n s e r t i o n  was t h e n  d e t e r m i n e d  t o  b e  i n  t h e  0 -m in  r e g i o n  o f  t h e  

l i n k a g e  map t h r o u g h  a s e r i e s  o f  c o n j u g a t i o n  e x p e r i m e n t s  

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

s t r a i n s  ( d a t a  n o t  s h o w n ) . More p r e c i s e  m app ing  was accom ­

p l i s h e d  b y  p h a g e  P l - m e d i a t e d  g e n e r a l i z e d  t r a n s d u c t i o n .  F i g u r e  

8 shows t h e  l i n k a g e  map d e t e r m i n e d  i n  t h i s  way.  The murH 

l o c u s  was a s s i g n e d  t o  9 9 . 2  min  and  a p p e a r e d  t o  r e p r e s e n t  a  new 

l o c u s .
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F i g .  8 .  L i n k a g e  map o f  t h e  murH r e g i o n .  The r e s u l t s  o f  t h e  
f o l l o w i n g  c r o s s e s  ( r e c i p i e n t  X d o n o r )  a r e  shown w i t h  t h e  
number  o f  r e c o m b i n a n t s  s c o r e d  i n  e a c h  c a s e  i n d i c a t e d  
p a r e n t h e t i c a l l y :  a ,  CP78 X VC462 ( 1 4 8 ) ;  b ,  JB1 X VC482
( 1 8 3 ) ;  c ,  JEF8 X VC462 ( 6 2 ) ;  d ,  JEF8 X VC462 ( 1 0 0 ) ;  e ,  
JEF8 X VC462 ( 1 1 2 ) ;  f ,  JEF8 X VC462 ( 1 1 2 ) .  F o r  e a c h  s e t  o f  
a r r o w s ,  t h e  v e r t i c a l  l i n e  i n d i c a t e s  t h e  p o s i t i o n  o f  t h e  
s e l e c t e d  m a r k e r  and  t h e  a r r o w h e a d s  i n d i c a t e  t h e  p o s i t i o n s  o f  
t h e  u n s e l e c t e d  m a r k e r s . The num bers  o v e r  t h e  a r r o w s  r e p r e s e n t  
t h e  c o t r a n s d u c t i o n  f r e q u e n c i e s  (%).
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4 .  C l o n i n g  o f  t h e  murH g en e

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

t h e  murH g e n e .  Two s e p a r a t e  genom ic  b a n k s  w e re  p r e p a r e d  b y  

l i g a t i n g  S a u 3AI p a r t i a l  d i g e s t s  o f  ch rom osom al  DNA f rom  s t r a i n  

W3110 i n t o  t h e  u n i q u e  BamHl  s i t e s  o f  pBR328 (137)  a n d  pHC79 

( 1 3 8 ) .  C l o n e s  c a r r y i n g  murH w e re  n o t  d e t e c t e d  i n  e i t h e r  o f  

t h e s e  genom ic  b a n k s  d e s p i t e  r e p e a t e d  s c r e e n i n g  a t t e m p t s .  The 

p o s s i b i l i t y  t h a t  t h e  i n a b i l i t y  t o  c l o n e  murH may h a v e  b e e n  

r e l a t e d  t o  t h e  h i g h  c o p y - n u m b e r  o f  t h e s e  v e c t o r s  ( a t  l e a s t  20)  

was c o n s i d e r e d .  T h e r e f o r e ,  a  t h i r d  g enom ic  b a n k  was p r e p a r e d  

by  l i g a t i n g  a  p a r t i a l  S a u 3AI d i g e s t  o f  s t r a i n  W3110 

ch rom osom al  DNA i n t o  B a m H I - r e s t r i c t e d  pLG338 ( 1 3 9 ) ,  a  p l a s m i d  

w i t h  a  low c o p y -n u m b e r  o f  6 w h ic h  e n c o d e s  k a n a m y c in  r e s i s ­

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

" t r a i n  VC499 (murHl r e c A ) . I n  t h i s  c a s e ,  no k a n a m y c i n -  

r e s i s t a n t  t r a n s f o r m a n t s  w e re  s e l e c t e d  a t  42°C. The o t h e r  h a l f  

o f  t h e  l i g a t i o n  m i x t u r e  was t r a n s f o r m e d  i n t o  s t r a i n  VC484 

(murHl recA *) . A t o t a l  o f  4 k a n a m y c i n - r e s i s t a n t  t r a n s f o r m a n t s  

w e r e  o b t a i n e d  b y  s e l e c t i o n  a t  42°C. However ,  r e c o m b i n a n t  

p l a s m i d s  c o u l d  n o t  be  r e c o v e r e d  f rom  t h e s e  4 t r a n s f o r m a n t s  

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

i n t o  t h e  chrom osom es  o f  t h e s e  b a c t e r i a .  T h i s  p l a s m i d  i n t e g r a ­

t i o n  was p r e s u m a b l y  R e c A -d e p e n d e n t  b e c a u s e  t h e  phenomenon was 

n o t  o b s e r v e d  i n  s t r a i n  VC499.

I n  v i e w  o f  t h e  a b o v e  r e s u l t s ,  t h e  c l o n i n g  o f  murH was 

a t t e m p t e d  i n  t h e  s i n g l e  co p y  v e c t o r  d e s i g n a t e d  A.SE6 w h i c h  i s
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a  d e r i v a t i v e  o f  p h a g e  A. ( 1 2 4 ) .  A p a r t i a l  S a u 3AI d i g e s t  o f  

s t r a i n  W3110 ch rom osom al  DNA was l i g a t e d  i n t o  t h e  BamHI s i t e s  

o f  A.SE6 a s  d e s c r i b e d  i n  C h a p t e r  2 .  The l i g a t i o n  m i x t u r e  was 

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

s t r a i n  VC486 (m u rH l ) , an d  k a n a m y c i n - r e s i s t a n t  t r a n s f o r m a n t s  

w e r e  s e l e c t e d  a t  42°C. The murH g e n e  was r e a d i l y  r e c o v e r e d  

f ro m  t h i s  b a n k ,  an d  t h e  c l o n e  was d e s i g n a t e d  pDD41.

5 .  A t t e m p t s  t o  S u b c l o n e  murH Gene f ro m  pDD41

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

f ro m  pDD41 t o  m u l t i c o p y  p l a s m i d  v e c t o r s ,  pDD41 was p h y s i c a l l y  

mapped w i t h  a  s e l e c t i o n  o f  r e s t r i c t i o n  e n d o n u c l e a s e s .  Of t h e  

enzym es  t e s t e d ,  o n l y  H i n d l l l  and  BamHI w e r e  a p p a r e n t l y  u s e f u l  

f o r  t h e  p u r p o s e  o f  s u b c l o n i n g ,  and  e a c h  o f  t h e s e  enzym es  had  

two r e c o g n i t i o n  s i t e s  i n  pDD41 ( F i g .  9 ) .  T h e r e  w e r e  no s i t e s  

f o r  E co R I ,  S a c I , S a i l , Xbal , and  Xhol . On t h e  o t h e r  h a n d ,  

A ccI , Aval , H i n c TI , P s t I , and  SphI c u t  pDD41 t o o  f r e q u e n t l y  t o  

b e  o f  u s e  i n  s u b c l o n i n g ,  an d  t h e  m app ing  o f  t h e s e  r e s t r i c t i o n  

s i t e s  was n o t  a t t e m p t e d .

On t h e  b a s i s  o f  d i g e s t i o n s  w i t h  H i n d l l l  an d  BamH I , i t  was 

e s t i m a t e d  t h a t  pDD41 c o n t a i n e d  a 13 kb  f r a g m e n t  o f  E. c o l i  

c h ro m o so m a l  DNA ( F i g .  9 ) .  An 11 kb p o r t i o n  o f  t h i s  f r a g m e n t  

was  r e l e a s e d  by BamHI d i g e s t i o n .  H i n d l l l  d i g e s t i o n  r e s u l t e d  

i n  a  22 kb f r a g m e n t  w h ic h  i n c l u d e d  t h e  c o m p l e t e  ch ro m o so m a l  

i n s e r t  a n d  p o r t i o n s  o f  t h e  c l o n i n g  v e c t o r ,  A.SE6. The  s u b c l o n ­

i n g  o f  t h e  BamHI a n d  H i n d l l l  f r a g m e n t s  i n t o  t h e  u n i q u e  BamHI
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F i g .  9.  R e s t r i c t i o n  map o f  pDD41, t h e  XSE6 murH* c l o n e .  The 
t h i n  l i n e s  r e p r e s e n t  t h e  l e f t  and  r i g h t  arms o f  t h e  XSE6 
v e c t o r .  The s i n g l e - c o p y  r e p l i c a t i o n  s y s t e m  a n d  t h e  k a n a m y c i n -  
r e s i s t a n c e  gen e  a r e  i n d i c a t e d  by o r i  (NRl) a n d  Kanr , r e s p e c ­
t i v e l y .  The c o h e s i v e  s i t e s  a r e  i n d i c a t e d  by c o s L  a n d  c o s R .  
The t h i c k  l i n e  r e p r e s e n t s  t h e  13 kb BamHI^Sau3AI i n s e r t  
c o n t a i n i n g  t h e  murH* g e n e .  The r e s t r i c t i o n  s i t e s  a r e :  H,
H i n d l l l ;  B, BamHI; B /S ,  BamH I - S a u 3AI h y b r i d  s i t e .



a n d  H i n d l l l  s i t e s  o f  pUC18 was t h e n  a t t e m p t e d .  B o th  o f  t h e  

f r a g m e n t s  t o  be  s u b c l o n e d  w e re  f i r s t  p u r i f i e d  by  a g a r o s e  g e l  

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

pUC18 ( 1 4 0 ) .  I n  o u r  i n i t i a l  a t t e m p t s ,  t h e  l i g a t i o n  m i x t u r e s  

w e r e  t r a n s f o r m e d  i n t o  s t r a i n  VC484 (m u rH l ) , a n d  a m p i c i l l i n -  

r e s i s t a n t  t r a n s f o r m a n t s  w ere  s e l e c t e d  a t  30°C a n d  42°C. No 

t r a n s f o r m a n t s  w e re  o b t a i n e d  a t  42°C. F u r t h e r m o r e ,  a l l  o f  t h e  

t r a n s f o r m a n t s  s e l e c t e d  a t  30°C w ere  s t i l l  t e m p e r a t u r e - s e n s i ­

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

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

H i n d l l l  i n s e r t s  ( p r e s u m a b l y  i n c l u d i n g  t h e  murH l o c u s )  had  b e e n  

d e l e t e d .  T h e s e  r e s u l t s  s u g g e s t e d  t h a t  t h e  murH l o c u s  i n  

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

a t t e m p t s  t o  s u b c l o n e  t h e  BamHI a n d  K i n d i I I  f r a g m e n t s  w e re  

r e p e a t e d  i n  s t r a i n  JM101 ( i . e . ,  a  murH* s t r a i n )  w i t h  t h e

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

b e i n g  c a r r i e d  o u t  on IPTG X - g a l  p l a t e s  a t  37°C.. An a n a l y s i s  

o f  p l a s m i d s  p u r i f i e d  f rom  t r a n s f o r m a n t s  p i c k e d  a t  random  (a  

t o t a l  o f  25 H i n d l l l  a n d  30 BamHI c l o n e s )  a g a i n  i n d i c a t e d  t h a t ,  

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

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

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

t i o n s  o f  t h e  i n s e r t s .  T h i s  i s  i l l u s t r a t e d  i n  F i g .  10 w i t h  a  

c o l l e c t i o n  o f  t h e s e  p l a s m i d s  w h ic h  h a v e  b e e n  d i g e s t e d  w i t h  

BamH I . L a n e  6 r e p r e s e n t s  pDD41, t h e  s o u r c e  o f  t h e  o r i g i n a l  11 

kb  BamHI f r a g m e n t  c a r r y i n g  t h e  p u t a t i v e  murH l o c u s .  L a n e s  1 -5
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F i g .  10.  E l e c t r o p h o r e t i c  a n a l y s i s  o f  t h e  s i z e  o f  t h e  i n s e r t s  
i n  t h e  r e c o m b i n a n t  p l a s m i d s  o b t a i n e d  f rom  t h e  s u b c l o n i n g  o f  
t h e  11 kb  BamHI f r a g m e n t ,  d e r i v e d  f rom  pDD41, i n t o  pUC18. 
pDD41 c l e a v e d  w i t h  BamHI i s  shown i n  l a n e  6;  t h e  t o p  b a n d  
r e p r e s e n t s  t h e  33 kb A.SE6 v e c t o r  p l u s  t h e  2 kb p o r t i o n  o f  t h e  
i n s e r t ,  and  t h e  l o w e r  band  i s  t h e  11 kb BamHI f r a g m e n t  o f  t h e  
i n s e r t  ( s e e  F i g .  9 ) .  R eco m b in an t  p l a s m i d s  f rom 10 i n d e p e n d e n t  
i s o l a t e s  d i g e s t e d  w i t h  BamHI a r e  shown i n  l a n e s  1 -5  a n d  7 - 1 1 .  
The 2 . 7  kb b an d  common t o  a l l  o f  t h e s e  p l a s m i d s  i s  t h e  pUC18 
v e c t o r .  N ote  t h e  h e t e r o g e n e i t y  i n  t h e  s i z e  d i s t r i b u t i o n s  o f  
t h e  i n s e r t s ,  a l l  o f  w h ich  c a r r y  d e l e t i o n s  o f  v a r y i n g  s i z e s .  
N o te  t h a t  b a n d s  o f  l e s s  t h a n  2 kb a r e  n o t  v i s i b l e  b e c a u s e  o f  
t h e  c o n t a m i n a t i n g  RNA. Lane 12 c o n t a i n s  DNA m o l e c u l a r  w e i g h t  
s t a n d a r d s  a s  i n d i c a t e d  by t h e  numbers  a t  t h e  r i g h t  ( k b ) .
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a n d  7 -1 1  r e p r e s e n t  pUC18 d e r i v a t i v e s  c a r r y i n g  d e l e t i o n s  w i t h i n  

t h e  11 kb  BamHI i n s e r t *  The 2 . 7  kb co m p o n en t  common t o  a l l  o f  

t h e s e  d e r i v a t i v e s  r e p r e s e n t s  t h e  v e c t o r ,  pUC18. The d e l e t i o n  

d e r i v a t i v e s  o f  t h e  i n s e r t  r a n g e  f rom  9 t o  l e s s  t h a n  2 k b .  I n  

o n e  l a s t  a t t e m p t ,  t h e  11 kb BamHI f r a g m e n t  was s u b c l o n e d  i n t o  

t h e  low c o p y - n u m b e r  v e c t o r  pLG338, and  t r a n s f o r m e d  i n t o  JM101. 

A g a i n ,  i n  a l l  25 random  s e l e c t e d  c l o n e s ,  p o r t i o n s  o f  t h e  11 kb 

BamHI f r a g m e n t  had  b e e n  d e l e t e d  ( d a t a  n o t  s h o w n ) .

IV.  D i s c u s s i o n

C e l l u l a r  a u t o l y s i s  o c c u r s  w h e n e v e r  PG s y n t h e s i s  i s  

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

H ow ever ,  a s  m e n t i o n e d  i n  C h a p t e r  1,  PG s y n t h e s i s  may i n v o l v e  

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

PG h y d r o l a s e s . One v ie w  i s  t h a t  t h e  h y d r o l a s e  a c t i v i t i e s  

become d i s s o c i a t e d  when a  b i o s y n t h e t i c  s t e p  i s  b l o c k e d ,  an d  

l y s i s  r e s u l t s .  T h u s ,  s t r a i n  VC462 r e s e m b l e d  o t h e r  p r e v i o u s l y  

d e s c r i b e d  m u t a n t s  w i t h  d e f e c t s  i n  PG s y n t h e s i s  i n  t e r m s  o f  t h e  

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

T h i s  d e f e c t  was e s t a b l i s h e d  i n  VC462 b y  d e m o n s t r a t i n g  t h e  

i n h i b i t i o n  o f  [ 3H]DAP i n c o r p o r a t i o n  i n t o  PG a t  42°C.

To a n a l y z e  t h e  f u n c t i o n  o f  t h e  murH l o c u s ,  t h e  i n c o r p o r a ­

t i o n  o f  [ 3H] DAP was t r a c e d  i n  VC462 c u l t u r e s  w h i c h  w e r e  

s i m u l t a n e o u s l y  am ino  a c i d - d e p r i v e d  a n d  c h l o r a m p h e n i c o l -  

t r e a t e d .  As e x p e c t e d ,  t h e  n o rm a l  t i g h t  c o u p l i n g  b e t w e e n  t h e
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s o l u b l e  an d  t h e  p a r t i c u l a t e  enzyme s y s t e m s  was d i s r u p t e d  u n d e r  

t h e s e  c o n d i t i o n s ,  a n d  U D P-M urN A C -pen tapep t ide  a c c u m u l a t e d  a t  

t h e  p e r m i s s i v e  t e m p e r a t u r e  o f  30°C. The f a c t  t h a t  UDP-MurNAc- 

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

o f  42°C c l e a r l y  i n d i c a t e s  t h a t  a l l  o f  t h e  s o l u b l e  enzyme 

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

s y n t h e s i s  o f  UDP-GlcNAc b e c a u s e  t h i s  d e r i v a t i v e  i s  a  p r e c u r s o r  

o f  UDP-MurNAc.

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

by  t h e  m u t a t i o n  i n  murHl h a s  p o s e d  some d i f f i c u l t i e s .  T h e s e  

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

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

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

T h e s e  t e c h n i c a l  p r o b l e m s  w i l l  n o t  n e c e s s a r i l y  b e  e a s y  t o  

o v e r c o m e .  The maximum l e v e l  t o  w h ic h  t h e  l i p i d  i n t e r m e d i a t e s  

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

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

t o  b e  lo w .  Our r e s u l t s  s u g g e s t  t h a t  t h e  d i s a c c h a r i d e - p e n t a -  

p e p t i d e  d e r i v a t i v e  was t h e  m a j o r  p r o d u c t  s y n t h e s i z e d  b y  VC462, 

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

t e m p e r a t u r e s  w e re  i d e n t i c a l . We t h e r e f o r e  t e n t a t i v e l y  

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

a f f e c t e d  by  t h e  m u t a t i o n  i n  VC462. The same c o n c l u s i o n  was 

d ra w n  f ro m  r e s u l t s  ( d a t a  n o t  shown) o b t a i n e d  w i t h  t h e  c o n v e n ­

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

p r e p a r a t i o n s .  I t  i s  a l s o  w o r t h  n o t i n g  t h a t  t h e  o n l y  known
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m u t a t i o n  a f f e c t i n g  l i p i d  i n t e r m e d i a t e  s y n t h e s i s  h a s  b e e n  

a s s i g n e d  t o  t h e  mrbB l o c u s  a t  90 min  a n d  i s  t h u s  u n l i n k e d  t o  

murH.

T h e s e  r e s u l t s  s u g g e s t  t h a t  t h e  murHl a l l e l e  m o s t  l i k e l y  

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

s y n t h e s i s .  H ow ever ,  t h e  work p r e s e n t e d  h e r e  d o e s  n o t  a l l o w  u s  

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

on  PG m e t a b o l i s m .  N e v e r t h e l e s s ,  t h e  work d e s c r i b e d  i n  

s u b s e q u e n t  c h a p t e r s  s u g g e s t s  t h a t  t h e  murHl m u t a t i o n  may n o t  

b e  d i r e c t l y  e l i c i t i n g  an  i n h i b i t o r y  e f f e c t  on PG s y n t h e s i s ;  

i . e . ,  murHl may be  a  p l e i o t r o p i c  m u t a t i o n  w h ic h  may c a u s e ,  

among o t h e r  t h i n g s ,  a n  a J t e r a t i o n  i n  a  m e m b r a n e - a s s o c i a t e d  

f u n c t i o n  w h ic h  i n d i r e c t l y  u p s e t s  PG s y n t h e s i s .  T h e r e  a r e  

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

c o m p le x  a n d  n o t  c o m p l e t e l y  u n d e r s t o o d  ( 1 7 ) .  I t  i s  p o s s i b l e  

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

membrane f u n c t i o n s .

The d i f f i c u l t i e s  e n c o u n t e r e d  i n  c l o n i n g  murH w e re  

a p p a r e n t l y  du e  t o  t h e  t o x i c i t y  o f  e i t h e r  murH o r  a  c l o s e l y  

l i n k e d  m a r k e r  when p r e s e n t  i n  m u l t i p l e  c o p i e s .  I t  i s  n o t e ­

w o r t h y  t h a t  t h i s  t o x i c i t y  e x t e n d e d  t o  a  r e l a t i v e l y  low  c o p y -  

num ber  o f  6 a s  d e m o n s t r a t e d  w i t h  pLG338. Our r e s u l t s  s u g g e s t  

t h a t  t h e  t o x i c  m a r k e r  l i e s  w i t h i n  t h e  11 kb BamHI f r a g m e n t  

d e r i v e d  f ro m  t h e  ch ro m o so m al  DNA i n s e r t e d  i n  pDD41. Our 

r e s u l t s  a l s o  s u g g e s t  t h a t  t h e  murHl a l l e l e  was a p p a r e n t l y  

r e c e s s i v e  and  c o u l d  b e  c o m p le m e n ted  by pDD41.
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O t h e r  e x a m p le s  o f  E. c o l i  g e n e s  w h ic h  a r e  t o x i c  i n

m u l t i c o p y  have  b e e n  r e p o r t e d .  T h e se  i n c l u d e  t h e  f o l l o w i n g :  

( i )  t h e  c l o s e l y  l i n k e d  pbpA an d  dacA g e n e s  w h ic h  e n c o d e

p e n i c i l l i n - b i n d i n g  p r o t e i n s  2 and  5 ,  r e s p e c t i v e l y  ( 1 4 1 ) ;  ( i i )  

t h e  ompA w h ich  e n c o d e s  a  m a j o r  o u t e r  membrane s t r u c t u r a l

p r o t e i n  ( 1 4 2 ) ;  ( i i i )  t h e  dnaA gene  which  e n c o d e s  a k ey  p r o t e i n

i n v o l v e d  i n  t h e  i n i t i a t i o n  o f  ch rom osom al  DNA r e p l i c a t i o n  a s  

w e l l  a s  i n  t h e  r e g u l a t i o n  o f  gen e  e x p r e s s i o n  ( 1 4 3 ) ;  ( i v )  t h e  

po lA  g en e  w h ich  e n c o d e s  DNA p o l y m e r a s e  1 (1 4 4 ,  1 4 5 ) ;  and  (V) 

t h e  l p p  w h ic h  e n c o d e s  l i p o p r o t e i n  ( 1 4 6 ) .  I t  i s  w o r t h  n o t i n g  

t h a t  t h e s e  e x a m p le s  a r e  gen e  p r o d u c t s  w h ic h  a r e  e i t h e r  f o u n d  

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

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

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

The murH* l o c u s  was d e t e c t a b l e  when i t  was s u b c l o n e d  i n  

t h e  r e l a t i v e l y  low co p y -n u m b e r  v e c t o r ,  pLG338, p r o v i d e d  t h a t  

recA* murHl h o s t s  w e re  u s e d .  However ,  t h e  r e c o m b i n a n t  

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

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

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

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

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

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

r a r e  e v e n t s  a s  e v i d e n c e d  by t h e  low f r e q u e n c y  o f  o c c u r r e n c e  o r  

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

c o p y - n u m b e r s  w e re  u s e d  ( e . g . ,  pBR328, pHC79, o r  pUC18),
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t e m p e r a t u r e - r e s i s t a n t  t r a n s f o r m a n t s  o f  t h i s  t y p e  w e r e  n e v e r  

e n c o u n t e r e d .  W h e th e r  t h i s  may be  r e l a t e d  t o  t h e  h i g h e r  c o p y -  

number  o f  t h e  v e c t o r  i s  n o t  known. Bu t  i t  seem s r e a s o n a b l e  

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

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

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

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

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

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

pUC18 i n  s t r a i n  JM101. A l l  o f  t h e  t r a n s f o r m a n t s  c a r r i e d  

p l a s m i d s  w i t h  d e l e t i o n s  w i t h i n  t h e  o r i g i n a l  c h ro m o so m a l  DNA 

i n s e r t  c o n t a i n i n g  t h e  p u t a t i v e  murH l o c u s .  I n  v ie w  o f  t h e  low 

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

we had  s e l e c t e d  r a r e  s p o n t a n e o u s  d e l e t i o n s .  The phenom ena  o f  

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

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

c o p y - n u u b e r  o f  t o x i c  g e n e s  ( e . g . ,  s e e  ompA i n  r e f .  142)
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EXTRAGFNIC SUPPRESSORS OF murHl:  FOUR NEW GENES (smhA, smhB, 

l y  t D , an d  l y c E ) APPARENTLY FUNCTIONALLY RELATED TP murH

I . O v e rv ie w  o f  C h a p t e r  C o n t e n t s

B e c a u s e  i t  was n o t  p o s s i b l e  t o  c h a r a c t e r i z e  t h e  c l o n e d  

murH g e n e ,  an  a l t e r n a t i v e  a p p r o a c h  was t a k e n  w h ic h  i n v o l v e d  

t h e  i s o l a t i o n  o f  e x t r a g e n i c  m u t a t i o n s  w h ic h  s u p p r e s s  m u rH l . 

S u p p r e s s o r  m u t a t i o n s  a r e  m u t a t i o n s  o c c u r r i n g  e i t h e r  w i t h i n  o r  

o u t s i d e  an  o r i g i n a l  m u t a n t  gene  w h ich  a r e  a b l e  t o  c o r r e c t  t h e  

p h e n o t y p i c  d e f e c t  o f  t h e  o r i g i n a l  m u t a n t  ( 1 4 7 ,  1 4 8 ) .  Such 

s e c o n d - s i t e  m u t a t i o n s  have  o f t e n  b e e n  a u s e f u l  g e n e t i c  

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

s p e c i f i c  g en e  p r o d u c t  w i t h  p r o d u c t s  o f  o t h e r  g e n e s  an d  f o r  

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

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

o r i g i n a l  m u t a n t  g e n e .  Two e x t r a g e n i c  s u p p r e s s o r s  o f  murHl a r e  

c h a r a c t e r i z e d  i n  t h i s  s t u d y  w h ich  a p p a r e n t l y  r e p r e s e n t e d  new 

l o c i  an d  w e re  d e s i g n a t e d  srnhA an d  smhB (mnemonics  f o r  s u p ­

p r e s s o r  o f  murH, l o c i  A and  B) . Two a d d i t i o n a l  m u t a t i o n s ,  

a l s o  r e p r e s e n t i n g  new l o c i ,  a r o s e  s p o n t a n e o u s l y  i n  t h e  s mhA 

an d  smhB m u t a n t s .  T h e se  l o c i  w ere  d e s i g n a t e d  l y t E  an d  l y tD  t o  

h i g h l i g h t  t h e  t s  l y s i s  p h e n o t y p e s  a s s o c i a t e d  w i t h  th em .  The
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r e s u l t s  p r e s e n t e d  b e lo w  a r e  d i v i d e d  i n t o  2 p a r t s .  The f i r s t  

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

d e a l s  w i t h  t h e  smhA an d  l y t E  m u t a n t s .  F i n a l l y ,  t h e  p o s s i b i l i ­

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

I I .  B a c t e r i a l  S t r a i n s

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

T a b l e  4 ( f o r  t h e  s t u d i e s  on smhBl an d  l y t D l ) a n d  T a b l e  8 ( f o r  

t h e  s t u d i e s  on smhAl a n d  l y t E l ) .  The s e t s  o f  i s o g e n i c  s t r a i n s  

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

o f  t h e  >;urH, smhA, smhB, l y t D , an d  l y t E  l o c i ,  w h i c h  a r e  

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

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

g e n o t y p e s  o f  t h e s e  i s o g e n i c  s t r a i n s  w e re  c o n f i r m e d  b y  b a c k -  

c r o s s i n g  t h e  v a r i o u s  m a r k e r s  i n t o  s t r a i n  VC7 by p h a g e  P l v i r -  

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

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

I I I .  R e s u l t s :  t h e  smhB an d  l y t D  M u ta n t s

1.  I s o l a t i o n  o f  t h e  smhBl M u tan t

S i n c e  t h e  murH l o c u s  was a p p a r e n t l y  e s s e n t i a l  f o r  g r o w t h ,  

we c o n s i d e r e d  i t  p o s s i b l e  t h a t  s u p p r e s s o r s  o f  t h e  murHl ( t s )  

a l l e l e  may o c c u r  i n  o t h e r  e s s e n t i a l  g e n e s .  I n  o r d e r  t o  be  

d e t e c t a b l e ,  s u c h  e x t r a g e n i c  s u p p r e s s o r  m u t a t i o n s  w o u ld
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T a b l e  4 .  E. c o l i  K-12 s t r a i n s

S t r a i n  R e l e v a n t  G e n o t y p e / D e s c r i p t i o n  R e f e r e n c e / S o u r c e

CSH57B l e u  purE  t r p  h i s  met  i l v  a rqG  t h i  arc,  l a c  CSH
x y l  m t l  g a l  r p s L

CV2-4 tonA22 phoA8 U b h - 1  ompF627 fadL701  qlpD3 CGSC
qlpR2 p i t - 1 0  spoT’l

JF701  proC24 aroA357 ompC264 h i s - 5 3  purE41  m e t -6 5  CGSC
i l v - 2 7 7  lacY 29 x y l - 1 4  r p s L 9 7 cycA l  
cy cB 2 ? t s x - 6 3

TK Lll  t h r - 1  leuB6 murEl  codAl p y r F l O l  h i s - 1 0 8  CGSC
thyA6 arqG66 i lv A 6 3 4  t h i - 1  d eo C l  l a c Y l  
tonA2.1 t s x - 9 5  supE44

TKL46 t h r - 1  leuB6 murF2 codAl p y r F l O l  h i s - 1 0 8  CGSC
th y A 6 arqG66 i lv A 6 3 4  t n i - 1  d eo C l  l a c Y l  
t o n A 2 1 t s x - 9 5  s upE44

UT181 cy sS 8 1 8  z b c ! 0 4 ; :  ’nlO metA rpoB arqG L . I s a a c s o n 3 
t h i  n a lA

VC 7 t h i -1 lysA 23  rps l .109 L a b o r a t o r y
C o l l e c t i o n

VC460 VC 7 z a a - l : : T n 5  murHl T h i s s t u d y

VC461 VC 7 z a a - 1 : : T n 5 T h i s s t u d y

VC494 VC460 smhBl T h i s s t u d y

VC4007 VC494 z b c - 1 0 3 : : T n l O T h i s s t u d y

VC4007a VC4007 l y t D l T h i s s t u d y

VC4014 VC 7 z b c - 1 0 3 : :T n l0  l y t D l T h i s s t u d y

VC4023 VC 7 z b c - 1 0 3 : :TnlO T h i s s t u d y

VC4024 VC 7 z b c - 1 0 3 : :TnlO ly $ D l  smhBl T h i s s t u d y

VC407 3 VC 7 l Y t D l T h i s s t u d y

VC4076 VC460 z b c - 1 0 3 : :TnlO smhBl T h i s s t u d y
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T a b l e  4 ,  c o n t i n u e d

VC4077 VC7 z b c - 1 0 3 : : T n l O  smhBl T h i s s t u d y

VC4110 JF701 p u r E + z b c - 1 0 3 : : TnlO T h i s s t u d y

VC.4111 JF701 z b c - 1 0 3 : :TnlO T h i s s t u d y

VC4117 VC7 l y t D l  z b c - 1 0 3 : :TnlO T h i s s t u d y

VC4132 VC460 z b c - 1 0 3 : :TnlO T h i s s t u d y

VC4133 VC461 z b c - 1 0 3 : :TnlO smhBl T h i s s t u d y

VC4134 VC461 z b c - 1 0 3 : :TnlO T h i s s t u d y

VC4174 JF701 z b c - 1 0 4 : :TnlO T h i s s t u d y

VC4189 TKL11 z b c - 1 0 3 : :TnlO smhBl T h i s s t u d y

VC4190 TKL46 z b c - 1 0 3 : :TnlO smhBl T h i s s t u d y

d e p a r t m e n t  o f  M i c r o b i o l o g y ,  B i o m e d ic a l  C e n t e r ,  U p p s a l a ,  
Sweden.  The TnlO a l l e l e  number was n o t  p r o v i d e d ,  an d  t h e  
number  shown i s  one  t h a t  we a s s i g n e d  i n  t h i s  l a b o r a t o r y .
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o b v i o u s l y  h a v e  t o  b e  o f  t h e  c o n d i t i o n a l  v a r i e t y ,  e . g . ,  w i t h  a 

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

i s o l a t i o n  o f  s u c h  m u t a n t s  ( F i g . 1 1 ) .  S t r a i n  VC460 (murHl)  was 

p l a t e d  on TSA and  i n c u b a t e d  a t  42°C. S p o n ta n e o u s  t e m p e r a t u r e -  

r e s i s t a n t  d e r i v a t i v e s  a p p e a r e d  a t  a f r e q u e n c y  o f  3 X 10"6 

w i t h i n  2 d a y s  o f  i n c u b a t i o n ,  and  f u r t h e r  i n c u b a t i o n  d i d  n o t  

r e s u l t  i n  t h e  a p p e a r a n c e  o f  more c o l o n i e s .  As shown b e lo w ,  

t h e  m a j o r i t y  o f  t h e s e  t e m p e r a t u r e - r e s i s t a n t  d e r i v a t i v e s  w ere  

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

t h e  smhA l o c u s ,  o r  a t  l e a s t  c l o s e l y  l i n k e d  t o  i t .  T h e se  

t e m p e r a t u r e - r e s i s t a n t  c o l o n i e s  w ere  s c o r e d ,  and  t h e  p l a t e s  

w e re  t h e n  i n c u b a t e d  f o r  an  a d d i t i o n a l  24 h o u r s  a t  30°C. The 

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

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

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

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

murHl a l l e l e  a t  42°C b u t  w hich  c o u l d  n o t  r e s t o r e  c o l o n y -  

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

f e r r e d  a  t s  p h e n o t y p e .  We r e a s o n e d  t h a t  i t  may b e  p o s s i b l e  t o  

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

i s o l a t e  o b t a i n e d  by t h i s  method  ( d e s i g n a t e d  s t r a i n  VC494) was 

c h a r a c t e r i z e d ,  and  a s  c o n f i r m e d  b e lo w ,  much o f  o u r  r a t i o n a l e  

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

s t r a i n  VC494 was c o n f i r m e d  by c o t r a n s d u c i n g  t h e  l o c u s  i n t o  

s t r a i n  VC7 w i t h  d i r o o t  s e l e c t i o n  f o r  t h e  l i n k e d  z a a - 1 : :Tn5 

m a r k e r .  T h i s  p r e l i m i n a r y  e x p e r i m e n t  a l s o  i n d i c a t e d  t h a t  t h e
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m u r H l  m u tan t  p l ak 'd  ai TM f.

r
mur H I  m u t a n t s  killed m u r H l  smhA 1 do uble  

m u t a n t s  form colonies

m m  HI smhBl  d o u b le  m utan t s  

survive  but  no colonies bet ause  

smliBl  is ts allele

S p o n ta n e o u s  lylEJ m u ta t io n  

in smhA!  b a c k g r o u n d  Down shift to SIM'.

m u r H l  smhBl  m u ta n t s  

form colonies

S p o n ta n e o u s  lytl)l  

m u ta t io n  in smhBl  strain

F i g .  11.  P r o c e d u r e  u s e d  f o r  t h e  i s o l a t i o n  o f  two murHl 
s u p p r e s s o r  m u t a t i o n s  ( s mhAl and  sm h B l) ,  and  two a d d i t i o n a l  
t e m p e r a t u r e - s e n s i t i v e  l y s i s  m u t a t i o n s  ( l y t E l  and  l y t D l ) .  For  
d e t a i l s ,  s e e  t e x t .
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s u p p r e s s o r  m u t a t i o n  i n  VC494, d e s i g n a t e d  s m h B l , was n o t  l i n k e d  

t o  murH l o c u s .

2 .  I s o l a t i o n  o f  t h e  l y t D  M u ta n t  a n d  G e n e t i c s  o f  smhB an d  l y t D

To f a c i l i t a t e  t h e  m a n i p u l a t i o n  o f  smhBl ,  t n e  z b c - 1 0 3 : :T n -  

10 i n s e r t i o n  c l o s e l y  l i n k e d  t o  smhBl (98% c o t r a n s d u c t i o n )  was 

o b t a i n e d  by  s c r e e n i n g  random TnlO i n s e r t i o n  p o o l s  p r e p a r e d  on  

t h e  smhBl m u t a n t  s t r a i n ,  VC494, w i t h  t h e  p h a g e  NK55 a s  

d e s c r i b e d  i n  C h a p t e r  2 .  The s c r e e n i n g  p r o c e d u r e  i n v o l v e d  t h e  

t r a n s d u c t i o n  o f  t h e  random  i n s e r t i o n s  i n t o  t h e  murHl s t r a i n ,  

VC460. The TnlO i n s e r t i o n  was l o c a l i z e d  t o  t h e  10 t o  20 min 

r e g i o n  o f  t h e  l i n k a g e  map i n  i n t e r r u p t e d  m a t i n g  e x p e r i m e n t s  

i n v o l v i n g  a  c o l l e c t i o n  o f  H f r  s t r a i n s  c a r r y i n g  t h e  TnlO 

i n s e r t i o n  a n d  a p p r o p r i a t e  F" s t r a i n s .  S u b s e q u e n t  l i n k a g e  

m a p p in g  b y  p h a g e  P l v i r - m e d i a t e d  t r a n s d u c t i o n  p l a c e d  b o t h  t h e  

TnlO i n s e r t i o n  a n d  t h e  smhBl l o c u s  a t  1 2 .5  min  on  t h e  E.  c o l i  

l i n k a g e  map (1 3 6 )  a s  s u m m a r iz e d  i n  F i g .  12 .  The i n s e r t i o n  was 

c o n s e q u e n t l y  d e s i g n a t e d  z b c - 1 0 3 : : T n l Q . I t  s h o u l d  b e  n o t e d  

t h a t  t h e  o r d e r  o f  z b c - 1 0 3 : :TnlQ an d  smhB r e l a t i v e  t o  t h e  purE  

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

The l y t D l  m u t a t i o n  a p p a r e n t l y  a r o s e  s p o n t a n e o u s l y  i n  

s t r a i n  VC4007.  The r e l e v a n t  g e n o t y p e  o f  VC4007 was murHl 

smhBl z b c - 1 0 3 : : T n l O . The d e r i v a t i v e  c a r r y i n g  t h e  l y t D l  

m u t a t i o n  was d e s i g n a t e d  VC4007a ( T a b l e  4) t o  d i s t i n g u i s h  i t  

f ro m  i t s  p a r e n t  s t r a i n ,  VC4007. The l y t D l  a l l e l e  was  a c c i d e n ­

t a l l y  d i s c o v e r e d  d u r i n g  t h e  c o n s t r u c t i o n  o f  new smhBl
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F i g .  12. L i n k a g e  map o f  t h e  smhB and  l y t D  l o c i  r e g i o n .  The 
r e s u l t s  o f  t h e  f o l l o w i n g  c r o s s e s  ( r e c i p i e n t  X d o n o r )  a r e  
shown,  w i t h  t h e  number  o f  r e c o m b i n a n t s  s c o r e d  i n  e a c h  c a s e  
i n d i c a t e d  p a r e n t h e t i c a l l y :  a ,  VC4073 X VC4110 ( 1 0 0 ) ;  b ,
JF701  X VC4 j. 10 ( 1 0 0 ) ;  c ,  VC4073 X VC4111 ( 9 0 ) ;  d ,  VC4073 X 
VC4174 (92 ) ; e ,  CV2-4 X VC4111 (270)  ; f , VC7 X VC4133 (1 5 0 )  ; 
g ,  VC460 X VC4133 ( 2 0 0 ) .  F o r  e a c h  s e t  o f  a r r o w s ,  t h e  v e r t i c a l  
l i n e  i n d i c a t e s  t h e  p o s i t i o n  o f  t h e  s e l e c t e d  m a r k e r  and t h e  
a r r o w h e a d s  i n d i c a t e  t h e  p o s i t i o n s  o f  t h e  u n s e l e c t e d  m a r k e r s .  
The num bers  r e p r e s e n t  t h e  c o t r a n s d u c t i o n  f r e q u e n c i e s  (%) .
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d e r i v a t i v e s  u s i n g  w h a t  t u r n e d  o u t  t o  b e  VC4007a a s  t h e  d o n o r .  

The z b c - 1 0 3 : :TnlO i n s e r t i o n  was u s e d  a s  a  c o n v e n i e n t ,  c o t r a n s -  

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

c o n s t r u c t i o n s .  The l y t D l  m u t a t i o n  was a l s o  a  t s  a l l e l e  w h ic h  

was  l i n k e d  t o  z b c - 1 0 3 : : T n l O . However ,  t h e  p h e n o t y p e  c o n f e r r e d  

b y  l y t D l  was d i s t i n g u i s h a b l e  f rom  smhBl ( s e e  b e l o w ) ,  a n d  t h i s  

r e s u l t e d  i n  i t s  d i s c o v e r y .  The l y t D  l o c u s  was mapped a t  1 2 .7  

m i n ,  a b o u t  0 . 2  min f rom  smhB. The l o c a t i o n  o f  l y t D  r e l a t i v e  

t o  t h e  z b c - 1 0 3 ; :TnlO a n d  z b c - 1 0 4 : :TnlQ i n s e r t i o n s  a n d  t h e  p urE  

l o c u s  was  e s t a b l i s h e d  b y  t h e  s e r i e s  o f  t h r e e - f a c t o r  c r o s s e s  

s u m m a r i z e d  i n  T a b l e  5 .  As d i s c u s s e d  b e l o w ,  t h e r e  w e re  

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

t h e  smhBl an d  l y t D l  m a r k e r s ,  and  we t h e r e f o r e  do n e t  p r e s e n t  

d a t a  f o r  c r o s s e s  b e t w e e n  t h e s e  two m a r k e r s .  N e v e r t h e l e s s ,  we 

p l a c e d  b o t h  TnlO i n s e r t i o n s  b e t w e e n  smhB an d  ’ ’rtD b e c a u s e  i n  

c r o s s e s  w h e re  t h e  TnlO i n s e r t i o n s  w e r e  i n  t .  - n o r  s t r a i n s  

a n d  s e r v e d  a s  t h e  s e l e c t e d  m a r k e r ,  t h e  d o n o r  l y t D  a n d  smhB 

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

i n g  b o t h  l y t D  a n d  s mhB d o n o r  a l l e l e s  w e re  c o m p a r a t i v e l y  r a r e  

( d a t a  n o t  s h o w n ) .

T e m p e r a t u r e  S e n s i t i v i t y  o f  t h e  smhBl and  l y t D l  M u t a n t s

Tvvi s e t s  o f  i s o g e n i c  s t r a i n s  c a r r y i n g  c o m b i n a t i o n s  o f  t h e  

w i l d  t y p e  and  m u t a n t  a l l e l e s  o f  t n e  murH, l y t D  an d  smhB l o c i  

w o re  c o n s t r u c t e d  t o  a s s e s s  t h e  c h a r a c t e r i s t i c s  o f  smhBl an d  

i t s  e f f e c t s  on murHl a n d  l y t D l . The g e n o t y p e s  w e r e  c o n f i r m e d
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T a b l e  5 .  T h r e e - f a c t o r  c r o s s  a n a l y s e s  f o r  z b c - 1 0 3 : : T n l O ,  

z b c - 1 0 4 : : T n lO , p u r E ,  a n d  l y t D l

Donor  R e c i p i e n t S e l e c t e d
m a r k e r 3

U n s e l e c t e d
m a r k e r s

N o . O f  
t r a n s d u c t a n t s

VC4111 VC4073 TnlO l y t D + purE 43

(TnlO p u rE )  ( l y t D l ) l y t D + purE* 25

l y t D l  pu rE 18

l y t D l  p u r E + 4

VC4174 VC4073 TnlJ) lytD* pu rE 35

(TnlO p u rE )  ( l y t D l ) lytD* purE* 25

l y t D l  pu rE 19

l y t D l  purE* 13

VC4117 CSH57B TnlO lytD* purE 14

(TnlO l y t D l )  (p u rE ) lytD* purE* 31

l y t D l  pu rE 31

l y t D l  purE* 18

aS t r a i n s  VC4111 and  VC4117 c a r r y  z b c - 1 0 3 : : TnlO a n d  s t r a i n  
VC4174 c a r r i e s  z b c - 1 0 4 : : T n l O .



by  b a c k c r o s s i n g  t h e  murH, l y t D / an d  smhB l o c i  f ro m  t h e s e  

s t r a i n s  i n t o  s t r a i n  VC7 u s i n g  a p p r o p r i a t e  l i n k e d  t r a n s p o s o n  

i n s e r t i o n s  a s  t h e  means  o f  s e l e c t i o n .  T a b l e  6 c o m p a r e s  t h e  

c o l o n y - f o r m i n g  c a p a b i l i t i e s  o f  t h e  s t r a i n s  on  3 d i f f e r e n t  

m e d i a  a t  30°C an d  42°C. S t r a i n s  VC4132 (m u r H l ) a n d  VC4014 

( l y t D l ) w e r e  t s  on a l l  3 m e d i a ,  i n  c o n t r a s t  t o  t h e i r  w i l d  t y p e  

c o u n t e r p a r t s ,  s t r a i n s  VC4134 and  VC4023. On t h e  o t h e r  h a n d ,  

t h e  smhBl m u t a n t s ,  VC4133 a n d  VC4077 w e r e  t s  on NA b u t  n o t  on 

TSA. The t s  c o l o n y - f o r m i n g  c a p a b i l i t i e s  o f  b o t h  VC4133 an d  

VC4077 o n  NA w e r e  s u p p r e s s e d  by  t h e  a d d i t i o n  o f  1% NaCl t o  t h e  

medium, s u g g e s t i n g  t h a t  t h e i r  a b i l i t i e s  t o  fo rm  c o l o n i e s  on 

TSA a t  4 2 JC w e r e  d u e  t o  t h e  r e l a t i v e l y  h i g h  s a l t  c o n c e n t r a t i o n  

i n  t h i s  medium. S t r a i n  VC4076 (murHl s m h B l ) h ad  a  t e m p e r a ­

t u r e - r e s i s t a n t  p h e n o t y p e  on TSA i n d i c a t i n g  t h a t  t h e  smhBl 

a l l e l e  was i n d e e d  a s u p p r e s s o r  o f  t h e  murHl m u t a t i o n .  

F u r t h e r m o r e ,  t h e  s u p p r e s s o r  a c t i v i t y  o f  smhBl was  a p p a r e n t l y  

s a l t - d e p e n d e n t  b e c a u s e  VC407 6 was t s  on  NA, b u t  n o t  on NA 

c o n t a i n i n g  1% NaCl.  The smhBl a l l e l e  a l s o  s u p p r e s s e d  t h e  t s  

p h e n o t y p e  a s s o c i a t e d  w i t h  l y t D l  i n  s t r a i n  VC4024 i n  a  s a l t -  

d e p e n d e n t  f a s h i o n .

The e f f e c t s  o f  t h e  smhBl  m u t a t i o n  on t h e  s u r v i v a l  o f  

s t r a i n s  c a r r y i n g  e i t h e r  t h e  murHl o r  t h e  l y t D l  m u t a t i o n s  a t  

42°C w e re  d e t e r m i n e d .  S e r i a l  d i l u t i o n s  o f  s t a t i o n a r y  p h a s e  

c u l t u r e s  o f  t h e  v a r i o u s  s t r a i n s  w e r e  p l a t e d  on NA (6 p l a t e s  

p e r  d i l u t i o n ) ;  i t  i s  i m p o r t a n t  t o  n o t e  t h a t  s u r v i v a l  was 

m e a s u r e d  u n d e r  c o n d i t i o n s  w h e re  t h e  smhBl a l l e l e  was n o t  b e i n g
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T a b l e  6 .  C o lo n y  f o r m a t i o n  by i s o g e n i c  l y t D l  smhBl an d  murHl 

smhBl s t r a i n s  a s  a f u n c t i o n  o f  g ro w th  medium an d  t e m p e r a t u r e

S t r a i n  a n d  CFU p e r  ml a t  42°C/CFU p e r  ml a t  30°C

R e l e v a n t  ________________________________________________

G e n o ty p e  TSA NA NA + l%NaCl

VC4076 (murHl sm h B l) 0 . 7 2 . 3  x 10 '7 0 . 8

VC4132 (murHl smhB*) 3 . 1  x 10~6 3 .4  x 10 '7 5 . 2  x 1 0 '7

VC4133 (murH+ sm hB l) 0 .9 1 .4  x 10"7 0 . 9

VC4134 (murH* smhB*) 1 .0 0 . 8

wt '

0 . 8

VC4024 ( l y t D l sm h B l) 0 . 8 1 .5  x 10‘7 0 . 9

VC4014 ( l y t D l smhB+) 5 . 0  x 10~6 1 .1  x 10 '8 2 . 3  x 1 0 '5

VC4077 (lytD*_ sm h B l) 0 . 9 2 . 1  x 10 '7 0 . 9

VC4023 ( i y t D +_ smhB*) 1 .1 0 . 7 0 . 8



8 0

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

a t  30°C, a n d  t h e  r e m a i n d e r  were  p l a c e d  a t  4 2°C. A f t e r  48 h ,  

t h e  c o l o n i e s  on a l l  p l a t e s  were  c o u n t e d ,  and  d u p l i c a t e  p l a t e s  

o f  e a c h  d i l u t i o n  w e re  t r a n s f e r r e d  f rom  42°C t o  30°C. A f t e r  72 

h ,  t h e  c o l o n i e s  on  a l l  p l a t e s  w ere  r e c o u n t e d .  No d i f f e r e n c e s  

w ere  s e e n  i n  t h e  4 8 -  an d  7 2 - h  c o u n t s  o f  t h e  s e t s  o f  p l a t e s  

i n c u b a t e d  a t  30°C an d  a t  42°C, and  t h e  d a t a  f ro m  t h e  7 2 - h  

p l a t e s  a r e  s u m m ar ized  i n  T a b l e  7. As shoWr. a b o v e  ( T a b l e  6 ) ,  

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

42°C, an d  t h e  c o l o n i e s  w h ich  d i d  a p p e a r  w e re  a p p a r e n t l y  t h o s e  

o f  s p o n t a n e o u s  t e m p e r a t u r e - r e s i s t a n t  d e r i v a t i v e s .  The 

c o l o n i e s  w h i c h  s u b s e q u e n t l y  a p p e a r e d  upon  d o w n s h i f t  t o  30°C 

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

4 8 - h  i n c u b a t i o n  p e r i o d  a t  42°C, and  t h e  m a g n i t u d e  o f  t h e  

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

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

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

c o u n t s  o f  t h e  smhBl m u t a n t  s t r a i n s ,  VC4133 an d  VC4077 ( T a b l e  

7 ) ,  m e a n in g  t h a t  t h e y  s u r v i v e d  p o o r l y  d u r i n g  i n c u b a t i o n  a t  

42°C, I n  c o n t r a s t ,  t h e  t e m p e r a t u r e  d o w n s h i f t  r e s u l t e d  i n  

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

T h u s ,  t h e  p l a t e  c o u n t s  i n c r e a s e d  1 3 - f o l d  f o r  VC4132 (mur H l ) ,  

2 . 4  X 104- f o l d  f o r  VC4076 (murHl  sm h B l) , 3 0 0 - f o l d  f o r  VC4014 

( l y t D l ) ,  a n d  1 X 105- f o l d  f o r  VC4024 ( l y t D l  s m h B l ) .  T h e s e  

r e s u l t s  i n d i c a t e  t h a t  t h e  murHl and  t h e  l y t D l  m u t a n t s  

e x h i b i t e d  some s u r v i v a l  c a p a c i t y  a t  42°C, b u t  t h e  s u r v i v a l  o f
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T a b l e  7 .  C o m p a r a t i v e  s u r v i v a l  o f  murHl smhBl an d  l y t D l  

smhBl s t r a i n s  a t  42°C on NA

S t r a i n

R e l a t i v e  c o l o n y  f o r m a t i o n

42°Ca 42°C t o  30°C D o w n s h i f t 1*

VC4076 (murHl s m h B l ) 3 . 2  x 10~7 7 . 5  x 10~3

VC4132 (murHl smhB*) 2 . 4  x 10 '7 3 . 2  x 10 '6

VC4133 (murH+ s m h B l) 8 . 0  x 10 '7 9 . 5  x 1 0 '7

VC4Q24 ( l y t D l s m h B l) 1 .1  x 1 0 '7 1 .5  x 1 0 '2

VC4014 ( l y t D l smhB*) 1 .7  x 10 '8 6 . 2  x 1 0 '6

VC4077 ( lytD* s m h B l) 2 . 2  x 10 '7 3 . 7  x 10~7

aCFU p e r  ml a t  42°C d i v i d e d  by  CFU p e r  ml a t  30°C. T h e se  
d e t e r m i n a t i o n s  a r e  b a s e d  on p l a t e  c o u n t s  a f t e r  72 h o f  
i n c u b a t i o n .

bCFU p e r  ml a f t e r  42°C t o  30°C d o w n s h i f t  d i v i d e d  by  CFU a t  30°C. 
T h e s e  d e t e r m i n a t i o n s  a r e  b a s e d  on p l a t e  c o u n t s  a f t e r  72 h o f  
i n c u b a t i o n .
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t h e r e  m u t a n t s  was m a rk e d ly  enh an ced  by t h e  I n t r o d u c t i o n  o f  t h e  

smhBl a l l e l e .

4 .  T e m p e r a t u r e - D e p e n d e n t  L y s i s  P h e n o ty p e s  and  L y s i s  Sup­

p r e s s o r  A c t i v i t i e s  o f  t h e  smhB M u tan t

F i g .  13 shows t h e  g ro w th  o f  s t r a i n  VC4133 (smhBl)  i n  NB 

and  NB c o n t a i n i n g  1% NaCl a t  30°C and  42°C- VC4133 l y s e d  i n

NB a t  42°C, and l y s i s  was ,  t h e r e f o r e ,  a p p a r e n t l y  r e s p o n s i b l e  

f o r  t h e  i n a b i l i t y  o f  VC4133 t o  form c o l o n i e s  on NA a t  42°C 

( T a b l e  6 ) .  The t e m p e r a t u r e - d e p e n d e n t  l y s i s  o f  VC4133 i n  NB was 

s u p p r e s s e d  by t h e  a d d i t i o n  o f  1% NaCl,  s u g g e s t i n g  t h a t  t h e  

a b i l i t y  o f  VC4133 t o  form c o l o n i e s  on NA c o n t a i n i n g  1% NaCl 

( T a b l e  6) was a t  l e a s t  p a r t l y  a t t r i b u t a b l e  t o  a s a l t - d e p e n d e n t  

i n h i b i t i o n  o f  t h e  smhBl- a s s o c i a t e d  l y s i s  p h e n o t y p e .  However,  

g ro w th  was s t i l l  s e v e r e l y  i n h i b i t e d  i n  NB w i t h  1% NaCl,  a t  

l e a s t  o v e r  t h e  s h o r t  d u r a t i o n  o f  t h i s  e x p e r i m e n t  (150 m i n ) .  

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

a r o l e  i n  e n h a n c i n g  c o l o n y  f o r m a t i o n  on NA w i t h  1% NaCl.

F i g .  14 shows t h e  e f f e c t s  o f  smhBl on t h e  l y s i s  p h e n o t y p e  

c o n f e r r e d  by murHl.  S t r a i n  VC4132 (m u rH l) l y s e d  i n  NB a t  

42°C, and  t h i s  l y s i s  was n o t  p r e v e n t e d  by t h e  a d d i t i o n  o f  1% 

Nc ' 1 .  S t r a i n  VC4076 ( murHl smhBl) d i d  n o t  l y s e  i n  e i t h e r  

medium, a l t h o u g h  g ro w th  was s e v e r e l y  i n h i b i t e d .  T h u s ,  t h e  

i n d i v i d u a l  l y s i s  p h e n o t y p e s  o f  murHl and  smhBl w e re  s u p p r e s s e d  

when t h e  two a l l e l e s  w ere  com bined .

The p h e n o t y p e s  o f  t h e  l y t D  smhB i s o g e r i c  s t r a i n s  a r e
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F i g .  13. T e m p e r a t u r e - d e p e n d e n t  a u t o l y s i s  o f  s t r a i n  VC4133 
( s m h B l ) ■ G row th  o f  VC4133 a t  30°C ( O , # )  an d  42°C ( A ,  A )  i n  
NB ( o p e n  s y m b o l s )  and  NB c o n t a i n i n g  1% NaCl ( c l o s e d  s y m b o l s ) .
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F i g .  14. S u p p r e s s i o n  o f  murHl by s m h B l . G rowth  o f  s t r a i n s  
VC4132 ( smhB m u rH l ) an d  VC4076 ( smhBl m u rH l ) a t  42°C i n  NB 
(o p en  sy m b o ls )  and  NB c o n t a i n i n g  1% NaCl ( c l o s e d  s y m b o l s ) .  
VC4132 ,  O / •  ; VC407 6 , A , ▲ .
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shown i n  F i g .  15 .  S t r a i n  VC4077 ( l y t D f sm hB l) ( F i g . l 5 A ) ,  l i k e  

VC4133 ( F i g .  1 3 ) ,  l y s e d  i n  NB a t  42°C, and  i t s  l y s i s  was 

s u p p r e s s e d  b y  t h e  a d d i t i o n  o f  1% NaCl.  F i g .  15B shows t h a t  

t h e  l y t D l  m u t a n t ,  VC4014, a l s o  l y s e d  a t  42°C i n  NB. However ,  

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

i n d u c e d  l y s i s  o f  VC4014 was n o t  s u p p r e s s e d  by  t h e  a d d i t i o n  o f  

1% NaCl.  I n  a d d i t i o n ,  t h e  smhBl l y t D l  d o u b l e  m u t a n t ,  s t r a i n  

VC4024, was s i m i l a r  t o  t h e  murHl smhBl s t r a i n ,  VC4076 ( F i g .  

1 4 ) ,  i n  t h a t  i t  d i d  n o t  l y s e  i n  e i t h e r  NB o r  NB c o n t a i n i n g  .1% 

NaCl a l t h o u g h  g r o w th  was m a r k e d ly  i n h i b i t e d  30 min a f t e r  t h e  

t e m p e r a t u r e  u p s h i f t .  T h u s ,  t h e  l y t D l  and  t h e  smhBl a l l e l e s ,  

b y  t h e m s e l v e s ,  e x h i b i t e d  t e m p e r a t u r e - d e p e n d e n t  l y s i s  

p h e n o t y p e s ,  b u t  t h e s e  l y s i s  p h e n o t y p e s  w e re  s u p p r e s s e d  when 

t h e  two m u t a n t  a l l e l e s  w e re  co m b in ed .

F u r t h e r  e x p e r i m e n t s  i n d i c a t e d  t h a t  t h e  smhBl a l l e l e  d i d  

n o t  s u p p r e s s  t h e  l y s i s  p h e n o t y p e s  c o n f e r r e d  by  t h e  m urE l  (79)  

a n d  murF2 (78)  m u t a t i o n s  i n  s t r a i n s  VC4189 an d  VC4190, r e s p e c ­

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

o f  VC4076 ( d a t a  n o t  s h o w n ) .

5 .  O t h e r  smhB- L i k e  M u ta n t s

T h r e e  a d d i t i o n a l  i n d e p e n d e n t  i s o l a t e s  o f  smhB- l i k e  

s u p p r e s s o r  m u t a n t s  w e re  c h a r a c t e r i z e d .  They w e re  a l l  i d e n ­

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

l o c i  w e re  mapped a t  1 2 .5  min a t  a p o s i t i o n  i n d i s t i n g u i s h a b l e  

f rom  t h a t  o f  t h e  smhB l o c u s .
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F i g .  15.  S u p p r e s s i o n  o f  l y t D l  by s m h B l . A. Growth  o f  s t r a i n  
VC4077 ( smhBl l y tD * ) i n  NB a t  30° ( O ) and  42°C ( A ) an d  i n  
NB p l u s  1% NaCl a t  30° ( ft ) an d  42°C ( A ) • B. Growth  o f  
s t r a i n  VC4014 ( smhB* l y t D l ) i n  NB ( O ) a n d  NB p l u s  1% NaCl 
( •  ) and  s t r a i n  VC4024 (smhBl l y t D l )  i n  NB ( A ) an d  NB p l u s  
1? NaCl ( A ) a t  42°C.



IV. Results: the smhA and lytE Mutants
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1. Isolation of smhA Mutants
As a l r e a d y  n o t e d ,  s p o n t a n e o u s  t e m p e r a t u r e - r e s i s t a n t  

d e r i v a t i v e s  o f  t h e  murHl t s  m u t a n t ,  s t r a i n  VC460, o c c u r r e d  a t  

a f r e q u e n c y  o f  3 X 10 5. Ten s u c h  d e r i v a t i v e s  w e re  c h o s e n  a t  

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

b a s i s  f o r  t h e i r  t e m p e r a t u r e  r e s i s t a n c e .  To a c h i e v e  t h i s ,  t h e  

z a a - 1 : :Tn5 i n s e r t i o n  i n  t h e s e  d e r i v a t i v e s  was t r a n s d u c e d  i n t o  

s t r a i n  VC7, and  t h e  k a n a m y c i n - r e s i s t a n t  t r a n s d u c t a n t s  w e re  

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

42°C. A l l  t e n  VC460 d e r i v a t i v e s  w e re  shown b y  t h i s  m e th o d  t o  

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

t h e  m a j o r i t y ,  an d  p o s s i b l y  a l l ,  o f  t h e  o b s e r v e d  s p o n t a n e o u s  

t e m p e r a t u r e - r e s i s t a n t  d e r i v a t i v e s  c a r r i e d  e x t r a g e n i c  s u p ­

p r e s s o r  m u t a t i o n s .  The m u ta n t  s t r a i n  d e s i g n a t e d  VC493 was 

c h o s e n  f ro m  among t h e  o r i g i n a l  t e n  i s o l a t e s  f o r  more  d e t a i l e d  

c h a r a c t e r i z a t i o n .  The s u p p r e s s o r  m u t a t i o n  i n  VC493 was 

a p p a r e n t l y  a new g e n e t i c  l o c u s  and  was d e s i g n a t e d  sm h A l .

2. Isolation of the lytE Mutant and Genetics of smhA and lytE
The z c e - 1 0 2 : :TnlO w h ic h  was c l o s e l y  l i n k e d  t o  smhAl was

o b t a i n e d  b y  s c r e e n i n g  random TnlO i n s e r t i o n  p o o l s  p r e p a r e d  on

t h e  smhAl m u t a n t  s t r a i n ,  VC493, w i t h  t h e  p h a g e  d e r i v a t i v e ,  

NK55. The random i n s e r t i o n s  w ere  t r a n s d u c e d  i n t o  t h e  murHl 

s t r a i n ,  VC46Q, w i t h  p h a g e  P l v i r . The z c e - 1 : :T n l 0 k a n  i n s e r -



T a b l e  8 .  E. c o l i  K-12 s t r a i n s

8 8

S t r a i n  R e l e v a n t  G e n o t y p e / D e s c r i p t i o n  R e f e r e n c e / S o u r c e

JRG33 t h i - 1  h i s - 4  proA2 purB15 l i p - 9 m t l - 1  CGSC
x y l - 5  qa lK2 l a c Y l  rp sL 3 5  su p E 4 4 ?

S<J)1263 araD 139  A lac  U169 t h i  ApyrC r p s L R . A . K e l l n "

TKLll t h r - 1  leuB6 murEl  codAl p y r F l O l  
thyA6 arqG66 i lv A 6 3 4  t h i - 1  
l a c Y l  tonA21 t s x - 9 5  supE44

h i s - 1 0 8
a e o C l

CGSC

TKL46 t h r - 1  leuB6 murF2 codAl p y r F l O l  
thyA6 arqG66 i lv A 6 3 4  t h i - 1  
l a c Y l  tonA21 t s x - 9 5  supE44

h i s - 1 0 8
deo C l

CGSC

VC 7 t h i - 1  lysA 23  r p s L l 0 9 L a b o r a t o r y
C o l l e c t i o n

VC460 VC7 z a a - l : : T n 5  murHl T h i s  s t u d y

VC461 VC7 z a a - l : : T n 5 T h i s  s t u d y

VC484 VC7 murHl T h i s  s t u d y

VC493 VC460 smhAl T h i s  s t u d y

VC4023 VC7 z b c - 1 0 3 : : T n l O T h i s  s t u d y

VC4041 VC493 z e e - 1 0 2 : :TnlO T h i s  s t u d y

VC4045 VC4041 l y t E l T h i s  s t u d y

VC4077 VC7 z b c - 1 0 3 : :TnlO smhBl T h i s  s t u d y

VC4084 VC7 z c e - 1 0 2 : : T n l O  l y t E l T h i s  s t u d y

VC4112 VC7 z c e - 1 0 2 : :T n l0  smhAl l y t D l T h i s  s t u d y

VC4113 VC7 z c e - 1 0 2 : :TnlO l y t D l T h i s  s t u d y

VC4119 VC7 z c e - 1 0 2 : :TnlO l y t E l  smhAl T h i s  s t u d y

VC4120 VC7 z c e - 1 0 2 : :TnlO smhAl T h i s  s t u d y

VC4122 VC7 z c e - 1 0 2 : :TnlO T h i s  s t u d y
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T a b l e  8 ,  c o n t i n u e d

VC412? VC460 z c e - 1 0 2 : :TnlO smhAl T h i s s t u d y

VC4128 VC460 z c e - 1 0 2 : :TnlQ T h i s s t u d y

VC4135 VC461 z c e - 1 0 2 : :TnlO smhAl T h i s s t u d y

VC4136 VC461 z c e - 1 0 2 : : T n l 0 T h i s s t u d y

VC4146 VC7 z b c - 1 0 3 : :TnlG l y t E l  smhBl T h i s s t u d y

VC4147 VC7 z b c - 1 0 3 : : T n l O  l y t E l T h i s s t u d y

VC4170 VC7 z c e - 1 0 2 : :T n l0  l y t E 2 T h i s s t u d y

VC4173 VC7 z c e - 1 0 2 : :TnlO l y t E 3 T h i s s t u d y

VC4195 VC4120 z c e - 1 : :TnlOkan T h i s s t u d y

VC4200 TKL11 z c e - 1 0 2 : :TnlO smhAl T h i s s t u d y

VC4201 TKL46 z c e - 1 0 2 : :TnlO smhAl T h i s s t u d y

VC4205 VC4077 z c e - 1 : :TnlOkan snihAl T h i s s t u d y

aR.A. K e l l n ,  D e p a r tm e n t  o f  C h e m i s t r y ,  U n i v e r s i t y  o f  R e g i n a ,  
R e g i n a ,  S a s k a t c h e w a n
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t i o n s  w h ic h  was l i n k e d  t o  b o t h  smhAl and  z c e - 1 0 2 ; :TnlO was 

i s o l a t e d  f rom  a random TnlOkan i n s e r t i o n  p o o l  p r e p a r e d  on 

s t r a i n  VC4120 (smhAl z c e - 1 0 2 ; ;TnlO) w i t h  p h a g e  >11105. The 

random Tn lOkan i n s e r t i o n s  w ere  t r a n s d u c e d  i n t o  t h e  murHl 

s t r a i n ,  VC484, a c c o r d i n g  t o  p r o c e d u r e s  d e s c r i b e d  i n  C h a p t e r  2 .  

The z c e - 1 0 2 : :TnlO i n s e r t i o n  was t r a n s d u c e d  i n t o  a  c o l l e c t i o n  

o f  H f r  s t r a i n s ,  an d  i t s  map l o c a t i o n  was d e t e r m i n e d  t o  b e  i n  

t h e  2 3 -  t o  2 8 -m in  r e g i o n  o f  t h e  E. c o l i  g e n e t i c  l i n k a g e  map 

(136)  i n  i n t e r r u p t e d  m a t i n g  e x p e r i m e n t s  i n v o l v i n g  t h e s e  H f r  

s t r a i n s  a n d  a p p r o p r i a t e  F s t r a i n s  ( d a t a  n o t  s h o w n ) . S u b s e ­

q u e n t  m ap p in g  by p h a g e  P l v i r - m e d i a t e d  g e n e r a l i z e d  t r a n s d u c t i o n  

y i e l d e d  t h e  l i n k a g e  map shown i n  F i g .  16. The smhAl m u t a t i o n  

was mapped a t  2 4 . 5  m in .  The o r d e r  o f  rj ; c e - 1 0 2 : :T n lO , smhA, an d  

z c e - 1 : : T n lOkan was b a s e d  on t h e  r e s u l t s  o f  t h e  t h r e e  - f a c t o r  

c r o s s e s  su m m a r iz e d  i n  T a b l e  9.

The l y t E l  m u t a t i o n  a p p a r e n t l y  a r o s e  s p o n t a n e o u s l y  i n  

s t r a i n  VC4041, an d  t h e  d e r i v a t i v e  c a r r y i n g  t h i s  m u t a t i o n  was 

s u b s e q u e n t l y  d e s i g n a t e d  VC4045. The l y t E l  a l l e l e  was d i s ­

c o v e r e d  a s  a  t s  m u t a t i o n  w h ich  was c l o s e l y  l i n k e d  t o  z c e -  

102 : :TnlQ d u r i n g  a t t e m p t s  t o  c o n s t r u c t  new smhAl d e r i v a t i v e s  

u s i n g  VC4045 a s  a  d o n o r .  We p l a c e d  l y t E  a t  25 min  on t h e  

l i n k a g e  map ( F i g .  1 6 ) ,  a n d  i t s  p o s i t i o n  r e f l e c t s  t h e  f a c t  t h a t  

smhA and  l y t E  w e re  r e a d i l y  s e g r e g a t e d  i n  c r o s s e s  i n v o l v i n g  

z c e - 1 0 2 : : T n l O .
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B ig .  16. L in k a g e  map o f  t h e  smhA an d  l y t E  r e g i o n .  The 
r e s u l t s  o f  t h e  f o l l o w i n g  c r o s s e s  ( r e c i p i e n t  X d o n o r )  a r e  
shown,  w i t h  t h e  number  o f  r e c o m b i n a n t s  s c o r e d  i n  e a c h  c a s e  
i n d i c a t e d  p a r e n t h e t i c a l l y :  a ,  VC7 X VC4084 ( 2 0 0 ) ;  b ,  VC434
X VC4195 ( 9 4 ) ;  c ,  JRG33 X VC4195 ( 9 4 ) ;  d ,  S<j>1263 X VC4195
( 1 8 8 ) .  F o r  e a c h  s e t  o f  a r r o w s ,  t h e  v e r t i c a l  l i n e  i n d i c a t e s  
t h e  p o s i t i o n  o f  t h e  s e l e c t e d  m a r k e r  a n d  t h e  a r r o w h e a d s  
i n d i c a t e  t h e  p o s i t i o n s  o f  t h e  u n s e l e c t e d  m a r k e r s .  The num bers  
r e p r e s e n t  t h e  c o t r a n s d u c t i o n  f r e q u e n c i e s  (%) .



92
T a b l e  9. T h r e e - f a c t o r  c r o s s  a n a l y s i s  f o r  z c e - 1 0 2 : : T n l O ,

z c e - 1 : : TnlO kan , a n d  smnA

Donor R e c i p i e n t  S e l e c t e d U n s e l e c t e d  Number
m a r k e r m a r k e r

(A)

VC4195 VC484 Kanr smhAl T e t r 24

v'K anr smhAl (murHl) smhA+ T e t r 2

T e t r ) smhAl T e t 8 32

smhA+ T e t 8 36

T e t r Kanr smhAl 22

Kanr smhA* 1

Kan8 smhAl 26

Kan8 smhA* 45

(B)

VC4195 JRG33 Kanr T e t r p u rB + 13

(Kanr smhAl (purB) T e t r purB 9

T e t r ) T e t 8 purB* 3

T e t 8 purB 6S

The z c e - 1 0 2 : :TnlO an d  z c e - 1 : : TnlOkan m a r k e r s  a r e  i n d i c a t e d  by  
t h e  p h e n o t y p i c  d e s i g n a t i o n s ,  Tet* and  Kanr , r e s p e c t i v e l y .  T e t  
and  Kan8 r e f e r  t o  s e n s i t i v i t y  t o  t e t r a c y c l i n e  an d  k a n a m y c i n ,  
r e s p e c t i v e l y .
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3.  P h e n o t y p i c  P r o p e r t i e s  o f  t h e  smhAl and  l y t E l  A l l e l e s

The smhAl a l l e l e  d i d  n o t  h a v e  a r e c o g n i z a b l e  p h e n o t y p e  o f  

i t s  own, a n d  smhAl m u t a n t s  s u c h  a s  s t r a i n s  VC4135 ( e . g . ,  T a b l e

10) and  VC4120 ( e . g . ,  T a b l e s  10 and  11) g rew  a s  w e l l  a s  w i l d  

t y p e  s t r a i n s  on v a r i o u s  m ed ia  a t  t e m p e r a t u r e s  r a n g i n g  f rom 

30°C t o  42°C. S e t s  o f  i s o g e n i c  s t r a i n s  c a r r y i n g  v a r i o u s

c o m b i n a t i o n s  o f  t h e  murH and  smhA o r  t h e  l y t D  an d  smhA a . a l e s  

:*ere c o n s t r u c t e d  i n  o r d e r  t o  a s s e s s  t h e  e f f e c t s  o f  smhAl on 

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

m u t a t i o n s .  A c o m p a r i s o n  b e tw e e n  s t r a i n s  VC-*127 an d  VC4128 i n  

e x p e r i m e n t  A o f  T a b l e  10 c o n f i r m s  t h a t  smhAl s u p p r e s s e d  t h e  t s  

p h e n o t y p e  o f  murHl on b o t h  low (NA) and  h i g h  o s m o l a r i t y  (NA 

c o n t a i n i n g  1% NaCl) m e d ia .  On t h e  o t h e r  h a n d ,  t h e  l y t D l  t s  

p h e n o t y p e  was n o t  s u p p r e s s e d  by smhAl a s  d e m o n s t r a t e d  w i t h  

s t r a i n s  VC4112 an d  VC4113 i n  e x p e r i m e n t  B o f  T a b l e  10 .  F i g .  

17A shows t h a t  s t r a i n  VC4128 (murHl)  l y s e d  a b o u t  P0 min a f t e r  

a t e m p e r a t u r e  u p s h i f t  f rom 30°C t o  42°C i n  NB. On t h e  o t h e r  

h a n d ,  s t r a i n  VC4127 (smhAl m u rH l) grew a s  w e l l  a s  s t r a i n  

VC4135 (smhAl)  a f t e r  t h e  t e m p e r a t u r e  u p s h i f t  i n d i c a t i n g  t h a t  

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

w i t h  m u rH l . F i g .  17B shows t h a t  smhAl d i d  n o t  s u p p r e s s  t h e  

l y s i s  p h e n o t y p e  o f  t h e  l y t D l  m u t a t i o n  i n  NB, an d  i d e n t i c a l  

r e s u l t s  w e r e  o b t a i n e d  i n  NB c o n t a i n i n g  1% NaCl ( d a t a  n o t  

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

b e t w e e n  t h e  s u p p r e s s i o n  o f  t e m p e r a t u r e  s e n s i t i v i t y  ( T a b l e  10) 

and  t h e  s u p p r e s s i o n  o f  l y s i s  ( F i g .  17) by smhAl.
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T a b l e  10 .  C o lo n y  f o r m a t i o n  by i s o g e n i c  murHl smhAl (A) an d  

l y t D l  smhAl (B) s t r a i n s  a s  a f u n c t i o n  o f  g r o w t h  medium and

t e m p e r a t u r e

S t r a i n  a n d  CFU p e r  ml a t  42°C/CFU p e r  ml a t  30°C

R e l e v a n t  _________________________________________________

G en o ty p e  NA NA + l%NaCl

(A)

VC4127 (murHl smhAl) 0 .4

00•

o

VC4128 (murHl smhA+) 1 .4  x 10 '7 1 .2  x 1 0 '7

VC4135 (murH+ smhA l) 0 .4 1 .0

VC4136 (murH+ smhA+) 0 .9 0 . 9

(B)

VC4112 ( l y t D l  sm hA l) 3 .2  x 10 '7 2 . 0  x 10~6

VC4113 ( l y t D l smhA+) 2 . 0  x 10‘7 1 .5  x 10~6

VC4120 ( l y t D + smhAl) 0 .4 1 .0

VC4122 ( l y t D + smhA+) 0 .9 0 . 9
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T a b l e  11. C o lo n y  f o r m a t i o n  by  i s o g e n i c  l y t E l  smhAl (A) and 

l y t E l  smhBl (3)  s t i a i n s  .s  a f u n c t i o n  o f  g ro w th  medium and

t e m p e r a t u r e

S t r a .  n and  

R e l e v a n t

CFU p e r  ml a t  42°C/CFU p e r  ml a t  30°C

G eno type TSA NA NA + l%NaCl

(A)

VC4119 ( l y t E l smhAl) 1 .0 0 .4 0 .9

VC40u4 ( l y t E l smhA+) 2 . 0  x 10 '6 1 .2  x 10~8 6 .4  x 10 '6

VC4120 ( i y t E + smhAl) 0 .9 0 .4 1 .0

VC4122 ( l y t E + smhA+) 1 .0 0 . 8 C ,9

(B)

VC4146 ( l y t E l sm hB l) 0 .9 1 .3  x 10"7 0 .9

VC4147 ( l y t E l smhB+) 2 . 2  x 10~6 1 .1  x 1 0 '8 3 . 1  x 10”

VC4077 ( l y t E + sm hB l) 0 .9 2 . 1  x 1 0 '7 0 .9

VC4023 ( i y t E + smhB+) 1 .1 0 .7 0 . 8
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F i g .  17.  S u p p r e s s i o n  murHl by sm h A l . A. G row th  o f  s t r a i n s  
VC4127 ( smhAl m u rH l ) , A , VC4128 ( m u r H l ) ,  O , a n d  VC4135 
( smhA l) ,  , a t  42 C i n  NB. B. G row th  o f  s t r a i n s  VC4112
( smhAl l y t D l ) , A , VC4113 ( l y t D l ) , o  » a n d  VC4135 ( sm h A l) , 

0  , a t  4 7 c  i n  NB.
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T a b l e  11 shows t h a t  t h e  t s  p h e n o t y p e s  a s s o c i a t e d  w i t h  t h e  

l y t E l  m u t a t i o n  i n  s t r a i n s  VC4084 a n d  VC4147 w e re  e x h i b i t e d  on 

b o t h  h i g h  and  low o s m o l a r i t y  m e d ia .  The 2 s t r a i n s  b e l o n g  t o  

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

s u p p r e s s i o n  a c t i v i t i e s  o f  t h e  smhAl an d  smhBl a l l e l e s  on 

l y t E l . The r e s u l t s  f o r  s t r a i n  VC4119 ( e x p e r i m e n t  A, T a b l e  11) 

i n d i c a t e  t h a t  smhAl s u p p r e s s e d  t h e  t s  p h e n o t y p e  o f  l y t E 1 on 

b o t h  h i g h  and  low o s m o l a r i t y  m e d ia .  F u r t h e r m o r e ,  smnBl a l s o  

s u p p r e s s e d  l y t E l  t s  i n  s t r a i n  VC4146, b u t  o n l y  on h i g h  

o s m o l a r i t y  m ed ia  ( e x p e r i m e n t  B, T a b l e  1 1 ) .  I t  s h o u l d  b e  n o t e d  

t h a t ,  a s  shown a b o v e ,  t h e  smhBl a l l e l e  by  i t s e l f  ( e . g . ,  s t r a i n  

VC4077 i n  e x p e r i m e n t  B o f  T a b l e  11) c o n f e r r e d  t s  g r o w t h  on low 

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

F i g .  18 d e m o n s t r a t e s  t h e  l y s i s  p h e n o t y p e  o f  s t r a i n  VC4084 

( l y t E l  smhA*) a n d  t h e  smhAl l y s i s  s u p p r e s s o r  a c t i v i t y  i n  

s t r a i n  VC4119 ( l y t E l  sm hA l) i n  NB a t  42°C. L y s i s  i n d u c e d  by 

l y t E l  a l s o  o c c u r r e d  i n  NB c o n t a i n i n g  1% NaCl,  ^nd t h i s ,  t o o ,  

was s u p p r e s s e d  by  smhAl ( d a t a  n o t  s h o w n ) .  The w i l d  t y p e  

s t r a i n  i n  F i g .  18, VC4122, c h a r a c t e r i s t i c a l l y  e x h i b i t e d

b i p h a s i c  g r o w t h  i n  NB - ' i t h  a  s h a r p  b r e a k  i n  t h e  g r o w t h  r a t e  

o c c u r r i n g  a t  a d e n s i t y  o f  a b o u t  100 K l e t t  u n i t s .  F u r t h e r m o r e ,  

a c o m p a r i s o n  o f  s t r a i n s  VC4120 ( ly tE *  smhAl) a n d  VC4122

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

p h e n o t y p e  o f  i t s  own.

F i g .  19A i l l u s t r a t e s  t h e  p h e n o t y p e  o f  smhBl i n  s t r a i n  

VC4077. The s mhBl a l l e l e  was a s s o c i a t e d  w i t h  l y s i s  a t  42°C i n
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F i g .  18. S u p p r e s s i o n  o f  l y t E l  by sm h A l . G row th  o f  s t r a i n s  
VC4119 ( l y t E l  smhAl) , A / VC4084 ( l y t E l ) , O , VC4120 ( sm hA l) , 

^  , an d  VC4122 ( w i l d  t y p e ) ,  □ , a t  42°C i n  NB.
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F i g .  19. S u p p r e s s i o n  o f  l y t E l  by  s m h B l . A. Growth  o f  s t r a i n  
VC4077 (smhBl)  a t  42°C i n  NB ( A ) an d  NB c o n t a i n i n g  1% NaCl 
( A ) • B. Growth o f  s t r a i n s  VC4146 ( l y t E l  s m h B l ) a n d  VC4147 
( l y t E l ) a t  42°C i n  NB (o p e n  sy m b o ls )  a n d  NB c o n t a i n i n g  1% NaCl 
( c l o s e d  s y m b o l s ) .  VC4146 ( A » A ) ;  VC4147 ( O / •  )•
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NB. F u r t h e r m o r e ,  t h i s  l y s i s  d i d  n o t  o c c u r  i n  NB c o n t a i n i n g  1% 

NaCl a l t h o u g h  t h e  g r o w th  r a t e  was s e v e r e l y  i n h i b i t e d .  F i g .  

19B _shows t h a t  t h e  l y t E l  smhB* s t r a i n ,  VC4147, l y s e d  a t  42°C 

i n  b o t h  NB and  NB c o n t a i n i n g  1% NaCl w h e r e a s  t h e  l y t E l  smhBl 

s t r a i n ,  VC4146, d i d  n o t .

A d d i t i o n a l  e x p e r i m e n t s  ( d a t a  n o t  shown) i n d i c a t e d  t h a t

( i )  smhAl d i d  n o t  s u p p r e s s  l y s i s  c a u s e d  by  m u t a t i o n s  i n  e i t h e r  

t h e  murE ( s t r a i n  VC4200) o r  t h e  murF ( s t r a i n  VC4201) g e n e s ;

( i i )  t h e  s u p p r e s s o r  a c t i v i t y  o f  smhAl d ^ d  n o t  p r o t e c t  s t r a i n  

VC4127 f rom  a m p i c i l l i n - i n d u c e d  l y s i s ;  a n d  ( i i i )  smhAl d i d  n o t  

s u p p r e s s  t h e  t s  g r o w th  an d  l y s i s  p h e n o t y p e  o f  t h e  smhBl 

m u t a t i o n  i n  s t r a i n  VC4205.

4 .  N a t u r e  o f  t h e  R e l a t i o n s h i p  Be tw een  smhA an d  l y t E

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

and l y t E l , we c o n s i d e r e d  t h e  p o s s i b i l i t y  t h a t  t h e  s p o n t a n e o u s  

o c c u r r e n c e  o f  t h e  l y t E l  m u t a t i o n  i n  s t r a i n  VC4041 was n o t  

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

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

b a c k g r o u n d s .  The smhAl z c e - 1 0 2 : :TnlO s t r a i n s  VC4127 ( a l s o  

m u rH l ) an d  VC4135 w e re  s u b j e c t e d  t o  4 s e r i a l  s u b c u l t u r e s  a s  

d e s c r i b e d  i n  M e th o d s .  P hage  P l v i r  was p r o p a g a t e d  on  e a c h  o f  

t h e  s u b c u l t u r e s ,  a n d  t h e s e  w e re  u s e d  t o  t r a n s d u c e  t h e  z c e -  

102 : : TnlO m a r k e r  (w h ic h  i s  l i n k e d  t o  t h e  l y t E  a n d  smhA l o c i )  

o f  t h e  2 s t r a i n s  i n t o  s t r a i n  VC7 w i t h  t h e  s e l e c t i o n  b e i n g  

c a r r i e d  o u t  30°C. I n  e a c h  e x p e r i m e n t ,  100 t e t r a c y c l i n e -
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r e s i s t a n t  t r a n s d u c t a n t s  w ere  s c r e e n e d  f o r  t e m p e r a t u r e - s e n s i -  

t i v i t y .  No t s  TnlO c o t r a n s d u c t a n t s  w e re  d e t e c t e d  w i t h  p h a g e  

p r e p a r e d  on t h e  f i r s t  3 s e r i a l  s u b c u l t u r e s  o f  e i t h e r  s t r a i n .  

How ever ,  t h e  f o u r t h  s u b c u l t u r e  o f  b o t h  s t r a i n s  y i e l d e d  2 t s  

t n l O  t r a n s d u c t a n t s . One t s  t r a n s d u c t a n t  f rom  e a c h  s t r a i n  was 

s t u d i e d  f u r t h e r .  The t s  m u t a t i o n s  i n  t h e s e  s t r a i n s ,  VC4170 

( d e r i v e d  f rom  VC4.127) and  VC4173 ( d e r i v e d  f rom  VC4135),  w ere  

shown t o  b e  90% and  98% l i n k e d  t o  z c e - 1 0 2 : :T n lO ,  r e s p e c t i v e l y .  

F u r t h e r m o r e ,  b o t h  m u t a t i o n s  w ere  p h e n o t y p i c a l l y  i n d i s t i n g u i s h ­

a b l e  f rom  l y t E l . We h a v e  d e s i g n a t e d  t h e s e  m u t a t i o n s  l y t E 2  and  

l y t E 3 , b u t  i t  m u s t  be  e m p h a s iz e d  t h a t  t h e s e  a r e  p r e l i m i n a r y  

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

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

5 .  P r e l i m i n a r y  c h a r a c t e r i z a t i o n  o f  A d d i t i o n a l  smhA- L i k e

S u p p r e s s o r  M u ta n t s

As shown a b o v e ,  e x t r a g e n i c  s u p p r e s s i o n  o f  murHl was 

a p p a r e n t l y  a  common o c c u r r e n c e ,  an d  i t  was o f  i n t e r e s t  t o  

e s t i m a t e  t h e  number  o f  l o c i  i n v o l v e d  i n  t h i s  phenom enon .  To 

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

t e m p e r a t u r e - r e s i s t a n t  d e r i v a t i v e s  o f  s t r a i n  VC4128 ( z a a - 1 : :Tn5 

murHl z c e - 1 0 3 : : T n l O )  was c o n d u c t e d  t o  d e t e r m i n e  w h e t h e r  

e x t r a g e n i c  s u p p r e s s i o n  o f  murHl may i n v o l v e  more  t h a n  one  

l o c u s .  S i x  i n d e p e n d e n t  t e m p e r a t u r e - r e s i s t a n t  i s o l a t e s  w ere  

a n a l y z e d  i n  a  t w o - s t e p  p r o c e s s .  I n  t h e  f i r s t  s t e p ,  a l l  s i x  

w e r e  shown t o  c a r r y  t h e  murHl a l l e l e  by c o t r a n s d u c t i o n  o f  t h e
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m a r k e r  i n t o  VC7 u s i n g  t h e  l i n k e d  z a a - 1 : ;Tn5 i n s e r t i o n  a s  t h e  

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

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

s e c o n d  s t e p  was d e s i g n e d  t o  d e t e r m i n e  w h e t h e r  t h e  s u p p r e s s o r  

may l o c a t e d  i n  t h e  v i c i n i t y  o f  t h e  ^~nhA l o c u s .  The z c e -  

1 0 3 : :T n lO i n s e r t i o n s  from t h e  t e m p e r a t u r e - r e s i s t a n t  d e r i v a ­

t i v e s  w ere  t r a n s d u c e d  i n t o  VC460 (m urH l) , and  T e t r t r a n s d u c t ­

a n t s  w ere  s e l e c t e d  a t  30°C. The t e t r a c y c l i n e - r e s i s t a n t  

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

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

t i o n .  A l l  s i x  d e r i v a t i v e s  o f  VC4128 w ere  shown i n  t h i s  way t o  

c a r r y  s u p p r e s s o r s  o f  murHl which  w ere  l i n k e d  t o  z c e - 1 0 3 : :TnlQ,  

and  t h e  d e g r e e  o f  l i n k a g e  i n  e a c h  c a s e  was a b o u t  50% c o t r a n s ­

d u c t i o n .  S i n c e  t h i s  i s  s i m i l a r  t o  t h e  l i n k a g e  b e tw een  z c e - 

103 : :TnlQ and  smhA, i t  i s  p o s s i b l e  t h a t  t h e s e  new s u p p r e s s o r s  

were  a l l e l e s  o f  smhA b u t  we have  b e e n  u n a b l e  t o  d e m o n s t r a t e  

t h i s  b e c a u s e  c o m p le m e n ta t io n  a n a l y s e s  so  f a r  have  n o t  been  

f e a s i b l e .

V. D i s c u s s i o n

Two p h e n o t y p i c  c l a s s e s  o f  e x t r a g e n i c  m u t a t i o n s  which  

s u p p r e s s e d  murHl w ere  i s o l a t e d .  One c l a s s ,  as  r e p r e s e n t e d  by 

smhAl, was i s o l a t e d  d i r e c t l y  from t h e  s p o n ta n e o u s  t e m p e r a t u r e -  

r e s i s t a n t  d e r i v a t i v e s  o f  t h e  murHl m u ta n t  ( F i g .  1 1 ) .  The h i g h  

f r e q u e n c y  o c c u r r e n c e  o f  s p o n ta n e o u s  t e m p e r a t u r e - r e s i s t a n t
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d e r i v a t i v e s  o f  t h e  murHl m u t a n t  was a t t r i b u t e d  p r i m a r i l y  t o  

e x t r a g e n i c  s u p p r e s s o r  m u t a t i o n s ,  an d  we fo u n d  no e v i d e n c e  f o r  

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

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

i n d i c a t e d  t h a t  a l l  mapped i n  t h e  2 5 -m in  r e g i o n  o f  t h e  l i n k a g e  

map.  T h u s ,  a l t h o u g h  t h e  l a c k  o f  c o m p l e m e n t a t i o n  d a t a  d o e s  n o t  

a l l o w  us  t o  d i s t i n g u i s h  t h e  a c t u a l  number  o f  l o c i  i n v o l v e d ,  i t  

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

i n  a  s i n g l e  l o c u s  o r  p e r h a p s  i n  no more t h a n  a  few c l o s e l y  

l i n k e d  l o c i .  The s e c o n d  c l a s s  o f  murHl s u p p r e s s o r ,  r e p r e ­

s e n t e d  by  smhBl ,  c o n f e r r e d  a t e m p e r a t u r e - s e n s i t i v e  p h e n o t y p e  

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

p h e n o t y p e  w e re  mapped c l o s e  t o  t h e  smhB l o c u s ,  b u t ,  a s  i n  t h e  

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

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

p o s s i b l e  N e v e r t h e l e s s ,  t h e  r e s u l t s  s u g g e s t  t h a t  t h e
■»

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

o n l y  two r e g i o n s  o f  t h e  l i n k a g e  a r e  i n v o l v e d ,  an d  e a c h  o f  

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

I n t e r e s t i n g l y ,  b o t h  t h e  smhAl an d  smhBl m u t a n t s  s p o n t a n e o u s l y  

a c q u i r e d  a d d i t i o n a l  m u t a t i o n s ,  d e s i g n a t e d  l y t E l  a n d  l y t D l , 

r e s p e c t i v e l y ,  w h ic h  c o n f e r r e d  t s  l y s i s  p h e n o t y p e s .

The smhBl m u t a n t  was i s o l a t e d  by  f o l l o w i n g  a  s t r a t e g y  

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

1 1 ) .  I t  i s  n o t a b l e  t h a t  t h e  t s  c o l o n y - f o r m i n g  p h e n o t y p e

a s s o c i a t e d  w i t h  t h e  smhBl a l l e l e ,  e . g . ,  i n  s t r a i n  VC4133, was
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a t t r i b u t e d  t o  t e m p e r a t u r e - d e p e n d e n t  l y s i s  o f  t h e  b a c t e r i a  on  

NA an d  i n  NB, r e s p e c t i v e l y .  B o th  c h a r a c t e r i s t i c s  w e re  

s u p p r e s s e d  by  t h e  a d d i t i o n  o f  1% NaCl,  and  smhBl may t h e r e f o r e  

b e  c l a s s i f i e d  a s  a t s  o s m o r e m e d ia l  m u t a t i o n  ( 1 4 9 ) .  The b a s i s  

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

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

o s m o r e m e d i a l  h a v e  b e e n  p r e v i o u s l y  i s o l a t e d  ( 7 9 ,  8 1 ,  8 6 ,  150,  

1 5 1 ) ,  an d  i t  i s  p o s s i b l e  t h a t  t h e  i n c r e a s e d  o s m o l a r i t y  s e r v e s  

t o  p r o v i d e  c e l l  membrane s u p p o r t  i n  v ie w  o f  t h e  l y s i s  

p h e n o t y p e  a s s o c i a t e d  w i t h  omhBl. On t h e  o t h e r  h a n d ,  i t  h a s  

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

i n c l u d i n g  t h o s e  w h ic h  h av e  n o t h i n g  t o  do w i t h  c e l l  e n v e l o p e  

f u n c t i o n  ( 1 4 9 ) .  T h e r e f o r e ,  o t h e r  o s m o r e m e d ia l  m e c h a n ism s  a r c  

p o s s i b l e  a n d  s h o u l d  be  c o n s i d e r e d .  F o r  e x a m p le ,  t h e  h i g h  

c o n c e n t r a t i o n  o f  s o l u t e  may s e r v e  t o  s t a b i l i z e  a m u t a n t  

p r o t e i n .  W h a te v e r  t h e  c a u s e ,  i t  i s  i m p o r t a n t  t o  n o t e  i n  t h e  

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

l y t D l  and  l y t E l  a l l e l e s ,  u n l i k e  sm h B l , w ere  n o t  o s m o r e m e d i a l  

c h a r a c t e r i s t i c s .

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

s p o n t a n e o u s l y  i n  t h e  murHl smhBl s t r a i n ,  VC4007. The l y t D  and  

smhB l o c i  w e re  l o c a t e d  c l o s e  t o  e a c h  o t h e r ,  b u t  t h e  2 l o c i  

w e re  n o t  d i r e c t l y  l i n k e d  a s  d e t e r m i n e d  by l i n k a g e  m a p p in g  and  

by t h e  p l a c e m e n t  o f  t r a n s p o s o n  TnlO i n s e r t i o n s  b e t w e e n  t h e  2 

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

t h e  d i s c o v e r y  o f  t h e  l y t D  l o c u s  d u r i n g  c o n s t r u c t i o n  o f
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d e r i v a t i v e s  c a r r y i n g  sm hB l . I n  t h e s e  c o n s t r u c t i o n s /  t h e  l y t D l  

d e r i v a t i v e s  w e re  d i s t i n g u i s h e d  from t h e  smhBl d e r i v a t i v e s  a s  

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

p r o p e r t i e s  w h ich  w ere  n o t  o s m o r e m e d ia l .  I t  s h o u l d  b e  n o t e d  

t h a t  a l t h o u g h  t h e  l y t D l  an d  smhBl a l l e l e s  c o u l d  be  d i f f e r e n ­

t i a t e d  on t h e  b a s i s  o f  t h e  i n a b i l i t y  o f  l y t D l  m u t a n t s  t o  grow 

on h i g h  o s m o l a r i t y  m ed ia  su c h  a s  TSA a t  42°C, t h e  m e thod  i n  

p r a c t i c e  was i n c o n v e n i e n t  f o r  l a r g e  s c a l e  g e n e t i c  s c r e e n i n g  

b e c a u s e  t h e  t s  c h a r a c t e r i s t i c  o f  l y t D l  was l e a k y .  G e n e t i c  

s c r e e n i n g  by r e p l i c a t i o n /  w h ich  i n h e r e n t l y  r e s u l t s  i n  t h e  

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

a p p e a r a n c e  o f  r e s i d u a l  g ro w th  by  l y t D l  m u t a n t s ,  and  o u r  

ju d g e m e n t  c o n s e q u e n t l y  had  t o  b a s e d  on t h e  am ount  o f  g r o w th  

o b s e r v e d .  However ,  we w ere  a b l e  t o  c o n f i r m  o u r  r e s u l t s ,  

a l t h o u g h  n o t  on a l a r g e  s c a l e ,  by  p i c k i n g  t r a n s d u c t a n t s  and 

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

o f  p l a t i n g  e f f i c i e n c i e s  on TSA a t  42°C a s  d e s c r i b e d  i n  T a b l e  

6 an d  f o r  l y s i s  i n  NB p l u s  1% NaCl a t  42°C a s  d e s c r i b e d  i n  

F i g u r e  15.

I s o g e n i c  s t r a i n s  c a r r y i n g  c o m b i n a t i o n s  Oj. w i l d  t y p e  and 

m u t a n t  a l l e l e s  o f  t h e  murH, l y t D  and  smhB l o c i  w e re  c o n ­

s t r u c t e d  i n  o r d e r  t o  a s s e s s  t h e  i n t e r a c t i o n s  b e t w e e n  t h e s e  

l o c i .  S t u d i e s  j n  t h *  r e c o n s t r u c t e d  murHl smhBl s t r a i n ,  

VC4076, r e v e a l e d  an a p p a r e n t  d i s c r e p a n c y .  In  o u r  i s o l a t i o n  

p r o c e d u r e  ( F i g .  1 1 ) ,  t h e  o r i g i n a l  murHl smhBl  m u t a n t  i s o l a t e  

(VC494) f a i l e d  t o  d e v e l o p  a c o l o n y  on TSA a t  42°C, an d  t h i s



p r o p e r t y ,  i n  f a c t ,  d i s t i n g u i s h e d  t h e  murHl smhBl m u t a n t  f rom 

t h e  mu r H l  smhA- t y p e  m u ta n t  w hich  e x h i b i t e d  a  c o m p l e t e l y  

t e m p e r a t u r e - r e s i s t a n t  p h e n o t y p e .  T h e r e f o r e ,  t h e  a b i l i t y  o f  

s t r a i n  VC4076 t o  form c o l o n i e s  on TSA a t  42°C was u n e x p e c t e d .  

M o re o v e r ,  VC4076 had  v i r t u a l l y  i d e n t i c a l  p l a t i n g  e f f i c i e n c i e s  

o n  TSA a t  42°C and  30°C ( T a b le  6) a l t h o u g h  i t s  g r o w th  r a t e  a t  

t h e  h i g h e r  t e m p e r a t u r e  was m a rk e d ly  r e d u c e d .  The p l a t i n g  

e f f i c i e n c i e s  o f  t h e  o r i g i n a l  murHl smhBl m u t a n t  i s o l a t e  

(VC494) and  t h e  r e c o n s t r u c t e d  murHl smhBl m u t a n t  (VC4076) on 

TSA w ere  s u b s e q u e n t l y  d e t e r m i n e d ,  an d  a c o m p a r i s o n  i n d i c a t e d  

t h a t  b o t h  s t r a i n s  b e h a v e d  i d e n t i c a l l y .  T h u s ,  i t  w ou ld  a p p e a r  

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

smhBl i s o l a t e ,  VC494, f rom fo rm in g  c o l o n i e s  on TSA a t  42°C 

d u r i n g  i i . s  i n i t i a l  i s o l a t i o n .  On t h e  o t h e r  h a n d ,  i t  i s  

n o t e w o r t h y  t h a t  t h e  c o m b i n a t i o n  o f  murHl and  smhBl r e s u l t e d  i n  

e n h a n c e d  s u r v i v a l  a t  42°C ( T a b le  7 ) ,  and  t h i s  i s  c l e a r l y  a 

m a n i f e s t a t i o n  o f  t h e  smhBl s u p p r e s s o r  a c t i v i t y .

S i n c e  t h e  murHl , l y t D l , l y t E l , and  t h e  smhBl a l l e l e s  by  

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

t h e  d o u b l e  m u t a n t s ,  s t r a i n s  VC4075 (mu rH l  s m h B l ) ,  VC4024 

( l y t D l  sm h B l) ,  and  VC4146 ( l y t E l  sm hB l) a r e  i n t e r e s t i n g  i n  

t h a t  none  o f  them e x h i b i t e d  l y s i s  a t  42°C ( F i g s .  14 ,  15B and  

19B) . The l y s i s  s u p p r e s s i o n  o b s e r v e d  i n  b o t h  h i g h  an d  low 

o s m o l a r i t y  m ed ia  when smhBl was com bined  w i t h  m u rH l , l y t D l  o r  

l y t E l  s u g g e s t s  a m echanism  i n  w h ich  t h e  i n d i v i d u a l  a l l e l e s  

i n t e r a c t  e i t h e r  d i r e c t l y  o r  i n d i r e c t l y  w i t h  e a c h  o t h e r  t o
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a c . -  oc. i l l y  s u p p r e s s  t h e i r  l y s i s  p h e n o t y p e s .  The smhBl 

n i l e l e  a l s o  had  t h e  same e f f e c t s  on t h e  t s  g r o w th  p h e n o t y p e s  

o f  n turH l , l y t D l  and  l y t E l . The t s  c o l o n y  f o r m a t i o n  on h i g h  

o s m o l a r i t y  m e d ia  s u c h  a s  TSA o r  NA p l u s  1% NaCl a s s o c i a t e d  

w i t h  e i t h e r  m u rH l , l y t D l  o r  l y t E l  was s u p p r e s s e d  by  s m h B l . 

However ,  i t  was c u r i o u s  t h a t  t h e  c o m b i n a t i o n  o f  smhBl w i t h  

m u rH l , l y t D l  o r  l y t E l  d i d  n o t  r e s u l t  i n  t h e  s u p p r e s s i o n  o f  

t e m p e r a t u r e  s e n s i t i v i t y  on NA i n  v ie w  o f  t h e  s u p p r e s s i o n  o f  t s  

g r o w th  u n d e r  t h e s e  c o n d i t i o n s  ( T a b l e s  6 and  1 1 ) .  The s i m i l a r  

b e h a v i o r  e x h i b i t e d  by t h e  murHl sm hB l , l y t D l  sm h B l , and  l y t E l  

smhBl m u t a n t s  f u r t h e r  s t r e n g t h e n s  t h e  r e s e m b l a n c e  b e t w e e n  t h e  

a l l e l e s  m u rH l , l y t D l  an d  l y t E l . I n  an  e f f o r t  t o  e x p l a i n  t h i s ,  

we h y p o t h e s i z e  t h a t  t h e  smhBl g en e  p r o d u c t  may b e  i n v o l v e d  i n  

two s e p a r a b l e  s u p p r e s s o r  a c t i v i t i e s  a t  t h e  r e s t r i c t i v e  

t e m p e r a t u r e :  ( i )  l y s i s  s u p p r e s s i o n ,  and  ( i i )  r e s t o r a t i o n  o f

c o l o n y - f o r m i n g  a b i l i t y .  Our r e s u l t s  s u g g e s t  t h a t  l y s i s  

s u p p r e s s i o n  by  smhbl  ( a c t i v i t y  i )  i s  n o t  d e p e n d e n t  on medium 

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

i i )  i s .  T h i s  p r o p o s a l  i s  f u r t h e r  s u p p o r t e d  by t h e  d e m o n s t r a ­

t i o n  t h a t  smhBl com bined  w i t h  murHl ( s t r a i n  VC4076) o r  w i t h  

l y t D l  ( s t r a i n  VC4024) r e s u l t e d  i n  e n h a n c e d  s u r v i v a l  a t  42°C on 

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

c o n d i t i o n s  ( T a b l e  7 ) .

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

s :thAl m u t a n t  s t r a i n ,  VC4041, was p r o b a b l y  n o t  a  f o r t u i t o u s  

e v e n t  b e c a u s e  we w e re  s u b s e q u e n t l y  a b l e  t o  d e m o n s t r a t e  t h e
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s p o n t a n e o u s  o c c u r r e n c e  o f  .y tE - l i k e  m u t a t i o n s  d u r i n g  s e r i a l  

p a s s a g e  o f  smhAl m u t a n t s . The s e r i a l  p a s s a g e  e x p e r i m e n t  a l s o  

i n d i c a t e d  t h a t  t h e  p r e s e n c e  o f  t h e  murHl m u t a t i o n  was n o t  

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

smhAl g e n e t i c  b a c k g r o u n d  s i n c e  i d e n t i c a l  r e s u l t s  w e re  o b t a i n e d  

w i t h  s t r a i n s  VC4127 and  VC4135. On t h e  b a s i s  o f  t h e s e  

r e s u l t s ,  we s u s p e c t  t h a t  l y t E  may be  a  s u p p r e s s o r  o f  t h e  smhAl 

m u t a t i o n ,  b u t ,  i f  s o ,  t h i s  e f f e c t  i s  n o t  o b v i o u s  b e c a u s e  t h e  

smhAl m u t a n t  a l r e a d y  b e h a v e s  l i k e  a w i l d  t y p e  s t r a i n  an d  d o e s  

n o t  a p p e a r  t o  be  h a n d i c a p p e d .  On t h e  o t h e r  h a n d ,  t h e  s u p ­

p r e s s i o n  c f  t h e  t s  l y s i s  p h e n o ty p e  o f  l y t E l  by  smhAl was 

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

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

t i o n ,  i t  i s  i n t e r e s t i n g  t h a t  t h e  l y t D l  t s  l y s i s  m u t a t i o n  

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

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

s p o n t a n e o u s  l y t D - . l i k e  m u t a t i o n s  o c c u r r e d  d u r i n g  s u b c u l t u r e  o f  

t h e  smhBl r i u t a n t .  N e v e r t h e l e s s ,  T h e re  a r e  r e a s o n s  t o  s u s p e c t  

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

b e tw e e n  smhAl and  l y t E l , e x i s t s  b e tw ee n  smhBl and  l y t D l . For  

e x a m p le ,  t h e  smhBl and  t h e  l y t D l  m u t a n t s  s u r v i v e d  p o o r l y  when 

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

medium w h e r e a s  s u r v i v a l  was m a r k e d ly  e n h a n c e d  when t h e  two 

m u t a n t  a l l e l e s  w ere  com bined  ( T a b le  7 ) .

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

a p p e a r e d  t o  be r e l a t i v e l y  s p e c i f i c  i n  t h a t  t h e  s u p p r e s s i o n
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a c t i v i t y  o f  smhBl was e x p r e s s e d  o n l y  w i t h  m urH l , l y t D l , o r  

l y t E l , w h i l e  smhAl s u p p r e s s e d  o n l y  t h e  t s  p h e n o t y p e s  i n d u c e d  

by  e i t h e r  t h e  murHl o r  t h e  l y t E 1 m u t a t i o n s .  F o r  e x a m p le ,  

n e i t h e r  smhBl n o r  smhAl p r e v e n t e d  l y s i s  c a u s e d  by i m p o s in g  

e i t h e r  m u t a t i o n a l  (murE o r  murF) o r  a n t i b i o t i c - i n d u c e d  ( e . g . ,  

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

s p e c i f i c i t y  s u g g e s t s  t h a t  t h e  murH, l y t D , l y t E , smhB and  smhA 

l o c i  may be  f u n c t i o n a l l y  r e l a t e d .  We s h o u l d  a l s o  n o t e  t h a t  no 

s u p p r e s s o r  a c t i v i t y  was o b s e r v e d  b e tw e e n  murHl and  l y t D l , 

b e tw e e n  murHl and  l y t E l , b e tw een  l y t D l  and  smhAl, and  b e tw e e n  

smhBl and  smhAl ( d a t a  n o t  s h o w n ) .

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

m urH l , l y t D l , -iycEl and  smhBl a r e  u n c e r t a i n ,  b u t  t h e i r  l y s i s -  

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

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

C h a p t e r  3 t h a t  a l a t e  s t e p  i n  p e p t i d o g l y c a n  s y n t h e s i s  was 

i n h i b i t e d  i n  t h e  murHl mutanv. a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e ,  

a n d  i t  was p r o p o s e d  t h a t  t h e  l y s i s  o b s e r v e d ,  w h ich  was 

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

t h i s  b l o c k a g e  i n  p e p t i d o g l y c a n  s y n t h e s i s .  However ,  t h i s  

p r o p o s a l  now seems u n l i k e l y  i n  v iew  o f  t h e  f a i l u r e  o f  smhBl o r  

smhAl t o  s u p p r e s s  t h e  . ' y s i s  in d u c e d  by  w e l l  c h a r a c t e r i z e d  

m u t a t i o n a l  b l o c k s  (murE and  murF) i n  p e p t i d o g l y c a n  s y n t h e s i s .  

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

F i r s t ,  t h e s e  m u t a t i o n s  may be p l e i o t r o p i c ,  and  t h e y  may, i n  

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

l y s i s ;  i . e . ,  t h e s e  m u t a t i o n s  d i r e c t l y  i n t e r f e r e  w i t h  p e p t i d o -  

n l y c a n  h y d r o l a s e  c o n t r o l .  A l t e r n a t i v e l y ,  t h e  m urH l- ,  l y t D l - , 

l y t E l - , a n d  smhB1- i n d u c e d  l y s i s  p r o c e s s e s  may f o l l o w  a  p a th w a y  

w h ic h  i s  d i f f e r e n t  f rom t h a t  o f  t h e  l y s i s  p r o c e s s e s  c a u s e d  by  

murE- , m urF- ,  o r  a n t i b i o t i c - i n d u c e d  b l o c k s  i n  p e p t i d o g l y c a n  

s y n t h e s i s .  However ,  i t  m us t  be s t r e s s e d  t h a t  t h e  b a s i s  f o r  

l y s i s  and  l y s i s  s u p p r e s s i o n  by  t h e s e  m u t a t i o n s  h a s  n o t  y e t  

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

t h e  f u n c t i o n a l  i d e n t i f i c a t i o n  o f  t h e  murH, l y t D , l y t E , smhA 

and  smhB g e n e  p r o d u c t s .

I n  vsummary,  t h e  r e s u l t s  p r e s e n t e d  h e r e  c o l l e c t i v e l y  

s u g g e s t  t h a t  t h e  murH, l y t D , l y t E , smhA, and  smhB l o c i  a r e  

f u n c t i o n a l l y  r e l a t e d  a s  shown i n  F i g .  20 .  One p o s s i b l e  

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

t h a t  t h e  smhBl a l l e l e  i n t e r a c t s ,  d i r e c t l y  o r  i n d i r e c t l y ,  w i t h  

a l l  o f  t h e  o t h e r  a l l e l e s  e x c e p t  sm hA l . F u r t h e r m o r e ,  t h e  smhAl 

a l l e l e  may i n t e r a c t  i n  some way w i t h  murHl a n d  l y t E l  b u t  

a p p a r e n t l y  n o t  w i t h  e i t h e r  smhBl o r  l y t D l . F o r  e x a m p l e ,  t h e  

d a t a  d e m o n s t r a t i n g  t h e  c o s u p p r e s s i o n  o f  2 t s  m u t a n t  a l l e l e s  

may b e  i n d i c a t i v e  o f  a  d i r e c t  p r o t e i n - p r o t e i n  i n t e r a c t i o n  

b e tw e e n  t h e  2 m u t a n t  g en e  p r o d u c t s .



Ill

smhAl

murHl

lytDl smhBl

F i g .  20 .  P r o p o s e d  r e l a t i o n s h i p s  b e t w e e n  t h e  m u rH l , l y t D l , 
l y t E l , smhAl,  a n d  smhBl a l l e l e s  b a s e d  on s u p p r e s s i o n  s t u d i e s .  
The r e l a t i o n s h i p s  shown may i n v o l v e  e i t h e r  d i r e c t  o r  i n d i r e c t  
i n t e r a c t i o n s ,  b u t  t h i s  h a s  n o t  b e e n  d i r e c t l y  d e m o n s t r a t e d .  
The smhAl  a l l e l e  i n t e r a c t s  w i t h  t h e  murHl and  l y t E l  a l l e l e s  
b u t  n o t  w i t h  t h e  l y t D l  and  smhBl a l l e l e s .  The smhBl a l l e l e  
i n t e r a c t s  w i t h  a l l  o f  t h e  o t h e r  a l l e l e s  e x c e p t  sm hA l . No 
i n t e r a c t i o n  was d e t e c t e d  b e tw e e n  murHl and  l y t D l , murHl an d  
l y t E l , o r  l y t D l  and l y t E l .
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CHAPTER 5

SUPPRESSION OF THE l y t D l  MUTATION BY THE PHAGE X

c r o  AND c l  GENES

I .  O v e r v ie w  o f  C h a p t e r  C o n t e n t s

T h i s  c h a p t e r  d e s c r i b e s  an  a t t e m p t  t o  c l o n e  t h e  l y t D  g e n e  

by s c r e e n i n g  an  E. c o l i  g en e  bank  f o r  c l o n e s  w h ic h  c o m p l e ­

m e n te d  t h e  l y t D l  a l l e l e .  Such p o s i t i v e  c l o n e s  a r e  shown t o  

c a r r y  DNA d e r i v e d  f rom  t h e  genome o f  p h a g e  X  an d  n o t  f rom  t h e  

E. c o l i  chrom osom e.  F u r t h e r m o r e ,  2 p h a g e  X  g e n e s ,  i d e n t i f i e d  

a s  X  c r o  an d  c l , a r e  shown t o  e x h i b i t  l y t D l  c o m p l e m e n t i n g  

a c t i v i t y .

B a c t e r i o p h a g e  A, i s  a  w e l l  known t e m p e r a t e  p h a g e  o f  E . 

c o l i . Upon i n f e c t i o n  o f  i t s  h o s t ,  X  may e n t e r  a  l y t i c  p a th w a y  

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

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

l y s o g e n i c  p a th w a y  by i n t e g r a t i n g  i t s  genome i n t o  a  s p e c i f i c  

s i t e  i n  t h e  h o s t  chromosome.  D u r in g  l y s o g e n y ,  t h e  p h a g e  g e n e s  

i n v o l v e d  i n  t h e  l y t i c  p a th w a y  a r e  s i l e n c e d .  T h e s e  two 

d i f f e r e n t  p a th w a y s  a r e  g e n e t i c a l l y  d e t e r m i n e d  by  two a l t e r n a t e  

p r o g ra m s  r e g u l a t e d  p r i m a r i l y  by  two X  g e n e s  d e s i g n a t e d  c l  a n d  

c r o  w h ic h  e n c o d e  t h e  Cl ( a l s o  known a s  X  r e p r e s s o r )  a n d  Cro  

p r o t e i n s ,  r e s p e c t i v e l y  ( 1 5 2 ) .  Cl an d  Cro h a v e  b e e n  e x t e n s i v e ­

l y  s t u d i e d  and  a r e  among t h e  b e s t  c h a r a c t e r i z e d  D N A -b in d in g
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p r o t e i n s  known ( 1 5 3 ) .  T h e s e  p r o t e i n s  p l a y  a n t a g o n i z i n g  r o l e s  

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

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

s u b s e q u e n t l y  r e p r e s s e s  t h e  t r a n s c r i p t i o n  o f  c l  g e n e .  To

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

p r o t e i n ,  C l ,  m u s t  b e  e s t a b l i s h e d  an d  m a i n t a i n e d  i n  o r d e r  t o  

p r e v e n t  t h e  e x p r e s s i o n  o f  t h e  c r o  g e n e  (154)  . I n  a d d i t i o n ,  Cl 

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

p a t h w a y .  F i g .  21 d i a g r a m m a t i c a l l y  r e p r e s e n t s  t h e  r e g u l a t o r y  

r e g i o n  o f  t h e  p h a g e  k  genome.  The Cl r e p r e s s o r  b i n d s  t o  t h r e e  

1 7 - b a s e  p a i r  s i t e s  i n  t h e  s - c a l l e d  r i g h t  o p e r a t o r  r e g i o n  

d e s i g n a t e d  0nl ,  CL2, an d  0 „3 . Cro a l s o  b i n d s  t o  t h e  same t h r e e
•—R ”—“i\  — R

s i t e s  ( 1 5 5 ) .  I n  f a c t ,  Cl  and  Cro a p p a r e n t l y  c o n t a c t  many o f  

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

t h e r e  a r e  no o b v i o u s  s i m i l a r i t i e s  i n  t h e  amino a c i d  s e q u e n c e s  

o f  t h e  two p r o t e i n s  ( 1 5 6 ,  1 5 ' ) .  The n u c l e o t i d e  s e q u e n c e s  o f  

t h e s e  s i t e s  a r e  s i m i l a r  b u t  n o t  i d e n t i c a l  ( 1 5 8 ) ,  an d  C l  an d  

Cro b i n d  t o  e a c h  o f  t h e s e  s i t e s  w i t h  d i f f e r e n t  a f f i n i t i e s  and  

o r d e r s .  A t  i n c r e a s i n g  c o n c e n t r a t i o n s ,  Cl b i n d s  t o  0  1 a n d  0o2
—-R  — R

s i m u l t a n e o u s l y ,  b u t  0R3 i s  bound o n l y  a t  much h i g h e r  c o n c e n ­

t r a t i o n s  ( 1 5 9 ) .  I n  c o m p a r i s o n ,  Cro b i n d s  i n i t i a l l y  t o  0 o3,—R

an d  t h e n  a t  h i g h e r  c o n c e n t r a t i o n s ,  t o  0 2 a n d  0„1 ( 1 6 0 ) .  As
— R — R

shown i n  F i g .  2 1 ,  t h e  t h r e e  r i g h t  o p e r a t o r  s i t e s  a r e  i n v o l v e d  

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

f rom  t h e i r  p r o m o t e r s  d e s i g n a t e d  Pm a n d  PR, r e s p e c t i v e l y .  Two 

a s p e c t s  o f  t h e s e  D N A - p ro t e in  i n t e r a c t i o n s  a r e  i m p o r t a n t  ( r e f e r



1 1 4

(A)
0rV

cm

(B)

- O
c 1

-0 - -

cU

F i g .  21 .  A p o r t i o n  o f  t h e  ph ag e  A genome sh o w in g  t h e  r e g u l a ­
t o r y  e l e m e n t s  w h ic h  c o n t r o l  t h e  l y t i c  and  l y s o g e n i c  c y c l e s .  
(A) The a r r o w s  on t h e  wavy l i n e s  i n d i c a t e  t h e  d i r e c t i o n  o f  
t r a n s c r i p t i o n  o f  v a r i o u s  g e n e s .  0 L and  0 R a r e  t h e  l e f t  a n d  
r i g h t  o p e r a t o r  r e g i o n s ,  and  PL, PR, Pffl a r e  t h e i r  a s s o c i a t e d  
p r o m o t e r  r e g i o n s .  T h e se  p r o m o t e r s  a r e  s u b j e c t  t o  r e p r e s s i o n  
by e i t h e r  t h e  Cl  r e p r e s s o r  o r  t h e  Cro p r o t e i n  a s  d e s c r i b e d  i n  
t h e  t e x t .  (B) Expanded  d i a g r a m  o f  t h e  A 0R r e g i o n .  0  1, 0 R2 
and  0 r3 a r e  Cl an d  Cro b i n d i n g  s i t e s ,  e a c h  o f  w h ic h  c o n s i s t s  
o f  17 bp .  The b i n d i n g  o f  RNA p o l y m e r a s e  t o  e i t h e r  t h e  PR o r  
t h e  P ^  s i t e s  w i l l  be  p r e v e n t e d  t y  r e p r e s s o r  p r o t e i n s  o c c u p y i n g  
t h e  o p e r a t o r  s i t e s  b e c a u s e  o f  t h e  f u n c t i o n a l  o v e r l a p s  i n  t h e  
r e p r e s s o r  an d  o p e r a t o r  s i t e s .  M o d i f i e d  f rom r e f .  154.
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t o  F i g .  21)  . F i r s t ,  Cro an d  Cl h a v e  r e c i p r o c a l l y  a n t a g o n i s t i c  

e f f e c t s  on g e n e  e x p r e s s i o n .  At. m o d e r a t e  c o n c e n t r a t i o n s ,  C ro  

b i n d s  t o  Or3 a n d  t h e r e b y  b l o c k s  t r a n s c r i p t i o n  o f  c l . A l t e r n a ­

t i v e l y ,  a t  m o d e r a t e  c o n c e n t r a t i o n s ,  Cl  b i n d s  t o  0 R1 a n d  

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

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

p o l y m e r a s e  t o  t h e  p r o m o t e r  s e q u e n c e s  ( 1 6 1 ) .  The s e c o n d  

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

p r o t e in - D N A  i n t e r a c t i o n s  i n  r e g u l a t i n g  e x p r e s s i o n  o f  c l  an d  

c r o . Cl i s  a p o s i t i v e  r e g u l a t o r  o f  i t s  own s y n t h e s i s  i n  t h a t  

Cl  b i n d i n g  t o  0R2 s t i m u l a t e s  t r a n s c r i p t i o n  o f  c l  ( 1 6 2 ) .  

M o r e o v e r ,  t h e  b i n d i n g  o f  Cl  t o  0R3 b l o c k s  c l  t r a n s c r i p t i o n  b u t  

t h i s  w o u ld  o c c u r  o n l y  a t  v e r y  h i g h  Cl c o n c e n t r a t i o n s  ( 1 6 3 ) .  

F u r t h e r m o r e ,  C ro  n e g a t i v e l y  r e g u l a t e s  i t s  own s y n t h e s i s ;  a t  

h i g h  c o n c e n t r a t i o n ,  t h e  b i n d i n g  o f  C ro  t o  0R1 p r e v e n t s  

t r a n s c r i p t i o n  o f  c r o  ( 1 5 4 ) .  I n  summary, Cl b l o c k s  t h e  k  l y t i c  

c y c l e  by  p r e v e n t i n g  t h e  e x p r e s s i o n  o f  g e n e s  i n v o l v e d  i n  l y t i c  

g r o w t h ,  i n c l u d i n g  c r o , w h ic h  a r e  e x p r e s s e d  f ro m  PR. I n  

a d d i t i o n ,  Cl  a l s o  b i n d s  t o  t h e  l e f t  o p e r a t o r  s e q u e n c e ,  0L, t o  

p r e v e n t  e x p r e s s i o n  l y t i c  c y c l e  g e n e s  e x p r e s s e d  f ro m  PL ( 1 6 4 ) .  

I n  c o n t r a s t ,  C ro  i n d u c e s  t h e  l y t i c  c y c l e  b y  p r e v e n t i n g  t h e  

e x p r e s s i o n  o f  c l  ( 1 6 5 ) .  The f a t e  o f  p h a g e  A t o  g row  i n  e i t h e r  

one  o f  t h e  two a l t e r n a t e  modes t h u s  d e p e n d s  on t h e  c o m p e t i t i o n  

b e t w e e n  Cl an d  Cro  f o r  t h e  t h r e e  b i n d i n g  s i t e s  i n  t h e  r i g h t  

o p e r a t o r  r e g i o n  o f  t h e  k  genome ( 1 5 4 ) .
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The E.  c o l i  s t r a i n s ,  b a c t e r i o p h a g e s  an d  p l a s m i d s  u s e d  i n  

t h i s  c h a p t e r  a r e  l i s t e d  i n  T a b l e  12.

I I I .  R e s u l t s

1. A t t e m p t  t o  C lo n e  t h e  l y t D  Gene

An E.  c o l i  g e n e  b a n k  was p r e p a r e d  by l i g a t i n g  a  p a r t i a l  

S a u 3AI d i g e s t  o f  ch rom osom al  DNA i n t o  t h e  u n i q u e  BamHI s i t e  o f  

t h e  p h a s m i d  v e c t o r ,  XSE6, a s  d e s c r i b e d  i n  C h a p t e r  2 .  T h i s  

b a n k  was s c r e e n e d  f o r  c l o n e s  w h ic h  co m p le m e n te d  t h e  s m h B l , 

l y t D l , a n d  l y t E l  m u t a t i o n s .  No smhB and  l y t E  c l o n e s  w ere  

fo u n d  i n  t h r e e  a t t e m p t s  u s i n g  3 i n d e p e n d e n t l y  p r e p a r e d  g e n e  

b a n k s .  On t h e  o t h e r  h a n d ,  l y t D  c l o n e s  w e re  r e a d i l y  i s o l a t e d .  

F i g .  22 shows t h e  BamHI d i g e s t s  o f  r e c o m b i n a n t  p h a s m i d s  

p u r i f i e d  f rom  4 p o s i t i v e  l y t D  c l o n e s .  The 33 kb f r a g m e n t  

common t o  a l l  o f  t h e  p h a s m id s  r e p r e s e n t s  t h e  A.SE6 v e c t o r .  

F u r t h e r m o r e ,  a l l  o f  t h e  p h a s m id s  c a r r i e d  a 7 kb i n s e r t .  Two 

o f  t h e  p h a s m i d s  ( l a n e s  3 and  4) c o n t a i n e d  2 a d d i t i o n a l  i n s e r t s  

o f  5 . 5  ( l a n e  3) and  12 kb ( l a n e  4 ) .  T h e s e  r e s u l t s  s u g g e s t e d  

t h a t  t h e  l y t D  c o m p l e m e n t i n g  a c t i v i t y  may r e s i d e  on  t h e  7 kb 

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

2 .  l y t D l  C o m p l e m e n t a t i o n  b y  t h e  P h ag e  k  c r o  Gene

The l y t D l  c o m p le m e n t in g  a c t i v i t y  was s u b c l o n e d  i n  t h e
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T a b l e  12 .  E. c o l l  K-12 s t r a i n s ,  b a c t e r i o p h a g e s  a n d  p l a s m i d s

S t r a i n  R e l e v a n t  G e n o t y p e / D e s c r i p t i o n  R e f e r e n c e / s o u r c e

AA102F' l a c t h i  p r o  endA re cA  A ( q a l - c h l - p q l - a t t ) 
r F ' t r a D 3 6  proAB l a c l q ZAM151

GBTa

CSH66 t h i  A ( l a c )  ( A c I8 5 7 S 7 ) CSH

DH5a t h i  hsdR17 r e c A l  r e l A l  endA l  qyrA96 
(j>80dlac ZAM15

BRLb

JM101 t h i  A ( l a c -p r o A B )  f F ' t r a D 3 6  proAB 
l a c l q ZAM151

L a b o r a t o r y
c o l l e c t i o n

JM109 t h i  endAl  r e c A l  r e l A l  qyrA96 hsdR17 
A ( l a c -p r o A B )  f F ' t r a D 3 6  proAB 
l a c l 4 ZAM151

L a b o r a t o r y
c o l l e c t i o n

KX100 hsdR514 l a c Y l  qalK2 q a lT 2 2  m e tB l  
t r p R 5 5  recA56 s r l : : T n l O

(1 3 0 )

Q359 hsdR hsdM+ P2 l y s o q e n (125)

VC 7 t h i - 1  lysA 23  rp sL 1 0 9 L a b o r a t o r y
c o l l e c t i o n

VC4014 VC7 z b c - 1 0 3 ; : TnlO l y t D l T h i s  s t u d y

VC4040 VC4014 X l y s o g e n T h i s  s t u d y

VC4211 pDD65 i n  VC4014 T h i s  s t u d y

VC4214 pUCl9 i n  VC4014 T h i s  s t u d y

W3104 W3110 X l y s o g e n L a b o r a t o r y
c o l l e c t i o n

W3110 w i l d  t y p e L a b o r a t o r y
c o l l e c t i o n
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T a b l e  12 ,  c o n t i n u e d

B c t e r i o p h a g e R e l e v a n t  G e n o t y p e / D e s c r i p t i o n R e f e r e n c e / S o u r c e

A.SE6 Kanr Ampr (1 2 4 )

AcI857 t e m p e r a t u r e - s e n s i t i v e  c l (1 3 4 )

I v i r CL 0T m u t a t i o nR L (1 3 3 )

P l a s m i d R e l e v a n t  G e n o t y p e / D e s c r i p t i o n R e f e r e n c e / S o u r c e

pAA-PZ718 Ampr Camr I S l - T n 9  o r i  (M13) GBTa

pAA-PZ719 Ampr Camr I S l - T n 9  o r i  (M13) GBTa

pDD51 Kanr c r o + on 7 kb BamHI f r a q m e n t  
i n  A.SE6

T h i s s t u d y

pDD52 Ampr c r o + on 7 kb BamHI f r a q m e n t  
i n  pUC19

T h i s s t u d y

pDD53 Ampr c r o + on 4 . 3  kb B a m H I-H in d i I I  
f r a g m e n t  i n  pUC19

T h i s s t u d y

pDD54 Ampr Camr c r o + on 2 . 5  k b  Sm al-  
H i n d l l l  f r a q m e n t  i n  pAA-PZ718

T h i s s t u d y

pDD55 Ampr Camr c r o + on 2 . 5  kb  Sm al-  
H i n d l l l  f r a q m e n t  i n  pAA-PZ719

T h i  3 s t u d y

pDD56 Ampr c r o + d e l e t i o n  d e r i v a t i v e  
o f  pDD54

T h i s s t u d y

pDD57 Ampr c r o + d e l e t i o n  d e r i v a t i v e  
o f  pDD54

T h i s s t u d y

pDD58 Ampr c r o ’ d e l e t i o n  d e r i v a t i v e  
o f  pDD54

T h i s s t u d y

pDD59 Ampr c r o ’ d e l e t i o n  d e r i v a t i v e  
o f  pDD55

T h i s s t u d y

pDD60 Ampr c r o '  d e l e t i o n  d e r i v a t i v e  
o f  pDD55

T h i s s t u d y
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T a b l e  12 , c o n t i n u e d

pDD61 Ampr cro* d e l e t i o n  d e r i v a t i v e  
o f  pDD55

T h i s s t u d y

pDD63 Ampr c r o + on 1 .1  kb H i n d l l l - P s t I  
f r a g m e n t  i n  pT7-3

T h i s s t u d y

pDD64 Ampr c r o + on 1 .1  kb H i n d l l l - P s t I  
f r a g m e n t  i n  pT7-4

T h i s s t u d y

pDD65 Ampr c l + on 2 . 4  kb B q l l l  f r a g m e n t  
i n  pUC19

T h i s s t u d y

pDD70 Kanr (cro*)  on  1 2 .5  ( 7 + 5 . 5 )  kb 
BamHI f r a g m e n t  i n  A.SE6

T h i s s t u d y

pDD71 Kanr ( c r o +) on 19 (7 + 12) kb 
BamHI f r a g m e n t  i n  XSE6

T h is > s t u d y

pDD72 Kanr (cro*)  on 7 kb BamHI 
f r a g m e n t  i n  A.SE6

T h i s s t u d y

pDD7 3 Kanr ( c r o  ) on 18 kb BamHI 
f r a g m e n t  i n  A.SE6

T h i s s t u d y

p G P l-2 Kanr T7 RNA p o l y m e r a s e (129)

pT7-3 Ampr T7 p r o m o t e r  <[>10 (129)

pT7-4 Ampr T7 p r o m o t e r  <j>10 (129)

pUC19 Ampr P h a r m a c i a

aG old  B i o t e c h n o l o g y  I n c .  S t .  L o u i s ,  MO. U .S .A .  

bB e t h e s d a  R e s e a r c h  L a b o r a t o r i e s ,  G a i t h e r s b u r g ,  ML. U .S .A .



1.20

1 2 3 4 5

F i g .  22 .  E l e c t r o p h o r e t i c  a n a l y s i s  o f  4 l y t D l  c o m p l e m e n t i n g  
r e c o m b i n a n t  p l a s m i d s  i n d e p e n d e n t l y  i s o l a t e d  f ro m  an  E c o l i  
g e n e  b a n k .  The p l a s m i d s  ( l a n e  2, pDD51; l a n e  3 ,  pDD70; l a n e  
4 ,  pDD71; l a n e  5 ,  pDD72) w e re  d i g e s t e d  w i t h  BamHI a n d  s u b ­
j e c t e d  t o  e l e c t r o p h o r e s i s  i n  a 0.8% a g a r o s e  g e l .  L a n e  1 i s  
t h e  DNA m o l e c u l a r  s t a n d a r d  m arked  i n  kb on t h e  l e f t .  The 
num bers  on t h e  r i g h t  s i d e  i n d i c a t e  t h e  e s t i m a t e d  s i z e s  (k b )  o f  
t h e  f r a g m e n t s  g e n e r a t e d  by t h e  BamHI d i g e s t i o n  o f  t h e  p l a s ­
m id s  .
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f o l l o w i n g  way.  The 7 kb BamHI f r a g m e n t  f ro m  pDD51 ( l a n e  2;  

F i g .  22)  was p u r i f i e d  by  a g a r o s e  g e l  e l e c t r o p h o r e s i s  an d  

l i g a t e d  i n t o  t h e  BamHI s i t e  o f  pUC19. T h i s  d e r i v a t i v e ,  pDD52, 

c o m p le m e n te d  l y t D l . F i g .  23 shows a  r e s t r i c t i o n  map o f  t h e  7 

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

The l y t D l  c o m p l e m e n t i n g  a c t i v i t y  was l o c a l i z e d  f u r t h e r  on a  

4 . 3  kb  H i n d i I I - BamHI f r a g m e n t  i n  a  d e r i v a t i v e  d e s i g n a t e d  

pDD53. A 2 . 5  kb  H i n d l l l - S a l l  f r a g m e n t  d e r i v e d  f ro m  pDD53 was 

s u b s e q u e n t l y  shown t o  com plem en t  l y t D l  when c l o n e d  i n  e i t h e r  

o r i e n t a t i o n  i n  e i t h e r  pAA-pZ718 (pDD54) o r  pAA-pZ719 (pD D 55) . 

The c o m p l e m e n t a t i o n  a c t i v i t y  was l o c a l i z e d  f x x r t h e r  w i t h  s e t s  

o f  n e s t e d  d e l e t i o n s  d e r i v e d  f rom  pDD54 (pDD56, pDD57, an d  

pDD58) a n d  f rom  pDD55 (pDD59, pDD60; a n d  pDD61). T h e s e  

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

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

s t r a t e g y  o u t l i n e d  a t  t h e  b o t t o m  o f  F i g .  23-. The l y t D l  

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

i n  F i g .  2 3 ,  c o i n c i d e d  w i t h  a s i n g l e  o p e n  r e a d i n g  f r a m e  

s p e c i f y i n g  a s m a l l  p r o t e i n  c o n s i s t i n g  o f  o n l y  66 am ino  a c i d  

r e s i d u e s  ( F i g .  2 4 ) .  The 1 .1  kb f r a g m e n t  c a r r y i n g  t h e  l y t D l  

c o m p l e m e n t i n g  a c t i v i t y  on t h e  d e l e t i o n  d e r i v a t i v e ,  pBD61 ( F i g .  

2 3 ) ,  was o b t a i n e d  by  u t i l i z i n g  t h e  H i n d i I I  s i t e  a t  t h e  5 ' - e n d  

o f  t h e  o p e n  r e a d i n g  f r a m e  and  a  u n i q u e  P s t I  s i t e  ( d e r i v e d  f rom  

t h e  v e c t o r  a n d  t h e r e f o r e  n o t  shown i n  F i g .  23)  a t  t h e  3 ' - e n d .  

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

t h e  p h a g e  T7 p r o m o t e r  <|>10 i n  t h e  e x p r e s s i o n  v e c t o r s ,  p T 7 -3  an d
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F i g .  23 .  R e s t r i c t i o n  map o f  t h e  7 kb BamHI f r a g m e n t  c a r r y i n g  
t h e  A, c r o  g e n e  and  t h e  s t r a t e g i e s  f o r  s u b c l o n i n g  an d  DNA 
s e q u e n c i n g  o f  t h e  X c r o  g e n e .  L o c a t i o n s  o f  r e s t r i c t i o n  s i t e s  
u s e d  f o r  p l a s m i d  c o n s t r u c t i o n  a r e  shown a t  t h e  t o p .  A b b r e v i ­
a t i o n s  f o r  r e s t r i c t i o n  enzyme c l e a v a g e  s i t e s :  A, Aval ; B,
BamH I ; E ,  EcoR I ; Ha,  Hael ; H, H i n d l l l ;  S, Smal ; T, T a q I . 
T h i c k  h o r i z o n t a l  l iner*  d e n o t e  t h e  f r a g m e n t s  c l o n e d  i n t o  t h e  
c o r r e s p o n d i n g  v e c t o r s  ( s e e  T a b l e  1 2 ) .  The boxed  t h i c k  a r r o w  
r e p r e s e n t s  t h e  l o c a t i o n  and  t r a n s c r i p t i o n a l  d i r e c t i o n  o f  t h e  
open  r e a d i n g  f r a m e  o f  t h e  c r o  g en e  a s  d e t e r m i n e d  f rom  t h e  DflA 
s e q u e n c i n g  d a t a  and  t h e  e x p r e s s i o n  e x p e r i m e n t s  ( s e e  t e x t ) .  
P l a s m i d s  pDD56 t h r o u g h  pDD61 a r o  d e l e t i o n  d e r i v a t i v e s  o f  pDD54 
and  pDD55, w h ic h  w e re  u s e d  t o  d e f i n e  t h e  l y t D l  c o m p l e m e n t i n g  
a c t i v i t y  ( r e s u l t s  a r e  s h . vn on t h e  r i g h t )  m d  t o  s e q u e n c e  t h e  
g e n e  a c c o r d i n g  t o  t h e  s t r a t e g y  i n d i c a t e d  by t h e  a r r o w s  a t  t h e  
b o t t o m .



1 2 3

TCT A AC ACCGTOCGTGTTG ACTATTTTACCTCTGGCG GTGATA ATGGTTGC ATGTA CT AAGCLM 
35 -10 S-D

70 ATG GAA CAA CGC ATA ACC CTG A AA GAT TAT GCA ATG CGC TTT GGG CAA ACC 

M E Q R I  T L K D Y A M R F G Q T

121 AAG ACA GCT AAA GAT CTC GGC GTA TAT CAA AGC GCG ATC AAC AAG GCC ATT 

K T A K D I G V Y Q S  A 1  N K A 1

172 CAT GCA GGC CGA AAG ATT TTT TTA ACT ATA AAC GCT GAT . . GA AGC GI T TAT 

H A G R K I F L T I  N A D G S V Y

223 GCG GAA GAG GTA AAG CCC TTC CCG AGT AAC AAA AAA ACA ACA GCA TAA ATA 

A E E V K P F P  S N K K T T  A -

274 ACCCCGCTCITACACATTCCAGCCCTGAAAAAGGGCATCAAATTAAACCACACCTATGGTGTATGCATT

343 TATTTGCATACATTCAATCAATTGTT

F i g .  24 .  DNA s e q u e n c e  o f  t h e  l y t D l  c o m p le m e n t in g  a c t i v i t y  and 
i t s  r e g i o n s .  The s e q u e n c e  was d e t e r m i n e d  t o  be  i n  c o m p l e t e  
a g r e e m e n t  w i t h  t h e  s e q u e n c e  o f  t h e  r e g i o n  a r o u n d  t h e  c r o  gene  
o f  t h e  p h a g e  X genome.  The d e d u c e d  amino a c i d  s e q u e n c e  o f  t h e  
s i n g l e  o p e n  r e a d i n g  f ra m e  ( n u c l e o t i d e s  7 0 - 2 6 7 )  c o r r e s p o n d s  t o  
t h a t  o f  t h e  Cro p r o t e i n .  The p r o m o t e r  r e g i o n s  a r e  u n d e r l i n e d  
a n d  d e s i g n a t e d  w i t h  -1 0  an d  - 3 5 .  The p o t e n t i a l  r i b o s o m e  
b i n d i n g  s i t e  i s  a l s o  u n d e r l i n e d  an d  m arked  w i t h  S-D.  The 
i n v e r t e d  r e p e a t s  o f  t h e  d o w n s t re a m  t e r m i n a t o r - l i k e  s t r u c t u r e  
a r e  r e p r e s e n t e d  by  t h e  h o r i z o n t a l  a r r o w s  a b o v e  t h e  DNA 
s e q u e n c e ,  a s  a r e  t h e  i n v e r t e d  r e p e a t s  w i t h i n  t h e  c o d i n g  
r e g i o n .
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pT7-4  t o  y i e l d  p l a s m i d s  pDD63 and  pDD64, r e s p e c t i v e l y .  As 

e x p e c t e d ,  b o t h  p l a s m i d s  co m p lem en ted  l y t D l , f u r t h e r  c o n f i r m i n g  

t h a t  t h e  1 .1  kb f r a g m e n t  c o n t a i n e d  t h e  c o m p l e t e  l y t D l  c o m p l e ­

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

was e x p r e s s e d  f rom  t h e  T7 p r o m o t e r  ( 1 0  a s  d e s c r i b e d  i n  C h a p t e r

2 .  F i g .  25 ( l a n e  1) c o n f i r m s  t h a t  t h e  o p en  r e a d i n g  f r a m e  on 

t h e  1 .1  kb  f r a g m e n t  i n  pDD64 s p e c i f i e d  a  s m a l l  p o l y p e p t i d e  

e s t i m a t e d  t o  h a v e  a  m o l e c u l a r  w e i g h t  o f  7 ,4 0 0  b y  SDS p o l y ­

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

was c l o n e d  i n  t h e  o p p o s i t e  o r i e n t a t i o n  i n  pDD63, no s u c h  

p r o d u c t  was o b s e r v e d  ( l a n e  2 ) .  F i g .  25 ( l a n e s  5 - 8 )  a l s o  shows 

t h a t  t h e  7 . 4  kD al  p r o t e i n  was l o c a l i z e d  e x c l u s i v e l y  i n  t h e  

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

A. C ro  p r o t e i n  b e c a u s e  t h e  n u c l e o t i d e  s e q u e n c e  shown i n  F i g .  24 

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

s e a r c h  o f  t h e  EMBL DNA d a t a b a s e .

The l y t D l  c o m p l e m e n t a t i o n  d a t a  su m m a r iz e d  i n  F i g .  23 i s  

q u a n t i t a t i v e l y  e x p r e s s e d  a s  p l a t i n g  e f f i c i e n c i e s  i n  T a b l e  13. 

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

c o m p l e t e  c r o  open  r e a d i n g  f r a m e .  D e l e t i o n s  e x t e n d i n g  i n t o  

e i t h e r  t h e  5 ' -  o r  3 ' - e n d  o f  t h e  c r o  g e n e  r e s u l t e d  i n  l o s s  o f  

l y t D l  c o m p l e m e n t a t i o n  a s  m e a s u r e d  by c o l o n y  f o r m a t i o n  a t  42°C. 

C o m p l e m e n t a t i o n  was c o r r e l a t e d  w i t h  t h e  a b i l i t y  o f  c r o  t o  

s u p p r e s s  t h e  l y s i s  p h e n o t y p e  a s s o c i a t e d  w i t h  l y t D l  a t  42°C. 

T h i s  i s  i l l u s t r a t e d  w i t h  2 e x a m p le s  i n  F i g .  26 .  S t r a i n  VC4014 

was l y s i s - t o l e r a n t  when i t  c a r r i e d  t h e  c o m p l e t e  c r o  g e n e  i n
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7 8

F i g .  25 .  E x p r e s s i o n  ( l a n e s  1 -4 )  an d  l o c a l i z a t i o n  ( l a n e s  5 - 8 )  
o f  t h e  l y t D l  c o m p le m e n t in g  p r o t e i n  a s  d i r e c t e d  i n  a p h a g e  RNA 
p o l y m e r a s e  an d  p r o m o t e r  s y s t e m .  A u t o r a d i o g r a m  sh o w in g  
[ 3 S ] m e t h i o n i n e - l a b e l e d ,  p l a s m i d  e n c o d e d  p r o t e i n s  s y n t h e s i z e d  
i n  s t r a i n  KX100 (p G P l -2 )  t h a t  had  b e e n  t r a n s f o r m e d  w i t h  t h e  
f o l l o w i n g  p l a s m i d s :  pDD64 ( l a n e  1 ) ;  pDD63 ( l a n e  2 ) ;  pT7-4
( l a n e  3 ) ;  pT7-3  ( l a n e  4 ) .  F o r  p r o t e i n  l o c a l i z a t i o n ,  KX100
c a r r y i n g  p G P l -2  an d  pDD64 was l a b e l e d  w i t h  [ 35S ] m e t h i o n i n e  an d  
t h e n  f r a c t i o n a t e d  i n t o  p e r i p l a s m i c  ( l a n e  6 ) ,  c y t o p l a s m i c  ( l a n e  
7 ) ,  an d  c e l l  e n v e l o p e  ( l a n e  8) f r a c t i o n s  by  s p h e r o p l a s t  
f o r m a t i o n  an d  l y s i s .  Lane 5 i s  t h e  u n f r a c t i o n a t e d  c e l l  
c o n t r o l . P o s i t i o n s  o f  r e l e v a n t  p r o t e i n  m o l e c u l a r  w e i g h t  
s t a n d a r d s  ( c a r b o n i c  a n h y d r a s e ,  29 k D a l ;  sp e rm  w h a le  m y o g l o b i n  
I ,  8 k D a l )  a r e  i n d i c a t e d  on t h e  l e f t .

6

8  ► m
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T a b l e  13 .  l y t D l  c o m p l e m e n t a t i o n  a c t i v i t y  o f  r e c o m b i n a n t

p l a s m i d s  i n  s t r a i n  VC4014

P l a s m i d  CFU p e r  ml a t  42°C/CFU p e r  ml a t  30°C

n o n e  8 . 6  X 10’6

pDD54 1 .0

pDD55 1 . 0

pDD56 0 . 9

pDD57 1 .0

pDD58 7 . 2  X 10 '6

pDD59 4 . 4  X 1 0 '5

pDD60 6 . 0  X 10‘6

pDD61 1 .0
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F i g .  26 .  S u p p r e s s i o n  o f  l y t D  I -med i a t e d  l y s i s  by  t h e  A c r o  
g e n e .  Growth o f  s t r a i n  VC4014 ( l y t D 1 ) c a r r y i n g  pDD60 ( c r o  ) 
a t  30°C ( o  ) a n d  a t  42°C ( #  ) i n  TSB. G row th  o f  s t r a i n  
VC4014 c a r r y i n g  pDD61 ( c r o * ) a t  30°C ( A ) a n d  a t  42°C ( A ) i n  
TSB.
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pDD61 b u t  n o t  when i t  c a r r i e d  t h e  d e l e t i o n  d e r i v a t i v e ,  pDD60.

The 1 .1  kb  f r a g m e n t  d e r i v e d  f rom  pDD61 w h ic h  c a r r i e s  t h e  

c r o  g e n e  was u s e d  a s  a  p r o b e  i n  a S o u t h e r n  b l o t  a n a l y s i s  o f  2 

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

c o l i  genomes i n  F i g .  27 .  T h i s  e x p e r i m e n t  was d e s i g n e d  

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

t h e  g e n e  l i b r a r y ;  i . e . ,  we w i s h e d  t o  v e r i f y  t h a t  i t  c o u l d  n o t  

h a v e  come f rom  t h e  n o n l y s o g e n i c  s t r a i n ,  W3110 ( t h e  s o u r c e  o f  

t h e  DNA f o r  t h e  g e n e  l i b r a r y )  . As e x p e c t e d ,  t h e  p r o b e  

h y b r i d i z e d  t o  t h e  2 . 5  kb Smal - H in d l l l  f r a g m e n t  o f  pDD54 ( l a n e  

b )  a s  w e l l  a s  t o  t h e  4 . 3  kb BamH I - H i n d l l l  f r a g m e n t  o f  pDD53 

( l a n e  c ) .  The p r o b e  a l s o  h y b r i d i z e d  t o  t h e  7 kb  BamHI ( l a n e  

d ) ,  and  6 . 6  kb  H i n d l l l  ( l a n e  e )  f r a g m e n t s  d e r i v e d  f ro m  t h e  X 

genome,  an d  t h i s  i s  i n  a g r e e m e n t  w i t h  t h e  known p h y s i c a l  map 

o f  t h e  X genome.  I t  i s  n o t e w o r t h y  t h a t  t h e  p r o b e  h y b r i d i z e d  

t o  b o t h  t h e  33 kb an d  t h e  7 kb BamHI f r a g m e n t s  o f  pDD51 ( l a n e  

f ) ;  i . e . ,  pDD51 c o n t a i n s  2 c o p i e s  o f  c r o , one  on  t h e  v e c t o r  

(33 kb) a n d  on e  on t h e  i n s e r t  (7 kb)  (The a p p a r e n t  q u a n t i t a ­

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

t o  t h e  i n c o m p l e t e  t r a n s f e r  o f  t h e  33 kb f r a g m e n t  f rom  t h e  g e l  

t o  t h e  Z e t a - p r o b e  m e m b ra n e ) . F i n a l l y ,  t h e  BamH I - d i g e s t e d  

ch ro m o so m a l  DNAs o f  s t r a i n s  W3104 (X l y s o g e n )  a n d  W3110 

( n o n l y s o g e n i c )  w e re  c o m p a red .  A 7 kb f r a g m e n t  w h i c h  h y b r i ­

d i z e d  w i t h  t h e  p r o b e  was u n d o u b t e d l y  d e r i v e d  f ro m  t h e  X 

p r o p h a g e  o f  W3104 ( l a n e  g ) . T h i s  co m p o n en t  was n o t  o b s e r v e d  

i n  W3110 ( l a n e  h ) . I n t e r e s t i n g l y ,  b o t h  s t r a i n s  e x h i b i t e d  a t
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F i g .  27.  S o u t h e r n  b l o t  a n a l y s i s  o f  E. c o l i  an d  A p h a g e  
genomes p r o b e d  w i t h  a 1 .1  kb P s t l - H i n d l l l  f r a g m e n t ,  c a r r y i n g  
t h e  k c r o  g e n e ,  d e r i v e d  f rom  pDD61 . ( a )  no DNA c o n t r o l ;  (b)
Smal - H in d i I I - d i g e s t e d  pDD54; ( c )  BamH I - H i n d i I I - d i g e s t e d  
pDD53; (d )  BamH I - d i g e s t e d  A, DNA; (e )  H i n d i  1 1 - d i g e s t e d  k 
DNA; ( f )  BamH I - d i g e s t e d  pDD51; (g)  BamH I - d i g e s t e d  W3104 
(A) c h rom osom al  DNA; (h)  BamH I - d i g e s t e d  W3110 ch ro m o so m al  
DNA. DNA s t a n d a r d  m a r k e r s  a r e  shown on t h e  l e f t  ( k b ) .
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l e a s t  6 common f r a g m e n t s  ( 3 1 ,  26 ,  13 ,  6 . 8 ,  5 . 5 ,  a n d  5 kb)  

w h ic h  w e a k l y  h y b r i d i z e d  w i t h  t h e  p r o b e ,  s u g g e s t i n g  t h a t  E . 

c o l i  K-12 p o s s e s s e s  s e v e r a l  g e n e s  r e l a t e d  t o  c r o . C o l l e c ­

t i v e l y ,  t h e s e  r e s u l t s  c o n f i r m  t h a t  t h e  7 kb BamHI f r a g m e n t  

c a r r y i n g  t h e  c r o  g e n e  m ost  k e l y  o r i g n a t e d  f rom  a  X genome 

an d  c o u l d  n o t  h a v e  come f rom  W3110. As d i s c u s s e d  b e l o w ,  we 

p r o p o s e  t h a t  t h e  XSE6 v e c t o r  p r e p a r a t i o n  was c o n t a m i n a t e d  w i t h  

DNA d e r i v e d  f rom  t h e  X h e l p e r  p h a g e .

The 1 . 1  kb c r o  p r o b e  was a l s o  u s e d  f o r  a  S o u t h e r n  b l o t  

a n a l y s i s  c o m p a r i n g  BamHI d i g e s t s  o f  a l l  o f  t h e  4 l y t D l  

c o m p l e m e n t i n g  JLSE6 d e r i v a t i v e s  d e s c r i b e d  i n  F i g .  2 2 .  A 

n o n c o m p l e m e n t i n g  c l o n e ,  pDD73, was i n c l u d e d  a s  a  c o n t r o l .  

F i g .  28 shows t h a t ,  i n  a l l  c a s e s ,  t h e  p r o b e  h y b r i d i z e d  w i t h  

t h e  33 kb  f r a g m e n t  r e p r e s e n t i n g  t h e  A.SE6 v e c t o r  a s  e x p e c t e d .  

The n o n c o m p l e m e n t i n r  c l o n e  ( l a n e  b)  d i d  n o t  e x h i b i t  a n y  o t h e r  

h y b r i d i z i n g  f r a g m e n t s .  A l l  o f  t h e  l y t D  p o s i t i v e  c l o n e s  

. x h i b i t e d  a  7 kb f r a g m e n t  c a r r y i n g  c r o . The 5 . 5  kb a n d  12 kb  

f r a g m e n t s  i n  pDD70 ( l a n e  e )  and  pDD71 ( l a n e  d ) ,  r e s p e c t i v e l y ,  

d i d  n o t  h y b r i d i z e  w i t h  t h e  c r o  p r o b e .  T h e s e  r e s u l t s  s u g g e s t  

t h a t  t h e  l y t D  c o m p le m e n t in g  a c t i v i t y  o f  a l l  4 r e c o m b i n a n t  

p h a s m id  c l o n e s  was a t t r i b u t a b l e  t o  t h e  same 7 kb  BamHI 

f r a g m e n t  c o n t a i n i n g  t h e  c r o  g e n e  o f  p h a g e  X •

3. Demonstration of the cl Gene in pDD51
A r e - e x a m i n a t i o n  o f  t h e  r e s t r i c t i o n  map i n d i c a t e d  t h a t  

t h e  o r i g i n a l  7 kb BamHI f r a g m e n t  i n  p h a s m id  pDD51 r e p r e s e n t e d
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F i g .  28 .  S o u t h e r n  b l o t  a n a l y s i s  o f  t h e  4 l y t D l  c o m p l e m e n t i n g  
c l o n e s  p r o b e d  w i t h  a 1 . 1  kb P s t l - H i n d l l l  f r a g m e n t ,  c a r r y i n g  
c r o  g e n e ,  d e r i v e d  f rom  pDD61. ( a )  H i n d i I I - d i g e s t e d  X  DNA; 
(b )  BamH I - d i g e s t e d  pDD73; ( c )  BamH I - d i g e s t e d  pDD72; (d )  
BamH i - d i g e s t e d  pDD71; ( e )  BamH I - d i g e s t e d  pDD70; ( f )  BamH I -  
d i g e s t e d  pDD51. DNA m o l e c u l a r  s t a n d a r d  m a r k e r s  w e re  shown on 
t h e  l e f t  ( k b ) .
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t h e  s e g m e n t  f rom t h e  N g e n e  t o  t h e  r e n  g e n e  o f  t h e  p h a g e  X 

genome (166)  a n d ,  t h e r e f o r e ,  i n c l u d e d  t h e  c l  g e n e  a s  w e l l  a s  

t h e  c r o  g e n e .  As n o t e d  a b o v e ,  t h e  r e c o m b i n a n t  XSE6 v e c t o r  

u s e d  f o r  c l o n i n g  t h e  l y t D l  c o m p le m e n t in g  a c t i v i t y ,  d o e s  n o t  

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

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

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

p r e s e n c e  o f  a  f u n c t i o n a l  w i l d  t y p e  c l  g e n e  on t h e  7 kb  BamHi  

i n s e r t  i n  pDD51 was c o n s e q u e n t l y  e a s i l y  v e r i f i e d  b y  demon­

s t r a t i n g  t h a t  t h e  p h a s m id  pDD51 was s t a b l y  m a i n t a i n e d  i n  t h e  

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

h o s t s .  The p r e s e n c e  o f  c l  on t h e  7 kb BamHi f r a g m e n t  was 

i m p o r t a n t  t o  e s t a b l i s h  i n  v ie w  o f  t h e  f a c t  t h a t  Cl  i s  a 

r e p r e s s o r  o f  c r o  e x p r e s s i o n .  T h e r e f o r e ,  t h e  p r e s e n c e  o f  a 

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

s t r a i n s  c a r r y i n g  t h e  7 kb BamHi f r a g m e n t  i n  s i n g l e  c o p y  

(pDD51) o r  i n  m u l t i c o p y  (pDD52) t o  i n f e c t i o n  b y  e i t h e r  p h a g e  

X v i r  o r  p h a g e  X c I8 5 7 .  X v i r  c a r r i e s  m u t a t i o n s  i n  b o t h  t h e  

r i g h t  o p e r a t o r  an d  t h e  l e f t  o p e r a t o r  o f  t h e  X genome w h i c h  

r e d u c e  t h e  b i n d i n g  a f f i n i t y  o f  C l ;  X v i r  i s  c o n s e q u e n t l y  

v i r u l e n t  an d  u n a b l e  t o  l y s o g e n i z e  ( 1 3 3 ) .  XcI857 p o s s e s s e s  a 

t e m p e r a t u r e - s e n s i t i v e  Cl  r e p r e s s o r  w h ic h  i s  i n a c t i v a t e d  a t  

h i g h  t e m p e r a t u r e  ( e . g . ,  42°C); i . e . ,  t h e  l y t i c  c y c l e  i s

i n d u c e d  a t  t h e  r e s t r i c t i v e  t e m p e r a t u r e  ( 1 3 4 ) .  T a b l e  14 

c o n f i r m s  t h e  X s e n s i t i v i t y  o f  s t r a i n s  DH5a and  VC4014 ( l y t D l ) 

( t h e  X s e n s i t i v i t y  o f  VC4014 c o u l d  n o t  be  t e s t e d  a t  42°C
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T a b l e  14.  A. im m u n i ty  a s s a y  o f  s t r a i n s  DH5a ( l y t D * ) ,  and  

VC4014 ( l y t D l )  c a r r y i n g  d i f f e r e n t  p l a s m i d s

S t r a i n P l a s m i d
A.vir A.CI857

30°C 42°C 30°C 42°C

DH5a n o n e + + + +

VC4014 no n e + NA + NA

W3104 no n e + + - -

DH5a pDD51 + + - -

VC4014 pDD51 + + - -

DH5a pDD02 - - - -

VC4014 pDD52

R e s u l t s  w e r e  s c o r e d  a f t e r  14 h i n c u b a t i o n :  + , X s e n s i t i v e ;
, X immune; NA, n o t  a p p l i c a b l e ,  s t r a i n  i s  t s .
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b e c a u s e  o f  t h e  t e m p e r a t u r e  s e n s i t i v i t y  o f  t h e  s t r a i n ) . 

F u r t h e r m o r e ,  s t r a i n  W3104 (A l y s o g e n )  was immune t o  AcI857 a t  

b o t h  30°C a n d  42°C due  t o  t h e  p r o v i s i o n  o f  w i l d  t y p e  Cl  b y  t h e  

r e s i d e n t  A p r o p h a g e  b u t  was s e n s i t i v e  t o  A v i r ;  t h e s e  r e s u l t s  

c o n f i r m  t h e  p h e n o t y p e s  o f  t h e  A d e r i v a t i v e s .  T a b l e  14 a l s o  

shows t h a t  DH5a and  VC4014 c a r r y i n g  pDD51 w e re  s e n s i t i v e  t o  

Av i r  (VC4014 c o u l d  be t e s t e d  a t  42°C i n  t h i s  c a s e  b e c a u s e  i t s  

l y t D l  m u t a t i o n  was com p lem en ted  by  c r o  on pDD51).  S i g n i f i ­

c a n t l y ,  b o t h  DH5a and  VC4014 pDD51 d e r i v a t i v e s  w e r e  immune t o  

AcI857 i n d i c a t i n g  t h a t  s u f f i c i e n t  Cl was b e i n g  p r o v i d e d  b y  t h e  

7 kb f r a g m e n t  on pDD51 t o  r e p r e s s  t h e  A l y t i c  c y c l e s  p r o ­

grammed b y  b o t h  t h e  AcI857 genome and  t h e  ASE6 p o r t i o n  o f  

pDD51. F u r t h e r m o r e ,  t h e  f a c t  t h a t  im m u n i ty  was o b s e r v e d  a t  

42°C s u g g e s t e d  t h a t  t h e  Cl e n c o d e d  on pDD51 was w i l d  t y p e .  

When t h e  7 kb BamHI f r a g m e n t  was p r e s e n t  i n  t h e  m u l t i c o p y  

d e r i v a t i v e ,  pDD52, DH5a and  VC4014 w e re  n o t  o n l y  immune t o  

A cl857  b u t  a l s o  t o  Av i r  s u g g e s t i n g  t h a t  t h e  v e r y  h i g h  c o n c e n ­

t r a t i o n s  o f  Cl s u p p r e s s  t h e  v i r  m u t a t i o n .  C o l l e c t i v e l y ,  t h e s e  

r e s u l t s  s u g g e s t  t h e  c l  gen e  c l o n e d  on t h e  7 kb BamHI f r a g m e n t  

p r o v i d e s  s u f f i c i e n t  Cl p r o t e i n  t o  e f f e c t i v e l y  r e p r e s s  t h e  

a d j a c e n t  c r o  g e n e ,  and  t h i s  h a s  a t  l e a s t  2 p o s s i b l e  r a m i f i c a ­

t i o n s .  ( i )  I t  i s  p o s s i b l e  t h a t  t h e  e x p r e s s i o n  o f  c r o  i s  

u n n e c e s s a r y  f o r  i t s  l y t D l  c o m p le m e n t in g  a c t i v i t y ,  ( i i )  On t h e  

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

l y t D l  c o m p l e m e n t a t i o n ,  b u t  i n  t h e  c a s e  o f  t h e  7 kb  BamHI 

f r a g m e n t  w h e re  c r o  e x p r e s s i o n  was r e p r e s s e d  by  C l ,  i t  was
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p o s s i b l e  t h a t  t h e  e x p r e s s i o n  o f  an  a l t e r n a t e  g e n e  was  r e s p o n ­

s i b l e  f o r  t h e  o b s e r v e d  l y t D l  c o m p l e m e n t a t i o n ;  i f  s o ,  t h e  c l  

g e r e  seam ed  t o  b e  t h e  b e s t  c a n d i d a t e  f o r  t h i s  a l t e r n a t e  g e n e .  

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

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

on t h e  f a c t  t h a t  Cl  a n d  Cro * r e  f u n c t i o n a l l y  r e l a t e d ;  i . e . ,  

t h e y  a r e  D N A -b ind ing  p r o t e i n s  w h ic h  i n t e r a c t  w i t h  i d e n t i c a l  

j.. jc o g n i t i o n  s e q u e n c e s .  T h i s  p r o p o s a l  i s  t e s t e d  i n  t h e  n e x t  

s e c t i o n .

4 .  C o m p l e m e n t a t i o n  o f  l y t D l  by  t h e  X  c l  Gene

F i g .  29 s u m m a r iz e s  t h e  s t r a t e g y  u s e d  t o  s u b c l o n e  t h e  c l  

g e n e  w i t h  a  minimum am ount  o f  t h e  c r o  g e n e  p r e s e n t .  A 2 . 4  kb 

B q l l l  f r a g m e n t  d e r i v e d  from t h e  7 kb  BamHI X DNA i n s e r t  i n  

pDD52 c o n t a i n e d  t h e  e n t i r e  c l  g e n e  a s  w e l l  a s  a f r a g m e n t  o f  

t h e  c r o  g e n e  e n c o d i n g  t h e  N - t e r m i n a l  20 am ino  a c i d  r e s i d u e s .  

T h i s  f r a g m e n t  was l i g a t e d  i n t o  t h e  u n i q u e  BamHI s i t e  o f  pUC19 

( B q l l l  a n d  BamHI g e n e r a t e  c o m p a t i b l e  c o h e s i v e  e n d s ) .  The 

l i g a t i o n  m i x t u r e  was t r a n s f o r m e d  i n t o  CSH66, a  s t r a i n  w h ic h  i s  

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

g e n e ;  i . e . ,  CSH66 i s  k i l l e d  a t  42°C b e c a u s e  t h e  m u t a n t  p h a g e  

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

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

t o  grow a t  42°C. The p l a s m i d  f rom  on e  s u c h  t r a n s f o r m a n t ,  

pDD65, was shown t o  c a r r y  t h e  e x p e c t e d  2 . 4  kb  i n s e r t  ( d a t a  n o t  

s h o w n ) . P l a s m i d s  pDD65 and  pUC19 w e re  t r a n s f o r m e d  i n t o
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F i g .  29 .  S t r a t e g y  f o r  s u b c l o n i n g  o f  t h e  X c l  g e n e .  T h i c k  
h o r i z o n t a l  l i n e s  r e p r e s e n t  t h e  f r a g m e n t s  c l o n e d  i n t o  t h e  
c o r r e s p o n d i n g  v e c t o r s  ( s e e  T a b l e  1 2 ) .  The r e l e v a n t  r e s t r i c ­
t i o n  s i t e s  a r e :  B, BamH I ; Bg, B q l l l ; H, H i n d i . I I ; S ,  Smal ;
T, T a q I . The boxed  a r r o w s  i n d i c a t e  t h e  l o c a t i o n  and  
t r a n s c r i p t i o n a l  d i r e c t i o n  o f  t h e  o p e n  r e a d i n g  f r a m e s  o f  t h e  
c r o  and  c l  g e n e s .  The v e r t i c a l  wavy l i n e  t h r o u g h  t h e  c r o  o p e n  
r e a d i n g  f ra m e  d e n o t e s  t h e  p o s i t i o n  o f  t h e  B q l I I  s i t e .



137
s t r a i n  VC40J4 ( l y t D l ) t o  y i e l d  s t r a i n s  VC4211 an d  VC4214, 

r e s p e c t i v e l y  ( i n  b o t h  c a s e s ,  t h e  s e l e c t i o n  was f o r  a m p i c i l l i n  

r e s i s t a n c e  a t  30°C) . VC4211 (pDD65) was immune t o  b o t h  w i l d

t y p e  A a n d  t o  Av i r  w h e r e a s  VC4214 (pUC19) was s e n s i t i v e  t o  

t h e s e  p h a g e s .  T h i s  r e s u l t  c o n f i r m s  t h a t  pDD65 c o n t a i n s  t h e  c l  

g e n e .  Two r e s u l t s  c l e a r l y  i n d i c a t e  t h a t  c l  co m p le m e n ts  l y t D l . 

( i )  S t r a i n  VC4211 was t e m p e r a t u r e - r e s i s t a n t  an d  fo rm ed  

c o l o n i e s  a t  42°C w h e r e a s  VC4214 r e m a i n e d  t s .  ( i i )  F i g .  30 

shows t h a t ,  a t  42°C, s t r a i n  VC4214 e x h i b i t e d  a l y s i s  p h e n o t y p e  

w h e r e a s  VC4211 was l y s i s - t o l e r a n t  a n d  a c t u a l l y  g rew  n o r m a l l y .

5 .  A t t e m p t s  t o  Complement  O t h e r  M u t a t i o n s  w i t h  c l  and. c r o

The c l o n e d  c l  an d  c r o  g e n e s  f a i l e d  t o  c o n f e r  t e m p e r a t u r e  

r e s i s t a n c e  on  t h e  m u rH l , l y t E l , and  smhBl m u t a n t s .  T h e r e f o r e ,  

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

s p e c i f i c  f o r  t h e  l y t D l  a l l e l e .

IV.  D i s c u s s i o n

The l y t D l  c o m p le m e n t in g  a c t i v i t i e s  o f  a l l  4 c l o n e s  

i s o l a t e d  i n  t h i s  s t u d y  w e re  fo u n d  t o  r e s i d e  on a  7 kb BamHI 

f r a g m e n t  w h ic h  was d e r i v e d  f rom  t h e  genome o f  p h a g e  A. T h i s  

DNA c l e a r l y  d i d  n o t  o r i g i n a t e  f rom  t h e  E. c o l i  s t r a i n  W3110 

ch rom osom e,  t h e  s o u r c e  o f  t h e  g enom ic  l i b r a r y ,  a s  d e m o n s t r a t e d  

by  t h e  S o u t h e r n  b l o t  a n a l y s i s  u s i n g  t h e  1 . 1  kb f r a g m e n t  

c a r r y i n g  t h e  c r o  g e n e  a s  a  p r o b e .  T h u s ,  t h e  c l o n e s  o b t a i n e d
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F i g .  30 .  S u p p r e s s i o n  o f  l y t D l - m e d i a t e d  l y s i s  by  t h e  X c l  
g e n e .  Growth  o f  s t r a i n  VC4214 ( l y t D l , c l  ) a t  30°C ( O )t and  
a t  42°C ( O ) i n  TSB. Growth o f  s t r a i n  VC4211 ( l y t D l , c l  ) a t  . 
30°C ( A ) and  a t  42°C ( ▲ ) i n  TSB.
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do  n o t  r e p r e s e n t  t h e  E. c o l l  l y t D  l o c u s . The r e a s o n  f o r  o u r  

i n a b i l i t y  t o  i s o l a t e  a  l y t D  c l o n e  i s  n o t  known,  b u t  i t  i s  

w o r t h  n o t i n g  a g a i n  t h a t  3 a t t e m p t s  t o  c l o n e  e i t h e r  t h e  smhB o r  

t h e  l y t E  l o c i  w e r e  a l s o  u n s u c c e s s f u l .  S i n c e  c l o n e s  c o m p l e ­

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

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

l i b r a r y  was d e f e c t i v e .  The 7 kb BamHI f r a g m e n t s  f o u n d  i n  a l l  

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

b l o t  a n a l y s i s ,  an d  t h e y  a p p a r e n t l y  o r i g i n a t e d  f rom  A. h e l p e r  

p h a g e  DNA w h i c h  c o n t a m i n a t e d  t h e  A.SE6 v e c t o r  DNA p r e p a r a t i o n .  

T h e s e  f r a g m e n t s  w e r e  p r o b a b l y  g e n e r a t e d  when t h e  v e c t o r  

p r e p a r a t i o n  was d i g e s t e d  w i t h  BamHI d u r i n g  t h e  c o n s t r u c t i o n  o f  

t h e  g e n e  l i b r a r y .  The r e s t r i c t i o n  map o f  t h e  BamHI f r a g m e n t  

c o r r e s p o n d e d  t o  t h e  3 5 . 3  t o  4 2 . 3  kb s e g m e n t  o f  t h e  p h a g e  k  

p h y s i c a l  map ( 1 6 6 ) .

The l y t D l  c o m p l e m e n t i n g  a c t i v i t y  was i n i t i a l l y  s u b c l o n e d  

on a 2 . 5  kb  H i n d l l l - S a l l  f r a g m e n t ,  a n d  t h e  d e l e t i o n  a n a l y s i s  

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

0 . 6  k b .  T h e s e  r e s u l t s ,  co m b in e d  w i t h  t h e  n u c l e o t i d e  s e q u e n c e  

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

c o i n c i d e d  w i t h  t h e  A. c r o  g e n e .  The s u b s e q u e n t  d e m o n s t r a t i o n  

o f  a f u n c t i o n a l  c l  g e n e  on t h e  BamHI f r a g m e n t  made i t  r a t h e r  

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

P t a s h n e ' s  e s t i m a t i o n  t h a t  c r o  i s  99.7% r e p r e s s e d  b y  Cl i n  A, 

l y s o g e n s  ( 1 6 7 ) .  T h e r e f o r e ,  one  p o s s i b l e  i n t e r p r e t a t i o n  o f  

t h e s e  r e s u l t s  i s  t h a t  t h e  l y t D l  c o m p l e m e n t i n g  a c t i o n  o f  c r o
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r e q u i r e d  t h e  i n t a c t  c r o  g e n e ,  b u t  c o m p l e m e n t a t i o n  was n o t  

d e p e n d e n t  on e x p r e s s i o n  o f  t h e  g e n e .  However ,  t h i s  h y p o t h e s i s  

r e q u i r e s  f u r t h e r  c l a r i f i c a t i o n  on t h e  num ber  o f  c o p i e s  o f  c r o  

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

s i t u a t i o n  c a n  b e  su m m a r ize d  by  t h e  f o l l o w i n g  o b s e r v a t i o n s ,  

( i )  I n  l y s o g e n s  c a r r y i n g  w i l d  t y p e  A. ( a n d  t h e r e f o r e  o n e  c o p y  

o f  c r o ) , t h e  l y t D l  m u t a t i o n  was s t i l l  e x p r e s s e d  i n  t h e  fo rm  o f  

a  t s  l y s i s  p h e n o t y p e .  ( i i ) The A.SE6 c l o n i n g  v e c t o r  ( w h ic h  i s  

a d e r i v a t i v e  o f  A,) c o n t a i n s  a co p y  o f  c r o , b u t  o n l y  r e c o m b i ­

n a n t s  c a r r y i n g  t h e  1 7 kb BamHI f r a g m e n t  ( i . e . ,  c a r r y i n g  2 

c o p i e s  o f  c r o ) co m p le m e n te d  l y t D l . F u r t h e r m o r e ,  s i n c e  t h e s e  

c l o n e s  w e r e  m a i n t a i n e d  i n  A. l y s o g e n s ,  w h ic h  a l r e a d y  h a v e  o n e  

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

minimum o f  3 c o p i e s  o f  c r o , n o n e  o f  w h i c h  was b e i n g  a p p r e c i a b ­

l y  e x p r e s s e d  due  t o  t h e  r e p r e s s o r  a c t i o n  o f  C l .  One p r o b l e m  

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

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

t i o n  i f  g e n e  e x p r e s s i o n  was u n n e c e s s a r y .  N e v e r t h e l e s s ,  i t  

m u s t  be  e m p h a s i z e d  t h a t  t h e r e  i s  no d o u b t  a b o u t  t h e  l y t D l  

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

a  m u l t i c o p y  v e c t o r  i n  t h e  a b s e n c e  o f  c l  ( e . g . ,  pDD61).  The 

f a c t  t h a t  Cro  an d  Cl a r e  D N A -bind ing  p r o t e i n s  w i t h  i d e n t i c a l  

t a r g e t  s e q u e n c e s  s u g g e s t e d  an  a l t e r n a t i v e  h y p o t h e s i s ,  n a m e ly  

t h a t  b o t h  c r o  an d  c l  c o u l d  com plem en t  l y t D l . I n  o r d e r  t o  t e s t  

t h i s  p o s s i b i l i t y ,  we h ad  t o  c l o n e  t h e  c l  g e n e  b e c a u s e  we w e r e  

u n a b l e  t o  o b t a i n  t h e  c l o n e d  c l  g e n e  p r e v i o u s l y  c o n s t r u c t e d  b y
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Backman e t  a l .  ( 1 6 8 ) .  The c l o n e  (pDD65) we c o n s t r u c t e d  

c o n t a i n e d  t h e  c o m p l e t e  c l  gen e  a s  w e l l  a s  t h e  5 ' - e n d  o f  c r o  

w h ic h  e n c o d e d  t h e  N - t e r m i n a l  p o r t i o n  o f  Cro c o n s i s t i n g  o f  20 

amino a c i d  r e s i d u e s .  Even i f  t h i s  t r u n c a t e d  c r o  g e n e  was 

e x p r e s s e d ,  t h e  p e p t i d e  p r o d u c t  w ould  n o t  hav e  an y  DNA-bind ing  

a c t i v i t y  ( 1 5 3 ) .  T h i s  c l o n e  c o n f e r r e d  b o t h  t e m p e r a t u r e -  

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

i n  t h e  l y t D l  m u t a n t ,  i n d i c a t i n g  t h a t  c l  c o u l d  i n d e e d  c o m p le ­

m en t  l y t D l .

We p r o p o s e  t h a t  t h e  l y t D l  c o m p le m e n t in g  a c t i v i t y  on t h e  

o r i g i n a l  7 kb BamHI f r a g m e n t  was due  t o  t h e  e x p r e s s i o n  o f  t h e  

c l  g en e  r a t h e r  t h a n  t o  t h e  mere p r e s e n c e  o f  t h e  c r o  g e n e .  On 

t h e  o t h e r  h a n d ,  i t  i s  c l e a r  t h a t  t h e  c r o  g e n e  by i t s e l f  h a s  

l y t D l  c o m p le m e n t in g  a c t i v i t y ,  and  we f a v o u r  t h e  i d e a  t h a t  t h e  

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

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

m e n t a t i o n  i s  b a s e d  on t h e  common DNA-binding  p r o p e r t i e s  o f  t h e  

p r o t e i n  p r o d u c t s  o f  t h e s e  g e n e s ,  and  t h i s  f u r t h e r  s u g g e s t s  

t h a t  t h e  l y t D  g en e  p r o d u c t  i s  a DNA-binding  p r o t e i n  w i t h  a  DNA 

t a r g e t  s p e c i f i c i t y  s i m i l a r  t o  t h a t  o f  Cro and  C l ;  i . e . ,  LytD 

may b i n d  t o  a s e q u e n c e  s i m i l a r  t o  t h e  r i g h t  o p e r a t o r s  o f  X.

A minimum o f  2 c o p i e s  o f  t h e  c l  gen e  p e r  c e l l  w e re  

r e q u i r e d  t o  com plem ent  l y t D l . A X l y s o g e n i c  l y t D l  m u t a n t  

s t r a i n  s u c h  a s  s t r a i n  VC4040 was s t i l l  t s .  T h u s ,  t h e  s i n g l e  

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

p r o t e i n  t o  c o n f e r  im m u n i ty  t o  X i n f e c t i o n ,  b u t  t h i s  amount  was
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c l e a r l y  i n s u f f i c i e n t  t o  o v ercom e t h e  l y t D l  m u t a t i o n .  On t h e  

o t h e r  h a n d ,  t h e  i n t r o d u c t i o n  ci: o n l y  a s i n g l e  a d d i t i o n a l  co p y  

o f  c l  t o  t h e s e  c e l l s ,  e . g . ,  on pDD51, c o n f e r r e d  t e m p e r a t u r e  

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

i n d i c a t e s  t h a t  t h e  b i n d i n g  a f f i n i t y  o f  CI  f o r  t h e  p r o p o s e d  

LytD DNA t a r g e t  s e q u e n c e  i s  l o w e r  t h a n  i t s  a f f i n i t y  f o r  t h e  X 

0R s e q u e n c e s .

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

w o r k i n g  h y p o t h e s i s  d e s i g n e d  t o  s e r v e  a s  a  g u i d e  f o r  f u t u r e  

i n v e s t i g a t i o n s .  I t  m u s t  b e  e m p h a s i z e d  t h a t  t h e  h y p o t h e s i s  i s  

s p e c u l a t i v e  b u t  i s  c o n s i s t e n t  w i t h  t h e  d a t a .  The k e y  t o  t h e  

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

r e p l a c e d  b y  e i t h e r  Cro  o r  C I . LytD may r e g u l a t e  t h e  e x p r e s ­

s i o n  o f  a  g e n e ( s )  i n v o l v e d  i n  a f u n c t i o n  w h i c h  c o u l d  l e a d  

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

i d e n t i t y  o f  t h i s  g e n e ( s )  r e m a i n s  t o  be  d e t e r m i n e d ,  a n d  i t  i s  

n o t  known w h e t h e r  i t  i s  r e p r e s e n t e d  i n  t h e  c o l l e c t i o n  o f  

m u t a n t s  d e s c r i b e d  i n  t h i s  w o rk .  I n  t h i s  r e s p e c t ,  2 p o i n t s  

w h ic h  h a v e  a l r e a d y  b e e n  made a r e  w o r t h  r e p e a t i n g .  ( i )  The 

murH, smhA, smhB, and  l y t E  l o c i  a r e  a p p a r e n t l y  f u n c t i o n a l l y  

r e l a t e d  t o  l y t D . ( i i )  Our h y p o t h e s i s  p r e d i c t s  t h a t  t h e  L y tD -  

r e g u l a t e d  g e n e ( s )  w i l l  h a v e  an  o p e r a t o r  s e q u e n c e  s i m i l a r  t o  

t h e  r i g h t  o p e r a t o r  s e q u e n c e s  o f  X. W ith  r e g a r d  t o  a mode o f  

a c t i o n ,  LytD may be  a t r a n s c r i p t i o n a l  r e p r e s s o r  o f  t h i s  l y s i s  

g e n e ( s ) ,  a n d  t h e  l y t D l  m u t a t i o n  may p r o d u c e  a  t s  r e p r e s s o r  

w h ic h  w o u ld  r e s u l t  i n  t h e  d e r e p r e s s i o n  o f  t h e  l y s i s  g e n e ( s )  a t
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t h e  r e s t r i c t i v e  t e m p e r a t u r e .  A l t h o u g h  t h e  p o s s i b i l i t y  c a n n o t  

b e  c o m p l e t e l y  r u l e d  o u t ,  i t  i s  m ore  d i f f i c u l t  t o  v i s u a l i z e  

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

Of c o u r s e ,  i t  i s  p o s s i b l e  t h a t  LytD a c t s  b o t h  n e g a t i v e l y  a n d  

p o s i t i v e l y ,  f o r  e x a m p l e ,  ’ i k e  C I .

The o r i g i n  o f  t h e  murH, sm'nA, smhB, l y t D , a n d  l y t E  g e n e s  

i s  unknown,  b u t  3 p o s s i b i l i t i e s  a r e  w o r t h  c o n s i d e r i n g .  

F i r s t l y ,  t h e y  may r e p r e s e n t  e x a m p le s  o f  c r y p t i c  ^ . - r e l a t e d  

s e q u e n c e s  w h i c h  h a v e  b e e n  shown t o  e x i s t  i n  s e v e r a l  r e g i o n s  o f  

t h e  E. c o l i  chromosome b y  DNA h y b r i d i z a t i o n  w i t h  a k  DNA p r o b e  

( 1 1 0 ) .  I n  s u p p o r t  o f  t h i s  o b s e r v a t i o n ,  i t  i s  i n t e r e s t i n g  t h a t  

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

s e q u e n c e s  i n  t h e  chrom osom es  o f  o u r  E. c o l i  K-12 s t r a i n s .  

W h e th e r  a n y  o f  t h e s e  s e q u e n c e s  r e p r e s e n t s  t h e  c h ro m o so m a l  l y t D  

l o c u s  r e m a i n s  t o  b e  d e t e r m i n e d .  P h ag e  k  i s  a c t u a l l y  a  member 

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

c o l l e c t i v e l y  a s  t h e  l a m b d o id  f a m i l y  ( r e v i e w e d  i n  r e f .  1 6 9 ) .  

O t h e r  p r o m i n e n t  members o f  t h i s  d i v e r s e  g r o u p  a r e  t h e  E. c o l i  

p h a g e s  $ 8 0 ,  P 2 1 ,  a n d  4 3 4 ,  an d  t h e  S a l m o n e l l a  t y p h i m u u r i u m  

p h a g e  P 2 2 .  The c o n c e p t  o f  a  f a m i l y  i n  t h i s  c a s e  i s  b a s e d  

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

i n f o r m a t i o n .  The l a m b d o i d  p h a g e s  p o s s e s s  a  common g en o m ic  

o r g a n i z a t i o n  r e f l e c t e d  b y  a  m o d u la r  a r r a n g e m e n t  o f  f u n c t i o n a l  

u n i t s ;  i . e . ,  t h e i r  g en o m ic  maps show a n  i d e n t i c a l  a r r a n g e m e n t  

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

r e c o m b i n a t i o n ,  r e p l i c a t i o n ,  l y s i s ,  DNA i n t e g r a t i o n ,  a n d  p h a g e
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s t r u c t u r a l  c o m p o n e n t s .  F u r t h e r m o r e ,  t h e  m e c h an ism s  w h ic h  

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

members o f  t h e  f a m i l y .  However ,  t h e  n u c l e o t i d e  s e q u e n c e s  o f  

t h e  v a r i o u s  m o d u le s  may d i f f e r  e x t e n s i v e l y  i n  c e r t a i n  p h a g e s ,  

a n d  t h e i r  r e g u l a t o r y  m ech an ism s  may i n v o l v e  e l e m e n t s  w h ic h  

e x h i b i t  d i f f e r e n c e s  i n  s p e c i f i c i t i e s ;  e . g . ,  t h e  r e p r e s s o r  f ro m  

o n e  p h a g e  may o r  may n o t  i n t e r a c t  w i t h  t h e  o p e r a t o r  s e q u e n c e s  

f ro m  o t h e r  p h a g e s  w i t h i n  t h e  f a m i l y .  N e v e r t h e l e s s ,  t h e i r  

common g e n e t i c  o r g a n i z a t i o n  an d  mode o f  r e g u l a t i o n  p e r m i t s  

e x c h a n g e  o f  w h o le  g e n e s  o r  p a r t s  o f  g e n e s  a n d ,  s o m e t i m e s ,  e v e n  

g r o u p s  o f  g e n e s  among t h e  d i f f e r e n t  p h a g e s .  F o r  e x a m p l e ,  

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

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

f l a n k i n g  r e g i o n s .  T h i s  phenomenon c o u l d  l e a d  t o  a  r e s h u f f l i n g  

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

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

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

t u t e s  a  g r o u p  o f  p h a g e s  w h ic h  h av e  t h e  p o t e n t i a l  f o r  c o n t i ­

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

C a m p b e l l  a n d  B o t s t e i n  (169)  h a v e  p r o p o s e d  t h a t  t h e  

l a m b d o i d  p h a g e s  e v o l v e d  f rom a common p r i m o r d i a l  X a n c e s t o r .  

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

genomes  h a v e  o r i g i n a t e d  f rom  a s s o c i a t i o n s  w i t h  t h e i r  h o s t s ,  

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

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

t h e i r  b a c t e r i a l  h o s t  ( e . g . ,  chromosome r e p l i c a t i o n  o r i g i n s )
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s u p p o r t  t h i s  p r o p o s a l .  F u r t h e r m o r e ,  a s  n o t e d  a b o v e ,  i t  i s  

i n t e r e s t i n g  a n d  r e l e v a n t  h e r e  t h a t  c r y p t i c  X - r e l a t e d  DNA 

s e q u e n c e s  h a v e  b e e n  d e m o n s t r a t e d  by  DNA h y b r i d i z a t i o n  w i t h  & 

p r o b e s  i n  l a b o r a t o r y  s t r a i n s  o f  E. c o l i  and  i n  o t h e r  e n t e r o ­

b a c t e r i a l  s p e c i e s  ( 1 7 0 ) .  At  l e a s t  3 o f  t h e s e  s e q u e n c e s ,  

d e s i g n a t e d  a s  t h e  Rac ,  Q s r ' ,  a n d  Q in  p r o p h a g e s ,  c o m p r i s e  

m o d u le s  w h i c h  h a v e  b e e n  shown t o  r e c o m b i n e  i n t o  t h e  A genome 

an d  t o  t h e r e b y  f u n c t i o n a l l y  r e p l a c e  d e f e c t i v e  m o d u le s  ( 1 7 1 -  

173) . A l t h o u g h  t h e  o r i g i n s  o f  t h e s e  DNA e l e m e n t s  a r e  unknown,  

t h e r e  a r e  2 i n t e r p r e t a t i o n s  w o r t h  c o n s i d e r i n g ,  ( i )  S t r a t h e r n  

a n d  H e r s k o w i t z  (109)  h a v e  s u g g e s t e d  t h a t  t h e s e  c r y p t i c  

s e q u e n c e s  a r e  " g e n e t i c  d e b r i s "  w h ic h  h a d  b e e n  i n t r o d u c e d  i n t o  

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

p r o c e s s  o f  b e i n g  e l i m i n a t e d ,  ( i i )  C am p b e l l  a n d  B o t s t e i n  (1 6 9 )  

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

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

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

a r e  c o r r e c t .  I t  i s  known t h a t  t h e  d e l e t i o n  o f  some o f  t h e s e  

s e q u e n c e s  ( e . g . ,  Rac) h a s  no e f f e c t  on t h e  h o s t  p h e n o t y p e ,  a n d  

s u c h  s e q u e n c e s  may t n e r e f o r e  b e  g e n e t i c  d e b r i s . On t h e  o t h e r  

h a n d ,  i t  i s  c l e a r  t h a t  c e r t a i n  g e n e s  w i t h i n  t h e s e  v i r a l  

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

t i o n s .  A r e l e v a n t  e x am p le  h e r e  i s  t h e  s u p p r e s s i o n  o f  a 

m u t a t i o n  i n  t h e  E. c o l i  r e c B  g e n e  (w h ich  r e s u l t s  i n  d e f e c t s  i n  

r e c o m b i n a t i o n  a n d  DNA r e p a i r )  by a  m u t a t i o n  i n  t h e  s b c  g e n e  

w h ic h  i s  p a r t  o f  t h e  Rac m o d u le .  T h u s ,  a s  p r o p o s e d  b y
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C a m p b e l l  a n d  B o t s t e i n  ( 1 6 9 ) ,  i t  i s  u n l i k e l y  t h a t  a l l  g e n e t i c  

d e b r i s  i s  s i m p l y  d i s c a r d e d ,  an d  i t  i s  m ore  l i k e l y  t h a t  some 

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

h o s t .  They  f u r t h e r  p o i n t  o u t  t h a t ,  f ro m  t h i s  v i e w p o i n t ,  i t  i s  

d i f f i c u l t  t o  d i s t i n g u i s h  b e tw e e n  h o s t  m o d u le s  w h i c h  w e re  

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

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

Tho 3 c r y p t i c  p r o p h a g e s  w h ic h  h a v e  b e e n  g e n e t i c a l l y  

mapped i n  E. c o l i  a r e  Rac a t  2 9 . 6  t o  3 0 . 1  m in ,  Q in  a t  3 4 . 2  t o  

3 4 .6  m i n ,  a n d  Q s r '  a t  1 2 .5  min ( 1 1 1 ) .  I n t e r e s t i n g l y ,  t h e  

l o c a t i o n  o f  Q s r '  c o i n c i d e s  w i t h  t h a t  o f  t h e  smhB a n d  l y t D  

l o c i .  F u r t h e r m o r e ,  t h e  Q s r '  m odule  i s  composed  o f  a n a l o g u e s  

o f  t h e  A. Q, S, an d  R g e n e s .  The S a n d  R g e n e s  e n c o d e  a  

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

g l y c a n  t r a n s g l y c o s y l a s e ,  r e s p e c t i v e l y  ( 1 7 4 ,  1 7 5 ) .  T o g e t h e r ,  

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

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

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

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

on e  o r  b o t h  o f  t h e s e  m u t a t i o n s  l i e  w i t h i n  t h e  Q s r '  m o d u l e .  I f  

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

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

l a m b d o id  f a m i l y .  We h a v e  s u g g e s t e d  t h a t  t h e  l y t D l  p h e n o t y p e  

c a n  be  e a s i l y  e x p l a i n e d  i f  LytD f u n c t i o n e d  a s  a 

t r a n s c r i p t i o n a l  r e p r e s s o r  o f  a  l y s i s  g e n e .  Such a  p r o p o s a l  

s eem s u n l i k e l y  i n  t h i s  c a s e  b e c a u s e  t h e  SR m odu le  i s  known t o
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b e  p o s i t i v e l y  r e g u l a t e d  ( 1 7 6 ) .

On t h e  o t h e r  h a n d ,  i t  i s  v e r y  p o s s i b l e  t h a t  t h e  l y s i s  

g e n e ( s )  r e g u l a t e d  by  LytD a r e  n o t  r e l a t e d  t o  l a m b d o id  

s e q u e n c e s ;  i . e . ,  LytD c o u l d  be  a  r e p r e s s o r  o f  a  n a t i v e  

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

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

l y s i n s .  I n  t h i s  c a s e ,  LytD may s t i l l  s h a r e  s t r u c t u r e - f u n c t i o n  

f e a t u r e s  common t o  Cro and  C I .  An ex a m p le  o f  t h i s  n a t u r e  has  

r e c e n t l y  b e e n  r e p o r t e d .  The anqR g e n e  o f  V i b r i o  a n q u i l l a r u m  

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

e x p r e s s i o n  o f  an  i r o n  u p t a k e  s y s t e m .  F a r r e l l  e t  a l .  (177)  

h a v e  shown t h a t  t h e  amino a c i d  s e q u e n c e  o f  t h e  AngR p r o t e i n  

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

p r o k a r y o t i c  D NA-bind ing  p r o t e i n s  an d  i s  s t r i k i n g l y  hom ologous  

t o  t h e  D N A -bind ing  dom ain  o f  t h e  p h a g e  P22 Cro p r o t e i n .  They 

h a v e  a l s o  d e m o n s t r a t e d  t h a t  t h e  2 p u t a t i v e  o p e r a t o r  s e q u e n c e s ,  

r e p r e s e n t i n g  t h e  p o t e n t i a l  AngR b i n d i n g  s i t e s ,  a r e  s i m i l a r  t o  

t h e  0R1 and  0R2 r e c o g n i t i o n  s e q u e n c e s  f o r  t h e  p h a g e  P22 Cro 

p r o t e i n .  T h u s ,  i t  i s  p o s s i b l e  t o  h a v e  l a m b d o i d - l i k e  compo­

n e n t s  i n v o l v e d  i n  t h e  r e g u l a t i o n  o f  n o n la m b d o id  g e n e  e x p r e s ­

s i o n .  We t h i n k  t h i s  may e v o l v e  i n  one o f  2 w a y s .  ( i )  The 

l a m b d o i d  co m p o n en ts  may hav e  b e en  r e c r u i t e d ,  p e r h a p s  f rom t h e  

l a m b d o i d  " g e n e t i c  d e b r i s "  i n  t h e  E. c o l i  chromosome,  t o  s e r v e  

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

w i t h  h e r e .  ( ± i ) A l t e r n a t i v e l y ,  t h e  s t r u c t u r e - f u n c t i o n  

r e l a t i o n s h i p s  o f  l a m b d o i d - l i k e  co m p o n en ts  ( e . g . ,  D N A -bind ing
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p r o t e i n s  an d  t h e i r  s p e c i f i c  r e c o g n i t i o n  s e q u e n c e s )  may h av e  

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

f a m i l y .
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